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Legumes are important for the diet of a significant part of the world’s population; they 
are a good source of protein, carbohydrates, minerals and vitamins. The’importance of 
soybean’lies in the overall agriculture and trade and in its contribution to food supply. 

Soybean contains the highest protein content and has no cholesterol in comparison 
with conventional legume and animal food sources. Furthermore, soybean is a cheap 

source of food, and at the same time medicinal due to its genistein, photochemical, 
isoflavones content. Soybean has been found to be extremely helpful in the fight 

against heart disease, cancer and diabetes, among others. Soybean protein and calories 
are presently being used to prevent body wasting often associated with HIV. The 
importance of soybean nutrition intervention is amplified where medications are 

unavailable. Its economic potential inherent in a wide range of industrial uses can be 
harnessed to the benefit of smallholder soybean producers.
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Preface

This book provides an overview of the pest resistance soybeans. The authors contributed 9
chapters in which they attempt to review recent research on soybean resistance to Hemipter‐
an pests and, in the light of various challenges to manage Hemipteran pests, propose strat‐
egies for successful and sustainable use of host plant resistance (HPR) in soybean against
these pests.

The chapters also aim to present some focal issues related to weed management in soybean
growing areas, which include weed potential to cause severe damage and yield losses by
weeds, the evolution of resistant weeds in GR soybean monoculture, the soybean manage‐
ment characterization in the main producing countries and discussions about the benefits of
IWM use as an accurate control measure. A set of information for researchers and experts on
weed management service area is presented, reporting clearly and objectively the major im‐
pacts of the current management used, as well as the outlook for soybean farming.

This book will be useful for soybean researchers and other academic staff and will provide
its readers with valuable insight into the last developments in the field.

Hany A. El-Shemy, Professor
Cairo University, EGYPT
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Chapter 1

Nutritional Requirements of Soybean Cyst Nematodes

Steven C. Goheen, James A. Campbell and
Patricia Donald

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54247

1. Introduction

Soybeans [Glycine max] are the second largest cash crop in US Agriculture, but the soybean
yield is compromised by infections from Heterodera glycines, also known as Soybean Cyst
Nematodes [SCN]. SCN are the most devastating pathogen or plant disease soybean farmers
confront. This obligate pathogen requires nutrients from the plant to complete its life cycle. To
date, SCN nutritional requirements are not clearly defined. Growth media supporting SCN
still contain soy products. Understanding the SCN nutritional requirements and how host
plants meet those requirements should lead to the control of SCN infestations. The nutritional
requirements of SCN are reviewed in this chapter and those requirements are compared to
those of other nematodes. Carbohydrates, vitamins, amino acids, lipids, and other nutritional
requirements are discussed.

The survival of parasitic nematodes requires adequate nutrition. These essential nutrients are
at least partially supplied by the host. But, availability of nutrients may not alone be sufficient
for survival and reproduction. The parasite must also be able to establish a feeding site. Both
the establishment of the feeding site and the presence of adequate nutrients for the soybean
cyst nematode [SCN] are discussed below.

1.1. Feeding site establishment

Nematodes have differing mouth part structures which are adapted to their food source [1].
In the case of plant-parasitic nematodes, a stylet [analogous to a hypodermic needle], is used
to puncture plant cells and a pump mechanism located in the nematode esophagus allows for
exchange of fluids between the nematode and plant [1]. Most studies of the economically
important root-knot and cyst-forming plant-parasitic nematodes have focused on what fluids
are secreted by the nematode and how this facilitates establishment of a feeding site [2-4].

© 2013 Goheen et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Goheen et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 1

Nutritional Requirements of Soybean Cyst Nematodes

Steven C. Goheen, James A. Campbell and
Patricia Donald

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54247

1. Introduction

Soybeans [Glycine max] are the second largest cash crop in US Agriculture, but the soybean
yield is compromised by infections from Heterodera glycines, also known as Soybean Cyst
Nematodes [SCN]. SCN are the most devastating pathogen or plant disease soybean farmers
confront. This obligate pathogen requires nutrients from the plant to complete its life cycle. To
date, SCN nutritional requirements are not clearly defined. Growth media supporting SCN
still contain soy products. Understanding the SCN nutritional requirements and how host
plants meet those requirements should lead to the control of SCN infestations. The nutritional
requirements of SCN are reviewed in this chapter and those requirements are compared to
those of other nematodes. Carbohydrates, vitamins, amino acids, lipids, and other nutritional
requirements are discussed.

The survival of parasitic nematodes requires adequate nutrition. These essential nutrients are
at least partially supplied by the host. But, availability of nutrients may not alone be sufficient
for survival and reproduction. The parasite must also be able to establish a feeding site. Both
the establishment of the feeding site and the presence of adequate nutrients for the soybean
cyst nematode [SCN] are discussed below.

1.1. Feeding site establishment

Nematodes have differing mouth part structures which are adapted to their food source [1].
In the case of plant-parasitic nematodes, a stylet [analogous to a hypodermic needle], is used
to puncture plant cells and a pump mechanism located in the nematode esophagus allows for
exchange of fluids between the nematode and plant [1]. Most studies of the economically
important root-knot and cyst-forming plant-parasitic nematodes have focused on what fluids
are secreted by the nematode and how this facilitates establishment of a feeding site [2-4].

© 2013 Goheen et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Goheen et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Specific information on the essential nutrients provided by the plant is lacking. In this chapter
we focus on what is known about nutrient requirements for soybean cyst nematode, SCN.

The SCN is an obligate parasite requiring a host plant to complete its life cycle (see Figure 1).
The cysts are found in the soil and contain eggs and first stage juveniles. The second stage
juvenile hatches from the egg and penetrates plant roots. If the roots are a plant that is a host
for SCN, the third and fourth stage juveniles molt into an enlarged shape called a sausage once
a feeding site is successfully established where the primary goal is removing nutrients from
the plant for use by the nematode. After enough nutrients have been obtained by the nemat‐
odes, those destined to become males molt into a worm-shape again and migrate out of the
roots in search of a female. As the females mature, their size increases breaking root epidermal
cells and the nematode is exposed to the soil where she emits pheromones to attract the males
already in the soil. Once fertilization of the eggs has occurred, the female dies and her hardened
body becomes the cyst which protects the eggs from environmental extremes and organisms
which can kill the eggs. Some eggs are extruded into the soil in a gelatinous matrix and these
eggs are thought to hatch once conditions favor hatch. The eggs within the cyst go through
diapause and can survive within the cyst for more than a dozen years under the right condi‐
tions. Juveniles which enter nonhost plant roots may molt into a third stage juvenile but a
successful feeding site will not be established and the plant will recognize the nematode as an
invader and form necrotic cells surrounding the nematode effectively killing the nematode.
Alternatively, some plants are slower to recognize the nematode as an invader and a molt to
the third stage may occur but no further development of the nematode will occur. Once the
nematode reaches the sausage stage, it lacks the muscles to leave the root and it dies.

As an important crop in the United States [5], there are over 120 soybean lines which have
some level of resistance to SCN [6]. Commercial soybean varieties primarily contain one or
more different sources of resistance but 95% of all resistance is found from one source, PI 88788.
Peking [PI 548402] and Hartwig [PI 437654] are also found in a few commercial varieties.
Genetics of resistance is complex with multiple genes involved and interaction of minor genes
or nongenetic sources complicates understanding of the process. In a resistant reaction,
cytological changes occur and these have been documented [7-19]. Initial reaction to the
nematode during the formation of the syncytium in both susceptible and certain resistant lines
is identical for the first 4 days after infection [7. 9. 11]. Resistant reactions can be seen about
day 4-5 [7, 9-11].

Cyst nematode juveniles hatch from eggs within the cyst or in the soil and enter plant roots
typically in the zone of root elongation. They migrate to the pericycle and establish a feeding
site [20]. Cellulases break polysaccharide chains and associated proteins in the plant cell walls.
Other enzymes have been shown to be secreted by the nematodes as they move through plant
tissue [21]. Rapid response by the plant to the nematode inhibits formation of a successful
feeding site. A successful feeding site initiation results when the plant fails to respond or
responds slowly to the presence of the nematode. One of the ways plant-parasitic nematodes
protect themselves from plant responses to the nematodes is through secretion of peroxire‐
doxin, glutathione periosidase, and secreted lipid binding proteins within the surface coat of
the nematode [22]. Although considerable knowledge is now available on the morphological
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changes in the plant cells due to the presence of the nematode feeding site and molecular
studies have advanced our understanding of the interactions on a molecular level, the details
of host specificity are unknown [23].

Information is available on the changes that occur within soybean plants when a compatible
interaction between SCN and the plant occur. Information is also present on incompatible
reactions when plant resistance inhibits SCN reproduction through either a hypersensitive
response or formation of small syncytia which limit SCN reproduction. Infection of plant-
parasitic nematodes is thought to alter plant products from the shikimic pathway. Infection
by SCN increases the concentration of glucose, K, Ca and Mg in the roots but information is
not available on whether these increases are products SCN then extracts from plant cells or
whether these are responses by the plant to the presence of the nematode.

1.2. Nutritional requirements

Heterodera glycines is considered to have a wide host range. Riggs and Hamblen tested 1152
entries from the Leguminosae family and found that 399 of these entries from 23 genera were
susceptible. Poor hosts included 270 entries in 12 other genera [24]. Additional host studies

Figure 1. The life cycle of the soybean cyst nematode (SCN) is shown. Soil contains cysts with eggs as well as first stage
juveniles. Second stage juveniles hatch from eggs and can then penetrate plant roots. The third and fourth stage juve‐
niles feed off the plant. Males migrate out of the roots in search of a female. Maturing females rupture the root, re‐
leasing pheromones to attract males from soil. Females die after egg fertilization and her body becomes the cyst. This
figure was obtained with permission from www.extension.umn.edu.
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have been conducted by Riggs and Hamblen [25-26], Miller and Gray [27-28], Venkatesh et al,
[29], and Venkatesh et al [30]. Variability in host status within a plant species potentially makes
identification of necessary nutrients required for establishment of the obligate feeding site
easier but to date the specifics have eluded scientists.

A summary of the plants invaded by SCN are shown in Table 1. Most hosts of SCN are
legumes and are limited to three subfamilies of the Leguminosae; however, approximately
50 genera in 22 families including nonlegumes are also hosts [31-32]. Some plants allow SCN
to penetrate plant roots but limit reproduction of SCN [33]. The reason for this could be
nutritional, or it could be due to other barriers within the plant. To determine which of those
two  possibilities  are  controlling  virulence  of  SCN,  nutritional  requirements  should  be
investigated more fully.

Host Common Name Host Scientific Name Use

azuki bean Vigna angularis edible

. bean tree Laburnum sp ornamental

beans, green, dry Phaseolus vulgaris edible

beard tongue Penstemon digitalis ornamental

begger tick Desmodium ovalifolium weed

bells of Ireland Mollucella laevis ornamental

bitter cress Barbarea vulgaris spice

bladder senne Colutea arborescens shrub -ornamental

bush clover Lespeza capitata prairie plant

California burclover Medicago hispida weed

common chickweed Stellaria media weed

common lespedeza Lespedeza striata weed

coral bells Heuchera sangiunea ornamental

cranesbill Geranium maculatum weed

largeflowered beardtongue Penstemon gradiflorus wildflower

field pea tuberous vetch Lathyrus tuberosus edible/weed

fennugreek Trigonella goenum-gracum spice

foxglove Digitalis sp. weed

. geranium Pelargonium sp ornamental

gold apple Lycopersicon esulentum weed

golden chain Laburnum anagyroides ornamental

Soybean - Pest Resistance4

Host Common Name Host Scientific Name Use

grass pea vine Lathyrus sativa edible/ornamental

green pea Pisum sativum edible

hairy vetch Vicia villosavillosa forage /cover crop

hemp sesbania Sesbania exaltata weed

henbit Lamium amplexicaule weed

hog peanut Amphicarpa bracteata weed

Indian joint vetch Aeschynomene virginica weed

indigo Indigofera parodiana shrub/herbaceous/small tree

clover Kenyan clover Trifolium ornamental

Korean lespedeza Lespedeza stiulacea forage

lance leaf rattlebox Crotalaria lanceolata weed

large flowered beard tongue Penstemon grandiflorus wild flower

large leaf lupine Lupinus polyphyllus wild flower

licorice milk vetch Astragalus glaucophyllus forage

little bur clover Medicago minima weed

milk vetch Astragalus canadensis forage

milky purslane Euphorbia supine weed

mouse ear chickweed Cerastium vulgatum weed

Common mullein Verbascum thapsus weed

nasturtium Tropaelum pergrinum ornamental

old field toadflax Linaria canadensis weed

pigeon pea Cajanus cajan edible

Americana pokeweed Phytolacca weed

purple deadnettle Lamium purpureum weed

purslane Portulaca oleracea weed

rainbow pink Dianthus chinensis ornamental

river bank lupine Lupinus rivularis edible

Rusian sickle milk vetch Astragalus falcate weed

service lespedeza Lespedeza cuneata weed

shrub lespedeza Lespedeza bicolor ornamental
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coral bells Heuchera sangiunea ornamental
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Host Common Name Host Scientific Name Use
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milky purslane Euphorbia supine weed

mouse ear chickweed Cerastium vulgatum weed

Common mullein Verbascum thapsus weed

nasturtium Tropaelum pergrinum ornamental

old field toadflax Linaria canadensis weed
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Americana pokeweed Phytolacca weed
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Host Common Name Host Scientific Name Use

Siberian pea tree Caragana arborescens ornamental

sicklepod Cassia tora weed

small flowered buttercress Cardamine parviflora weed

soybean Glycine max edible

Spanish broom Spartium junceum ornamental

speedwell Veronica peregrine weed

spider flower Cleome spinosa ornamental

spotted burclover Medicago arabica forage

stinking clover Cleome serrulata weed

sweet clover Melilotus taurica weed

sweet pearl lupine Lupinus mutabilis edible

tiny vetch Vicia hirsute ornamental vine

white horsehound Marrubium vulgare medicinal plant

white lupine Lupinus albus livestock feed

white pea Lathyrus ochrus wild flower

Wilcox penstemon Penstemon wilcoxi wilflower

winged pigweed Cycloloma atriplicifolia weed

yellow lupine Lupinus lateus wild flower

Table 1. Common names for plants that have been identified as good hosts for soybean cyst nematode [24-31].

In many ways, it is inappropriate to compare humans to nematodes. But, from a nutritional
perspective, much more is known about human nutrition than what is known about nutritional
requirements of nematodes. For humans, numerous biochemical and mineral components are
essential nutrients. But, for nematodes, only a few are known. Yet, nematodes have a compa‐
ratively simple digestive system. So, it would be reasonable to predict that nutritional
requirements for these organisms are more extensive than what is currently known.

It is also inappropriate to generalize nutritional needs from studies on one nematode to all the
nematodes within the various trophic categories. Certainly there should be similarities, but it
is clear from the literature that animal parasitic nematodes have different needs from the plant
parasites. And, it may also be that those plant parasites infecting specific organisms, such as
SCN might have nutritional needs that synergize with the contents of the host soybean plant.

Survival is best understood when chemically defined culture media can be shown to not only
sustain life, but also to promote reproduction. Chemically defined media have been identified
for the survival of some nematodes and this work has recently been reviewed [34]. The
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successful media originally included all the amino acids in Escherichia coli, and in the amino
acid ratios found in E. coli. Nematode growth media has been since modified to include a
greater number of constituents including glucose, minerals, growth factors, nucleic acid
precursors, vitamins, a sterol and heme source. However, SCN has not yet been shown to
survive or reproduce on these media. Currently, the only growth media known to sustain SCN
includes soy products [35].

Articles published on the nutritional requirements of a wide range of nematodes, generally do
not specify SCN [1. 36-37]. While a few nutritional requirements for individual nematode
species have been studied, these requirements are limited and their applicability to SCN is
unknown. It is assumed that plant- and animal-parasitic nematodes may have different
nutritional requirements from entomopathogenic, and microbivorous nematodes.

2. Lipids

Lipids consist of many non-water soluble components including free fatty acids, phospholi‐
pids, triglycerides, sterols, and other species. Many of these classes have been studied at least
in one host-nematode relationship and are the most studied with the exception of nucleic acids
due to their great structural variety and importance as food reserves. For example, Krusberg
[38] reported the total lipids and fatty acids from 5 species of plant parasitic nematodes, and
their common hosts. They found that the nematodes had the same fatty acids as the hosts, with
the exception of the polyunsaturated fatty acids. These appeared to be synthesized by the
nematodes. There was also some speculation that nematode fatty acid synthesis resembled
that of bacterial pathways rather than that of higher animals. It was not clear from the study
whether intestinal flora of the nematode could have been at least partially responsible for this
difference, or whether the nematode itself synthesized the fatty acids. Some nematodes are
clearly capable of synthesizing longer chain fatty acids from shorter chain precursors. They
are also capable of desaturating the fatty acids [39].

Entomopathogenic nematodes infecting locusts consume host fat and protein [40]. A decrease
in lipid reserves has been seen in starved nematodes which can be related to decreased
infectivity [41]. Lipid content is also known to decrease when nematodes come out of anhy‐
drobiosis [42]. Lipids associated with the nematode surface [cuticle] are triacylglycerols,
sterols, specific phospholipids, and other glycolipids [43-45].

The most widely known class of essential nutrients for nematodes is sterol [36,46]. This
nutritional requirement was first discovered by Dutky et al. [47] and thought to be potentially
a means for control of plant parasitic nematodes. A recent review further confirms this
nutritional sterol requirement for the nematode C. elegans [48]. Nematode parasites of animals
also require sterol for larval development [49]. The biochemical mechanism which converts
sitosterol to cholesterol appears to be lacking in nematodes [50]. Nematodes are capable of
modifying sterols obtained from their diet [46] but degradation of sterols to CO2 by nematodes
is not clear [51]. More than 63 sterols have been identified from free-living and plant-parasitic
nematodes. Characteristics of sterols which can be used by nematodes include those which
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have a hydroxyl group at C-3, a trans-A/B ring system and an intact nonhydroxylated side
chain but lack methyl groups at C-4 [52]. Plant sterols are different than animal sterols with
plants being unique in methyl, ethyl or related alkyl groups at the C-24 position of the sterol
side chain [52]. There are also differences between plant sterols and plant-parasitic nematode
sterols. These findings suggest that nematodes ingest plant sterols and remove the C-24 side
chain. In addition, the nematode saturates the double bonds in the four-membered ring system
to produce stannols [52]. Steroid hormones are important in development processes and in
transition to different life stages [53]. Most likely genetic and biochemical methods will be
needed to determine the function of hormones found in nematodes [54]. Novel genes involved
in the production of 17β-hydroxysteroid dehydrogenase in the soybean cyst nematode have
been reported [55].

Sterols were first reported in soy oil by Kraybill et al. [56]. Formononetin is an o-methyl-
isoflavone mainly produced in legumes, including soybean plants [57]. It helps stimulate the
production of steroids in mammals, and possibly also in nematodes. Research in this area by
the USDA was reviewed by Chitwood [58].

3. Amino acids and proteins

There are no clearly defined requirements for proteins, amino acids, or peptides for SCN.
However, it is unlikely that nematodes synthesize all the amino acids. For humans, there are
9 essential amino acids [phenylalanine, valine, threonine, tryptophan, isoleucine, methionine,
leucine, lysine, and histidine]. Some others are required under special circumstances [arginine,
cysteine, glutamine, proline, serine, tyrosine, and asparagiene]. Cysteine, tyrosine, and
arginine are required during rapid growth, such as in infancy. And, arginine, cysteine, glycine,
glutamine, histidine, proline, serine and tyrosine are required by some individuals because
these amino acids are not adequately synthesized by these individuals. These are essential
components for the synthesis of many essential enzymes and structural proteins ; it is antici‐
pated there are similar needs in the nematode diet.

Protein consumed by parasitic nematodes can severely damage the host. Juveniles have high
protein requirements and consuming the host protein can severely weaken the plant [46].

There have been efforts to identify the essential amino acids of nematodes [59-61], but so far
common requirements have not been identified. However, protein synthesis in cotton roots is
modified when the root-knot nematode [RKN] infects susceptible plants. These plant-parasitic
nematodes influence the distribution of amino acids in cotton root galls [61]. Also, there is one
genetic modification of the cotton plant which makes them less susceptible to infection by the
RKN. This modification is responsible for the synthesis of a 14 kDa protein [60].

For the snail parasitic nematode, Rhabditis maupasi, five essential amino acids have been
identified. These include lysine, methionine, phenylalanine, tryptophane, and valine [62]. In
the entomophilic locust parasite, M. migrescens, essential nutrients include protein nitrogen
[63]. Essential amino acids have also been identified for the nematode C. briggsae [64].
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4. Vitamins

There are 13 essential vitamins required by humans. These include Vitamin A [Retinol]
Vitamin B1 [Thiamine] Vitamin C [Ascorbic acid] Vitamin D [Calciferol] Vitamin B2 [Ribofla‐
vin] Vitamin E [Tocopherol] Vitamin B12 [Cobalamins] Vitamin K1 [Phylloquinone] Vitamin
B5 [Pantothenic acid] Vitamin B7 [Biotin] Vitamin B6 [Pyridoxine] Vitamin B3 [Niacin] Vitamin
B9 [Folic acid]. Of these, vitamin E is known to be a nutritional requirement for the gastroin‐
testinal parasite, Heligmosomoides bakeri [65], and several of the B vitamins are known to be
essential nutrients of C. elegans [66-68].

For SCN, DNA sequences responsible for the biosynthesis of enzymes that can produce some
of the B vitamins de novo have been discovered [69]. Therefore, SCN may not need the same B
vitamins as H. bakeri, for example. And, it is likely that there are other differences in vitamin
and supplement requirements across all nematodes.

5. Minerals

Considerable research on mineral requirements for nematodes has been reported in mamma‐
lian parasites. For example, the gastrointestinal nematode, H. bakeri, requires boron [70], zinc
[71], and selenium [65] for survival. And, other nematodes have similar mineral requirements
[72-74]. For example, magnesium, sodium, potassium, manganese, calcium and copper are
required nutrients of C. elegans [5]. However, SCN mineral requirements remain unclear.

Whether minerals, influence nematode survival may not help in their control if necessary
minerals are readily available in soil, and essential to the host organisms. But, elements not
essential to survival of the host could be controlled in soils to help control SCN survival.

6. Carbohydrates

Nematodes require carbohydrates for energy, usually in the form of glycogen. One study
showed that several different carbohydrates were sufficient to provide a carbon, or energy
source for C. elegans, and that glucose was more effective than fructose or sucrose [76]. For C.
elegans, glucose along with cytochrome c and β-sitosterol were sufficient to sustain a healthy
population.

One of the most striking features of soybean chemistry is the abundance of pinitol [77-79].
Pinitol is a carbohydrate with unusual nutritional properties [77]. Figure 2 shows a total ion
chromatogram of a derivatized extract of soybean roots. It is unusual for a plant to have so
much pinitol. The levels shown in this study indicate pinitol is present at a concentration of
26 mg/g (dry weight) compared to peanuts with only 4.7 mg/g or clover with 14 mg/g [79].
However, there is no evidence that pinitol, or any of the related inositols are needed for SCN
survival [79].
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Figure 2. A total ion chromatogram of derivatized soybean root extract is shown. A = D-(-)-Fructose, B = D-Pinitol, C =
D-(+)-Glucose, D = D-chiro-inositol, E = β-D-(+)-Glucose, F = Myo-inositol. Reproduced with permission from [79].

7. Other nutrients or feeding requirements

The nematode Rhabditis maupasi requires hemin or another iron porphyrin for survival [62].
Similarly, C elegans also requires a heme source for survival [34]. It is likely that many other
nematodes require heme, or a closely related hemin. There is also good evidence that SCN
requires a heme source [80].

8. Discussion

In comparison to our knowledge of human nutrition, our understanding of nutritional
requirements of SCN is in its infancy. Limited information is available for members of the
Nematoda Phyllum, but such a small amount of information is available that extrapolation
across trophic groups and even within genera may be misleading. Finding a successful artificial
diet would be a reasonable first step in defining the nutritional needs of SCN. But, this data
needs to be coupled with a good understanding of feeding site establishment and plant
responses to SCN infections.

Soybean - Pest Resistance10

Studying biochemical pathways would be a valuable approach, and could also help identify
pathways that could be blocked to help minimize SCN survival. Our laboratory began by
examining the chemistry of the plant to identify unique nutrients necessary for SCN survival,
but that approach was not immediately successful. Another approach is to continue to use
DNA mapping to better understand potential plant and parasite pathways. While this
approach is less direct, it is currently a very active area of investigation, and can reveal more
information than simply nutritional requirements.

Details of the SCN host-parasite responses during infection and feeding site establishment
have been more extensively investigated than nutritional requirements. Relationships between
the available nutrients from host plants compared to non-hosts could provide valuable clues
on these requirements. And, once an adequate media for SCN survival has been well defined,
methods to control this pest should follow.
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1. Introduction

Soybean is world’s leading agricultural crop with multiple uses including human food, animal
feed, edible oil, biofuel, industrial products, cosmetics, etc. In soybean production, United
States (US) is the leading producer with 33% of the world’s total production of 251.5 million
MT, amounting to $38.5 billion in production value [1,2]. In North-America, there has been an
exponential increase of soybean acreage during the second half of last century, but there is a
continuous threat of pests attacking this crop. Soybean yield is impacted by various kinds of
pests such as fungi, bacteria, and insects [3]. Indeed, the strategies and input costs for pest
management in soybean have changed dramatically with time [3-5]. For example, there has
been a 130-fold increase in insecticide use across the North-Central US states since 2001 [4].

In regards to insects, soybean has been traditionally attacked by foliage-feeding Lepidopteran
and Coleopteran pests such as soybean looper, velvet bean caterpillar, beet armyworm, bean
leaf beetle, stem borer, Mexican bean beetle, and soybean leaf miner [6]. However, during the
last decade, the invasion of soybean aphid [Aphis glycines Matsumura], brown-marmorated
stink bug (BMSB) [Halyomorpha halys (Stål)], and (although technically not a stink bug) kudzu
bug [Megacopta cribraria (F.)] in north-central, eastern, and southeastern US, respectively, and
the emergence of red-banded stink bug [Piezodorus guildinii (Westwood)] as major pest in
southern US have drastically changed the pest complex in soybean [4,7,8]. The threat posed
by soybean aphid and stink bugs has the potential to rapidly increase as these insects continue
to expand their geographical range. For example, in less than 10 years since its initial detection
in Wisconsin, soybean aphid had spread across 30 US states and 3 Canadian provinces by 2009
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[4], and the BMSB has already been detected in 38 US states since first being seen in Pennsyl‐
vania in 1996 [7].

Both soybean aphid and stink bug belong to order Hemiptera which also includes other
economic pests such as whiteflies and leafhoppers. To minimize the damage by Hemipteran
pests, host-plant resistance in soybean cultivars should constitute an integral part of an
integrated pest management (IPM) program. In the current chapter, we attempt to review the
recent research advances made on soybean resistance to Hemipteran pests. In the light of
various challenges to manage Hemipteran pests, we have proposed strategies for successful
and sustainable use of host plant resistance (HPR) in soybean against these pests.

2. Hemipteran pests of soybean

The soybean aphid, various stink bug species and kudzu bug are the major Hemipteran pests
of soybean (Figure 1). Although soybean aphid and stink bugs share basic features of Hemi‐
pteran insects, there is much evolutionary divergence between them, their suborders having
diverged more than 250 million years ago [9]. Aphids belong to the suborder Homoptera which
have uniform, membranous forewings and hindwings. In homopteran insects, wings are held
roof-like over their abdomen. Stink bugs belong to suborder Heteroptera having forewings
that are leathery basally and membranous distally, in contrast to membranous hindwings. In
Heteroptera, wings are folded flat over the abdomen [10]. Stink bugs can also be identified by
five-segmented antennae and a conspicuous scutellum [10].

2.1. Soybean aphid

The soybean aphid is a recent invasive species in North-America [4,5,11]. This species was first
detected during the summer of 2000 and is believed to have been introduced from its native
Asian range [11,12]. Soybean aphid is a pest of significant economic importance as it can cause
up to 58% yield losses in soybean [13]. Losses due to yield have been estimated to be $2.4 billion
annually [14-15].

The biology of soybean aphid in North-America has been reviewed recently [4,5]. In general,
it is a typical holocyclic (asexual and sexual reproduction) heterecious (alternates between 2
hosts) aphid species. In autumn, sexual reproduction occurs on its primary host, buckthorn
(Rhamnus spp.), and the resulting eggs undergo overwintering. The following spring, the eggs
hatch, and the fundatrices (i.e. stem mothers) begin to produce female clones. After 2-3 asexual
generations, winged females are formed that disperse to emerging soybean, where about 15
additional asexual generations occur, and when damage to soybean is most severe. Upon
soybean maturity, sexual forms are formed and migrate back to buckthorn.

2.2. Stink bugs

In Hemiptera, stink bugs are in the family Pentatomidae. The name stink bug is attributed to
the malodorous substance they emit for defense [16]. In the past, three species [southern green
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stink bug, Nezara viridula (L.); green stink bug, Acrosternum hilare (Say); brown stink bug,
Euschistus servus (Say)] constituted the stink bug complex that attacked soybean crop in
southern US [6,17]. Amongst these, N. viridula is the most abundant [18] which has caused the
most severe damage to the field crop [17]. In more northern latitudes, the relative abundance
of A. hilare is higher compared to that of N. viridula [6]. During the last decade, redbanded stink
bug, Piezodorus guildinii (Westwood), and brown marmorated stink bug (BMSB), Halyomorpha
halys (Stål) have established themselves as important members of stink bug complex that attack
soybean in the US [7, 19,20]. From 1960 onwards, the redbanded stink bug has been detected
in US soybean but without causing any economic damage. However during last decade,
redbanded stink bug infestations have reached above the threshold levels. By 2009, it was the
most serious stink bug species attacking soybean in southern US [21, 22]. The BMSB is native
to North and South Korea, Japan, China [23] and is invasive in North America and Europe. In
US, BMSB has been confirmed as pest of soybean crop with a high damaging potential [24,
25]. Although not in the Pentatomidae, the kudzu bug (Plataspididae: Megacopta cribraria) is
another recent invasive pest, first detected in Georgia in 2009 [26] and has now spread to 8
southeastern states of US [8]. It is known to feed on both kudzu and soybean, and damage on
soybean can be quite severe [27].

Figure 1. Approximate distribution of the main, invasive Hemipteran pests of soybean. For BMSB, shaded range is
where damage is heaviest, * represent states where detection has been observed.
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The biology of various stink bug species has been described in detail [10]. In general, stink
bugs pass through five nymphal instars and an adult stage during their life cycle [10]. These
insects overwinter as adults beneath the leaf litter of various host plants including grasses,
shrubs and trees. Several species can also overwinter in homes and these infestations can be
severe as seen with the BMSB [7]. In early summer (April-June), overwintered and first
generation adults feed on crops like tomato, okra, crucifers, and legumes, but for BMSB, may
also feed on woody trees like Paulownia or Ailanthus altissima (tree of heaven) early in the spring
before moving into crops [28]. However, they will feed on soybean if early planted crop is
available. In most cases, stink bugs will move into soybean to feed on the developing pods and
seeds. In North America, the number of generations per year is largely dependent upon
environmental factors but usually varies between 1 in the north to 5 in the south.

2.3. Hemiptera feeding and damage to soybean

Hemipteran pests inflict the damage on soybean by feeding on plant juices. These insects
possess piercing and sucking mouthparts, the most characteristic feature of Hemiptera which
are highly adapted for extracting the liquid contents of plants. The mouthparts’ structures are
held in a grove present on the anterior side of the insect’s lower tip i.e. labium (also called as
rostrum) (Figure 2, [29]). On the either side of maxillae, two mandibles are present. The
mandibles, which are often barbed at the tip, form the main piercing structure called the stylet.
Two opposing maxillae which are held together by a system of tongues and groves, form two
canals: a food canal and a salivary canal. The food canal is used for uptake of plant liquids
whereas salivary canal is for egestion of saliva into the plant structures. Because of the
segmented structure, labium can fold itself when stylets penetrate into the plant surface.

Figure 2. Generalized mouthpart structure of Hemiptera. Redrawn from [29.]
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Both the soybean aphid and stink bugs can feed on various above-ground plant parts like leaves,
stems, flowers, and pods. Soybean aphid prefers to feed on the undersides of leaves [15] whereas
stink bugs prefer to feed on pod and seeds [6]. During the early seedling stages of soybean,
soybean aphids are mostly found on freshly growing trifoliate leaves or the stems [30]. Later in
the season, soybean aphids are more likely to be found lower in the canopy, on leaves that are
attached to nodes further away from the terminal bud. During feeding, soybean aphid with‐
draws sap from soybean leaves which results in loss of photosynthates. Heavy infestations by
soybean aphid can result in yellow and wrinkled leaves, reduction in plant height, reduced pod
set and lesser number of seeds within pods [15,31]. Infested leaves may turn black due to sooty
mold growing on the sugary excretions or “honeydew” produced by soybean aphid [5,15]. The
severity of plant losses caused by soybean aphid is largely dependent on the physiological status
of the soybean plant. Soybean aphid populations that reach their peak density during the early-
vegetative or mid-reproductive stages (R3-R5) are more likely to cause serious damage compared
to populations that peak during late reproductive stages (R6-R7) [32].

Except the first instar which is a non-feeding stage, all other developmental stages of stink bugs
feed upon plants. In soybean, the most damage is caused by adults and/or fifth instars stages
[10]. Due to their preference for pods and seeds, reproductive stages of soybean are the most
susceptible to damage by stink bugs [17]. Further, stink bugs prefer to feed upon pods present
on upper half of the plant. However in case of severe infestation, these insects may also feed on
lower pods. Stink bugs cause injury to soybean seeds as they insert the stylets through the pod
wall into the seed for feeding on plant juices. In immature seeds, discolored necrotic areas may
occur around these punctures [10]. Mature seeds show puncturing marks, discoloration, and
internal irregular white spots which may have a chalky appearance [33]. Heavy feeding on
mature seeds may result in smaller size, irregular shape, including wrinkled areas around
punctures (Figure 3) [33, 34]. Stink bug damage in soybean results in decreased pod number,
fewer seed per pod, lower seed weight, changes in fatty acids composition, and lower seed quality
[10]. The germination of soybean seeds may be prevented due to single puncture in radicle-
hypocotyl axis of seeds [35]. On the other hand, several punctures in cotyledons may not prevent
germination but affect the vigor. Heavy infestation of stink bugs can result in foliar retention,
delayed maturation and abnormal growth of the soybean crop [10].

Hemipteran pests also cause indirect damage to crops by vectoring the transmission of
microbial pathogens. The virus transmission by soybean aphid to various crops has been
reviewed [4]. In soybean, soybean aphid has the potential to transmit Soybean mosaic virus [4]
but so far, there is no report of significant damage. Stink bugs generally transmit fungal
pathogens [36] but recently, they were also found to transmit bacterial pathogens [37]. Besides
vectoring of fungal pathogens, feeding by stink bugs provides the entrance points for microbial
pathogens [10].

3. Host Plant Resistance (HPR)

In agriculture, HPR represents the ability of a certain plant variety to produce a larger yield
of better quality compared to other varieties of the same crop at the same level of insect
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also feed on woody trees like Paulownia or Ailanthus altissima (tree of heaven) early in the spring
before moving into crops [28]. However, they will feed on soybean if early planted crop is
available. In most cases, stink bugs will move into soybean to feed on the developing pods and
seeds. In North America, the number of generations per year is largely dependent upon
environmental factors but usually varies between 1 in the north to 5 in the south.

2.3. Hemiptera feeding and damage to soybean

Hemipteran pests inflict the damage on soybean by feeding on plant juices. These insects
possess piercing and sucking mouthparts, the most characteristic feature of Hemiptera which
are highly adapted for extracting the liquid contents of plants. The mouthparts’ structures are
held in a grove present on the anterior side of the insect’s lower tip i.e. labium (also called as
rostrum) (Figure 2, [29]). On the either side of maxillae, two mandibles are present. The
mandibles, which are often barbed at the tip, form the main piercing structure called the stylet.
Two opposing maxillae which are held together by a system of tongues and groves, form two
canals: a food canal and a salivary canal. The food canal is used for uptake of plant liquids
whereas salivary canal is for egestion of saliva into the plant structures. Because of the
segmented structure, labium can fold itself when stylets penetrate into the plant surface.

Figure 2. Generalized mouthpart structure of Hemiptera. Redrawn from [29.]
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Both the soybean aphid and stink bugs can feed on various above-ground plant parts like leaves,
stems, flowers, and pods. Soybean aphid prefers to feed on the undersides of leaves [15] whereas
stink bugs prefer to feed on pod and seeds [6]. During the early seedling stages of soybean,
soybean aphids are mostly found on freshly growing trifoliate leaves or the stems [30]. Later in
the season, soybean aphids are more likely to be found lower in the canopy, on leaves that are
attached to nodes further away from the terminal bud. During feeding, soybean aphid with‐
draws sap from soybean leaves which results in loss of photosynthates. Heavy infestations by
soybean aphid can result in yellow and wrinkled leaves, reduction in plant height, reduced pod
set and lesser number of seeds within pods [15,31]. Infested leaves may turn black due to sooty
mold growing on the sugary excretions or “honeydew” produced by soybean aphid [5,15]. The
severity of plant losses caused by soybean aphid is largely dependent on the physiological status
of the soybean plant. Soybean aphid populations that reach their peak density during the early-
vegetative or mid-reproductive stages (R3-R5) are more likely to cause serious damage compared
to populations that peak during late reproductive stages (R6-R7) [32].

Except the first instar which is a non-feeding stage, all other developmental stages of stink bugs
feed upon plants. In soybean, the most damage is caused by adults and/or fifth instars stages
[10]. Due to their preference for pods and seeds, reproductive stages of soybean are the most
susceptible to damage by stink bugs [17]. Further, stink bugs prefer to feed upon pods present
on upper half of the plant. However in case of severe infestation, these insects may also feed on
lower pods. Stink bugs cause injury to soybean seeds as they insert the stylets through the pod
wall into the seed for feeding on plant juices. In immature seeds, discolored necrotic areas may
occur around these punctures [10]. Mature seeds show puncturing marks, discoloration, and
internal irregular white spots which may have a chalky appearance [33]. Heavy feeding on
mature seeds may result in smaller size, irregular shape, including wrinkled areas around
punctures (Figure 3) [33, 34]. Stink bug damage in soybean results in decreased pod number,
fewer seed per pod, lower seed weight, changes in fatty acids composition, and lower seed quality
[10]. The germination of soybean seeds may be prevented due to single puncture in radicle-
hypocotyl axis of seeds [35]. On the other hand, several punctures in cotyledons may not prevent
germination but affect the vigor. Heavy infestation of stink bugs can result in foliar retention,
delayed maturation and abnormal growth of the soybean crop [10].

Hemipteran pests also cause indirect damage to crops by vectoring the transmission of
microbial pathogens. The virus transmission by soybean aphid to various crops has been
reviewed [4]. In soybean, soybean aphid has the potential to transmit Soybean mosaic virus [4]
but so far, there is no report of significant damage. Stink bugs generally transmit fungal
pathogens [36] but recently, they were also found to transmit bacterial pathogens [37]. Besides
vectoring of fungal pathogens, feeding by stink bugs provides the entrance points for microbial
pathogens [10].

3. Host Plant Resistance (HPR)

In agriculture, HPR represents the ability of a certain plant variety to produce a larger yield
of better quality compared to other varieties of the same crop at the same level of insect

Developing Host-Plant Resistance for Hemipteran Soybean Pests: Lessons from Soybean Aphid and Stink Bugs
http://dx.doi.org/10.5772/54597

23



infestation [38]. R. H. Painter, a pioneer researcher on HPR described it as the relative amount
of heritable qualities possessed by the plant that influence the ultimate degree of damage done
by the insect [39]. Painter’s definition was extended to emphasize the relative nature of HPR
[40]. HPR refers to the “…sum of the constitutive, genetically inherited qualities that result in
a plant of one cultivar or species being less damaged than a susceptible plant lacking these
qualities.” [40]. Thus, plant resistance to insects should be measured on a relative scale, by
comparing the damage to susceptible control plants.

Plant resistance to Hemipteran insects have been found and utilized in many crop plants
[40-41]. From historical perspective, HPR to manage Hemipteran insect-pests of soybean has
been highly successful. The resistance to potato leaf hopper (Empoasca fabae), a serious pest of
soybean in the past, occurs due to the presence of pubescence on plant leaves [42-43]. The
subsequent incorporation of pubescence trait into commercial varieties of soybean consigned
the potato leaf hopper to a non-pest status [44]. Specifically for aphids, resistant genes have
been identified in several crops, including cereals, vegetables, fruits and forages [40, 41, 44].
Identification and deployment of aphid resistance genes against Russian wheat aphid
(Diuraphis noxia) in wheat [46, 47] and in barley [48] are very good examples of host plant
resistance to Hemipertan pests. The Russian wheat aphid resistant wheat cultivars are
commercially grown throughout USA and South Africa.

Plant resistance to important pests and pathogens is an integral component of soybean IPM
and development of soybean cultivars with resistance to insects has been a long time priority
for soybean breeders. However, one major drawback of employing HPR as a control measure
against insect pests is the potential lack of its durability. Principally, the HPR based on major
genes has not proved to be a long term solution for pest management because insect popula‐
tions emerge which can overcome plant defenses resulting from those genes [40, 45], often
referred to as insect biotypes. Smith [45] defines biotypes as “…populations within an
arthropod species that differ in their ability to utilize a particular trait in a particular plant
genotype”. The success of HPR against Hemipteran pests is particularly compromised by the
presence and emergence of insect biotypes. Variable number of biotypes have been reported

Figure 3. Picture of BMSB damage to soybean in Columbus, Ohio. A) Damaged seeds found in the pods compared to
undamaged seed (far right); B) Sample of shriveled seeds collected from BMSB infested soybean. (Picture courtesy of
R. B. Hammond)
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in many Hemipteran insects like brown plant hopper (Nilaparvata lugens), White fly (Bemisia
tabaci), and in a number of aphid species. A total of 14 aphid species with known biotypes are
listed in [45], and this does not include the soybean aphid. Managing the emergence and
increase of insect biotypes will be critically important to extend the durability of HPR. The
topic of biotypes will be discussed in detail in the subsequent sections of this chapter.

3.1. Soybean HPR to hemipteran pests

3.1.1. Soybean aphid

A limited number of studies were conducted in China on soybean host plant resistance to the
soybean aphid before its invasion into North America and few aphid resistant soybean lines
were identified [49-51]. None of the aphid resistant genes in these lines were reported to be
genetically characterized. Several soybean lines with resistance to the soybean aphid have been
recently identified by researchers in US [52-56]. Most of these studies used locally collected
soybean aphid biotypes for greenhouse and field screenings of soybeans in early growth stages
and estimating the number of soybean aphids on each seedling after 2 to 4 weeks of infestation
with a known number of aphids. However, there are currently 3 soybean aphid biotypes
recognized, biotype 1, 2, and 3 [57]. Biotype 1 is unable to survive (i.e. avirulent) on any known
HPR soybean, whereas biotype 2 and biotype 3 can survive (i.e. virulent) on Rag1 and Rag2,
respectively. More recent soybean aphid HPR characterizations have included some or all
biotypes.

Three lines with resistance to three soybean lines – Dowling, Jackson and a plant intro‐
duction (PI) 71506 were reported in [52]. These lines have resistance to biotype 1 but not
to  biotype 2 of  the soybean aphid.  The resistance in Dowling,  Jackson,  and PI71506 ex‐
hibited both antixenosis [58,59] and antibiosis [52].  Three PIs – PI243540, PI567301B and
PI567324  –  were  identified  to  have  resistance  to  soybean  aphid  biotypes  1  and  2  [56].
PI243540 showed antibiosis whereas PI567301B and PI567324 showed antixenosis type of
resistance in no-choice tests. A total of 2147 soybean germplasm accessions were evaluat‐
ed  in  choice  tests  and  four  PIs  -  PI  567598B,  PI  567541B,  PI567543C,  and  PI  567597C-
with  resistance  to  soybean aphid were  identified [55].  The soybean aphids  used in  this
study were collected from Michigan fields that comprised of unknown biotypes. In a no-
choice  test,  PI  567598B  and  PI567541B  were  found  to  possess  antibiosis  resistance  and
PI567543C,  and PI  567597C showed antixenosis  resistance.  Diaz-  Montano [58]  reported
11 soybean genotypes with resistance to soybean aphid of unknown biotype. Among the
11 genotypes, nine showed moderate antibiotic effects and the other two showed not on‐
ly  a  strong antibiotic  effect  but  also  exhibited antixenosis  as  a  category of  resistance to
the  aphid.  Pierson  et  al.  [60]  documented  moderate  resistance  to  the  soybean  aphid  in
soybean lines KS4202, K1639 and K1621 during the reproductive stages of development.

3.1.2. Stink bugs

Based on field and laboratory trials, Jones and Sullivan [61] found that 3 Mexican bean beetle-
resistant PIs i.e. PI 171451, PI 227687, and PI 229358 [62] were also effective against southern
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infestation [38]. R. H. Painter, a pioneer researcher on HPR described it as the relative amount
of heritable qualities possessed by the plant that influence the ultimate degree of damage done
by the insect [39]. Painter’s definition was extended to emphasize the relative nature of HPR
[40]. HPR refers to the “…sum of the constitutive, genetically inherited qualities that result in
a plant of one cultivar or species being less damaged than a susceptible plant lacking these
qualities.” [40]. Thus, plant resistance to insects should be measured on a relative scale, by
comparing the damage to susceptible control plants.

Plant resistance to Hemipteran insects have been found and utilized in many crop plants
[40-41]. From historical perspective, HPR to manage Hemipteran insect-pests of soybean has
been highly successful. The resistance to potato leaf hopper (Empoasca fabae), a serious pest of
soybean in the past, occurs due to the presence of pubescence on plant leaves [42-43]. The
subsequent incorporation of pubescence trait into commercial varieties of soybean consigned
the potato leaf hopper to a non-pest status [44]. Specifically for aphids, resistant genes have
been identified in several crops, including cereals, vegetables, fruits and forages [40, 41, 44].
Identification and deployment of aphid resistance genes against Russian wheat aphid
(Diuraphis noxia) in wheat [46, 47] and in barley [48] are very good examples of host plant
resistance to Hemipertan pests. The Russian wheat aphid resistant wheat cultivars are
commercially grown throughout USA and South Africa.

Plant resistance to important pests and pathogens is an integral component of soybean IPM
and development of soybean cultivars with resistance to insects has been a long time priority
for soybean breeders. However, one major drawback of employing HPR as a control measure
against insect pests is the potential lack of its durability. Principally, the HPR based on major
genes has not proved to be a long term solution for pest management because insect popula‐
tions emerge which can overcome plant defenses resulting from those genes [40, 45], often
referred to as insect biotypes. Smith [45] defines biotypes as “…populations within an
arthropod species that differ in their ability to utilize a particular trait in a particular plant
genotype”. The success of HPR against Hemipteran pests is particularly compromised by the
presence and emergence of insect biotypes. Variable number of biotypes have been reported

Figure 3. Picture of BMSB damage to soybean in Columbus, Ohio. A) Damaged seeds found in the pods compared to
undamaged seed (far right); B) Sample of shriveled seeds collected from BMSB infested soybean. (Picture courtesy of
R. B. Hammond)
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in many Hemipteran insects like brown plant hopper (Nilaparvata lugens), White fly (Bemisia
tabaci), and in a number of aphid species. A total of 14 aphid species with known biotypes are
listed in [45], and this does not include the soybean aphid. Managing the emergence and
increase of insect biotypes will be critically important to extend the durability of HPR. The
topic of biotypes will be discussed in detail in the subsequent sections of this chapter.

3.1. Soybean HPR to hemipteran pests

3.1.1. Soybean aphid

A limited number of studies were conducted in China on soybean host plant resistance to the
soybean aphid before its invasion into North America and few aphid resistant soybean lines
were identified [49-51]. None of the aphid resistant genes in these lines were reported to be
genetically characterized. Several soybean lines with resistance to the soybean aphid have been
recently identified by researchers in US [52-56]. Most of these studies used locally collected
soybean aphid biotypes for greenhouse and field screenings of soybeans in early growth stages
and estimating the number of soybean aphids on each seedling after 2 to 4 weeks of infestation
with a known number of aphids. However, there are currently 3 soybean aphid biotypes
recognized, biotype 1, 2, and 3 [57]. Biotype 1 is unable to survive (i.e. avirulent) on any known
HPR soybean, whereas biotype 2 and biotype 3 can survive (i.e. virulent) on Rag1 and Rag2,
respectively. More recent soybean aphid HPR characterizations have included some or all
biotypes.

Three lines with resistance to three soybean lines – Dowling, Jackson and a plant intro‐
duction (PI) 71506 were reported in [52]. These lines have resistance to biotype 1 but not
to  biotype 2 of  the soybean aphid.  The resistance in Dowling,  Jackson,  and PI71506 ex‐
hibited both antixenosis [58,59] and antibiosis [52].  Three PIs – PI243540, PI567301B and
PI567324  –  were  identified  to  have  resistance  to  soybean  aphid  biotypes  1  and  2  [56].
PI243540 showed antibiosis whereas PI567301B and PI567324 showed antixenosis type of
resistance in no-choice tests. A total of 2147 soybean germplasm accessions were evaluat‐
ed  in  choice  tests  and  four  PIs  -  PI  567598B,  PI  567541B,  PI567543C,  and  PI  567597C-
with  resistance  to  soybean aphid were  identified [55].  The soybean aphids  used in  this
study were collected from Michigan fields that comprised of unknown biotypes. In a no-
choice  test,  PI  567598B  and  PI567541B  were  found  to  possess  antibiosis  resistance  and
PI567543C,  and PI  567597C showed antixenosis  resistance.  Diaz-  Montano [58]  reported
11 soybean genotypes with resistance to soybean aphid of unknown biotype. Among the
11 genotypes, nine showed moderate antibiotic effects and the other two showed not on‐
ly  a  strong antibiotic  effect  but  also  exhibited antixenosis  as  a  category of  resistance to
the  aphid.  Pierson  et  al.  [60]  documented  moderate  resistance  to  the  soybean  aphid  in
soybean lines KS4202, K1639 and K1621 during the reproductive stages of development.

3.1.2. Stink bugs

Based on field and laboratory trials, Jones and Sullivan [61] found that 3 Mexican bean beetle-
resistant PIs i.e. PI 171451, PI 227687, and PI 229358 [62] were also effective against southern
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green stink bug. Subsequently these PIs were found to possess resistance to multiple pests
including Lepidoptera, and thus were used as donor parents for major breeding programs
across US [44]. These PIs exhibited antixenosis and antibiosis type of resistance against
different pests. Amongst these, PI229358 appeared to be most resistant to stink bugs. Gilman
et al. [63] evaluated 894 PIs and 26 cultivars (maturity groups V-VIII) for their resistance to the
southern green stink bug. The resistance to stink bugs was, in general, associated with plant
maturity as early maturing genotypes showed lesser damage compared to late maturing ones.
They identified PI 171444 (MG VI) to be the highly resistant against southern green stink bug.
The stink bug resistance in PI 171444 is exhibited as antixenosis, antibiosis and temporal
separation [64].

Most research on soybean HPR against stink bugs has been conducted in Brazil, where the
damage is often the heaviest [65]. The cultivar IAC-100 having PI 229358 and PI 274454 in its
genealogy was officially released in Brazil, and it carries resistance to stink bug complex [66,
67]. In order to develop soybean lines adaptable to southeastern US, McPherson et al. [68]
developed 65 breeding lines carrying IAC-100 in their genealogy. During 5 years of field
testing, all these lines showed variable amount of resistance against stink bugs primarily the
southern green stink bug. Among these, four breeding lines with either Hutcheson x IAC-100
or IAC-100 x V71-370 in their genealogy were identified as promising material for future
development of stink bug resistant soybean. Recently, Campos et al [69] screened 16 genotypes
for resistance against southern green stink bug by caging adult bugs on pods. Based on number
of feeding punctures, three genotypes V00-0742, V00-0842, and V99-1685 were identified as
resistant. Based on reduced seed weight loss, two genotypes (PI 558040 and V00-0870) were
further identified as resistant.

3.2. Genetics of soybean resistance against Hemipterans

3.2.1. Soybean aphid

Inheritance of several major soybean genes (R-genes or single gene) for resistance to soybean
aphids has been reported [53, 54, 70]. The aphid resistance in each of the two soybean cultivars
Dowling and Jackson is controlled by a single dominant gene. The gene in Dowling was
designated as Rag1 and the Rag gene in Jackson remained unnamed. The aphid resistance in
PI 243540 is controlled by a single dominant gene [70]. In contrast, the aphid resistance in PI
567541B is controlled by quantitative trait loci (QTL) and resistance in PI 567598B is controlled
by two recessive genes [71, 72] A total of six major genes for resistance to the soybean aphids
have been reported by 2012 (Table 1).

Li et al. [78] have mapped Rag1 and the unnamed Rag gene from Jackson to the same genomic
region on soybean chromosome 7 (LG M), indicating that these two resistance genes may be
allelic. PI 243540 was resistant to both biotypes 1 and 2 and the resistance in this soybean
accession from Japan was controlled by a single dominant gene [70]. Mian et al. [75] mapped
the Rag2 gene on soybean chromosome 13 (LG F) between SSR markers Satt334 and Sct_033.
Zhang et al. [79] mapped two recessive loci in PI 567541B controlling soybean aphid resistance.
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One locus was mapped on chromosome 13 (LG F) and the other loci on chromosome 7 (LG
M). The major locus on chromosome 7 in this study was only about 3 cM from Satt435, which
was the closely linked marker to the Rag1 locus and designated as rag1_provisional [80]. Thus,
the major locus identified in this study is located in the same genomic region as Rag1, which
indicates that they are either allelic at the same locus or two different loci tightly linked to each
other. The second aphid resistance locus in this PI was mapped on chromosome 13 nearly 50
cM away from the Rag2 locus and this recessive gene was designated as rag4. Zhang et al. [80]
mapped single dominant locus in PI567543C for soybean aphid resistance on chromosome 16
(LG J). This locus provided a near complete resistance to the soybean aphid indicating a single
gene resistance and the gene has been named as Rag3. Jun et al. [76] mapped a major soybean
aphid resistance gene on chromosome 13 near the Rag2 locus in PI567301B. However, the
resistance in PI 567301B is antixenosis type while Rag2 is a locus for antibiosis resistance and
thus the locus in PI567301B has been tentatively named as Rag5, pending approval from the
Soybean Genetics Committee. Jun et al. [82] recently mapped three QTL for oligogenic
resistance to the soybean aphids in PI567324 (in review). The inheritance and genetic mapping
studies on tolerant lines have not been conducted yet.

3.2.2. Stink bug

Research on genetics of soybean resistance to stink bugs has been limited and confined to only
a few PIs. Multiple studies have confirmed that the pest resistance (including against stink
bugs) in 4 PIs i.e. PI 171451, PI 227687, PI 229358, and PI 229321 is a quantitative trait and is
controlled by two or three major genes (reviewed in [44]). Because of quantitative nature of
both resistance and yield in these PIs, conventional breeding strategies were not successful in
introgressing these traits into the locally adapted varieties. The stink bug resistance in tolerant
cultivars like IAC-100, IAC-74 2832, IAC-78 2318 is a complex polygenic trait that is exhibited
as additive, dominant and epistatic effects of multiple genes [82, 83].

Gene

name

Source PI (s) Resistance category Biotype response*

B1 B2 B3

Rag1 PI 548663 [53]; PI 548657[54] Antibiosis [52,73] and antixenosis

[58,59]

A V A/V†

Rag2 PI 200538 [74], PI 543540 [70-75] Antibiosis [56,74] A A V

Rag3 PI 567543C [72] Antixenosis [72] A A V

rag4 PI 567541B [72] Antibiosis [72] A A V

Rag5 PI 567301B [76] Antixenosis [56] A A V

*A-Avirulent; V-Virulent

†Virulent in choice tests, Avirulent in no-choice tests [77]

Table 1. Major HPR genes identified in soybean response to soybean aphid biotypes
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et al. [63] evaluated 894 PIs and 26 cultivars (maturity groups V-VIII) for their resistance to the
southern green stink bug. The resistance to stink bugs was, in general, associated with plant
maturity as early maturing genotypes showed lesser damage compared to late maturing ones.
They identified PI 171444 (MG VI) to be the highly resistant against southern green stink bug.
The stink bug resistance in PI 171444 is exhibited as antixenosis, antibiosis and temporal
separation [64].

Most research on soybean HPR against stink bugs has been conducted in Brazil, where the
damage is often the heaviest [65]. The cultivar IAC-100 having PI 229358 and PI 274454 in its
genealogy was officially released in Brazil, and it carries resistance to stink bug complex [66,
67]. In order to develop soybean lines adaptable to southeastern US, McPherson et al. [68]
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testing, all these lines showed variable amount of resistance against stink bugs primarily the
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or IAC-100 x V71-370 in their genealogy were identified as promising material for future
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for resistance against southern green stink bug by caging adult bugs on pods. Based on number
of feeding punctures, three genotypes V00-0742, V00-0842, and V99-1685 were identified as
resistant. Based on reduced seed weight loss, two genotypes (PI 558040 and V00-0870) were
further identified as resistant.

3.2. Genetics of soybean resistance against Hemipterans

3.2.1. Soybean aphid

Inheritance of several major soybean genes (R-genes or single gene) for resistance to soybean
aphids has been reported [53, 54, 70]. The aphid resistance in each of the two soybean cultivars
Dowling and Jackson is controlled by a single dominant gene. The gene in Dowling was
designated as Rag1 and the Rag gene in Jackson remained unnamed. The aphid resistance in
PI 243540 is controlled by a single dominant gene [70]. In contrast, the aphid resistance in PI
567541B is controlled by quantitative trait loci (QTL) and resistance in PI 567598B is controlled
by two recessive genes [71, 72] A total of six major genes for resistance to the soybean aphids
have been reported by 2012 (Table 1).

Li et al. [78] have mapped Rag1 and the unnamed Rag gene from Jackson to the same genomic
region on soybean chromosome 7 (LG M), indicating that these two resistance genes may be
allelic. PI 243540 was resistant to both biotypes 1 and 2 and the resistance in this soybean
accession from Japan was controlled by a single dominant gene [70]. Mian et al. [75] mapped
the Rag2 gene on soybean chromosome 13 (LG F) between SSR markers Satt334 and Sct_033.
Zhang et al. [79] mapped two recessive loci in PI 567541B controlling soybean aphid resistance.
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3.3. Mechanisms of soybean resistance against hemipterans

3.3.1. Soybean aphid

Until now, a limited amount of information is available on the mechanism of resistance
provided by Rag genes to soybean aphid. Using cDNA microarrays, the transcript profiles of
cultivars Dowling (Rag1, soybean aphid resistant) and Williams 82 (soybean aphid susceptible)
were compared after aphid infestation [84]. Out of ~18,000 soybean genes tested, only 140
showed differential expression between resistant and susceptible cultivars after 6 and 12hrs
of aphid feeding. In the resistant cultivar, genes involved in the salicylic acid (SA) and jasmonic
acid (JA) pathways were upregulated compared to their expression in susceptible cultivar.
Both SA and JA are signaling molecules that mediate the stress response in a resistant plant
upon being attacked by an insect. In the downstream of defense signaling pathway, both SA
and JA lead to the production of defensive allelochemicals that are deterrent or lethal to the
insect. In addition, SA signaling may result in the production of reactive oxygen species that
kill the insect due to oxidative injury [41].

3.3.2. Stink bugs

Most of the research into the mechanism of soybean HPR to stink bugs has been in the distant
past. As mentioned earlier, 3 PIs PI 171451, PI 227687, PI 229358 show resistance to multiple
pests (including stink bugs) through antixenosis and antibiosis. The mechanism of resistance
in these PIs has been elucidated in various studies that involved various lepidopteran and
coleopteran pests of soybean but not stink bugs (reviewed in [44]). In general, antixenosis and
antibiosis resistance in these PIs is manifested through plant allelochemicals, which are
isoflavones (plaseol, aformosin), phenolic acids, phytoalexins. However, the mechanism of
resistance in stink bug-tolerant cultivars (IAC-100) is better understood. It includes pest
evasion by shorter pod filling period, rejection of young damaged pods and replacement with
new pods, normal leaf senescence under stress, and higher number of seeds in pods [82].

3.4. Soybean traits as selection criteria for breeding

In breeding for insect resistance, selection is the key step. Since soybean aphids build up in
huge numbers due to asexual reproduction, susceptible germplasm of soybean is not able to
withstand early stage infestation. General vigor, chlorosis, curling, infestation levels (e.g. insect
counts) will allow for selection of cultivars showing antixenosis and antibiosis. Since tolerant
cultivars continue to withstand high infestation levels of soybean aphid, yield and seed quality
are the most important selection criteria for evaluation of this trait. During vegetative stages,
plant health and rate of growth of infested plants compared to the uninfested plants can be
used as criteria of tolerance. While on mature plants, measurement of agronomic traits,
including plant height, maturity, lodging, seed yield and quality (discoloration and wrinkling
of seed coats, shriveled seeds) are some of the traits that can be measured for determination
of soybean tolerance to the aphid. Evaluations at both vegetative and mature plant stages will
be more desirable. For selection of stink bug resistance germplasm, insect counts may not be
the best indicators because insects may evade monitoring. Again the best indicators of
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tolerance are the seed yield and seed quality of infested plants in reference to the uninfested
plants. As stink bugs mostly feed on developing and developed pods and seeds of soybean,
there is no reliable way of evaluation of soybean tolerance to these insects during the vegetative
stages.

3.5. Sustainable HPR against soybean aphid biotypes

Smith [40] has reviewed the occurrence of biotypes in various insect species. Among insects,
‘biotypes’ is the most abundant phenomenon in aphids. Smith [40] argued that aphids will
continue to produce biotypes because of their parthenogenic reproduction, high reproductive
potential and clonal diversity. There is no clear evidence to suggest the cause behind occur‐
rence of biotypes in insects. In some insects like Hessian fly and Russian wheat aphid, biotypes
emerged as these were exposed to resistant cultivars. These biotypes developed probably due
to selection pressure placed by agronomic production, recombination or mutation to overcome
the defense due to resistance genes. However in insects like soybean aphid and green bug,
virulent biotypes have been discovered in field populations before the deployment of resistant
cultivars. Three biotypes of soybean aphid are known so far that can defeat resistance genes
identified in several PI’s (Table 1). Thus, the success of resistance genes has been greatly
hindered by the occurrence of virulent biotypes of soybean aphid. Based on successful
examples in other plant-insect systems and resistance-management approaches, here we
discuss strategies and questions that need to be answered to sustain the success of HPR in
soybean against soybean aphid.

1. Gene deployment based on biotype distribution:

The knowledge on biotype distribution is extremely important for the success of resistance
gene deployment. To characterize soybean aphid populations from various geographical
locations, there is a need to perform regular and systematic sampling to monitor the soybean
aphid populations from various geographical locations. Aphids that are collected from the
field can be tested and characterized under laboratory conditions to investigate levels of
virulence. There are two possible ways to detect for the presence of novel biotypes. First,
collected populations can be exposed to a set of plant differentials containing known major
genes for resistance, and their response can be compared with the known biotypes. Second,
PCR based strategy using biotype-specific markers can be helpful (see [85] for detection of
Orseolia oryzae biotypes). Recent work has focused on expanding the molecular resources for
the soybean aphid [86-88] but to date, no biotype diagnostic marker for field populations exist.
Both of these methods will provide data to develop biotype distribution maps. This could be
extremely important for resistant gene deployment in that growers may avoid planting a
resistant variety if it is unlikely to control soybean aphid populations. A geographic based
approach will also help to avoid growing of a particular resistance cultivar over a wide area,
which has hastened the development of virulent biotypes in insects such as in case of early
wheat cultivars and Hessian fly biotype adaptation [40]. However, more research is needed in
understanding soybean aphid migration and how virulent biotypes may spread. While the
overwintering host of buckthorn is restricted to more northern latitudes (above 40oN, [15]),
dispersal of winged aphids across much of the US soybean growing region occurs late in the
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3.3. Mechanisms of soybean resistance against hemipterans

3.3.1. Soybean aphid

Until now, a limited amount of information is available on the mechanism of resistance
provided by Rag genes to soybean aphid. Using cDNA microarrays, the transcript profiles of
cultivars Dowling (Rag1, soybean aphid resistant) and Williams 82 (soybean aphid susceptible)
were compared after aphid infestation [84]. Out of ~18,000 soybean genes tested, only 140
showed differential expression between resistant and susceptible cultivars after 6 and 12hrs
of aphid feeding. In the resistant cultivar, genes involved in the salicylic acid (SA) and jasmonic
acid (JA) pathways were upregulated compared to their expression in susceptible cultivar.
Both SA and JA are signaling molecules that mediate the stress response in a resistant plant
upon being attacked by an insect. In the downstream of defense signaling pathway, both SA
and JA lead to the production of defensive allelochemicals that are deterrent or lethal to the
insect. In addition, SA signaling may result in the production of reactive oxygen species that
kill the insect due to oxidative injury [41].

3.3.2. Stink bugs

Most of the research into the mechanism of soybean HPR to stink bugs has been in the distant
past. As mentioned earlier, 3 PIs PI 171451, PI 227687, PI 229358 show resistance to multiple
pests (including stink bugs) through antixenosis and antibiosis. The mechanism of resistance
in these PIs has been elucidated in various studies that involved various lepidopteran and
coleopteran pests of soybean but not stink bugs (reviewed in [44]). In general, antixenosis and
antibiosis resistance in these PIs is manifested through plant allelochemicals, which are
isoflavones (plaseol, aformosin), phenolic acids, phytoalexins. However, the mechanism of
resistance in stink bug-tolerant cultivars (IAC-100) is better understood. It includes pest
evasion by shorter pod filling period, rejection of young damaged pods and replacement with
new pods, normal leaf senescence under stress, and higher number of seeds in pods [82].

3.4. Soybean traits as selection criteria for breeding

In breeding for insect resistance, selection is the key step. Since soybean aphids build up in
huge numbers due to asexual reproduction, susceptible germplasm of soybean is not able to
withstand early stage infestation. General vigor, chlorosis, curling, infestation levels (e.g. insect
counts) will allow for selection of cultivars showing antixenosis and antibiosis. Since tolerant
cultivars continue to withstand high infestation levels of soybean aphid, yield and seed quality
are the most important selection criteria for evaluation of this trait. During vegetative stages,
plant health and rate of growth of infested plants compared to the uninfested plants can be
used as criteria of tolerance. While on mature plants, measurement of agronomic traits,
including plant height, maturity, lodging, seed yield and quality (discoloration and wrinkling
of seed coats, shriveled seeds) are some of the traits that can be measured for determination
of soybean tolerance to the aphid. Evaluations at both vegetative and mature plant stages will
be more desirable. For selection of stink bug resistance germplasm, insect counts may not be
the best indicators because insects may evade monitoring. Again the best indicators of
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tolerance are the seed yield and seed quality of infested plants in reference to the uninfested
plants. As stink bugs mostly feed on developing and developed pods and seeds of soybean,
there is no reliable way of evaluation of soybean tolerance to these insects during the vegetative
stages.

3.5. Sustainable HPR against soybean aphid biotypes

Smith [40] has reviewed the occurrence of biotypes in various insect species. Among insects,
‘biotypes’ is the most abundant phenomenon in aphids. Smith [40] argued that aphids will
continue to produce biotypes because of their parthenogenic reproduction, high reproductive
potential and clonal diversity. There is no clear evidence to suggest the cause behind occur‐
rence of biotypes in insects. In some insects like Hessian fly and Russian wheat aphid, biotypes
emerged as these were exposed to resistant cultivars. These biotypes developed probably due
to selection pressure placed by agronomic production, recombination or mutation to overcome
the defense due to resistance genes. However in insects like soybean aphid and green bug,
virulent biotypes have been discovered in field populations before the deployment of resistant
cultivars. Three biotypes of soybean aphid are known so far that can defeat resistance genes
identified in several PI’s (Table 1). Thus, the success of resistance genes has been greatly
hindered by the occurrence of virulent biotypes of soybean aphid. Based on successful
examples in other plant-insect systems and resistance-management approaches, here we
discuss strategies and questions that need to be answered to sustain the success of HPR in
soybean against soybean aphid.

1. Gene deployment based on biotype distribution:

The knowledge on biotype distribution is extremely important for the success of resistance
gene deployment. To characterize soybean aphid populations from various geographical
locations, there is a need to perform regular and systematic sampling to monitor the soybean
aphid populations from various geographical locations. Aphids that are collected from the
field can be tested and characterized under laboratory conditions to investigate levels of
virulence. There are two possible ways to detect for the presence of novel biotypes. First,
collected populations can be exposed to a set of plant differentials containing known major
genes for resistance, and their response can be compared with the known biotypes. Second,
PCR based strategy using biotype-specific markers can be helpful (see [85] for detection of
Orseolia oryzae biotypes). Recent work has focused on expanding the molecular resources for
the soybean aphid [86-88] but to date, no biotype diagnostic marker for field populations exist.
Both of these methods will provide data to develop biotype distribution maps. This could be
extremely important for resistant gene deployment in that growers may avoid planting a
resistant variety if it is unlikely to control soybean aphid populations. A geographic based
approach will also help to avoid growing of a particular resistance cultivar over a wide area,
which has hastened the development of virulent biotypes in insects such as in case of early
wheat cultivars and Hessian fly biotype adaptation [40]. However, more research is needed in
understanding soybean aphid migration and how virulent biotypes may spread. While the
overwintering host of buckthorn is restricted to more northern latitudes (above 40oN, [15]),
dispersal of winged aphids across much of the US soybean growing region occurs late in the
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growing season [89]. Not only does this spread clonal and genetic diversity immediately prior
to sexual reproduction, it may also allow virulent biotypes to rapidly move across the
environment.

2. Gene pyramiding:

This involves the release of a variety containing more than one major resistance gene. Pyra‐
mided varieties are likely to have extended durability as survival and subsequent multiplica‐
tion of virulent individuals appearing in a susceptible pest population are highly reduced
because of multiple resistance genes. Another advantage is that the pyramided varieties may
yield more compared to single gene varieties due to higher reduction in pest population.
Cultivars with both Rag1 and Rag2 had less aphid numbers and less yield reduction than
soybeans with only one resistant gene [90].

3. Variety mixture:

Using seed mixtures of resistant and susceptible plants may extend durability of soybean
aphid-HPR; this system would be analogous to the refuge requirements for transgenic insect
resistance [91-93]. In most cases, 80-95% of a field would be resistant, with 5-20% of the plants
being susceptible to provide a population of insects unexposed to the resistance genes. For
maize, modeling predicts that using refuge plants extends durability, particularly if resistant
plants have multiple genes (i.e. pyramids) [94]. However, for any HPR strategy that involves
insect resistance management (IRM), several questions remain regarding soybean aphid
biology that differs for models developed for corn pests. For example, mating, and therefore
the transfer of genetic variation for virulence, is dependent on the overwintering host buck‐
thorn, which, as stated previously, is not randomly distributed across the environment. In most
corn pests, mating occurs in the field and therefore may allow a more random assortment of
virulent (i.e. resistant) and avirulent individuals. Additionally, the inheritance of resistance is
still unknown. Most importantly, soybean aphids asexually reproduce in the presence of the
HPR selection pressure. In these cases of asexual reproduction, resistance can be delayed when
1) refuges are large, 2) resistance genotypes are low in frequency, 3) resistant individuals are
less fit than susceptible individuals on refuge plants (i.e. fitness among biotypes, fitness costs),
and 4) resistant individuals are less fit on resistant plants than susceptible plants (fitness of
virulent biotypes on different plants, i.e. incomplete resistance) [95]. Fitness costs can be due
to both physiological mechanisms and direct competition among susceptible and resistant
individuals on the same plant. Few studies have investigated the impact of differing repro‐
ductive strategies such as parthenogenesis, but in the most basic sense, the genotype (virulent
or avirulent) with the highest fitness has the highest reproductive output and becomes the
most common [95]. Through simulation modeling, Crowder and Carrière [95] determined that
the key parameters for delaying the evolution of resistance in parthenogenetic organisms were
the presence of fitness costs and incomplete resistance. Fitness costs had the least effect, but
“…incomplete resistance delayed resistance evolution more than fitness costs, and in some
cases, resistance was prevented with incomplete resistance and fitness costs.” [95]. While
recessive resistance can delay resistance, “…such delays [in resistance] are not possible in
haplodiploid or parthenogenetic pests without additional factors such as fitness costs and

Soybean - Pest Resistance30

incomplete resistance.” [95]. These parameters have not been experimentally estimated for
soybean aphid in an IRM framework, but must be understood to develop and evaluate
appropriate IRM strategies for soybean aphids

3.6. Integration of soybean HPR with other IPM tactics

IPM is loosely defined as the integration of multiple tactics to control insect pests [96]. These
tactics include chemical, biological and cultural (agronomic), and are decided based on
economic, environmental and societal impacts [96]. Much has changed in the past 15 years
regarding IPM in soybean [97]. In the past, less than <1% of soybean acreage in the Midwestern
USA was treated with insecticides [5], and insect pests of interest centered on defoliators such
as bean leaf beetle (Cerotoma trifurcata (Forster)), and Mexican bean beetle (Epilachna varives‐
tis Mulsant), as well as various Lepidopteran and Gastropodan (e.g. slugs) pests [6, 98]. Apart
from various native stink bugs such as the brown and green stink bugs, very little attention
was given to Hemipteran pests of soybean. Within the past 10 years, focus of insect pests of
soybean has shifted toward the invasive Hemipterans such as the soybean aphid and BMSB.
In fact, Ragsdale et al. [4] report that in less than ten years, insecticide use in soybean has
increased 130-fold, in large part due to soybean aphid infestations. As these invasive Hemi‐
pterans expand their distribution, soybean researchers and producers will look to implement
various methods of control.

3.6.1. Chemical control

The use of chemical insecticides remains the most widely used option for control of Hemi‐
pteran soybean pests because of mainly 2 reasons. First, most exotic pests invade new envi‐
ronments lacking natural enemies, resistant plants, or even basic biological information; often
research is published in different languages and can be difficult or time-consuming to translate.
Additionally, as invasive pests adapt to their new environment, previous data from native
environments may lose relevancy. Secondly, most commercial insecticides are widely availa‐
ble and broad-spectrum which can act quickly and effectively to control economic populations.
Therefore, in most cases, insecticides are the only short-term options.

There are several insecticide classes that have proven effective against Hemipteran soybean
pests [5, 99-101]. While the wide availability of effective insecticides provides soybean
producers with choices, responsible use of these chemicals requires timely applications based
on field scouting and economic analysis. Economic injury levels (EIL, the pest population at
which plant injury occurs) and economic or action thresholds (ET, the pest population at which
treatment is recommended to prevent plant injury) have been estimated for a few Hemipteran
soybean pests such as the soybean aphid, brown and green stink bug [5,32, 102]. Although
general recommendations based on field observations are known for the BMSB and kudzu
bug, more research is necessary to determine the EIL and the ET. Finally, the use of neonici‐
notoid seed treatments appears to be increasing, however these chemicals are only active for
30-40 days. These seed treatments will control early season soybean aphids, they do not
prevent late season aphid infestations [5]. Likewise, most stink bug feeding occurs in the
reproductive stages when the activity of the seed treatment has decreased dramatically.
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growing season [89]. Not only does this spread clonal and genetic diversity immediately prior
to sexual reproduction, it may also allow virulent biotypes to rapidly move across the
environment.

2. Gene pyramiding:

This involves the release of a variety containing more than one major resistance gene. Pyra‐
mided varieties are likely to have extended durability as survival and subsequent multiplica‐
tion of virulent individuals appearing in a susceptible pest population are highly reduced
because of multiple resistance genes. Another advantage is that the pyramided varieties may
yield more compared to single gene varieties due to higher reduction in pest population.
Cultivars with both Rag1 and Rag2 had less aphid numbers and less yield reduction than
soybeans with only one resistant gene [90].

3. Variety mixture:

Using seed mixtures of resistant and susceptible plants may extend durability of soybean
aphid-HPR; this system would be analogous to the refuge requirements for transgenic insect
resistance [91-93]. In most cases, 80-95% of a field would be resistant, with 5-20% of the plants
being susceptible to provide a population of insects unexposed to the resistance genes. For
maize, modeling predicts that using refuge plants extends durability, particularly if resistant
plants have multiple genes (i.e. pyramids) [94]. However, for any HPR strategy that involves
insect resistance management (IRM), several questions remain regarding soybean aphid
biology that differs for models developed for corn pests. For example, mating, and therefore
the transfer of genetic variation for virulence, is dependent on the overwintering host buck‐
thorn, which, as stated previously, is not randomly distributed across the environment. In most
corn pests, mating occurs in the field and therefore may allow a more random assortment of
virulent (i.e. resistant) and avirulent individuals. Additionally, the inheritance of resistance is
still unknown. Most importantly, soybean aphids asexually reproduce in the presence of the
HPR selection pressure. In these cases of asexual reproduction, resistance can be delayed when
1) refuges are large, 2) resistance genotypes are low in frequency, 3) resistant individuals are
less fit than susceptible individuals on refuge plants (i.e. fitness among biotypes, fitness costs),
and 4) resistant individuals are less fit on resistant plants than susceptible plants (fitness of
virulent biotypes on different plants, i.e. incomplete resistance) [95]. Fitness costs can be due
to both physiological mechanisms and direct competition among susceptible and resistant
individuals on the same plant. Few studies have investigated the impact of differing repro‐
ductive strategies such as parthenogenesis, but in the most basic sense, the genotype (virulent
or avirulent) with the highest fitness has the highest reproductive output and becomes the
most common [95]. Through simulation modeling, Crowder and Carrière [95] determined that
the key parameters for delaying the evolution of resistance in parthenogenetic organisms were
the presence of fitness costs and incomplete resistance. Fitness costs had the least effect, but
“…incomplete resistance delayed resistance evolution more than fitness costs, and in some
cases, resistance was prevented with incomplete resistance and fitness costs.” [95]. While
recessive resistance can delay resistance, “…such delays [in resistance] are not possible in
haplodiploid or parthenogenetic pests without additional factors such as fitness costs and
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incomplete resistance.” [95]. These parameters have not been experimentally estimated for
soybean aphid in an IRM framework, but must be understood to develop and evaluate
appropriate IRM strategies for soybean aphids

3.6. Integration of soybean HPR with other IPM tactics

IPM is loosely defined as the integration of multiple tactics to control insect pests [96]. These
tactics include chemical, biological and cultural (agronomic), and are decided based on
economic, environmental and societal impacts [96]. Much has changed in the past 15 years
regarding IPM in soybean [97]. In the past, less than <1% of soybean acreage in the Midwestern
USA was treated with insecticides [5], and insect pests of interest centered on defoliators such
as bean leaf beetle (Cerotoma trifurcata (Forster)), and Mexican bean beetle (Epilachna varives‐
tis Mulsant), as well as various Lepidopteran and Gastropodan (e.g. slugs) pests [6, 98]. Apart
from various native stink bugs such as the brown and green stink bugs, very little attention
was given to Hemipteran pests of soybean. Within the past 10 years, focus of insect pests of
soybean has shifted toward the invasive Hemipterans such as the soybean aphid and BMSB.
In fact, Ragsdale et al. [4] report that in less than ten years, insecticide use in soybean has
increased 130-fold, in large part due to soybean aphid infestations. As these invasive Hemi‐
pterans expand their distribution, soybean researchers and producers will look to implement
various methods of control.

3.6.1. Chemical control

The use of chemical insecticides remains the most widely used option for control of Hemi‐
pteran soybean pests because of mainly 2 reasons. First, most exotic pests invade new envi‐
ronments lacking natural enemies, resistant plants, or even basic biological information; often
research is published in different languages and can be difficult or time-consuming to translate.
Additionally, as invasive pests adapt to their new environment, previous data from native
environments may lose relevancy. Secondly, most commercial insecticides are widely availa‐
ble and broad-spectrum which can act quickly and effectively to control economic populations.
Therefore, in most cases, insecticides are the only short-term options.

There are several insecticide classes that have proven effective against Hemipteran soybean
pests [5, 99-101]. While the wide availability of effective insecticides provides soybean
producers with choices, responsible use of these chemicals requires timely applications based
on field scouting and economic analysis. Economic injury levels (EIL, the pest population at
which plant injury occurs) and economic or action thresholds (ET, the pest population at which
treatment is recommended to prevent plant injury) have been estimated for a few Hemipteran
soybean pests such as the soybean aphid, brown and green stink bug [5,32, 102]. Although
general recommendations based on field observations are known for the BMSB and kudzu
bug, more research is necessary to determine the EIL and the ET. Finally, the use of neonici‐
notoid seed treatments appears to be increasing, however these chemicals are only active for
30-40 days. These seed treatments will control early season soybean aphids, they do not
prevent late season aphid infestations [5]. Likewise, most stink bug feeding occurs in the
reproductive stages when the activity of the seed treatment has decreased dramatically.
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3.6.2. Cultural control

There are very few options for adapting crop production methods for controlling Hemipteran
soybean pests. One of the most common practices is to alter planting dates. The heaviest
damage from Hemipteran feeding occurs late in the season—by planting early, most of the
yield potential has been already made. In practice, planting dates are often at the mercy of
ideal weather conditions rather than based on managing insect pressure. Additionally, early
emerged fields may act as trap crops for other soybean insect pests such as bean leaf beetle.
Studies on variable planting dates with the soybean aphid have been unclear [5] but likely vary
across geography based on the reliance of its overwintering host buckthorn (Rhamnus spp.).
The presence of buckthorn has been shown to be the key predictor of aphid infestation through
ecological modeling and was supported by population genetic evidence [89,103]. Virtually no
research has been performed with the BMSB and kudzu bug on soybean planting date, but
[104] reported that planting date impacted the presence of native stink bugs.

Cultural control also involves manipulation of the environment. As most Hemipteran pests
migrate into soybean fields during the season, controlling these source populations could limit
pest damage. For example, research has been directed on the impact of buckthorn on aphid
movement and dispersal [103], including a citizen science project to map the distribution of
buckthorn and detect the presence of aphids [105[. Similarly, the kudzu bug is also known to
feed on kudzu before moving to soybean [27]. The impact of removing these host plants in
preventing pest outbreaks is unknown; however, removing buckthorn and kudzu may be
beneficial regardless due to their devastating impacts on ecosystems [106]. For BMSB, early
observations from soybean suggest most damage is restricted to field edges, particularly along
edges close to forest patches. Control may be achieved by either restricting spraying to these
edges, or keeping the most susceptible soybean varieties away from edges.

3.6.3. Biological control

The importance of natural enemies for Hemipteran soybean control has been comprehensively
documented in several studies, although to date, most research has focused on the soybean
aphid (see [4] for a review of biological control for soybean aphid). Natural enemies of
Hemipteran pests include parasitoids, predators and diseases [4, 15, 107-109]. General
predators such as lady beetles, insidious flower bug and ground beetles are probably the most
important natural enemies [4, 108] as most of invasive Hemipteran pests lack specific natural
enemies that provide control in native regions [4, 110]. The indigenous parasitoids for most of
the invasive Hemipteran soybean pests are either poorly adapted or are just beginning to attack
these new hosts [4, 27]. Foreign exploration for natural enemies has resulted in candidates for
classical biological control, with at least one species, Binodoxys communis, undergoing field
evaluations for persistent control of soybean aphid. Preliminary exploration for parasitoids of
BMSB has revealed several candidates of Scelionid wasps (Trissolcus and Telenomus) [111], and
at least 1 egg parasitoid for kudzu bug [112]. While the role of natural enemies has extensively
been researched for soybean aphid, more research is needed for their role in controlling other
invasive Hemipterans such as BMSB and kudzu bug.
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3.6.4. Integrating HPR for hemipteran pest control

Host-plant resistance offers many benefits to soybean producers in controlling insect pests,
but also must fit within production practices. HPR varieties need to be in the proper maturity
group, high-yielding, and without any increased susceptibility to other pests and diseases. For
example, an interaction among soybean aphids, soybean cyst nematode, and brown stem rot
was noticed [113]. Indeed, as other invasive Hemipterans spread into new areas, HPR with
resistance to multiple pests would be desirable.

Similar to the rise of insecticide resistance, insects have also shown adaptation potential to
overcome HPR. If HPR is to be a successful component in IPM of Hemipteran pests, more
research is needed to develop strategies that preserve the utility of these traits. For example,
the durability of HPR could be predicted through ecological modeling, similar to research for
transgenic maize [91-94]. In addition to modeling, more basic biological research is needed for
all Hemipteran pests including migration and gene flow estimates, virulent biotype frequen‐
cies, and competitive interactions between biotypes. Results from this research would also
help to estimate the accuracy of modeling and improve any strategy for managing insect
virulence and preserving HPR traits. Early research [90] with soybean aphid suggests that
stacking resistance genes (e.g. Rag1/Rag2 stack) offers better and more sustainable protection
from soybean aphid than single gene resistance. In addition, more research needs to be studied
in terms of how using HPR may alter efficiency of natural enemies [114-117]). The cues to
which aphid or stink bug parasitoids use to locate prey are unknown, and might be either from
the prey or plant host. Any breeding for host-plant resistance should also be careful not to
disrupt volatile signaling [117]. Plant nutrients and resistance influence growth rate and size
of herbivores which, in turn, could influence natural enemy biology [45]. Indeed, the parasitoid
Binodoxys communis had lower fitness when attacking aphids on Rag1 plants compared to
aphids on susceptible plants [117].

In the US and Canada, soybean HPR for soybean aphid have been available since 2010, and
are often combined with insecticidal seed treatments. Combining seed treatments with HPR
may allow a greater opportunity for natural enemies to maintain populations below the
economic threshold and therefore prevent a chemical application. However, the full benefit of
seed treatments may not be fulfilled where soybean aphid infestations mainly occur late in the
season, and may unnecessarily increase selection pressure for resistance.

4. Future directions in breeding for Hemipteran resistance in soybean

While much of current research has focused on traditional and classical breeding and screening
methods for host-plant resistance, research is emerging which incorporates newer genomic
and molecular technology. Likely, a combined approach will be necessary to improve the
durability and decrease development time of Hemiptera resistant soybean. Here we list several
considerations for the future of HPR in soybean:

1. Tolerant cultivars must be emphasized in breeding programs. As mentioned earlier,
tolerant cultivars have the ability to withstand or recover from damage caused by insect

Developing Host-Plant Resistance for Hemipteran Soybean Pests: Lessons from Soybean Aphid and Stink Bugs
http://dx.doi.org/10.5772/54597

33



3.6.2. Cultural control

There are very few options for adapting crop production methods for controlling Hemipteran
soybean pests. One of the most common practices is to alter planting dates. The heaviest
damage from Hemipteran feeding occurs late in the season—by planting early, most of the
yield potential has been already made. In practice, planting dates are often at the mercy of
ideal weather conditions rather than based on managing insect pressure. Additionally, early
emerged fields may act as trap crops for other soybean insect pests such as bean leaf beetle.
Studies on variable planting dates with the soybean aphid have been unclear [5] but likely vary
across geography based on the reliance of its overwintering host buckthorn (Rhamnus spp.).
The presence of buckthorn has been shown to be the key predictor of aphid infestation through
ecological modeling and was supported by population genetic evidence [89,103]. Virtually no
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beneficial regardless due to their devastating impacts on ecosystems [106]. For BMSB, early
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3.6.3. Biological control

The importance of natural enemies for Hemipteran soybean control has been comprehensively
documented in several studies, although to date, most research has focused on the soybean
aphid (see [4] for a review of biological control for soybean aphid). Natural enemies of
Hemipteran pests include parasitoids, predators and diseases [4, 15, 107-109]. General
predators such as lady beetles, insidious flower bug and ground beetles are probably the most
important natural enemies [4, 108] as most of invasive Hemipteran pests lack specific natural
enemies that provide control in native regions [4, 110]. The indigenous parasitoids for most of
the invasive Hemipteran soybean pests are either poorly adapted or are just beginning to attack
these new hosts [4, 27]. Foreign exploration for natural enemies has resulted in candidates for
classical biological control, with at least one species, Binodoxys communis, undergoing field
evaluations for persistent control of soybean aphid. Preliminary exploration for parasitoids of
BMSB has revealed several candidates of Scelionid wasps (Trissolcus and Telenomus) [111], and
at least 1 egg parasitoid for kudzu bug [112]. While the role of natural enemies has extensively
been researched for soybean aphid, more research is needed for their role in controlling other
invasive Hemipterans such as BMSB and kudzu bug.
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3.6.4. Integrating HPR for hemipteran pest control

Host-plant resistance offers many benefits to soybean producers in controlling insect pests,
but also must fit within production practices. HPR varieties need to be in the proper maturity
group, high-yielding, and without any increased susceptibility to other pests and diseases. For
example, an interaction among soybean aphids, soybean cyst nematode, and brown stem rot
was noticed [113]. Indeed, as other invasive Hemipterans spread into new areas, HPR with
resistance to multiple pests would be desirable.

Similar to the rise of insecticide resistance, insects have also shown adaptation potential to
overcome HPR. If HPR is to be a successful component in IPM of Hemipteran pests, more
research is needed to develop strategies that preserve the utility of these traits. For example,
the durability of HPR could be predicted through ecological modeling, similar to research for
transgenic maize [91-94]. In addition to modeling, more basic biological research is needed for
all Hemipteran pests including migration and gene flow estimates, virulent biotype frequen‐
cies, and competitive interactions between biotypes. Results from this research would also
help to estimate the accuracy of modeling and improve any strategy for managing insect
virulence and preserving HPR traits. Early research [90] with soybean aphid suggests that
stacking resistance genes (e.g. Rag1/Rag2 stack) offers better and more sustainable protection
from soybean aphid than single gene resistance. In addition, more research needs to be studied
in terms of how using HPR may alter efficiency of natural enemies [114-117]). The cues to
which aphid or stink bug parasitoids use to locate prey are unknown, and might be either from
the prey or plant host. Any breeding for host-plant resistance should also be careful not to
disrupt volatile signaling [117]. Plant nutrients and resistance influence growth rate and size
of herbivores which, in turn, could influence natural enemy biology [45]. Indeed, the parasitoid
Binodoxys communis had lower fitness when attacking aphids on Rag1 plants compared to
aphids on susceptible plants [117].

In the US and Canada, soybean HPR for soybean aphid have been available since 2010, and
are often combined with insecticidal seed treatments. Combining seed treatments with HPR
may allow a greater opportunity for natural enemies to maintain populations below the
economic threshold and therefore prevent a chemical application. However, the full benefit of
seed treatments may not be fulfilled where soybean aphid infestations mainly occur late in the
season, and may unnecessarily increase selection pressure for resistance.

4. Future directions in breeding for Hemipteran resistance in soybean

While much of current research has focused on traditional and classical breeding and screening
methods for host-plant resistance, research is emerging which incorporates newer genomic
and molecular technology. Likely, a combined approach will be necessary to improve the
durability and decrease development time of Hemiptera resistant soybean. Here we list several
considerations for the future of HPR in soybean:

1. Tolerant cultivars must be emphasized in breeding programs. As mentioned earlier,
tolerant cultivars have the ability to withstand or recover from damage caused by insect
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populations  equal  to  those  on  susceptible  cultivars.  Thus,  unlike  antixenosis  and
antibiosis, tolerance comprises of plant features which are not involved in plant-insect
interaction. Though breeding for tolerant cultivars is more difficult and time consum‐
ing (as the crop has to be grown till maturity in the infested condition) tolerance based
resistant cultivars nonetheless offer two major advantages. 1) New virulent biotypes are
less likely to emerge in a cropping system based on tolerant cultivars. While feeding
upon tolerant plants, infesting insect populations are not reduced as they are on plants
exhibiting antibiosis  and antixenosis.  As a result,  there is  no selection pressure and
frequency of novel virulence trait remains lower. This is directly in contrast to what is
observed in insects feeding on plants showing antixenosis and antibiosis,  as various
physical and chemical factors in these plants allows for selection of virulent individu‐
als. Thus, the chances for development of biotypes that can overcome resistance genes
are significantly reduced through the use of tolerant cultivars.  Russian wheat aphid
populations were not able to overcome tolerant plants but can break antibiosis based
resistance  in  wheat  [46].  2)  Tolerant  cultivars  are  highly  compatible  with  biological
control measures, thus can be combined in IPM program. The allelochemical based toxins
in plants  exhibiting antibiosis  and antixenosis  could be detrimental  for  natural  ene‐
mies of insect pests [45]. On the other hand, tolerance based cultivars do not have any
known  adverse  impact  on  beneficial  insects.  In  North-America,  biological  control
employing natural enemies makes up an important component for IPM of soybean aphid.
Thus,  tolerant  cultivars  provide  an  excellent  opportunity  for  integrating  HPR  and
biological control in IPM.

2. Marker assisted breeding will facilitate faster and more efficient development of resistant
cultivars. Markers will also be useful for pyramiding major genes as well as quantitative
trait loci (QTL) for multigeneic defense against the insect as found in tolerant soybeans.
Development of closely linked markers for known resistant genes in soybean will enhance
the selection efficiency.

3. Exploration  for  new sources  of  HPR:  In  South  America  especially  Brazil,  extensive
research  on  HPR against  stink  bugs  has  been  conducted.  But  in  US especially,  the
southern states, lepidopteran foliage feeders have been the focus of HPR research [68].
Further, due to the preference for insecticide based control, soybean germplasm has not
been extensively  explored for  resistance  against  stink  bugs.  No cultivar  of  soybean
showing resistance against stink bugs has been released so far in US. There is a need to
identify  native  sources  of  resistance  against  stink  bugs.  Though  the  selection  for
resistance against stink bugs is relatively time consuming and labor intensive, novel
sources  that  offer  wider  pool  of  traits  such as  pest  resistance,  yield,  etc.  should be
incorporated into breeding programs.

Traditionally, lepidopteran foliage feeders and 3 species of stink bugs (N. viridula, A. hilare,
E servus) were major insect pests of soybean in southern us. However, as mentioned
earlier, recent expansions of red-banded stink bug in southern US, brown-marmorated
stink bugs in eastern, central and southern US, and soybean aphid in north central us have
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significantly changed the pest scenario in these regions. Thus, for effective HPR based
IPM program, there is a need to identify novel germplasm sources that are resistant against
more than one insect. Further, the known resistant sources against a single pest can be
explored for their response to other insect pests e.g. in breeding programs for pest
management in north central US, soybean aphid resistant (Rag containing soybean) PIs
can be screened for response against brown marmorated stink bug. Previously, several
soybean PIs have shown resistance against multiple insect pests e.g. PI171444 which
originally identified for resistance against stink bug complex also showed resistance
against bean leaf beetle and banded cucumber beetle [44,118]. Thus, there is strong
potential for soybean PIs having multiple pest resistance and to be incorporated into the
breeding programs.

4. Bt  soybean  potential  against  Hemipterans:  The  development  of  transgenic  (e.g.  Bt)
resistance against the Hemipteran insects has not succeeded so far. Pyramiding of Bt
genes with HPR genes may be an useful strategy. In Lepidoteran insects, the highest
level  of  resistance  to  Lepidopteran  insects  obtained  through  MAS using  the  native
soybean genes was 70% reduction in feeding [119]. However, when the soybean insect
resistance loci were pyramided with a cry1Ac transgene from Bacillus thuringiensis (Bt)
the level of feeding damage was reduced to 90% compared to susceptible checks [119].
Such native crop gene and transgene pyramids may be useful in several aspects of insect
resistance. First, the Cry protein from a single Bt transgene may only protect the host
plant from one or at best two classes of insects. For instance, the Cry1Ac toxin provides
resistance against many Lepidopteran pests, but not to Coleopteran pests. A combina‐
tion of native insect resistance gene with resistance to beetle (e.g, insect resistance loci
on chromosome 7)  with  the  Bt  transgene  could  broaden  resistance  of  plants  to  in‐
clude Coleopteran pests that are insensitive to Cry1Ac toxins. Second, several insect
pests have demonstrated the ability to develop resistance to Cry toxins,  so effective
strategies  are  needed  to  manage  resistance  to  Bt  [120].  Some  populations  of  the
diamondback moth [Plutella  xylostella  (L.)]  have developed resistance to Bt toxins in
different parts of  the world where Bt are routinely used on cruciferous crops [121].
Soybean lines carrying the PI 229358 allele at the insect resistance locus on chromo‐
some 7 in addition to a Cry1Ac transgene were more protected against defoliation by
corn earworm and soybean looper than related transgenic lines lacking the PI 229358
allele [119]. Studies to investigate weight gain of tobacco budworm larvae from Cry1Ac-
resistant and Cry1Ac-sensitive strains demonstrated that larvae fed on leaves of plants
with both a Cry1Ac transgene and the native insect resistance allele on chromosome 7
gained weight more slowly than larvae fed on leaves from transgenic plants lacking the
native resistance allele [119].

5. RNAi and other genomic approaches: Given issues with ineffectiveness of Bt on Hemi‐
pterans, RNA interference (RNAi)- mediated control presents an attractive avenue for
management of these pests. RNAi results in sequence specific knockdown of gene
expression at the post-transcriptional level as introduced dsRNA causes the degradation
of identical mRNAs [122]. Crops based on RNAi-mediated pest protection are expected
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trait loci (QTL) for multigeneic defense against the insect as found in tolerant soybeans.
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3. Exploration  for  new sources  of  HPR:  In  South  America  especially  Brazil,  extensive
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southern states, lepidopteran foliage feeders have been the focus of HPR research [68].
Further, due to the preference for insecticide based control, soybean germplasm has not
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showing resistance against stink bugs has been released so far in US. There is a need to
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Traditionally, lepidopteran foliage feeders and 3 species of stink bugs (N. viridula, A. hilare,
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significantly changed the pest scenario in these regions. Thus, for effective HPR based
IPM program, there is a need to identify novel germplasm sources that are resistant against
more than one insect. Further, the known resistant sources against a single pest can be
explored for their response to other insect pests e.g. in breeding programs for pest
management in north central US, soybean aphid resistant (Rag containing soybean) PIs
can be screened for response against brown marmorated stink bug. Previously, several
soybean PIs have shown resistance against multiple insect pests e.g. PI171444 which
originally identified for resistance against stink bug complex also showed resistance
against bean leaf beetle and banded cucumber beetle [44,118]. Thus, there is strong
potential for soybean PIs having multiple pest resistance and to be incorporated into the
breeding programs.

4. Bt  soybean  potential  against  Hemipterans:  The  development  of  transgenic  (e.g.  Bt)
resistance against the Hemipteran insects has not succeeded so far. Pyramiding of Bt
genes with HPR genes may be an useful strategy. In Lepidoteran insects, the highest
level  of  resistance  to  Lepidopteran  insects  obtained  through  MAS using  the  native
soybean genes was 70% reduction in feeding [119]. However, when the soybean insect
resistance loci were pyramided with a cry1Ac transgene from Bacillus thuringiensis (Bt)
the level of feeding damage was reduced to 90% compared to susceptible checks [119].
Such native crop gene and transgene pyramids may be useful in several aspects of insect
resistance. First, the Cry protein from a single Bt transgene may only protect the host
plant from one or at best two classes of insects. For instance, the Cry1Ac toxin provides
resistance against many Lepidopteran pests, but not to Coleopteran pests. A combina‐
tion of native insect resistance gene with resistance to beetle (e.g, insect resistance loci
on chromosome 7)  with  the  Bt  transgene  could  broaden  resistance  of  plants  to  in‐
clude Coleopteran pests that are insensitive to Cry1Ac toxins. Second, several insect
pests have demonstrated the ability to develop resistance to Cry toxins,  so effective
strategies  are  needed  to  manage  resistance  to  Bt  [120].  Some  populations  of  the
diamondback moth [Plutella  xylostella  (L.)]  have developed resistance to Bt toxins in
different parts of  the world where Bt are routinely used on cruciferous crops [121].
Soybean lines carrying the PI 229358 allele at the insect resistance locus on chromo‐
some 7 in addition to a Cry1Ac transgene were more protected against defoliation by
corn earworm and soybean looper than related transgenic lines lacking the PI 229358
allele [119]. Studies to investigate weight gain of tobacco budworm larvae from Cry1Ac-
resistant and Cry1Ac-sensitive strains demonstrated that larvae fed on leaves of plants
with both a Cry1Ac transgene and the native insect resistance allele on chromosome 7
gained weight more slowly than larvae fed on leaves from transgenic plants lacking the
native resistance allele [119].

5. RNAi and other genomic approaches: Given issues with ineffectiveness of Bt on Hemi‐
pterans, RNA interference (RNAi)- mediated control presents an attractive avenue for
management of these pests. RNAi results in sequence specific knockdown of gene
expression at the post-transcriptional level as introduced dsRNA causes the degradation
of identical mRNAs [122]. Crops based on RNAi-mediated pest protection are expected
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to achieve the same level of success as Bt-based transgenic crops [123]. Though there are
various categories of insect genes that could be silenced through RNAi to achieve the
desired results, targeting of genes encoding for effector proteins in salivary glands of
Hemipteran insects has been promising. At the start of feeding, Hemipteran insects inject
the saliva produced by salivary glands into plant tissues. Hemipteran saliva contains
various chemical substances such as digestive enzymes that facilitate feeding. Important‐
ly, the saliva also contains the effector proteins that are determinants of virulence for these
insects. RNAi knockdown of coo2, which is an effector protein of pea aphid secreted into
the fava beans leaves during feeding, significantly reduced the survival of this insect
[124,125]. In addition to pea aphid, successful RNAi studies in Hemipterans insects like
peach aphid (Myzus persicae), Brown plant hopper (Nilaparvata lugens) have also been
reported [126-129]. To develop soybean employing RNAi-based management of Hemi‐
pteran pests, there is a need to generate significant amount of molecular resources for
these insects. To date, a whole genome sequence is only known for 1 Hemipteran insect,
the pea aphid, Acyrthosiphon pisum [130]. Besides RNAi, there are other novel approaches
such as the transgenic plant resistance against Hemipteran pests. The management of
Hemipteran pests by use of transgenic plants expressing lectins and protease inhibitors
has been recently reviewed [131], thus not discussed in this chapter.

5. Conclusions

Although there has been some success with HPR for Hemipteran pests, for example the
glandular hairs for potato leafhopper, there are many opportunities for expanding this
important pest management tool. Research has already resulted in the commerical availability
of HPR against the soybean aphid, with many more varieties to come. However, HPR research
for the other major Hemipteran pests of soybean continues to lag behind. More molecular and
genomic techniques increase the feasibility of finding HPR loci and improve the ability to
combine both traditional HPR approaches and newer RNAi methodologies. This includes not
only developing resistance to multiple insect pests, but potentially other pathogens that they
may interact with to impact soybean [113]. However, these new varieties will need to be studies
and balanced in terms of the other aspects of integrated pest management (i.e. chemical and
biological control) to both limit non-target impacts and extend durability in the face of insect
adaptation.
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1. Introduction

Weed management is essential for any current system of agricultural production, especially
for large monoculture areas, which exert high pressure on the environment. Soybean is among
the largest monoculture registered worldwide, with 102 million hectares harvested only in
2010. The leading countries of production are Argentina, Brazil and the United States, with
more than 70% of the total cultivated area. Along with China and India, these five countries
represent 90% of all produced soybean. The production incentive is related to growing global
demand for oil and protein for food and feed, as well as the feasibility of crops for biodiesel
production, extremely important for the global economy.

Meanwhile, weeds are considered the number one problem in all major soybean producing
countries. Even with advanced technologies, producers note high losses due to interference
by weeds. According to estimates, weeds, alone, cause an average reduction of 37% on soybean
yield, while other fungal diseases and agricultural pests account for 22% of losses [1]. In the
United States, it is considered that weeds cause losses of several millions of US dollars annually.
In Brazil, with an average production of 75 million tons, it is estimated that expenses on weed
control represent between 3% and 5% of total production cost, which means more than US$
1.2 billion used in that country, only for weed chemical control in soybeans.

Disregarding the high cost, weed might be controlled in soybean crop using good management
practices of all available methods, combining them in an integrated weed management (IWM).
Crop rotation is a rather efficient method, since it allows an easy control of the most trouble‐
some weeds. In order to achieve success on crop rotation, weeds must be managed throughout
the growing soybean season. Using full capacity of crop competition is another alternative, yet
this tool is often overlooked.
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1.2 billion used in that country, only for weed chemical control in soybeans.
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Despite differences between soybean cultivars used worldwide and the main weed species
which attack these cultivars, there are many resemblances in management practices and
control. The species hairy fleabane, Conyza bonariensis (L.) Cronq., horseweed, Conyza cana‐
densis (L.) Cronq., goosegrass, Eleusine indica (L.) Gaertn., barnyardgrass, Echinochloa crus-
galli (L.) Beauv., johnsongrass, Sorghum halepense (L.) Pers., beggarticks, Bidens pilosa L. and
common ragweed, Ambrosia artemisiifolia L., are common weeds in Argentine, Brazilian and
American soybean crops. The burndown and subsequent post-emergence (POST) spraying of
crop with glyphosate usually occur from south to north in the American continent, with some
distinctions among products used in mixture with glyphosate for managing resistant weeds.
All these factors increase the selection pressure even more.

The introduction of GR (glyphosate-resistant) soybean, genetically modified (GM), contribut‐
ed to standardization of weed management. With a large adoption of this technology, there
are many concerns regarding the control and the high selection pressure on common weed
species in soybean. In the US, more than 93% of soybean has the GR technology. In Brazil and
Argentina, these values represent 80% and 99%, respectively.

The use of very similar technologies as well as the facility of proliferation of weeds has
intensified  reported  herbicide  resistance.  Since  the  first  report  of  E.  indica  resistance,  in
Malasia  (1997),  22  species  (biotypes)  are  already  not  controlled  by  glyphosate  and  10
show  multiple  resistance.  The  number  of  reports  increases  every  year  and,  in  2011,  7
weed resistance cases were recorded. The evolution of weed resistance to glyphosate also
worries members of the Weed Science Society of America, mainly by the spread rate and
by the impact on ecosystems.

New technologies derived from genetic alteration of cultivars resistant to herbicides are part
of management alternatives to glyphosate. Many of them still under test should be available
on short notice. In Brazil, both soybean resistant to ALS (acetolactate synthase) inhibitors and
those resistant to 2,4-D should take up areas with a history of weed glyphosate resistance. In
the US, besides soybean resistant to dicamba and that resistant to glyphosate + ALS, mixtures
are used on crop pre-emergence (PRE), for example, dimethenamid and saflufenacil (new
active ingredient). Spraying of encapsulated ingredients (acetochlor) at soybean POST and at
weed PRE also come up as management alternatives.

Despite  efforts  on  weed  control  in  soybeans,  the  benefits  of  IWM based  on  preventive
and  cultural  controls  will  always  be  fundamental  to  the  maintenance  of  monocultures.
However,  it  appears  that  much  of  what  is  discussed  about  IWM  is  slightly  practical,
with corrective measures mostly.  This  chapter aims to present some focal  issues related
to weed management in soybean growing areas,  which include weed potential  to cause
severe damages and yield losses by weeds,  the evolution of  resistant weeds in GR soy‐
bean  monoculture,  the  soybean  management  characterization  in  the  main  producing
countries and discussions about the benefits of IWM use as an accurate control measure.
It presents a set of information for researchers and experts on weed management service
area,  reporting clear and objectively the major impacts of the current management used
and the outlook for soybean farming.
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2. Implication of weed management in soybean

Weed control is a practice of great importance for obtaining high soybean yields. Weed species
is a serious problem for the soybean crops and its control is needed especially in infested sides.
Therefore, weed management is an integral part of soybean production. Recently, research has
reported that the density and distribution of weed species in the soybean plantations are
significant parameters on yield losses. This happens because the weed species competes with
the sunlight, water and nutrients, and may, depending on the level of infestation and species,
hamper harvesting operations and compromise the quality of soybean grains [2]. Current
studies on weed biology are changing, largely due to the effects of agricultural practices on
weeds, cropping systems, and the environment. Research emphasis has been altered based on
the need to understand basic weed biology [3]. It is our job to predict how weed species,
populations, and biotypes evolve in response to selection pressure primarily due to agricul‐
tural practices. This knowledge helps developing weed management practices in the soybean
crops. Other important biological factors in weed management decisions include weed and
crop density, seedbank processes, demographic variation, weed-crop competition, and
reproductive biology [4]. Development of economic thresholds for weed species made
significant progress in the last decade. Integrated weed management has focused on the effects
of crop planting dates, row spacing, cultivators, use of cover crops and reduced herbicide rates.

Selection and adaptation of weed populations occur at the level of the individual. Weeds
interfere with crop production, and the yield losses incurred are the aggregate consequence
of competition between heterogeneous weed phenotypes and homogeneous crop phenotype
[5]. Because weed selection results in diversity, a population of weeds on a field consists of a
heterogeneous collection of genotypes and phenotypes that allows exploitation of many niches
left available by crops. Weed species respond to these opportunities with an impressive array
of adaptions: phenotypes plasticity in response to microsite resource availability, somatic
polymorphism of plant and seed form and function, density-dependent mortality (population
size adjustment), density-independent mortality (disease, predator, stress resistances), and
chemical inhibition of neighbors by allelopathic interference [6]. When all else fails, many weed
seeds can remain dormant and extend their life for several years in the soil seedbank, waiting
for the right opportunity to grow [7].

Weed populations possess considerable heterogeneity at many levels, consequence of adap‐
tation for colonization and survival. In order to select the most appropriate herbicides or devise
the optimum weed control system, one must be able to properly identify the weeds present
within a field. Weed identification immediately following emergence is essential since the
effectiveness of most herbicides depends on weed size. Maps of weeds by species in fields
prior to harvest will aid in the choice of herbicide program for the following year.

2.1. Issues on weed management

All the characteristics cited are essential for soybean weed management. However, starting
from the identification of species, three leading questions must be answered in order to suitably

Weed Management in Soybean — Issues and Practices
http://dx.doi.org/10.5772/54595

49



Despite differences between soybean cultivars used worldwide and the main weed species
which attack these cultivars, there are many resemblances in management practices and
control. The species hairy fleabane, Conyza bonariensis (L.) Cronq., horseweed, Conyza cana‐
densis (L.) Cronq., goosegrass, Eleusine indica (L.) Gaertn., barnyardgrass, Echinochloa crus-
galli (L.) Beauv., johnsongrass, Sorghum halepense (L.) Pers., beggarticks, Bidens pilosa L. and
common ragweed, Ambrosia artemisiifolia L., are common weeds in Argentine, Brazilian and
American soybean crops. The burndown and subsequent post-emergence (POST) spraying of
crop with glyphosate usually occur from south to north in the American continent, with some
distinctions among products used in mixture with glyphosate for managing resistant weeds.
All these factors increase the selection pressure even more.

The introduction of GR (glyphosate-resistant) soybean, genetically modified (GM), contribut‐
ed to standardization of weed management. With a large adoption of this technology, there
are many concerns regarding the control and the high selection pressure on common weed
species in soybean. In the US, more than 93% of soybean has the GR technology. In Brazil and
Argentina, these values represent 80% and 99%, respectively.

The use of very similar technologies as well as the facility of proliferation of weeds has
intensified  reported  herbicide  resistance.  Since  the  first  report  of  E.  indica  resistance,  in
Malasia  (1997),  22  species  (biotypes)  are  already  not  controlled  by  glyphosate  and  10
show  multiple  resistance.  The  number  of  reports  increases  every  year  and,  in  2011,  7
weed resistance cases were recorded. The evolution of weed resistance to glyphosate also
worries members of the Weed Science Society of America, mainly by the spread rate and
by the impact on ecosystems.

New technologies derived from genetic alteration of cultivars resistant to herbicides are part
of management alternatives to glyphosate. Many of them still under test should be available
on short notice. In Brazil, both soybean resistant to ALS (acetolactate synthase) inhibitors and
those resistant to 2,4-D should take up areas with a history of weed glyphosate resistance. In
the US, besides soybean resistant to dicamba and that resistant to glyphosate + ALS, mixtures
are used on crop pre-emergence (PRE), for example, dimethenamid and saflufenacil (new
active ingredient). Spraying of encapsulated ingredients (acetochlor) at soybean POST and at
weed PRE also come up as management alternatives.

Despite  efforts  on  weed  control  in  soybeans,  the  benefits  of  IWM based  on  preventive
and  cultural  controls  will  always  be  fundamental  to  the  maintenance  of  monocultures.
However,  it  appears  that  much  of  what  is  discussed  about  IWM  is  slightly  practical,
with corrective measures mostly.  This  chapter aims to present some focal  issues related
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left available by crops. Weed species respond to these opportunities with an impressive array
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chemical inhibition of neighbors by allelopathic interference [6]. When all else fails, many weed
seeds can remain dormant and extend their life for several years in the soil seedbank, waiting
for the right opportunity to grow [7].

Weed populations possess considerable heterogeneity at many levels, consequence of adap‐
tation for colonization and survival. In order to select the most appropriate herbicides or devise
the optimum weed control system, one must be able to properly identify the weeds present
within a field. Weed identification immediately following emergence is essential since the
effectiveness of most herbicides depends on weed size. Maps of weeds by species in fields
prior to harvest will aid in the choice of herbicide program for the following year.
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from the identification of species, three leading questions must be answered in order to suitably
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handle weeds: i) What are the available tools for weed management? ii) How should one use
them for reducing weed interference? and iii) When should one use them?

The available tools are those that enable the reduction of weed-crop competition. It integrates
all traditional control — cultural, physical, chemical, among others — and it should be
evaluated in accordance with locally grown system. Currently, due to countless resistance
cases, preferences are for those that integrate cultural and physical controls together with
chemical ones, and the following ones can be cited: no tillage system, crop rotation, using of
cover crops, autumnal herbicide management directed to key-weeds, and new GM soybean
resistant to herbicide from different modes of action.

All tools should be adapted to use availability, particularly considering the ratio income/
investment. Many of these tools are easy to be used and have high impact. The no tillage
system, for example, changes weed management completely, so that the mulch formed reduces
weed survival [8] and also encourages the germination of negative photoblastic species [9], in
addition to all other benefits found in the tropical regions of soybean production [10]. The
advantages of no tillage over conventional tillage systems in improving soil quality are
generally accepted, resulting in benefits for physical, chemical and biological properties of the
soil [11]. Nowadays, no tillage is practiced on over 100 million ha worldwide, mostly in North
and South America, but also in Australia and in Europe, Asia and Africa [12,13]. Among the
advantages, one can cite the control of soil erosion, moisture conservation, favorable soil
temperatures, increased efficiency in nutrient cycling, improvement on soil structure, machi‐
nery conservation and time saving in terms of human and animal labor [12,14]. The system
also ensured changing among the population of arthropods, which are usually favored by the
system because they find greater protection to natural enemies or use many of weed seeds as
a feed source.

The  crop  rotation  system  constitutes  another  important  management  tool,  often  over‐
looked by producers. It allows the variation primarily at chemical control. Corn rotating,
despite inconvenient profitability decreases, compared with soybean, allows an important
POST emergent apply against glyphosate-tolerant weeds, in areas where GR corn is not used.
Several studies carried out from 1970 to 1990, associated with cultivation of soybeans in crop
rotation systems with diverse grasses (rice, maize, sorghum, wheat, sugar cane) and cotton,
have shown that nitrogen residual effect, fixed by soybean crop and its residues, replaces
partial the nitrogen on following crop, resulting in field optimization and alleviating part of
the production costs [15]. In China, for example, soybean is commonly grown continuous‐
ly in monoculture rather than rotated with other crops, like maize or wheat. The soybean
monoculture results in yield decline, as well as its quality. The yield reduction on soybean
in 2, 3 and 4-year monoculture was 15%, 20%, and 30%, respectively [16,17], highlighting the
significance of rotational system in the preservation of crop production. Furthermore, several
experiments suggest that carbon and nitrogen from microbial biomass (particularly nitro‐
gen)  are  sensitively  affected  by  soil-  and  crop-management  regimens,  being  directly
influenced by crop rotation [18].

Using cover crops between the main crops (fallow period) is also part of conservation practices
and it represents a breakthrough in weed management. Besides, competing against weeds,
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many cover crops allow using selective herbicide in the fallow period, reducing hard-to-control
species. Despite the high costs, it saves on using herbicides along cultivation years for the
primary crop, as the infestation plant is reduced by ongoing practice of this system. Nutrient
cycling is also favored by means of cover crops, especially for those who exhibit high mobility
on the ground, such as nitrogen [19]. For other nutrients, arbuscural mycorhizal development
is favored in areas in which cover plants are used. This arbuscural mycorhizal promotes
phosphorus absorption [20]. Nitrate loss in annual row crops could also be significantly
mitigated by the adoption of no tillage and cover crops or greater reliance on biologically based
inputs, according to [21]. In general, cover crops increase the primary productivity of the
system and diversify basal resources for higher trophic levels.

However, the selection of proper cover crop is essential for the success of the system. Plant-
feeding nematodes, for example, were less abundant in plots with Poaceae cover crops, while
bacterivorous, omnivorous and root-hair-feeding nematodes were more abundant with
Fabaceae cover crops than with bare soil, indicating that cover crop identity or quality greatly
affects soil food web structure [22]. Other species, such as those from genus Desmodium, may
be used suppressing Striga hermonthica (Del.) Benth. by means of an allelopathic mechanism.
Their root exudates contain novel flavonoid compounds, which stimulate suicidal germination
of S. hermonthica seeds and dramatically inhibit its attachment to host roots [23].

Herbicides, in the broad action spectrum, are and will be essential tools in weed management,
even for those with a great number of resistant weeds. But the trend is that using different
herbicide is increasingly related to GM crops which show resistance to more than one active
ingredient. For new GM soybean, 2,4-D and dicamba resistance traits will always be used in
stacks with at least one other herbicide-resistant trait. Glyphosate and ALS trait stack, recently
deregulated in the US, possibly will allow the use of ALS-inhibiting herbicides with soil
residual that are too phytotoxic to use on conventional crop cultivars [24]. In reference [25],
diversification may make weed management more complex, but growers must not use new
GM crop resistant to herbicides in the same way that some used initial GM crops, in order to
rely only on one herbicide until it is no longer effective and then switch herbicides. Research
alerts that “if growers use the new GM crops and the herbicides that they enable properly, GM
crops will expand the utility of currently available herbicides and provide long-term solutions
to manage resistant weeds”.

Answering the question related to the period when control tools should be used, different
opinions arise. Many specialists recommend to use tools, especially chemical control, only
when economic loss level is reached, ie, when population density finds a minimum threshold
at which costs of controlling are lower than economic damage coming from losses by weed
interference. Nevertheless, by following the concept of integrated management, it is recom‐
mended the use of many available tools, even at fallow periods or at low weed densities. In
reference [26], as opposed to pest and pathogens which attack crops in epidemic cycles, weeds
are endemic, regenerating from the seed and/or vegetative propagules that are introduced into
the soil; thus, the continuous management allows the best result. Besides, confining weed
management to a narrow temporal window increases the risk of unsatisfying weed manage‐
ment outcomes due to unfavorable weather [27]. Coupled with this agreement, good man‐
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monoculture results in yield decline, as well as its quality. The yield reduction on soybean
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inputs, according to [21]. In general, cover crops increase the primary productivity of the
system and diversify basal resources for higher trophic levels.
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feeding nematodes, for example, were less abundant in plots with Poaceae cover crops, while
bacterivorous, omnivorous and root-hair-feeding nematodes were more abundant with
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affects soil food web structure [22]. Other species, such as those from genus Desmodium, may
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Their root exudates contain novel flavonoid compounds, which stimulate suicidal germination
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herbicide is increasingly related to GM crops which show resistance to more than one active
ingredient. For new GM soybean, 2,4-D and dicamba resistance traits will always be used in
stacks with at least one other herbicide-resistant trait. Glyphosate and ALS trait stack, recently
deregulated in the US, possibly will allow the use of ALS-inhibiting herbicides with soil
residual that are too phytotoxic to use on conventional crop cultivars [24]. In reference [25],
diversification may make weed management more complex, but growers must not use new
GM crop resistant to herbicides in the same way that some used initial GM crops, in order to
rely only on one herbicide until it is no longer effective and then switch herbicides. Research
alerts that “if growers use the new GM crops and the herbicides that they enable properly, GM
crops will expand the utility of currently available herbicides and provide long-term solutions
to manage resistant weeds”.

Answering the question related to the period when control tools should be used, different
opinions arise. Many specialists recommend to use tools, especially chemical control, only
when economic loss level is reached, ie, when population density finds a minimum threshold
at which costs of controlling are lower than economic damage coming from losses by weed
interference. Nevertheless, by following the concept of integrated management, it is recom‐
mended the use of many available tools, even at fallow periods or at low weed densities. In
reference [26], as opposed to pest and pathogens which attack crops in epidemic cycles, weeds
are endemic, regenerating from the seed and/or vegetative propagules that are introduced into
the soil; thus, the continuous management allows the best result. Besides, confining weed
management to a narrow temporal window increases the risk of unsatisfying weed manage‐
ment outcomes due to unfavorable weather [27]. Coupled with this agreement, good man‐
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agement models for weed control may join forces to the definition of weed control periods
according to their competitive ability and the local crop conditions set out during the growing
(climate, cultivar, sowing density, etc).

So far, absence of management or misuse of control tools may undermine the productivity,
the sustainability of system production and the agricultural activity, also interfering in the
preservation and balance between species. Thus, interactions among weeds and further
organisms (fungi, viruses, bacteria, mites, insects, nematodes, etc.) as well as their handling
may have a direct or indirect impact into the production system.

2.2. Impact of weed management on nontarget organisms

Many studies have attempted to relate the intensification of certain pathogenic diseases of
shoot plants in areas annually treated with herbicides, being placed on proof the intensive use
of those mainly in no tillage system. Glyphosate, for example, is a highly effective broad-
spectrum herbicide that is phytotoxically active on a large number of weeds and crop species
across a wide range of taxa [28]. Glyphosate inhibits the biosynthesis of aromatic aminoacids,
thereby reducing biosynthesis of proteins, auxins, pathogen defense compounds, phytoalex‐
ins, folic acid, precursors of lignins, flavonoids, plastoquinone, and hundreds of other phenolic
and alkaloid compounds [29]. These effects could increase the susceptibility of glyphosate-
sensitive plants to pathogens or other stress agents [30]. Engineered to express enzymes that
are insensitive to or are able to metabolize glyphosate, GR crops have enabled farmers to easily
apply this herbicide in soybean, corn, cotton, canola, sugar beet and alfalfa, besides controlling
problematic weeds without harming the crop [28].

For glyphosate and its interspecific transfer from weeds to nontarget organisms, in [31] it was
related the increasing remark number of plant diseases growing in long term [32]. But the
herbicide influence on disease incidence at glyphosate-resistant crops has varied. While in
[33,34] it was observed an increase of Fusarium solani (Mart.) Sacc. in soybean, others showed
a reduction of Phakopsora pachyrhizi Sidow at this crop [35]. For nitrogen-fixing microorganisms
in soybean, negative interference of glyphosate has been proven by different authors [36-39],
usually in laboratory experiments, with clear differences among rhizobial strains, as well as
among glyphosate formulations, having roughly deleterious effects according to combinations
of these.

Disease caused by Sclerotinia sclerotiorum (Lib.) de Bary, for example, occurs in numerous
weeds considered plant hosts. Crop rotation is essential in this case, specially when it uses non
host crops and some herbicides with effects over the weed hosts and, consequently, the disease.
In [40], the use of chemical weed management with sethoxydim, an important herbicide on
soybean system, had the biggest toxicity rate together with cycloxydim. Other herbicides
tested, such as cycloxidim and haloxyfop-ethoxy-ethyl, had less impact on S. sclerotiorum, but
negative action on Trichoderma sp..

In other cases, not only herbicides, but also weeds, can supply the decrease of several crop dis‐
eases, so that their management is extremely important. In [41] it was investigate the efficacy of
three common weeds, i.e., Amaranthus viridis (L.), Lantana camara (L.) and Malvastrum coroman‐
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delianum (L.) Garcke against four bacterial species, Xanthomonas axonopodis, Pseudomonas syrin‐
gae, Corynebacterium minutissium, Clostridium difficile and major seed-born fungi Aspergillus
niger, Alternaria alternata, Drechslera biseptata, Fusarium solani in vitro. Leaf extracts of these
weeds exhibit antimicrobial effects and all were moderately active against seed-born fungi.

Some experiments found preliminary details, which suggest that the presence of weeds that
serve as hosts of both tobacco rattle virus (Corky ringspot disease) and Paratrichodorus allius
(root nematode) may nullify the positive effects of growing alfalfa or Scotch spearmint for
Corky ringspot control conducted [43]. For all species researched, Solanum sarrachoides Sendtn
presented positive correlation with Corky ringspot disease.

Weed management is also associated with most pests on crop cultivation; ecological relation‐
ships set out among organisms (weeds, insects, mites, etc.) allow their maintenance and
proliferation. Examples of pest and weed interactions established in soybean has been reported
by [44], who found anticipation of 14 days at critical period of weed control when crop was
60% defoliated by insects. Increasing of Anticarsia gemmatalis Hübner oviposition was also
logged in [45] when soybean presented a high infestation of Sesbania exaltata (Raf.) Rydb. ex
A.W. Hill. Thus, S. exaltata management reduces A. Gemmatalis population. Overall, mono‐
culture areas tend to present higher mites and pest infestation and reduced biological diversity
when maintained free of weeds. At the same time, weeds help insect diversity and natural
biological control [46]. Mites, important arthropods in agricultural systems, currently consti‐
tute themselves key pests for soybeans in regions of hot and dry weather. Some predatory
mites can be used against them into the biological management scope. Therefore, a funda‐
mental aspect is the alternative feed sources for predatory mites during periods in which mite
pests are at low populations. Among feed sources, there are many weeds, especially Ageratum
conyzoides L., commonly encountered in citrus orchards and further agricultural areas. Overall,
dicotyledonous weeds that produce a lot of pollen are preferred by predatory mites, in
particular the genus Euseius [47]. Phytophagous mites, especially the web mite family
Tetranychidae, were traditionally considered secondary pests in soybean. However, in recent
years, it has been recorded severe and frequent attacks of these in different producing regions
in Brazil [48]. Into surveys about GR soybean carried out in the state of Rio Grande do Sul, six
phytophagous mite species were identified, five tetranychid — Mononychellus planki (McGre‐
gor), Tetranychus desertorum (Banks), T. gigas (Pritchard & Baker), T. ludeni (Zacher) and T.
urticae (Koch) — and white mite tarsonemid Polyphagotarsonemus latus (Banks) [49,50]. In most
of the sampled sites, more than one tetranychid were reported, being directly influenced by
weed management.

The integrated management of weeds and pests, despite essential, is not easy to be performed
on extensive production systems, especially because there are interactions of many species
having various relations, either symbiosis, predation or parasitism. Knowing the interactions
and the organisms that comprise production system is the great challenge and it can bring
good results. Examples can be viewed in [51], with the reporting of lepidopterous in corn, in
cotton [52], in Heliothis zea [53] and H. virescens [54] with Bemisia tabaci (Genn), among others.
Maintaining biodiversity and sustainable production are some of the main advantages of using
these systems [55].
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delianum (L.) Garcke against four bacterial species, Xanthomonas axonopodis, Pseudomonas syrin‐
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when maintained free of weeds. At the same time, weeds help insect diversity and natural
biological control [46]. Mites, important arthropods in agricultural systems, currently consti‐
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mental aspect is the alternative feed sources for predatory mites during periods in which mite
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particular the genus Euseius [47]. Phytophagous mites, especially the web mite family
Tetranychidae, were traditionally considered secondary pests in soybean. However, in recent
years, it has been recorded severe and frequent attacks of these in different producing regions
in Brazil [48]. Into surveys about GR soybean carried out in the state of Rio Grande do Sul, six
phytophagous mite species were identified, five tetranychid — Mononychellus planki (McGre‐
gor), Tetranychus desertorum (Banks), T. gigas (Pritchard & Baker), T. ludeni (Zacher) and T.
urticae (Koch) — and white mite tarsonemid Polyphagotarsonemus latus (Banks) [49,50]. In most
of the sampled sites, more than one tetranychid were reported, being directly influenced by
weed management.

The integrated management of weeds and pests, despite essential, is not easy to be performed
on extensive production systems, especially because there are interactions of many species
having various relations, either symbiosis, predation or parasitism. Knowing the interactions
and the organisms that comprise production system is the great challenge and it can bring
good results. Examples can be viewed in [51], with the reporting of lepidopterous in corn, in
cotton [52], in Heliothis zea [53] and H. virescens [54] with Bemisia tabaci (Genn), among others.
Maintaining biodiversity and sustainable production are some of the main advantages of using
these systems [55].
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3. Evolution of weed resistance in soybean

Herbicide-resistant weeds represent the evolution of plants as a consequence of environmental
changes, which are usually caused by human action. This process is aligned with the theory
of evolution. The process of natural selection, according to Darwin’s theory of evolution, may
be summarized by three guiding principles: i) principle of variation – there are variations in
physiology, morphology and between behavior of individuals of any population, ii) principle
of heredity – descendents are more similar to their parents than unrelated individuals, and iii)
principle of selection – some individuals are more successful at survival and reproduction than
others in a particular environment [56].

Therefore, a whole species keeps changing its composition because the individuals evolve in
the same direction. The next generation will have a higher frequency of individuals that have
been most successful in surviving and multiplying on environmental conditions. Frequencies
of individuals within a population will change over time and those better adapted to the
environment become predominant [56]. The biotype selection in a population by the same
repeated herbicide application and its multiplying are shown bellow (Figure 1).

Figure 1. Illustration of a resistant biotype selection of a sensitive species [57].
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Considerable evidence suggests that the appearance of herbicide resistance in a plant popu‐
lation comes with the selection of a resistant biotype, which is pre-existing. According to the
selection pressure, this individual finds favorable conditions to reproduce [58]. The perception
of resistance is only possible when the number of resistant plants or failure in control are clearly
identified (Table 1). Unfortunately, for most cases, the seedbank already has seedlings of the
resistant biotype in this time and eradication becomes arduous and expensive. The resistant
biotypes may exhibit less ecological adaptation in these environments and become predomi‐
nant due to elimination of sensitive plants. In terms of natural selection, biotypes with greater
ecological adaptation reveal greater production than less adapted biotypes [59].

Years
No resistant

plants
No sensitive plants Control (%) Progress

0 1 1,000,000 99.9999 unnoticeable

1 1 100,000 99.999 unnoticeable

2 1 10,000 99.99 unnoticeable

3 1 1,000 99.9 unnoticeable

4 1 100 99.0 unnoticeable

5 1 10 90.0 barely noticeable

6 1 5 80.0 noticeable

7 1 2 50.0 apparent

Table 1. Evolution of resistance in a population of resistant weed biotypes [60].

Most of the ecological issues associated with evolution of herbicide resistance involve the
understanding of relationship between adaptation, gene frequency, inheritance and gene flow
[61] because the interactions among these factors shall determine the time required for resistant
biotypes to become predominant.

The time for resistant plants’ appearance and resistant and non-resistant weed proportion
change frequently with herbicide use and its biological effects, which may be fairly short (two
years from commercial use — ALS inhibitors) or take more than 20 years, as happened with
glyphosate (EPSP – 5-enolpyruvylshikimate-3 phosphate synthase inhibitors) [62] (Table 2).
Weeds resistant to sulfonylureas were identified after four or five years of a continuous use of
this herbicide group [63]. In Australia, Lolium rigidum Gaudin biotypes resistant to diclofop-
p-methyl have been selected into three generations, starting from a sensitive population and
by using a normal herbicide dose.

Herbicides with a high level of safety, i.e., high efficiency and specificity play a huge selective
pressure. Examples include inhibitors of the enzymes ALS and ACCase (acetyl coA carboxy‐
lase), which have great chances to select resistant weed biotypes, since any change in its action
point (enzyme) may result on activity losses and resistant weed increase.

Weed Management in Soybean — Issues and Practices
http://dx.doi.org/10.5772/54595

55



3. Evolution of weed resistance in soybean

Herbicide-resistant weeds represent the evolution of plants as a consequence of environmental
changes, which are usually caused by human action. This process is aligned with the theory
of evolution. The process of natural selection, according to Darwin’s theory of evolution, may
be summarized by three guiding principles: i) principle of variation – there are variations in
physiology, morphology and between behavior of individuals of any population, ii) principle
of heredity – descendents are more similar to their parents than unrelated individuals, and iii)
principle of selection – some individuals are more successful at survival and reproduction than
others in a particular environment [56].

Therefore, a whole species keeps changing its composition because the individuals evolve in
the same direction. The next generation will have a higher frequency of individuals that have
been most successful in surviving and multiplying on environmental conditions. Frequencies
of individuals within a population will change over time and those better adapted to the
environment become predominant [56]. The biotype selection in a population by the same
repeated herbicide application and its multiplying are shown bellow (Figure 1).

Figure 1. Illustration of a resistant biotype selection of a sensitive species [57].

Soybean - Pest Resistance54

Considerable evidence suggests that the appearance of herbicide resistance in a plant popu‐
lation comes with the selection of a resistant biotype, which is pre-existing. According to the
selection pressure, this individual finds favorable conditions to reproduce [58]. The perception
of resistance is only possible when the number of resistant plants or failure in control are clearly
identified (Table 1). Unfortunately, for most cases, the seedbank already has seedlings of the
resistant biotype in this time and eradication becomes arduous and expensive. The resistant
biotypes may exhibit less ecological adaptation in these environments and become predomi‐
nant due to elimination of sensitive plants. In terms of natural selection, biotypes with greater
ecological adaptation reveal greater production than less adapted biotypes [59].

Years
No resistant

plants
No sensitive plants Control (%) Progress

0 1 1,000,000 99.9999 unnoticeable

1 1 100,000 99.999 unnoticeable

2 1 10,000 99.99 unnoticeable

3 1 1,000 99.9 unnoticeable

4 1 100 99.0 unnoticeable

5 1 10 90.0 barely noticeable

6 1 5 80.0 noticeable

7 1 2 50.0 apparent

Table 1. Evolution of resistance in a population of resistant weed biotypes [60].

Most of the ecological issues associated with evolution of herbicide resistance involve the
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[61] because the interactions among these factors shall determine the time required for resistant
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years from commercial use — ALS inhibitors) or take more than 20 years, as happened with
glyphosate (EPSP – 5-enolpyruvylshikimate-3 phosphate synthase inhibitors) [62] (Table 2).
Weeds resistant to sulfonylureas were identified after four or five years of a continuous use of
this herbicide group [63]. In Australia, Lolium rigidum Gaudin biotypes resistant to diclofop-
p-methyl have been selected into three generations, starting from a sensitive population and
by using a normal herbicide dose.

Herbicides with a high level of safety, i.e., high efficiency and specificity play a huge selective
pressure. Examples include inhibitors of the enzymes ALS and ACCase (acetyl coA carboxy‐
lase), which have great chances to select resistant weed biotypes, since any change in its action
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Herbicide Introduction year Confirmation year Place

2,4-D 1948 1957 EUA and Canada

Triazines 1959 1970 EUA

Propanil 1962 1991 EUA

Paraquat 1966 1980 Japan

EPSP syntase inhibitor 1974 1996 Australia

ACCase inhibitor 1977 1982 Australia

ALS inhibitor 1982 1984 Australia

Table 2. Year of introduction and its first confirmation of weed resistance to different herbicide action mode [64].

There are six factors related to plant population, which interact and determine the probability
as well as the time of resistance evolution. They are the following: number of alleles involved in
strength expression, resistant allele frequency in an initially sensitive population, mode of
resistance inheritance (cytoplasmatic or nuclear), reproductive traits of species, rate crosses between
resistant and sensitive biotypes and selection pressure [65].

The number of genes that confer resistance is important because, when inheritance is poly‐
genic, the likelihood of the resistance to appear is low. However, when a single gene is
responsible for resistance (monogenic), there is a high probability of occurrence. Most cases of
resistance are conferred on a single gene. It is due to two factors. First of all, modern herbicides
are specific, acting upon specific enzymes in metabolic pathways. Incidence of gene mutations
responsible for coding that enzyme may change the plant sensitivity to the product, resulting
in resistance. The second factor refers to the high selection pressure exerted by high efficiency
of these herbicides. In order to occur polygenic resistance, the recombination between
individuals for several generations would be necessary to obtain adequate number of alleles
and to confer high plant resistance level [66].

Frequency of resistant allele(s) in sensitive population is usually between 10-16 and 10-6 [65].
So, the higher is the frequency of these alleles, the greater is the probability of selecting a
resistant biotype. The frequency of resistant allele in the population becomes more significant
in the evolutionary process when herbicide requires low selection pressure. However, if allele
frequency is high, evolution of resistance may be faster, regardless of selection pressure.

Inheritance resistance type is fundamental for the establishment of resistance in a plant
population. There are two basic types of inheritance: cytoplasmatic (maternal) and nuclear.
Cytoplasmatic inheritance happens when hereditary traits are transmitted by cytoplasm, so
only the mother plant can pass the trait to the descendants, as an example, resistance to
triazines. On the other hand, if the inheritance is nuclear, transmission is by chromosomes,
and both father and mother might forward its resistance, such as resistant plants to ALS
inhibitors. In case of maternally inherited resistance, allelic migration between adjacent
populations does not occur [66], so the development of this type of resistance is slower than
nuclear, where migration of alleles occurs via pollen.
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The reproductive traits, such as pollen scattering and number of propagules generated,
influence directly the spread of resistant plants. Dispersal of resistance by pollen is affected by
scattering efficiency and pollen longevity [67].

The cross rate between resistant and sensitive biotypes determines the spread of resistant
alleles  in  a  population.  Pollen  exchange  between  resistant  and  sensitive  plants  allows
dispersion of  the resistance,  mainly in plants  with high cross-fertilization rate,  since the
contribution of seed displacement is relatively small [59]. Gene flow is correlated with pollen
flow  distribution  and  varies  on  the  species,  with  pollination  mechanism  and  climatic
conditions during flowering [68]. Species which presents more resistant biotypes and effective
propagule dispersion may spread itself quickly, even though the inheritance of this resist‐
ance is maternal.

Repeated use of herbicides to plant control exerts high selection pressure, causing changes on
flora of some regions, especially those with predominance of monoculture, such as soybean in
major producing countries. Usually, better biotypes of a species adapted to a particular practice
are selected and then they multiply rapidly [69]. Species exhibit different features and several
responses to herbicide treatment. Therefore, an association of species characteristics with those
of herbicides creates different periods needed for selection of resistant biotypes (Table 3).

Weed Herbicide sprayed Years

Alopecurus myosuroides Huds. Chlortoluron 10

Avena fatua L. Diclofop methyl 4-6

Avena fatua L. Triallate 18-20

Carduus nutans L. 2,4-D or MCPA 20

Hordeum leporinum Link Paraquat or Diquat 25

Kochia scoparia (L.) Schrad Sulfonylurea 3-5

Lolium multiflorum Lam. Diclofop methyl 7

Lolium rigidum Gaudin Diclofop methyl 4

Lolium rigidum Gaudin Amitrole + Atrazine 10

Lolium rigidum Gaudin Sethoxydim 3

Senecio vulgaris L. Simazine 10

Setaria viridis (L.) Beauv. Trifluralin 15

Table 3. Number of years required for natural selection of resistant biotypes of a weed population according to the
herbicide used [61].

In summary, the evolution process of herbicide resistance goes through three stages: removal
of biotypes highly sensitive, remaining only the most tolerant and resistant; elimination of all
biotypes except those resistant and selecting them in a population with high tolerance;
intercrossing among survivors biotypes, generating new individuals with higher level of
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resistance, which may be selected later [65]. This process resulted in 383 resistant biotypes, 208
species (122 dicotyledonous and 86 monocotyledonous) and over 570,000 fields [62].

There  are  no  doubts  that  selection  pressure  by  use  of  herbicides  at  cultivated  soybean
areas  contributed  to  the  increasing  of  resistant  weeds.  Among  the  main  representative
countries, Argentina, Brazil and the USA, there is a positive correlation between soybean
expansion areas and intensive use of herbicides, as well as between the increasing of re‐
sistance incidence and massive adoption by the same technology in these countries,  i.e.,
one or few herbicide action modes.

In  the  USA,  country  with  the  largest  number  of  resistance  cases,  139  occurrences  have
been recorded, approximately 119 resistant species to different states and mechanism ac‐
tions.  From the  139  cases,  around 25.9% are  resistant  species  to  two or  more  herbicide
mechanism actions [62]. The first resistance case in the US, to auxin herbicides, was Com‐
melina  diffusa  Burm.  f.,  in  1957.  Then,  in  1964,  it  was  reported  a  Convolvus  arvensis  L.
case, resistant to 2,4-D. In the years 1970 and 1972, resistance cases of Senecio vulgaris  L.
and  Amaranthus  hybridus  L.  to  PSII  inhibitors  were  reported.  In  1973,  it  was  recorded
Eleusine indica  (L.)  Gaertn resistant to dinitroanilines and, in 1979,  Chenopodium album  L.
resistant  to  PSII  inhibitors.  With  soybean  advance  in  the  80s,  the  resistance  cases  in‐
creased to  28  reports  with  PSII  inhibitors  and 10  cases  with ALS inhibitors.  In  the  90s,
the intensive use of ALS and ACCase inhibitors in soybean contributed to 68 ALS resist‐
ance events  and 26 to  ACCase.  From 2000,  resistance cases  to  glyphosate  became more
common. Between 2000 and 2011, it was registered more than 70 resistance events to gly‐
cine group as the result of larger glyphosate use at GR soybean, genetically modified to
glyphosate resistance (RR1). Among reports so far, the largest number of species is relat‐
ed to ALS inhibitors (44), triazines (25), ACCase inhibitors (15) and glycines (13).

In Brazil, selection of tolerant or resistant species started in the 70s, with repeated metribuzin
use. This herbicide was introduced to control Bidens pilosa L., but it had low efficiency against
Euphorbia heterophylla L.. E. heterophylla showed tolerance to metribuzin and so was selected
and became a major weed to be fought in crops. Concerns with E. heterophylla control were
solved by imazaquin herbicide (ALS inhibitor) in the 80s, which had been used widely,
becoming the main herbicide used in soybean fields. But at the end of the 90s, E. heterophylla
and B. pilosa became resistant to imazaquin, including the selection of Cardiospermum halica‐
cabum L..

The control of resistant species to ALS inhibitors was solved with GR soybean. History
repeated itself with glyphosate and this has become practically the only herbicide hold on
soybeans, imposing great selection pressure of tolerant and resistant species. Thus, the
continuous glyphosate spraying has selected tolerant weeds such as Ipomoea sp., E. heterophyl‐
la, Richardia brasiliensis (Moq.) Gomez and Commelina sp., as those resistant species, such as
Lolium multiflorum Lam., Conyza bonariensis (L.) Cronq., C. canadensis, C. sumatrensis (Figure
2) and Digitaria insularis (L.) Mez ex Ekman.

Resistance of L. multiflorum to glyphosate was identified in Brazil in 2003, and this forced ALS
inhibitors and ACCase to become the main control options for this species. The continuous
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use of ALS inhibitors (iodosulfuron-methyl) and ACCase to L. multiflorum control resulted in
biotypes resistant to ALS and ACCase in 2010 and in 2011, respectively. These biotypes have
multiple resistance to glyphosate, glyphosate + ALS and glyphosate + ACCase. Certainly, the
resistance to the three mechanisms in the same biotype will not take long to happen.

For soybeans and wheat, ACCase inhibitors are the main alternative to L. multiflorum control.
Thus, impact selection of resistant and tolerant species in Brazil is mainly focused on cost
production, since the farmer will have to use alternative herbicides in the area, usually more
expensive than glyphosate and less efficient.

(a)Photograph: Leandro Vargas, Embrapa Wheat, (b)Photograph: Marlene Lazzaretti, Unnoba, 

Figure  2.  (a)  Illustration  of  Conyza  sp.  resistant  to  glyphosate  in  Brazilian  soybean  field;  b)  rossettes  of  Conyza
bonariensis  (L.)  Cronq.  (smaller,  smooth lobes)  and C.  sumatrensis  (wider,  serrated lobes),  germinating in the fall,
in Argentina.

In general, weed resistance to herbicides in Argentina became important after 2005 and is
also related to the intensive use of glyphosate in GR soybean crop. The introduction of the
RR technology in 1996 quickly masked the incipient problem of herbicide resistance in the
country, marked by the appearance, in the northern part of Argentina, of an Amaranthus sp.
resistant  to  ALS  inhibitors  herbicide  (sulfonylureas  and  imidazolinones),  officially  con‐
firmed as resistant in 1996. For many years, the problem faded into obscurity and farmers
enjoyed the efficacy of an herbicide that seemed to elude the perils of resistance selection,
again ignoring the advice of the few experts that protested against the practice of monocul‐
ture and lack of herbicide rotation. Reports of Sorghum halepense  (L.) Pers. escapes in the
province of Salta (NW Argentina), even after repeated applications of glyphosate, started in
2003,  and the  resistance  was confirmed in  2006.  This  was  the  first  case  of  resistance  to
glyphosate in Argentina, followed by Lolium rigidum Gaudin (and L. multiflorum) in 2007. In
2010, it was reported the case of Avena fatua L. resistant to ACCase inhibitors and two cases
of multiple resistance L. multiflorum, resistant to ALS inhibitors plus glycine and ACCase
inhibitors plus glycine as well [62], followed by Echinochloa colonum (L.) Moench (2011) and
Cynodon hirsutum (2012).
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resistance, which may be selected later [65]. This process resulted in 383 resistant biotypes, 208
species (122 dicotyledonous and 86 monocotyledonous) and over 570,000 fields [62].

There  are  no  doubts  that  selection  pressure  by  use  of  herbicides  at  cultivated  soybean
areas  contributed  to  the  increasing  of  resistant  weeds.  Among  the  main  representative
countries, Argentina, Brazil and the USA, there is a positive correlation between soybean
expansion areas and intensive use of herbicides, as well as between the increasing of re‐
sistance incidence and massive adoption by the same technology in these countries,  i.e.,
one or few herbicide action modes.

In  the  USA,  country  with  the  largest  number  of  resistance  cases,  139  occurrences  have
been recorded, approximately 119 resistant species to different states and mechanism ac‐
tions.  From the  139  cases,  around 25.9% are  resistant  species  to  two or  more  herbicide
mechanism actions [62]. The first resistance case in the US, to auxin herbicides, was Com‐
melina  diffusa  Burm.  f.,  in  1957.  Then,  in  1964,  it  was  reported  a  Convolvus  arvensis  L.
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creased to  28  reports  with  PSII  inhibitors  and 10  cases  with ALS inhibitors.  In  the  90s,
the intensive use of ALS and ACCase inhibitors in soybean contributed to 68 ALS resist‐
ance events  and 26 to  ACCase.  From 2000,  resistance cases  to  glyphosate  became more
common. Between 2000 and 2011, it was registered more than 70 resistance events to gly‐
cine group as the result of larger glyphosate use at GR soybean, genetically modified to
glyphosate resistance (RR1). Among reports so far, the largest number of species is relat‐
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The control of resistant species to ALS inhibitors was solved with GR soybean. History
repeated itself with glyphosate and this has become practically the only herbicide hold on
soybeans, imposing great selection pressure of tolerant and resistant species. Thus, the
continuous glyphosate spraying has selected tolerant weeds such as Ipomoea sp., E. heterophyl‐
la, Richardia brasiliensis (Moq.) Gomez and Commelina sp., as those resistant species, such as
Lolium multiflorum Lam., Conyza bonariensis (L.) Cronq., C. canadensis, C. sumatrensis (Figure
2) and Digitaria insularis (L.) Mez ex Ekman.

Resistance of L. multiflorum to glyphosate was identified in Brazil in 2003, and this forced ALS
inhibitors and ACCase to become the main control options for this species. The continuous
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use of ALS inhibitors (iodosulfuron-methyl) and ACCase to L. multiflorum control resulted in
biotypes resistant to ALS and ACCase in 2010 and in 2011, respectively. These biotypes have
multiple resistance to glyphosate, glyphosate + ALS and glyphosate + ACCase. Certainly, the
resistance to the three mechanisms in the same biotype will not take long to happen.

For soybeans and wheat, ACCase inhibitors are the main alternative to L. multiflorum control.
Thus, impact selection of resistant and tolerant species in Brazil is mainly focused on cost
production, since the farmer will have to use alternative herbicides in the area, usually more
expensive than glyphosate and less efficient.

(a)Photograph: Leandro Vargas, Embrapa Wheat, (b)Photograph: Marlene Lazzaretti, Unnoba, 

Figure  2.  (a)  Illustration  of  Conyza  sp.  resistant  to  glyphosate  in  Brazilian  soybean  field;  b)  rossettes  of  Conyza
bonariensis  (L.)  Cronq.  (smaller,  smooth lobes)  and C.  sumatrensis  (wider,  serrated lobes),  germinating in the fall,
in Argentina.

In general, weed resistance to herbicides in Argentina became important after 2005 and is
also related to the intensive use of glyphosate in GR soybean crop. The introduction of the
RR technology in 1996 quickly masked the incipient problem of herbicide resistance in the
country, marked by the appearance, in the northern part of Argentina, of an Amaranthus sp.
resistant  to  ALS  inhibitors  herbicide  (sulfonylureas  and  imidazolinones),  officially  con‐
firmed as resistant in 1996. For many years, the problem faded into obscurity and farmers
enjoyed the efficacy of an herbicide that seemed to elude the perils of resistance selection,
again ignoring the advice of the few experts that protested against the practice of monocul‐
ture and lack of herbicide rotation. Reports of Sorghum halepense  (L.) Pers. escapes in the
province of Salta (NW Argentina), even after repeated applications of glyphosate, started in
2003,  and the  resistance  was confirmed in  2006.  This  was  the  first  case  of  resistance  to
glyphosate in Argentina, followed by Lolium rigidum Gaudin (and L. multiflorum) in 2007. In
2010, it was reported the case of Avena fatua L. resistant to ACCase inhibitors and two cases
of multiple resistance L. multiflorum, resistant to ALS inhibitors plus glycine and ACCase
inhibitors plus glycine as well [62], followed by Echinochloa colonum (L.) Moench (2011) and
Cynodon hirsutum (2012).
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The outlook is that the main crops (soybean, corn, cotton) from Brazil, the USA and Argentina
will be resistant to glyphosate. In this context, succession and crop rotation with conventional
seeds is a strong chance in the field. There is the necessity to convince farmers that repeated
and continuous use of glyphosate-resistant crops in few years could cripple the weed control
with the use of glyphosate-based products.

Evolution of glyphosate-resistant populations is an imminent threat in areas where there is
dominance of glyphosate-resistant crops, intense selection pressure and no diversity [70].
Certainly other glyphosate-resistant weeds will be identified in the coming years. But when
and how it is related to use of glyphosate-resistant crops? The use of practices to reduce
selection pressure and switch mechanisms is important to protect and prolong the use of
important molecules such as triazines, ALS inhibitors, ACCase, and glycines.

4. Management of weeds in soybean areas: Argentina, Brazil and the USA

4.1. Weed management in Argentina

The first recorded experience with soybeans in Argentina was in 1862, just a few years after
their introduction to the US, but back then the country was a stronghold of cattle production,
and there was little interest in agriculture. The first variety trials and commercial harvests
occurred during the 60s. At the turn of the century, soybeans in Argentina were reaching the
10,000,000 hectares mark, coinciding with the adoption of transgenic GR soybeans. Soybean
production increased over 1000-fold to a record of 52 million metric tons in 2010. The most
productive area for soybeans is comprised by the northern portion of the province of Buenos
Aires, the central and southern part of the province of Santa Fe, and the southeastern part of
Córdoba (humid pampas), but in recent years the expansion has been more noticeable in other
provinces, like Entre Ríos, Santiago del Estero, Tucumán, Salta and Chaco, in the northern part
of Argentina. Another factor influenced by the adoption of GR soybeans was the oversimpli‐
fication of the weed control programs, which eventually led to the selection of resistant
biotypes and hard-to-control weeds.

The development and early expansion of the crop in Argentina was accompanied by the
constant introduction of new herbicide molecules. During the 70s, as farmers in Argentina
were learning how to grow this crop, the most common weed control methods in soybeans
were a combination of tillage and pre-emergent (PRE) herbicides such as trifluralin, dinitra‐
mine (dinitroanilines), cloramben (benzoic acid), naptalam (amide), flucloralin (chloroanilin),
vernolate (thiocarbamate), metribuzin, prometrin (triazines), alaclor (chloracetamide), and
linuron (phenylurea). Bentazon, one of the first post-emergent options, did not become
available until the end of that decade. The dinitroanlinies, flucloralin, and vernolate were used
on pre-planting incorporated (PPI) for annual grasses and broadleaves control, clormaben was
one of the few burndown options for broadleaves, naptalam was applied PRE for annual
grasses and broadleaves, the triazines also PRE, for small seeded broadleaves, often in
combination with alachlor to improve annual grass control, and linuron offered broad
spectrum control also applied PRE.
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As a result of the limited choices in herbicides in soybean, there were several weed problems,
such as the perennial grasses Sorghum halepense (L.) Pers. and Cynodon dactylon (L.) Pers.,
several annual grasses, such as Digitaria sanguinalis (L.) Scop., Echinochloa crus-galli (L.)
Beauv., E. colonum (L.) Moench, Eleusine indica (L.) Gaertn., and the typical broadleaf weeds of
summer crops — Amaranthus sp., Chenopodium album L., C. cordobense Aellen, C. pumilio R. Br.,
Datura ferox auct. non L., Tagetes minuta L., Ipomoea spp.. It was mention at least 6 species of
Ipomoea, Xanthium strumarium L., X. cavanillesii Shouw, Anoda cristata (L.) Schlecht. and
Portulaca oleracea L. [71] — among the broadleaf weeds in the humid pampas (Table 4). These
plants represented a challenge and slowed the initial expansion of the crop. Most of the weeds
described here are the same or very similar to the weeds commonly found in conventional-
tillage systems around the world. A very interesting point is that none of the broadleaf weeds
that are posing a challenge today to glyphosate in the temperate region is in this list, and most
of the emerging weeds are local weeds, not common in other regions.

Economically important weeds Secondary weeds Emerging weeds

Echinochloa crus-galli (L.) Beauv; E.

colonum (L.) Moench

Xanthium spp. Physallis angulata L.

Cyperus rotundus L. Sida rhombifolia L., S. spinosa L. Solanum sisymbriifolium Lam.

Datura ferox auct. non L. Galinsoga parviflora Cav. Aeschynomene virginica (L.) B.S.P.

Tagetes minuta L. Bidens spp. Nicandra physalodes (L.) Gaertn.

Cynodon dactylon (L.) Pers Ipomoea nil (L.) Roth., I. purpurea (L.)

Roth.

Abutilion theophrasti Medik

Anoda cristata (L.) Schlecht Setaria viridis (L.) Beauv., S. verticillata

(L.) Beauv.

Solanum chacoense Bitter, S. nigrum

L.

Digitaria sanguinalis (L.) Scop. Helianthus annuus L. (volunteer)* Acanthospermum hispidum DC.

Chenopodium album L. Eleusine indica (L.) Gaertn. Flaveria bidentis (L.) Kuntze

Portulaca oleracea L. Alternanthera philoxeroides (Mart.)

Griseb.

Amaranthus quitensis Kunth Euphorbia heterophylla L.

Sorghum halepense (L.) Pers. Wedelia glauca (Ort.) Hoffm. ex

Hicken

*Sunflower was a common component of the rotation systems.

Table 4. Most important weeds in the humid pampas in 1997, before the adoption of GR soybeans [72].

Usually a moldboard plow was used in the fall to incorporate the previous crop residue and
destroy existing vegetation. Herbicides were part of the control methods from the beginning,
given the timing of the introduction of soybeans in Argentina, so a mechanical-only technology
was never developed for the region, except for specific purposes, like organic soybeans. In the
spring, residual herbicides were applied after the preparation of the seedbed, incorporating
them if needed. There were several escape problems given the limitation of POST options,
especially with large seeded broadleaf weeds like D. ferox, A. cristata, and Ipomoea spp. The
problem was so common that in many areas a special device called “Chamiquera” (Figure 3)
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The outlook is that the main crops (soybean, corn, cotton) from Brazil, the USA and Argentina
will be resistant to glyphosate. In this context, succession and crop rotation with conventional
seeds is a strong chance in the field. There is the necessity to convince farmers that repeated
and continuous use of glyphosate-resistant crops in few years could cripple the weed control
with the use of glyphosate-based products.

Evolution of glyphosate-resistant populations is an imminent threat in areas where there is
dominance of glyphosate-resistant crops, intense selection pressure and no diversity [70].
Certainly other glyphosate-resistant weeds will be identified in the coming years. But when
and how it is related to use of glyphosate-resistant crops? The use of practices to reduce
selection pressure and switch mechanisms is important to protect and prolong the use of
important molecules such as triazines, ALS inhibitors, ACCase, and glycines.

4. Management of weeds in soybean areas: Argentina, Brazil and the USA

4.1. Weed management in Argentina

The first recorded experience with soybeans in Argentina was in 1862, just a few years after
their introduction to the US, but back then the country was a stronghold of cattle production,
and there was little interest in agriculture. The first variety trials and commercial harvests
occurred during the 60s. At the turn of the century, soybeans in Argentina were reaching the
10,000,000 hectares mark, coinciding with the adoption of transgenic GR soybeans. Soybean
production increased over 1000-fold to a record of 52 million metric tons in 2010. The most
productive area for soybeans is comprised by the northern portion of the province of Buenos
Aires, the central and southern part of the province of Santa Fe, and the southeastern part of
Córdoba (humid pampas), but in recent years the expansion has been more noticeable in other
provinces, like Entre Ríos, Santiago del Estero, Tucumán, Salta and Chaco, in the northern part
of Argentina. Another factor influenced by the adoption of GR soybeans was the oversimpli‐
fication of the weed control programs, which eventually led to the selection of resistant
biotypes and hard-to-control weeds.

The development and early expansion of the crop in Argentina was accompanied by the
constant introduction of new herbicide molecules. During the 70s, as farmers in Argentina
were learning how to grow this crop, the most common weed control methods in soybeans
were a combination of tillage and pre-emergent (PRE) herbicides such as trifluralin, dinitra‐
mine (dinitroanilines), cloramben (benzoic acid), naptalam (amide), flucloralin (chloroanilin),
vernolate (thiocarbamate), metribuzin, prometrin (triazines), alaclor (chloracetamide), and
linuron (phenylurea). Bentazon, one of the first post-emergent options, did not become
available until the end of that decade. The dinitroanlinies, flucloralin, and vernolate were used
on pre-planting incorporated (PPI) for annual grasses and broadleaves control, clormaben was
one of the few burndown options for broadleaves, naptalam was applied PRE for annual
grasses and broadleaves, the triazines also PRE, for small seeded broadleaves, often in
combination with alachlor to improve annual grass control, and linuron offered broad
spectrum control also applied PRE.
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As a result of the limited choices in herbicides in soybean, there were several weed problems,
such as the perennial grasses Sorghum halepense (L.) Pers. and Cynodon dactylon (L.) Pers.,
several annual grasses, such as Digitaria sanguinalis (L.) Scop., Echinochloa crus-galli (L.)
Beauv., E. colonum (L.) Moench, Eleusine indica (L.) Gaertn., and the typical broadleaf weeds of
summer crops — Amaranthus sp., Chenopodium album L., C. cordobense Aellen, C. pumilio R. Br.,
Datura ferox auct. non L., Tagetes minuta L., Ipomoea spp.. It was mention at least 6 species of
Ipomoea, Xanthium strumarium L., X. cavanillesii Shouw, Anoda cristata (L.) Schlecht. and
Portulaca oleracea L. [71] — among the broadleaf weeds in the humid pampas (Table 4). These
plants represented a challenge and slowed the initial expansion of the crop. Most of the weeds
described here are the same or very similar to the weeds commonly found in conventional-
tillage systems around the world. A very interesting point is that none of the broadleaf weeds
that are posing a challenge today to glyphosate in the temperate region is in this list, and most
of the emerging weeds are local weeds, not common in other regions.

Economically important weeds Secondary weeds Emerging weeds

Echinochloa crus-galli (L.) Beauv; E.

colonum (L.) Moench

Xanthium spp. Physallis angulata L.

Cyperus rotundus L. Sida rhombifolia L., S. spinosa L. Solanum sisymbriifolium Lam.

Datura ferox auct. non L. Galinsoga parviflora Cav. Aeschynomene virginica (L.) B.S.P.

Tagetes minuta L. Bidens spp. Nicandra physalodes (L.) Gaertn.

Cynodon dactylon (L.) Pers Ipomoea nil (L.) Roth., I. purpurea (L.)

Roth.

Abutilion theophrasti Medik

Anoda cristata (L.) Schlecht Setaria viridis (L.) Beauv., S. verticillata

(L.) Beauv.

Solanum chacoense Bitter, S. nigrum

L.

Digitaria sanguinalis (L.) Scop. Helianthus annuus L. (volunteer)* Acanthospermum hispidum DC.

Chenopodium album L. Eleusine indica (L.) Gaertn. Flaveria bidentis (L.) Kuntze

Portulaca oleracea L. Alternanthera philoxeroides (Mart.)

Griseb.

Amaranthus quitensis Kunth Euphorbia heterophylla L.

Sorghum halepense (L.) Pers. Wedelia glauca (Ort.) Hoffm. ex

Hicken

*Sunflower was a common component of the rotation systems.

Table 4. Most important weeds in the humid pampas in 1997, before the adoption of GR soybeans [72].

Usually a moldboard plow was used in the fall to incorporate the previous crop residue and
destroy existing vegetation. Herbicides were part of the control methods from the beginning,
given the timing of the introduction of soybeans in Argentina, so a mechanical-only technology
was never developed for the region, except for specific purposes, like organic soybeans. In the
spring, residual herbicides were applied after the preparation of the seedbed, incorporating
them if needed. There were several escape problems given the limitation of POST options,
especially with large seeded broadleaf weeds like D. ferox, A. cristata, and Ipomoea spp. The
problem was so common that in many areas a special device called “Chamiquera” (Figure 3)
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was used to separate the harvested soybeans from “Chamico” (D. ferox) and sometimes
“Bejucos” (Ipomoea spp.) seeds before the beans could be delivered at the grain elevators.

Figure 3. Special device “Chamiquera”, Rojas, Buenos Aires, circa 1980.

During the 80s and 90s, until the introduction of GR soybeans, the development of several new
molecules improved the control of many weeds, but still in combination with mechanical
methods, leading to a steady expansion of both the area planted with soybeans and the average
yields (Figure 4). Gradually, new herbicides allowed technology developments that replaced,
at least in part, mechanical control methods with chemical ones. The need of field cultivators
was reduced or replaced by the application of pre-emergent combinations of alachlor and
metribuzin that offered a wide spectrum of control and proven residuality, replacing other
herbicides — like trifluralin — that required mechanical incorporation.

Acifluorfen became a common tool for rescuing treatment, even though it caused severe crop
injury. This herbicide allowed the control of large seeded broadleaf weeds — Xanthium spp., D.
ferox, late flushes of Ipomoea spp. —, all common problems in most of the soybean area, but the
injury it caused to the crop was something the farmer was not used to dealing with. It was re‐
placed in part by another diphenylether, fomesafen, although it did not have the same efficacy
or control spectrum. The registration of ALS inhibiting herbicides (sulfonylureas, imidazoli‐
nones and triazolopyrimidines) ushered a new era of weed control in soybeans in Argentina, al‐
lowing for PRE/POST combinations that offered effective and lasting control of the most
important weeds with less crop injury than the previous options. Imazaquin, imazethapyr,
chlorimuron, diclosulam and flumetsulam were launched in Argentina during the second half
of the 80s (the first registration of imazaquin was actually in Argentina, in 1984) and allowed the
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first approach to no tillage in soybeans. The resistance problems associated with this group
were not noticeable in Argentina, although the first resistant weed in the country is resistant to
this herbicide group (ALS inhibitors), because it coincided with the introduction of the GR tech‐
nology, and the quick adoption of the new varieties masked the problem.

Sources: 1979-2004, Secretaría de Agricultura, Ganadería, Pesca y Alimentos de la República Argentina. 2005-2012,
Diario La Nación, May 24, 2012.

Figure 4. Soybean production, in million metric tons, from 1979 to 2012. In red: first year with commercial GR soy‐
beans. In yellow: droughts of the 08-09 and 11-12 seasons.

New inhibitors of the protoporphyrinogen oxidase enzime herbicides were introduced during
the late 90s. Carfentrazone, sulfentrazone (aryl triazinones) and flumioxazin (N-phenylphta‐
limides derivative) offered new options for burndown (carfentrazone) and residual control
(sulfentrazone, flumioxazin), but the introduction of the GR soybean varieties prevented its
adoption, thus the most dramatic expansion of soybean production in Argentina was the
introduction of the glyphosate resistant varieties in 1996.

Nearly all the soybeans in Argentina are transgenic (GR1). Argentina had the fastest adoption
of glyphosate-resistant soybeans in the world. This fast adoption coincided with the expansion
of no tillage technology in the region, fueling a synergism between GR soybeans and no tillage.
AAPRESID, the national association of no tillage farmers, had held its first national symposium
a few years prior to the launching of this technology, and its members welcomed and quickly
embraced a new biotech development that allowed them to fully implement their preferred
technology.

Until the adoption of GR soybeans, tillage was an important weed control method, comple‐
menting chemical control options, but it had a negative impact on erosion, soil structure and or‐
ganic matter mineralization. The introduction of herbicide-resistant varieties increased not
only the use of glyphosate, but also the practice of no tillage as well, replacing mechanical con‐
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During the 80s and 90s, until the introduction of GR soybeans, the development of several new
molecules improved the control of many weeds, but still in combination with mechanical
methods, leading to a steady expansion of both the area planted with soybeans and the average
yields (Figure 4). Gradually, new herbicides allowed technology developments that replaced,
at least in part, mechanical control methods with chemical ones. The need of field cultivators
was reduced or replaced by the application of pre-emergent combinations of alachlor and
metribuzin that offered a wide spectrum of control and proven residuality, replacing other
herbicides — like trifluralin — that required mechanical incorporation.

Acifluorfen became a common tool for rescuing treatment, even though it caused severe crop
injury. This herbicide allowed the control of large seeded broadleaf weeds — Xanthium spp., D.
ferox, late flushes of Ipomoea spp. —, all common problems in most of the soybean area, but the
injury it caused to the crop was something the farmer was not used to dealing with. It was re‐
placed in part by another diphenylether, fomesafen, although it did not have the same efficacy
or control spectrum. The registration of ALS inhibiting herbicides (sulfonylureas, imidazoli‐
nones and triazolopyrimidines) ushered a new era of weed control in soybeans in Argentina, al‐
lowing for PRE/POST combinations that offered effective and lasting control of the most
important weeds with less crop injury than the previous options. Imazaquin, imazethapyr,
chlorimuron, diclosulam and flumetsulam were launched in Argentina during the second half
of the 80s (the first registration of imazaquin was actually in Argentina, in 1984) and allowed the
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first approach to no tillage in soybeans. The resistance problems associated with this group
were not noticeable in Argentina, although the first resistant weed in the country is resistant to
this herbicide group (ALS inhibitors), because it coincided with the introduction of the GR tech‐
nology, and the quick adoption of the new varieties masked the problem.

Sources: 1979-2004, Secretaría de Agricultura, Ganadería, Pesca y Alimentos de la República Argentina. 2005-2012,
Diario La Nación, May 24, 2012.

Figure 4. Soybean production, in million metric tons, from 1979 to 2012. In red: first year with commercial GR soy‐
beans. In yellow: droughts of the 08-09 and 11-12 seasons.

New inhibitors of the protoporphyrinogen oxidase enzime herbicides were introduced during
the late 90s. Carfentrazone, sulfentrazone (aryl triazinones) and flumioxazin (N-phenylphta‐
limides derivative) offered new options for burndown (carfentrazone) and residual control
(sulfentrazone, flumioxazin), but the introduction of the GR soybean varieties prevented its
adoption, thus the most dramatic expansion of soybean production in Argentina was the
introduction of the glyphosate resistant varieties in 1996.

Nearly all the soybeans in Argentina are transgenic (GR1). Argentina had the fastest adoption
of glyphosate-resistant soybeans in the world. This fast adoption coincided with the expansion
of no tillage technology in the region, fueling a synergism between GR soybeans and no tillage.
AAPRESID, the national association of no tillage farmers, had held its first national symposium
a few years prior to the launching of this technology, and its members welcomed and quickly
embraced a new biotech development that allowed them to fully implement their preferred
technology.

Until the adoption of GR soybeans, tillage was an important weed control method, comple‐
menting chemical control options, but it had a negative impact on erosion, soil structure and or‐
ganic matter mineralization. The introduction of herbicide-resistant varieties increased not
only the use of glyphosate, but also the practice of no tillage as well, replacing mechanical con‐
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trol almost completely in soybean production. The high efficacy of this herbicide combined
with the simplicity of the system resulted in a quick replacement of other herbicides used in soy‐
beans, both over the top applications and during the chemical fallow period. In 2005, over 92%
of the herbicide volume used in chemical fallow was glyphosate, while some hormonal herbi‐
cides were commonly tank-mixed with glyphosate to improve the control of thistles and other
“new” weeds. Overall costs of weed control in soybeans decreased dramatically as new generic
glyphosate brands entered the Argentine market. Another aspect that contributed to the simpli‐
fication of the system, including soybean monoculture, was the general economic situation of
the country. Corn required a higher investment, while soybeans, especially GR soybeans, as de‐
scribed above, allowed farmers to plan their soybean season with less financial requirements (in
Argentina, the law allows farmers to save seeds for their own use) in times when the prices of
commodities were uncertain and financial means were limited, or expensive.

Glyphosate effectively controlled not only the most problematic weeds in soybean fields; it
replaced herbicide combinations that required a deep knowledge of the weed spectrum,
careful planning to avoid escapes, tank mix problems, timing concerns and crop injury, and
still did not offer the satisfaction of a field completely clean of weeds. RR technology simplified
the business of growing soybeans like no other technology ever developed. Today, soybean
system is characterized by over-reliance on glyphosate, low crop rotation, absence of mechan‐
ical control methods and limited monitoring (of both weeds present at the time of application
and results). The lack of monitoring practices is a direct result of the high efficacy of glyphosate
control in the early years of the biotech age. As a result, the weed spectrum has shifted and
there are several glyphosate-resistant weeds, combined with hard-to-control ones, while the
presence of weeds with resistance to other modes of action is still limited.

Glyphosate is still a very valuable weed control tool, in spite of the weed shift that Argentina
has experienced due to its over-use. In [73] it was studied the effectiveness of glyphosate
applications at two stages (vegetative and reproductive) on 31 weeds that represented the
typical weed spectrum of the region. The herbicide had complete control on 58% of the species
at both stages, complete control at the vegetative stage but deficient control at the reproductive
stage on 32% of the species and poor control on only 10% of the species at either stage.
Disregarding the poor control at the reproductive stage-only, which is not recommended, it is
clear that glyphosate satisfactorily controlled 90% of the weeds. The remaining 10% can be
managed easily combining glyphosate with the proper herbicides, providing a cost-effective
complement. The control of some of these difficult weeds is improved when glyphosate is
combined with atrazine or metsulfuron applied during fall [74]. For example, Bowlesia incana
Ruiz & Pavón and Parietaria debilis G. Forst., increased when glyphosate was applied as a tank
mix to these herbicides, compared to glyphosate by itself. These herbicides are readily available
and are cost-effective alternatives to combine with glyphosate.

The selection of herbicide-resistant biotypes was a consequence of lack of crop and herbicide
rotations. Daniel Tuesca, a weed scientist in the University of Rosario, states that, in the years
preceding the introduction of the GR soybean, farmers mentioned, on surveys, the use of 16
different herbicides in the fallow process and 13 on the crop (either PRE or POST), but a few
years after the introduction of the technology, there were only 3 herbicides applied in fallow,
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and only glyphosate over the crop. From the three herbicides mentioned in the surveys, there
were no specific graminicides (Table 5), so it is not a surprise that all the weeds that have been
confirmed as resistant to glyphosate are grasses.

Before 1997 (1995-1997) After 1997

Fallow applications

Picloram

Fallow applications

Atrazine

Flumetsulam 2,4-D

Metribuzin Metsulfuron

MCPA

Dicamba

Atrazine

2,4-D

Metsulfuron

Other herbicides

No applications

PRE/Over the top

Flumioxazim

PRE/Over the top

Clorimuron

2,4-DB

Imazaquin

Acetochlor

Graminicides (FOP’s)

Flumetsulam

Diclosulam

Imazetapyr

Other herbicides

No applications

Based on individual responses to surveys, % for each answer is omitted. FOPs (aryloxyphenoxypropionate herbicide

group)

Source: courtesy of Professor Daniel Tuesca, Universidad Nacional de Rosario, AR.

Table 5. Herbicides, other than glyphosate, used in soybean production before and after the introduction of GR
soybeans in Argentina, according to surveys with farmers.

Apart from the confirmed cases of glyphosate-resistant weeds, there are several problems
caused by the excessive use of glyphosate. To better understand the problem, it is important
to state that in Argentina about 70% of the farming is done in rented land, and during the last
decade the rental price has increased constantly. In many cases, this situation prevented the
traditional early fallow procedures and resorted to burndown practices with weeds that had
grown beyond their optimal control stage. One particular case is C. bonariensis, which has been
confirmed to be resistant to glyphosate in Brazil, although the resistant biotype is not present
in Argentina yet. When treated at the rosette stage, the plant is susceptible to be controlled
with glyphosate, but when it has elongated (early in the spring), it becomes resilient, even
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when using 2 and 3 times the dose of glyphosate. The situation changes when residual
herbicides are applied in the fall (flumioxazin, metsulfuron, atrazine, and diclosulam have
proved to be effective). There was a lot of confusion when this weed began to emerge as a
problem because it co-exists with another species, C. sumatrensis, more susceptible to be
controlled by glyphosate applications at later stages, leading to a general belief that there are
resistant biotypes that escape control. Again, the lack of monitoring practices is evident here.
These weeds are strongly associated with no-tillage practices, since they do not progress at all
in tilled soil.

Today, there are many efforts to revert the reliance on glyphosate and the selection of resistant
biotypes and hard-to-control weeds. Universities, professional associations and the industry
are advocating the rational use of herbicides with different sites of action, in a crop rotation
program, to prevent the selection of new resistant biotypes, not only to glyphosate but to others
as well, especially biotypes with multiple resistance. It is only fair to mention that academics
from different institutions such as INTA, Universidad Nacional de Buenos Aires, Universidad
Nacional de Rosario, Universidad Católica de Córdoba, Universidad Nacional de Tucumán,
Estación Obispo Colombres, just to mention a few, have been working hard on this matter in
the previous years, when glyphosate was still the undisputed weed control method of choice.
Argentina is shifting from a simple and effective system to a more complex one that requires
a stronger commitment from farmers, advisors, the academic sector and the industry. The
soybean sector is facing a turning point, and this new reality will have to include more crop
rotations, more herbicides and also mechanical and cultural weed control methods.

4.2. Weed management in Brazil

According to professor Gustavo Dutra, from Cruz das Almas, Bahia, it may be inferred that,
since its introduction in the country in 1882, soybean crop has transformed the Brazilian
agriculture. Initially planted in the state of Rio Grande do Sul, first recorded in 1914, in Santa
Rosa, the soybean “tropicalization” has found space coming out from southern pampas to the
midwestern region of the country. While only 2% of national soybean production had been
recorded in this region in the 70s, more than 47% of national production was reported in
midwestern region in 2010/2011 harvest. Hence, Brazil represents one of the most important
regions with a growing potential in soybean production. Probable areas to produce soybean
ponder between 20˚ S and 20˚ N. However, the largest portion of this production belt is
concentrated in the Brazilian lands, with estimated increases of 2.3% up to the year 2020.

Weed control has bothered growers from the beginning of soybean cultivation, especially since
1950, with the expansion of southern region. Adaptation of production system allowed the
satisfactory management, even when using only mechanical tools to control. Cost constraints
and limitations set by this control led to its quick replacement by the chemical control, which
became a primary tool of weed management. Due to its importance, Brazilian pesticide market
has expanded from 1977 to 2006, on average, 10% per year. Even after many decades, the use
of soybean herbicide has been restricted to spraying in incorporated pre-plant (eg triflurallin)
and pre-emergence (eg metribuzin, alachlor and linuron) along with plowing and harrowing,
to prepare conventional soybean field.

Soybean - Pest Resistance66

Few herbicides used previously restricted the implementation period, affecting more specific
actions for managing the weeds emerged in advanced stages of the crop. The launch of
bentazon POST herbicide revolutionized the market, allowing the control of major dicotyled‐
onous weeds on soybean. Introduction of new molecules from the 80s and 90s afforded
efficiency on the control of several species, in particular those belonging to genders Amaran‐
thus, Digitaria, Brachiaria, Euphorbia and Bidens. The main herbicides applied belonged to
the chemical groups ALS and ACCase inhibitors, with monocotyledonous and dicotyledonous
actions.

Since the introduction of no tillage system, weed management has changed and, as a conse‐
quence, moved to consider factors other than chemical control on the production system. The
main benefit of no tillage system is the reduction of weed germination over time [75] and
greater use of crop control. Furthermore, species not commonly observed in the conventional
system demand better preparation and expertise of producers. Such modifications are related
to the absence of soil disturbance, favoring perennial cycle weeds, as well as changes in patterns
of temperature and light incidence, influencing seeds’ mechanisms of dormancy. Cover crops
result in greater amount of organic residue, with higher C/N ratios, and are more efficient in
weed management, by composing a thicker layer of mulch on surface soil [76]. The weed
density decreases linearly with organic residues increasing on surface soil, mainly by reduction
on weed germination.

Originally, no tillage system in Brazil used 2,4-D and paraquat herbicides as burndown to
prepare cultivation areas. At the time there was no product like glyphosate, with non-selective
and desiccant action. Despite the effective action, there were limited control with paraquat and
some residual effects of 2,4-D on soybeans, hindering the sowing immediately after spraying.
With glyphosate releasing in Brazil in 1982, the technology suited local and producers’ needs,
gaining the market by its control efficiency. But the POST application was still limited to the
same herbicides (bentazon, imazethapyr, setoxydin, tepraloxydym, etyl-chlorimuron, diclo‐
sulam, clorasulan-methyl, etc.). Doses were necessarily higher and the number of resistance
cases to ALS inhibitors started to increase, since the first record of Bidens pilosa L., which is
resistant to imazaquin and chlorimuron-ethyl, appeared in 1993.

With the introduction of GR soybean, most of the herbicides were replaced in 2003/2004 harvest
in Brazil. The system that provides a single application of glyphosate at early stages of the crop
gained market for its easy adoption, undeniable efficiency in weed control and guarantee of
profitability. According to data, nearly 81% of all soybeans cultivated area in Brazil is GR and
its contribution to farmers is unquestionable (Figure 5). The impact of using GR soybeans has
been similar to that identified in the US and Argentina, although the net savings on herbicide
costs are larger in Brazil, due to higher average costs of weed control [77]. The average cost
savings originated from a combination of reduced herbicide use, fewer spray runs, labor and
machinery savings, were between US$30/ha and US$81/ha in the period 2003-2010, which
means that the net cost saving after deduction of the technology fee (assumed to be about US
$19/ha in 2010) has been between US$9/ha and US$61/ha in recent years, with increased farm
income levels of US$694 million in 2010 by the GR soybean adoption.
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Figure 5. Impact of using GR soybean on farm income (IFI), at a national level. Brazil, 1997-2010.

Unfortunately,  the  overuse  of  the  technology  (GR soybean  +  glyphosate)  in  tillage  and
no tillage  system led to  strong selection pressure.  Apart  from the  variation of  biotypes
selectivity,  the level  of  herbicide application also contributes to the tolerance of  species.
It  was  checked  the  Brazilian  herbicide  usage  data  for  the  periods  2001-2003  and
2007-2009, as well as information from industry and extension advisers and was conclud‐
ed that the annual average use of herbicide active ingredient per ha in the early years of
GR soybean was lesser than 2007-2009,  an estimated difference of  0.22 kg/ha [77].  From
2007-2009  data,  it  was  observed  an  average  active  ingredient  use  of  2.37  kg/ha  for  GR
soybean compared to 1.96 kg/ha for conventional soybeans.

These data clearly illustrate the current weed management in soybean in the country. Nowa‐
days, Brazilian producers are using sequential spraying of glyphosate in order to control
species which are difficult to manage in crops, such as Bidens spp., Chamaesyce hirta (L.),
Spermacoce latifolia Aubl., Chloris polydactyla (L.) Sw., Ipomoea grandifolia (Dammer) O'Donell,
Commelina benghalensis L., etc. along with glyphosate herbicides. They also associate herbicides
of other chemical control groups and, especially on southern and southeastern regions,
producers are using the autumn management, in areas where these species are present [2].
Other herbicides — such as imazethapyr and imazapic — are frequently applied to reduce the
emergence of weeds during the fallow period and/or associated with the herbicide 2,4-D on
burndown, about 15-20 days before the sowing, for dicotyledonous management of complex
control by glyphosate. A relevant number of not highlighted weed species are worrying
Brazilian soybean producers. Borreria spp., Tridax procumbens L. and Alternathera tenella Colla,
among others (Table 6), are species with high adaptability to different ecological niches
throughout the national territory and they are on the list of species likely to be capable of
developing resistance to herbicides used in cultivation, being it a GMO or not.
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Scientific name Common name Scientific name Common name

Acanthospermum hispidum DC. Starbur Eleusine indica (L.) Gaertn Goosegrass

Amaranthus retroflexus L. Pigweed Euphorbia heterophylla (L.) Wild poinsettia

Bidens pilosa L. Hairy beggarticks Galinsoga parviflora Cav. Smallflower

Brachiaria plantaginea L. Alexandergrass Ipomoea purpurea (L.) Roth Morningglory

Cenchrus echinatus L. Sandbur Panicum maximum Jacq Urochloa maxima

Commelina benghalensis L. Dayflower Pennisetum setosum Rich Bufflegrass

Cynodon dactylon (L.) Pers Bermudagrass Setaria geniculata auct. non (Willd.)

Beauv.

Foxtail

Conyza bonariensis (L.) Cronq. Hairy fleabane Sida rhombifolia L. Sida

Conyza canadensis (L.) Cronq. Horseweed Sorghum halepense (L.) Pers. Johsongrass

Digitaria insularis (L.) Mez ex Ekman Sourgrass Spermacoce latifolia Aubl. Buttonweed

Digitaria horizontalis Willd. Jamaica crabgrass

Table 6. Some weed species on soybean Brazilian crop [2].

For  the  management  of  weeds  resistant  to  glyphosate,  the  alternative  control,  besides
herbicide mixtures, includes crop rotation, autumnal management or even return of non
transgenic soybeans, as well as herbicides spray recommended in 80s and 90s. To reduce
Conyza  spp.  competition,  which can cause yield losses  above 70% for  soybean [78]  it  is
recommended winter management by mixing residual herbicides and glyphosate + 2,4-D
[79]  ever  sprayed  on  initial  growth  stage  and  on  plant  less  than  10  cm-height.  For  L.
multiflorum control in the south region, clethodin or haloxyfop-p-methyl herbicides in a
glyphosate  mix  can  be  used.  S.  halepense  is  another  glyphosate-resistant  species  which
has  a  reasonable  control  with  haloxyfop-p-methyl  application.  Nevertheless,  this  last
management must be made with young plants.

In the US, saflufenacil is being used as a major product mixed to glyphosate for controlling
resistant weeds. This PPO inhibitor empowers the action of glyphosate as desiccant and it is
applied on off-season management or before crop sowing. Though, its release in Brazil has not
occurred yet and it should be soon on the market to assist the producers. One of its advantages
is the low residual rate in the soil at recommended doses, which allows its implementation
and subsequent planting without requiring longer intervals before sowing.

The steady cost increase in weed control by intensive herbicides use and their mixtures
emphasizes the need of changing. Since introduction of GR soybean technology in 2003, until
2006, there has been a reduction in herbicide application in soybeans in the country, deriving
mainly from efficiency control and range of action of the glyphosate (Table 7). However,
amount of active ingredients utilized on crop has risen since 2006, as a result of the intense use
of glyphosate and other herbicides. New generic glyphosate brands entered the Brazilian
market and it contributed to glyphosate use indefinitely.
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Figure 5. Impact of using GR soybean on farm income (IFI), at a national level. Brazil, 1997-2010.
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ed that the annual average use of herbicide active ingredient per ha in the early years of
GR soybean was lesser than 2007-2009,  an estimated difference of  0.22 kg/ha [77].  From
2007-2009  data,  it  was  observed  an  average  active  ingredient  use  of  2.37  kg/ha  for  GR
soybean compared to 1.96 kg/ha for conventional soybeans.
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among others (Table 6), are species with high adaptability to different ecological niches
throughout the national territory and they are on the list of species likely to be capable of
developing resistance to herbicides used in cultivation, being it a GMO or not.
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Scientific name Common name Scientific name Common name

Acanthospermum hispidum DC. Starbur Eleusine indica (L.) Gaertn Goosegrass

Amaranthus retroflexus L. Pigweed Euphorbia heterophylla (L.) Wild poinsettia

Bidens pilosa L. Hairy beggarticks Galinsoga parviflora Cav. Smallflower

Brachiaria plantaginea L. Alexandergrass Ipomoea purpurea (L.) Roth Morningglory

Cenchrus echinatus L. Sandbur Panicum maximum Jacq Urochloa maxima

Commelina benghalensis L. Dayflower Pennisetum setosum Rich Bufflegrass

Cynodon dactylon (L.) Pers Bermudagrass Setaria geniculata auct. non (Willd.)

Beauv.

Foxtail

Conyza bonariensis (L.) Cronq. Hairy fleabane Sida rhombifolia L. Sida

Conyza canadensis (L.) Cronq. Horseweed Sorghum halepense (L.) Pers. Johsongrass

Digitaria insularis (L.) Mez ex Ekman Sourgrass Spermacoce latifolia Aubl. Buttonweed

Digitaria horizontalis Willd. Jamaica crabgrass

Table 6. Some weed species on soybean Brazilian crop [2].

For  the  management  of  weeds  resistant  to  glyphosate,  the  alternative  control,  besides
herbicide mixtures, includes crop rotation, autumnal management or even return of non
transgenic soybeans, as well as herbicides spray recommended in 80s and 90s. To reduce
Conyza  spp.  competition,  which can cause yield losses  above 70% for  soybean [78]  it  is
recommended winter management by mixing residual herbicides and glyphosate + 2,4-D
[79]  ever  sprayed  on  initial  growth  stage  and  on  plant  less  than  10  cm-height.  For  L.
multiflorum control in the south region, clethodin or haloxyfop-p-methyl herbicides in a
glyphosate  mix  can  be  used.  S.  halepense  is  another  glyphosate-resistant  species  which
has  a  reasonable  control  with  haloxyfop-p-methyl  application.  Nevertheless,  this  last
management must be made with young plants.

In the US, saflufenacil is being used as a major product mixed to glyphosate for controlling
resistant weeds. This PPO inhibitor empowers the action of glyphosate as desiccant and it is
applied on off-season management or before crop sowing. Though, its release in Brazil has not
occurred yet and it should be soon on the market to assist the producers. One of its advantages
is the low residual rate in the soil at recommended doses, which allows its implementation
and subsequent planting without requiring longer intervals before sowing.

The steady cost increase in weed control by intensive herbicides use and their mixtures
emphasizes the need of changing. Since introduction of GR soybean technology in 2003, until
2006, there has been a reduction in herbicide application in soybeans in the country, deriving
mainly from efficiency control and range of action of the glyphosate (Table 7). However,
amount of active ingredients utilized on crop has risen since 2006, as a result of the intense use
of glyphosate and other herbicides. New generic glyphosate brands entered the Brazilian
market and it contributed to glyphosate use indefinitely.
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Year
ai saving (kg; negative sign denotes

increase in ai use)*
% decrease in ai (- = increase)

1997 22,333 0.1

1998 111,667 0.3

1999 263,533 0.7

2000 290,333 0.7

2001 292,790 0.7

2002 389,145 0.8

2003 670,000 1.2

2004 1,116,667 1.7

2005 2,010,000 2.9

2006 2,546,000 4.0

2007 -5,808,563 -8.8

2008 -5,704,705 -17.6

2009 -6,642,000 -18.7

2010 -7,529,650 -20.0

Sources: Kleffmann & AMIS Global;

* Including herbicides (mostly glyphosate) used in no/low tillage production systems for burndown.

Table 7. National level changes in herbicide use (active ingredient – ai) by GR soybean. Brazil, 1997-2010 [77].

In spite of weed shift in Brazil, glyphosate is still a helpful weed control tool. To extend its use
as a major tool in chemical control strategies on tillage and no tillage sowing, GR and no-GR
soybean, current management in soybean aims to integrate methods that minimize the effects
to the environment and offer adequate security control. Therefore, in addition to new tech‐
nologies afforded by the chemical industry, producers should also cooperate in the process,
even though this implies the return of already used tools, as the conventional soybean (no
GM). Among the alternatives, there is the rotation area with conventional soybeans, the use
of offseason management (autumn), the spraying of non-selective herbicides that reduce shifts
on further glyphosate applications, the advanced management in spraying installment —
being the first 30 days before sowing and the second between five and seven days prior of
planting —, the sowing of cover crops in fallow period and the spraying of recommended
herbicide doses in order to avoid progressive biotypes selection [30,80].

4.3. Weed management in the USA

Soybean production in the US is undoubtedly part of the greatest productions worldwide and
it has an expressive occupation of agriculture area in the country. According to the USDA
projections, last average yield was around 3.7 tons/ha crop; in 2012, there will be about 29.9
million hectares crop in the country. Most of soybean cultivated area in the US (93%) uses GR
soybeans. The first scientific record of soybean cultivation in the US took place in 1879 at the
Rutgers Agricultural College, in New Jersey [81]. Initially, the crop was mainly used as animal
fodder. However, the growing interest in culture, sponsored by the demand for oil and meat,
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forced soybean to expand rapidly and occupy many areas previously cultivated with corn, in
the extensive Corn Belt.

Despite high yields, the country also passed through difficulties at the beginning of crop
establishment. Even with great advances in farmland during the 50s, farming tools were
limited, especially the ones related to weed management. There was no PRE or POST herbi‐
cides. Usual control practices were restricted to the use of mechanical weeding, fundamental
on conventional crop system. Wide-row spacings were used in order to provide effective
mechanical weeding and post-sowing. The 2,4-D was used over-the-top at the end of crop
growing, prior to the harvest. This allowed reduction on dicotyledonous weeds and on
subsequent crops, but did not control the monocotyledonous ones. These have become the
main weeds and Sorghum halepense (L.) Pers was a major problem weed in many fields.

Until glyphosate and, mainly, GR soybean advents, weed management in the US was restricted
to mechanical control and some PRE and POST herbicides to monocotyledonous and dicotyled‐
onous control. Trifularin was a major narrowleaf herbicide used for years, which was applied in
autumn or in spring before sowing. Its use requires tillage system but did not aid weed manage‐
ment in early-season, especially S. halepense and Amaranthus sp. control. Between the 70s and 80s,
glyphosate and paraquat came into use as preplant burndown, being helpful on no tillage sys‐
tem. These herbicides replaced preplant tillage and fostered the currently used stale seedbed
planting system. Not so far, PRE and POST selective herbicides became available to most mono‐
cotyledonous and dicotyledonous weed control. Narrow-row and no tillage system challenged
soybean farmers to introduce a new management concept. In the US, the first POST herbicide for‐
mulations were available years before their release in Argentina and Brazil and some chemical
alternatives on weed management in the country had always been more accessible. Neverthe‐
less, the order of release was followed, initially by bentazon, with a broad spectrum of action, and
after, ACCase inhibitors, diphenylethers, imidazolinones and sulfonylureas (ALS inhibitors).

Traditionally, soybean is the rotational crop with rice in most farming areas, particularly in
midsouth region. Prior to rapid rice expansion area in the 70s, the common rotation involved
2-year soybean and 1-year rice. Today, rice is often grown for 2 or 3 years before another crop,
especially where the land is unsuited for other crops, and soybean is predominant. Major
conventional herbicides that have been used in soybean include trifluralin, pendimethalin,
metolachlor, alachlor, dimethenamid, clomazone, imazethapyr, sethoxydim, fluazifop,
quizalofop, and clethodim [82]; many of them are useful against S. halepense.

The main herbicides such as trifluralin, pendimethalin, imazethapyr and imazaquin were
widespread until the mid 90s, but with glyphosate effectiveness, mainly linked to GR soybean,
there was a massive replacement of the “out-of-fashion” herbicides. During the period
considered, 1995-2006, the treated areas with pendimethalin decreased from 26% to 3%; areas
treated with imazethapyr suffered a reduction from 44% to 3% [83]. Especially for imazethapyr,
whose decrease was greater than pendimethalin, many resistant weeds had been selected, even
in the first using years, encouraging technology exchangings.

Many advantages provided by glyphosate on GR soybean weed control overlapped other man‐
agement tools, leading to a replacement of herbicides and conventional soybean for the new
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ai saving (kg; negative sign denotes

increase in ai use)*
% decrease in ai (- = increase)
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GM). Among the alternatives, there is the rotation area with conventional soybeans, the use
of offseason management (autumn), the spraying of non-selective herbicides that reduce shifts
on further glyphosate applications, the advanced management in spraying installment —
being the first 30 days before sowing and the second between five and seven days prior of
planting —, the sowing of cover crops in fallow period and the spraying of recommended
herbicide doses in order to avoid progressive biotypes selection [30,80].

4.3. Weed management in the USA

Soybean production in the US is undoubtedly part of the greatest productions worldwide and
it has an expressive occupation of agriculture area in the country. According to the USDA
projections, last average yield was around 3.7 tons/ha crop; in 2012, there will be about 29.9
million hectares crop in the country. Most of soybean cultivated area in the US (93%) uses GR
soybeans. The first scientific record of soybean cultivation in the US took place in 1879 at the
Rutgers Agricultural College, in New Jersey [81]. Initially, the crop was mainly used as animal
fodder. However, the growing interest in culture, sponsored by the demand for oil and meat,
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forced soybean to expand rapidly and occupy many areas previously cultivated with corn, in
the extensive Corn Belt.
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establishment. Even with great advances in farmland during the 50s, farming tools were
limited, especially the ones related to weed management. There was no PRE or POST herbi‐
cides. Usual control practices were restricted to the use of mechanical weeding, fundamental
on conventional crop system. Wide-row spacings were used in order to provide effective
mechanical weeding and post-sowing. The 2,4-D was used over-the-top at the end of crop
growing, prior to the harvest. This allowed reduction on dicotyledonous weeds and on
subsequent crops, but did not control the monocotyledonous ones. These have become the
main weeds and Sorghum halepense (L.) Pers was a major problem weed in many fields.

Until glyphosate and, mainly, GR soybean advents, weed management in the US was restricted
to mechanical control and some PRE and POST herbicides to monocotyledonous and dicotyled‐
onous control. Trifularin was a major narrowleaf herbicide used for years, which was applied in
autumn or in spring before sowing. Its use requires tillage system but did not aid weed manage‐
ment in early-season, especially S. halepense and Amaranthus sp. control. Between the 70s and 80s,
glyphosate and paraquat came into use as preplant burndown, being helpful on no tillage sys‐
tem. These herbicides replaced preplant tillage and fostered the currently used stale seedbed
planting system. Not so far, PRE and POST selective herbicides became available to most mono‐
cotyledonous and dicotyledonous weed control. Narrow-row and no tillage system challenged
soybean farmers to introduce a new management concept. In the US, the first POST herbicide for‐
mulations were available years before their release in Argentina and Brazil and some chemical
alternatives on weed management in the country had always been more accessible. Neverthe‐
less, the order of release was followed, initially by bentazon, with a broad spectrum of action, and
after, ACCase inhibitors, diphenylethers, imidazolinones and sulfonylureas (ALS inhibitors).

Traditionally, soybean is the rotational crop with rice in most farming areas, particularly in
midsouth region. Prior to rapid rice expansion area in the 70s, the common rotation involved
2-year soybean and 1-year rice. Today, rice is often grown for 2 or 3 years before another crop,
especially where the land is unsuited for other crops, and soybean is predominant. Major
conventional herbicides that have been used in soybean include trifluralin, pendimethalin,
metolachlor, alachlor, dimethenamid, clomazone, imazethapyr, sethoxydim, fluazifop,
quizalofop, and clethodim [82]; many of them are useful against S. halepense.

The main herbicides such as trifluralin, pendimethalin, imazethapyr and imazaquin were
widespread until the mid 90s, but with glyphosate effectiveness, mainly linked to GR soybean,
there was a massive replacement of the “out-of-fashion” herbicides. During the period
considered, 1995-2006, the treated areas with pendimethalin decreased from 26% to 3%; areas
treated with imazethapyr suffered a reduction from 44% to 3% [83]. Especially for imazethapyr,
whose decrease was greater than pendimethalin, many resistant weeds had been selected, even
in the first using years, encouraging technology exchangings.

Many advantages provided by glyphosate on GR soybean weed control overlapped other man‐
agement tools, leading to a replacement of herbicides and conventional soybean for the new
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technology. No tillage systems became widely used and weed control costs were lowered. Total
applied herbicides and labor inputs declined initially and narrow-row on soybean became the
standard. In 1995 the GR soybean areas treated with glyphosate were only 20%, but they took
over 96% in 2006 [84]. Currently, the GR soybean represents over 94% of the soybeans grown in
the US, and more than 90% of soybeans produced worldwide are considered GR.

The initial advice for GR soybean system was only one spray and its late application would
not undermine crop yield. In extremely wet sites with late sowing — Iowa, for example —,
weeds emerged early and single POST glyphosate spray was enough for effective control till
the end of the cycle [85]. But for the midwest region, the sowing scheduled occurred earlier,
thus only one application was unsuitable for weed control, usually requiring additional sprays.

Concerns about the definition of better periods of spraying, along with the appearance of the
first glyphosate resistance case, registered for Lolium rigidum in 1998, have collaborated with
gradual increase in herbicide use. For the period 2003-2009, herbicides applied to GR soybean
increased 30%, whereas consumption remained stable for conventional soybeans [83]. Among
changes observed in the global agricultural production, there is the search for socioeconomic
and environmental efficiency. Farmers want new tools for weed management. New GM crops
have allowed simple and effective solutions, but if producers keep outdated manners when
using new tools with GR soybean and glyphosate, these tools will soon become obsolete [25].

As a result, a second generation of GR soybean was launched recently in the US in 2009.
Although this technology offers the same soybean resistance to glyphosate as the first gener‐
ation (RR1), it has a higher yield potential, between 7% and 11%. Some farmers reported no
increasing yield in relation to first GR soybean generation; perhaps others found positive yield
effect. In 2010, soybean farmers pointed that second GR soybean generation has, on average,
about 5% of yield improvement.

Many soybean farmers currently use glyphosate mixed with residual herbicides employed
previously. The increase of these mixtures permits earlier glyphosate sprays promoting weed
management for a larger period. Using conventional herbicides into new GM soybeans are
also essential to ensure its resilience, since new traits will be released to use with former
herbicides. New technologies include GM soybeans resistant to glufosinate “Liberty Link”, to
2,4-D “Optimum GAT”, to dicamba and also to glyphosate plus ALS inhibitors. Despite the
creation of technologies for landing efficiency and easy management on weed control, good
practices at all soybean crop system are rather necessary. Also, weaknesses and difficulties on
weed management in many regions of the US have attracted the interest for non-GM soybeans.
Differentiated prices in the international market have also stimulated this substitution, yet it
is constrained to small and middle producers.

5. Benefits of integrated weed management

Effective weed management is very important to maintain agricultural productivity. By
competing for light, water and nutrients, weeds can reduce crop yield and quality and can lead
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to billions of dollars in global crop losses annually. Because of their ability to persist and spread
through the production and dispersal of dormant seeds or vegetative propagules, weeds are
virtually impossible to eliminate from any given field. The importance of weed management
to successful farming systems is demonstrated by the fact that herbicides account for the large
majority of pesticides used in agriculture, eclipsing inputs for all other major pest groups. To
no small extent, the success and sustainability of our weed management systems shapes the
success and sustainability of agriculture as a whole [86].

Integrated pest management (IPM) concept was introduced in the 60s comprising many
definitions from then. The primary goals of IPM programs are to reduce pesticide use and the
subsequent environmental impact and to rely more on alternative strategies to control pests
[87]. Integrated weed management (IWM) comes as a secondary effect of IPM, but it has similar
proposal of using multiple management tactics and incorporating the knowledge of weed
biology and crop physiology into the weed management system. The goals of IWM range from
maximizing profit margins to safeguarding natural resources and minimizing the negative
impact of weed control practices on the environment [88].

Integrated Weed Management combines multiple management tools (biological, chemical,
mechanical and others) to reduce a pest population to an acceptable level while preserving the
quality of existing habitat, water, and other natural resources. The integrated management
provides connection of all the involved organisms, whether weeds, pests or diseases, and
should focus on decision-making with case studies. There are many practices set out in the
integrated management systems, whose benefits have been extensively studied by several
authors (Table 8). These studies demonstrate many benefits and the efficiency of integrated
tools in crop management systems.

Practices evaluated in IWM Study

Monitoring weeds in crop fields [90,91]

Use economic thresholds to determine when to apply herbicides [91-93]

Crop rotation [80,91]

Using the biological and chemical control [94,95]

Using cultural and chemical control [96]

Using mechanical and chemical control [97]

Using rotation of herbicides [90,91]

Plant cover crops [90,98]

Using the tillage, no-tillage or reduced tillage system [90,92]

Table 8. Practices evaluated in previous studies as part of an Integrated Weed Management (IWM).

However, there are no more ready-made and generalized solutions without risk of errors. IWM
is characterized by reliance on multiple weed management approaches that are firmly
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underpinned by ecological principles [89]. As its name implies, IWM integrates tactics, such
as crop rotation, cover crops, competitive crop cultivars, the judicious use of tillage, and
targeted herbicide application, to reduce weed populations and selection pressures that drive
the evolution of resistant weeds. Under an IWM approach, a grain farmer, instead of relying
exclusively on glyphosate year after year, might use mechanical practices such as rotary hoeing
and interrow cultivation, along with banded PRE and POST herbicide applications in a
soybean crop one year, which would then be rotated to a different crop, integrating different
weed management approaches.

Earlier studies have also demonstrated that IWM strategies are effective in managing herbi‐
cide-resistant weeds. For example, glyphosate-resistant horseweed in no tillage soybean can
be controlled by integrating cover crops and soil-applied residual herbicides [100]. In a recent
experiment in which the integration of tillage and cover crops was evaluated for controlling
glyphosate-resistant Amaranthus palmeri in Georgia, the combination of tillage and rye cover
crops reduced A. palmeri emergence by 75% [101]. In addition to cultivation and cover crops,
other practices can be used to manage resistant-weed populations.

In another experiment, it was experienced biological and chemical control to Sesbania exaltata
[Raf.] Rydb. ex A.W. Hill in soybean field. Different concentrations of Colletotrichum trunca‐
tum (Schwein.) Andrus & Moore were tested alone and in combination with glyphosate.
Positive results suggest that it might be possible to utilize additive or synergistic herbicide and
pathogen interactions to enhance S. exaltata control [94]

Despite many results, researchers suggest that implementation has been slow, and that farmers
rarely move beyond incorporating cost-effective, targeted pesticides application [102]. Many
growers are not adopting integrated management because current assessment methods are
inadequate [99]. In their study, evaluating data from eastern North Carolina, US, they
considered four components of the integrated management: weed, pest, environmental and
general management of the properties. The component weed had the highest percentage (79%),
indicating that growers were undertaking its management.

In [97] it was evaluated a cropping system, including various combinations of seeding rate and
date, herbicide timing and rate, and tillage operations, by measuring weed response to six
IWM systems, in a wheat–oilseed rape–barley–pea rotation. Changes in weed communities
assessed over 4 years indicated a gradual increase of Thlaspi arvense, Chenopodium album,
Amaranthus retroflexus and Fallopia convolvulus in the no herbicide ⁄high tillage system. Winter
and early spring annuals and perennials increased in most systems, but particularly in the low
herbicide ⁄zero tillage and medium herbicide⁄zero tillage systems. This study confirms the
potential of contrasting IWM systems under the challenging environmental conditions.

Some mathematical models are also used into IWM. It allows to model scenarios and to
compare long-term economic and weed population outcomes of various integrated manage‐
ment tools. In southern Australia, species like Lolium rigidum and Raphanus raphanistrum were
managed for many years with selective herbicides. But these species became resistant and are
widespread now. In [93] it was tested an integrated model to compare the management over
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a 20-year period and found that differences between scenarios are not due to weed densities
but differences in total cost on weed control.

In fact, despite all the benefits, the implementation of IWM is extremely challenging for
researchers and especially for farmers. In a recent paper — True integrated weed management —
was highlighted in glowing way the need for a single platform development, including sensors
and decision-support software, that has multiple application technologies for weed manage‐
ment [103]. According to the actor, “Ideally, a self-guided machine is needed that could comb the field
in a systematic way to identify weeds and then apply the necessary control tool (eg spray, mow, cultivate)
at the individual plant or patch scale”. The illustration of a machine model (Figure 6), which allows
the required operations case by case is utopian, although it is believed that efforts to achieve
this goal are unlimited.

Figure 6. Illustration of a robotic weed control using multiple tools designed [103].

6. Conclusions

Weed management has always been inserted into the soybean crop system, contributing
decisively to the success of this crop in major producing countries nowadays. The evolution
of weed management practices in Argentina, Brazil and the US has been developed similarly,
by means of mechanical growers and massive use of GM soybean. However, weeds also have
evolved and as new tools were used, new species or new biotypes appeared.

Despite the persistent search for weed control in the soybean areas, it is observed that man‐
agement of those has increased considerably in the last 10 years. There are numerous cases of
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soybean crop one year, which would then be rotated to a different crop, integrating different
weed management approaches.

Earlier studies have also demonstrated that IWM strategies are effective in managing herbi‐
cide-resistant weeds. For example, glyphosate-resistant horseweed in no tillage soybean can
be controlled by integrating cover crops and soil-applied residual herbicides [100]. In a recent
experiment in which the integration of tillage and cover crops was evaluated for controlling
glyphosate-resistant Amaranthus palmeri in Georgia, the combination of tillage and rye cover
crops reduced A. palmeri emergence by 75% [101]. In addition to cultivation and cover crops,
other practices can be used to manage resistant-weed populations.

In another experiment, it was experienced biological and chemical control to Sesbania exaltata
[Raf.] Rydb. ex A.W. Hill in soybean field. Different concentrations of Colletotrichum trunca‐
tum (Schwein.) Andrus & Moore were tested alone and in combination with glyphosate.
Positive results suggest that it might be possible to utilize additive or synergistic herbicide and
pathogen interactions to enhance S. exaltata control [94]

Despite many results, researchers suggest that implementation has been slow, and that farmers
rarely move beyond incorporating cost-effective, targeted pesticides application [102]. Many
growers are not adopting integrated management because current assessment methods are
inadequate [99]. In their study, evaluating data from eastern North Carolina, US, they
considered four components of the integrated management: weed, pest, environmental and
general management of the properties. The component weed had the highest percentage (79%),
indicating that growers were undertaking its management.

In [97] it was evaluated a cropping system, including various combinations of seeding rate and
date, herbicide timing and rate, and tillage operations, by measuring weed response to six
IWM systems, in a wheat–oilseed rape–barley–pea rotation. Changes in weed communities
assessed over 4 years indicated a gradual increase of Thlaspi arvense, Chenopodium album,
Amaranthus retroflexus and Fallopia convolvulus in the no herbicide ⁄high tillage system. Winter
and early spring annuals and perennials increased in most systems, but particularly in the low
herbicide ⁄zero tillage and medium herbicide⁄zero tillage systems. This study confirms the
potential of contrasting IWM systems under the challenging environmental conditions.

Some mathematical models are also used into IWM. It allows to model scenarios and to
compare long-term economic and weed population outcomes of various integrated manage‐
ment tools. In southern Australia, species like Lolium rigidum and Raphanus raphanistrum were
managed for many years with selective herbicides. But these species became resistant and are
widespread now. In [93] it was tested an integrated model to compare the management over
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a 20-year period and found that differences between scenarios are not due to weed densities
but differences in total cost on weed control.

In fact, despite all the benefits, the implementation of IWM is extremely challenging for
researchers and especially for farmers. In a recent paper — True integrated weed management —
was highlighted in glowing way the need for a single platform development, including sensors
and decision-support software, that has multiple application technologies for weed manage‐
ment [103]. According to the actor, “Ideally, a self-guided machine is needed that could comb the field
in a systematic way to identify weeds and then apply the necessary control tool (eg spray, mow, cultivate)
at the individual plant or patch scale”. The illustration of a machine model (Figure 6), which allows
the required operations case by case is utopian, although it is believed that efforts to achieve
this goal are unlimited.

Figure 6. Illustration of a robotic weed control using multiple tools designed [103].

6. Conclusions

Weed management has always been inserted into the soybean crop system, contributing
decisively to the success of this crop in major producing countries nowadays. The evolution
of weed management practices in Argentina, Brazil and the US has been developed similarly,
by means of mechanical growers and massive use of GM soybean. However, weeds also have
evolved and as new tools were used, new species or new biotypes appeared.

Despite the persistent search for weed control in the soybean areas, it is observed that man‐
agement of those has increased considerably in the last 10 years. There are numerous cases of
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weed resistance to various chemical herbicide groups used in the crop and some weed species
are resistant to more than two chemical groups.

Even with the biotechnology advances and other GM soybean introduction, history must
repeat itself, since the tendency to standardize production systems favors the weeds, allowing
better adaptation response as it increases the selection pressure. The application of glyphosate
to GM crops like soybeans, corn, cotton, canola, wheat, among others — all resistant to this
herbicide — is not the best alternative to properly manage weeds. In regions where RR
technology is predominant, shifts on weed control are increasing, as well as new weed
problems, including weeds resistant to glyphosate which are infesting other crops. In this case,
soybean producers must use all available technologies, considering both socioeconomic and
environmental efficiency.

The use of IWM is the most suitable alternative to maintain weed populations below damage
threshold on the soybean crop. Besides difficulties on IWM implementation, there are concerns
about farmers’ awareness and variations into each farm. The use of IWM without considering
the integration of control methods of other organisms (pests and diseases) does not allow the
sustainability of used practices.

Even with prediction models to IWM implementation, weed control is not indefinitely assured
if it is not continuously adapted to new changes in soybean production system. In this context,
there is no single solution, ready and with indeterminate validity on weed management.
Choosing intelligent systems, which integrate the basic concepts of ecology and biology of
species to the available tools (GM crops, herbicides, biological control, etc.), should assist weed
management.
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1. Introduction

Inadequate weed control is one of the main factors related to decrease in soybean production.
Weeds compete with crops by resources (water, light and nutrients). This competition is
important mainly in the initial stages of crop development, due to possible losses in production
that can be up to 80% or even, in extreme cases, hinders harvest operations [1].

Weeds have traits which confer them great aggressiveness even in adverse environments. High
number of seeds, seed dormancy, discontinuous germination, effective dispersal mechanisms
and population heterogeneity, are very important for weed establishment during crop
development. During this phase, weeds may rapidly capture resources and occupy space; this
is often linked to their competitive ability, because rapid growth requires the prompt and
efficient conversion of resources into biomass. Thus, the yield is reduced and production costs
increase, resulting in a decrease in farmer's income.

Besides reducing crop yield, weeds can cause other problems, like reduce grain quality, cause
loss and difficulty during harvesting and serve as hosts of pests and diseases. The role of weeds
as alternate hosts for soybean crop pests and diseases and their interference with cultivation
operations resulting into higher costs of production must not be over looked. Weeds can also
release toxins highly harmful to crop development. However, despite weeds show many
negative aspects, they can also show advantages, like: providing food for the wildlife; potential
source of germoplasm; recycling nutrients and preventing soil erosion.
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1. Introduction
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important mainly in the initial stages of crop development, due to possible losses in production
that can be up to 80% or even, in extreme cases, hinders harvest operations [1].

Weeds have traits which confer them great aggressiveness even in adverse environments. High
number of seeds, seed dormancy, discontinuous germination, effective dispersal mechanisms
and population heterogeneity, are very important for weed establishment during crop
development. During this phase, weeds may rapidly capture resources and occupy space; this
is often linked to their competitive ability, because rapid growth requires the prompt and
efficient conversion of resources into biomass. Thus, the yield is reduced and production costs
increase, resulting in a decrease in farmer's income.

Besides reducing crop yield, weeds can cause other problems, like reduce grain quality, cause
loss and difficulty during harvesting and serve as hosts of pests and diseases. The role of weeds
as alternate hosts for soybean crop pests and diseases and their interference with cultivation
operations resulting into higher costs of production must not be over looked. Weeds can also
release toxins highly harmful to crop development. However, despite weeds show many
negative aspects, they can also show advantages, like: providing food for the wildlife; potential
source of germoplasm; recycling nutrients and preventing soil erosion.
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Competition is defined as the condition that exists when requirements of one or more organ‐
isms living in a community cannot be obtained from available resources. Because competition
involves many direct and indirect factors, it is often, preferable to consider it as interference
of a plant community on another one, rather than competition. Interference is a natural
phenomenon in a plant community where limited resources exist, and tends to be more
harmful to competitors as more equal are the environmental demands and vegetative habit
between them.

In agricultural ecosystems, weeds show competitive advantages over crop plants, because the
aim of crop breeding is to increase the economic productivity, and this is almost always
accompanied by a decrease in the competitive potential. Another important aspect in weed
interference is the capacity of weeds in reducing or preventing cultivated plants to get access
to resources. Thus, when those are limited, weeds almost always stand out, due to its higher
efficiency in either capturing or using them. It is up to farmers and agronomists to use weed
control methods and cultural practices in order to increase the chances of the crop overcoming
weeds in the competition for resources.

Reduction in weed competition is perfectly achievable with the wide spectrum of tools and
herbicides existing in the market, but weed management strategies are not related solely to
the use of herbicides [2]. Weed control consists in suppressing the development and/or
decreasing the number of weeds per area, until an acceptable levels for the coexistence between
the species involved is reached, with minimum damages to both. In soybean crop, weed control
can be achieved by using one or more control methods that are: preventive, mechanical,
chemical, biological and cultural. Farmers can also use the integrated weed management
(IWM), in which two or more of these methods are adopted.

The IWM approaches incorporate multiple tactics of prevention, avoidance, monitoring and
suppression of weeds, undergirded by the knowledge of the agroecosystem biology [3]. The
development of IWM was motivated by a desire to provide farmers with systematic ap‐
proaches to reduce reliance upon herbicides [4] and, consequently, retard the selection of
herbicide-resistant biotypes. The use of integrated control facilitates weed control during all
crop cycle. The cultural practices, like soil tillage, fertilization, cultivar choice, sowing time,
number of plants per area and crop rotation should be done in order to benefit crop develop‐
ment, and in some cases can reduce or eliminate the need of using other control methods.

The aim of this chapter is to summarize basic information about weed interference and weed
management in the soybean crop, subsidizing technicians in the adoption of suitable positions
regarding problems with weed control.

2. Competition between weeds and soybean by abiotic and biotic factors

Plants genetically improved by human action, aiming increases in productivity, lost part of
their aggressive nature and therefore the ability to survive and compete against adversities
imposed by the environment. Thus, most of the weeds show higher extraction capacity and
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utilization of environmental resources compared to cultivated species. The competition for
limited resources or not, directly or indirectly, can be described as: spatial competition, which
is generated by the physical dominance of a given species over another, simultaneously; a
second classification that could be addressed is temporal competition, that results from
competition over the time in which the crop is under development [5].

The various aspects of competition occurring between weeds and crops may also be named
ecological, being classified as to their nature in biotic or abiotic [5]. The former are those from
the live action elements of the ecosystem, such as predation, parasitism, commensalism,
morphophysiological factors among others. The latter is a result of the action of non-living
environmental factors, such as climatic and soil factors.

2.1. Competition between soybean and weeds for biotic factors

The biotic factors that determine the increased competitiveness of certain species over others
are: plant size and architecture, growth rate, extension of root system, dry mass production,
increased susceptibility to environmental elements (such as frost and dry spells), greater leaf
area index and greater capacity for production and release of chemicals with allelopathic
properties [6].

Morphophysiological traits of plants influence the competitive relationship between crop
and weeds. Plant height and development cycle, for example, are features that have been
positively  associated  with  competitive  ability  in  soybean;  cultivars  with  higher  cycle
length and height reduce seeds production and size of weed species due to the increase in
competitiveness of the crop [7].

Moreover, yield losses due to competition tend to be higher the more similar are the individ‐
uals, i.e. their morphophysiological traits, reaching maximum stress within the same species,
because in this case neighboring plants compete for the same resources and occupy the same
ecological niche [5].

2.1.1. Plant traits indicators of higher competitive ability

The competitive ability of crops can be expressed according to the crop ability to compete with
weeds, reducing the production of seeds and dry mass accummulation by weeds, which is
called suppressive ability. There is also the crop ability to tolerate competition with weeds, when
under competition the crop is capable of maintaining yields almost unchanged [8, 9]. For
Jordan [10], the suppressive ability should be preferred because it reduces seeds production
by weeds and its benefits remain for subsequent growing seasons, while tolerance to weeds
limits its benefits only to the current growing season. It is worth noting that in case crops do
not have the ability to suppress weeds, the probability of yield reduction is increased, regard‐
less of crop tolerance to competition.

Olofsdotter [11] remarks that several traits which confer competitive ability are genetically
changeable, and can be manipulated by plant breeding, as they are elucidated by research.
According to the author, it is necessary to identify one or more traits as well as their genetic
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variability in the crop. After demonstrating its variability, studies are needed to indicate the
mechanisms involved and the environmental effect on the expression of these traits. Finally,
it is necessary to involve geneticists and breeders in the identification of genes coding for the
desired trait, as well as to evaluate the usefulness of indicators in the selection, i.e. if the
character can be selected.

Differences in competitive ability between soybean cultivars with weeds have been reported
by Bussan et al. [12]; Jannink et al. [9]; Lamego et al. [13]; Bianchi et al. [14] and Fleck et al. [15].
Suitable conditions for crop planting, such as moist soil, proper and uniform planting depth,
close contact between seed and soil, as well as certified quality seeds, are essential to ensure
competitive advantage to the crop by promoting the rapid emergence and establishment of
uniform populations. In a study with soybeans, higher size of seeds resulted in seedlings with
higher hypocotyl expansion rates, which may constitute a favorable feature in adverse
conditions of emergence as in the case of soil crusting following heavy rainfalls [16].

2.1.2. Exploring competitive traits

The use of cultural methods for weed management can minimize weeds interference on
soybean. Among the most efficient management practices for the suppression of weeds, the
population density of the crop can be highlighted, as well as equal plants arrangement,
development cycle and root growth of the crop.

2.1.3. Population density

In areas of agricultural production, the density of cultivated plants is kept constant along the
field while weeds density varies with the degree of infestation, which is determined by the soil
seed bank richness [17, 5]. According to these authors a variation occurs in the crop/weeds
density ratio, making important to understand in competition studies not only the influence
of density in the competition process – additive studies, but also the influence of the variation
in the species proportion in the population - substitutive studies [5].

The duration of the period planting-emergence is also affected by seeding rate, temperature
and soil moisture, planting depth and seed traits [18]. The duration of this period changes
seedling height and subsequently, the intra-specific competitive ability. According to this
author, the effects on the duration of this period are more evident under high plant densities.

2.1.4. Emergence speed

The use of high vigor seeds, which provide immediate plant emergence after planting, is
important for the cultural management of weeds. In the dispute for limited environmental
resources, the advantage is granted for plants that exhibit early establishment. A growing plant
must quickly seize space and other resources, and its competitive success depends on the
anticipated use of them. Plants stop growing when its area is restricted by competitors, so that
the last individuals appear to grow very little due to shading. Thus, a fast emergence is often
more important than the spatial arrangement of individuals in determining the competitive‐
ness of the population [19].
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Plants that have rapid and uniform emergence can compete more effectively for environ‐
mental resources [13]. These authors reported that the emergence rate is positively corre‐
lated with the ability of soybean cultivars to compete with weeds. In this sense, Fischer &
Miles [19] formulated theoretical principles in which the greater the rate of development
of  a  plant,  the  higher  the  shoot  and  edaphic  volume  explored.  The  first  seedlings  to
emerge,  probably present  higher yields because they have priority in using water,  light
and nutrients, i.e., they occupy the niche early [20].

Plants that use resources earlier will shade the others, reducing the amount and quality of light
available for the neighbors [20]. Weeds which establish before the crop, with big size and high
number of seeds, will increase its frequence in the soil seed bank and keep infesting subsequent
crops [6]. Another problem resulting from the establishment of crops later in relation to weeds
is the need for increasing herbicide rates for their control [21].

Ecologically, weeds are less demanding in true growth factors in relation to crop plants, which
confers great competitive ability for them [6]. In a study conducted by Carranza et al. [22], it
was found that the relative intraspecific competition (yield loss per weed unit) decreased when
weed population increased. According to the authors, plants that emerged earlier were 1.5
times more competitive than those who had delayed emergence.

Crop management practices such as use of high quality seeds, appropriate management of soil
and planting at the recommended time and depth significantly increase chances of crop plants
to be more competitive. The adoption of these practices, along with the use of cultivars with
fast establishment, are key points to accelerate crop growth and focus on their success in
competition with weeds.

2.1.5. Soybean plants arrangement and its relationship with weeds

The better arrangement of crop plants may be more important for those species with less
potential for branching or tillering. The increase in grain yield of soybean with narrow row
spacing has been demonstrated in several studies [23, 24, 16]. Positive results are obtained with
this practice especially in wet years with the use of early maturing cultivars [16], in soil well
supplied with nutrients [24], and also with late planting [25].

In the case of planting soybean after the recommended period, Board et al. [25] found that the
reduced spacing resulted in higher dry mass of branches of plants at maturity (R8), which was
highly correlated with grain yield. They also observed that the yield components of the
branches, such as number, length and number of nodes in the branches, were higher in the
smaller spacing, justifying the greater yield in reduced spacing system in late planting.

The dry weight of soybean can be used as a criterion to choose between wider or narrower
spacings between rows. For Board & Harville [26], if plant dry mass of late-maturing cultivars,
in the stage R8, is at least 800 g m-2 in wide spacing, probably no benefit will be obtained by
reducing row spacing. However, this value should be used carefully because it may cause
lower levels of total dry mass, for example, if planting is accomplished out of the indicated
time interval (early or late planting).
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The removal of weeds by using reduced spacing was evaluated by Legere & Schreiber [27].
These authors found that in the middle of the soybean growing season, the contribution of
pigweed (Amaranthus retroflexus) for total dry mass per area was 43% in soybean row spacing
of 76 cm, but was only 24% for rows spaced in 25 cm. In this work, in any situation of weed
infestation, grain yield was always higher in the smaller row spacing.

In some situations, however, an adequate suppression of weeds may not occur. Burnside [28]
found no difference in yields between spacings of 38 and 76 cm in the presence of weeds during
different periods of coexistence. Also, Nice et al. [29] found no effect on the population of
sicklepod (Senna obtusifolia) by reducing soybean row spacing, when there was no increase in
the population of the crop. Under higher populations and smaller row spacings, a reduction
in population and seed production of sicklepod was observed.

Another advantage of the smaller row spacing is the possibility of using lower doses of certain
herbicides due to the effect of the additional shading of weeds by crop plants. Young et al. [30]
observed that the reduction in row spacing from 76 cm to 38 cm, increased weed control after
herbicide application. In contrast, glyphosate presented weed control superior to 90% at row
spacing of 19 cm, controlling between 75% and 90% of the weeds when crop was planted at a
spacing of 76 cm.

The set of morphological and physiological traits of cultivars defines its ability to compete with
weeds for environmental resources [31, 14]. However, the competitive ability of cultivars can
be altered by agronomic practices [32]. Weed population and its emergence delay in relation
to the crop, often define the relationships of competition between species [33].

According to Lamego et al. [13] soybean cultivars with early emergence, fast leaf area expan‐
sion, high growth rate, and higher plant height in early stages, are more capable of competing
with weeds. On the other hand, weed species with fast emergence, like the ones from Genus
Brachiaria, Digitaria, Euphorbia, Bidens and Raphanus, among others, are able to compete earlier
for environmental resources in relation to soybean [34, 13, 14, 35]. Rizzardi et al. [36], studying
competition between soybean and Euphorbia heterophylla, Ipomoea ramosissima, Bidens pilosa or
Sida rhombifolia, reported that several management practices can minimize their interference
on soybeans, like the use of more competitive cultivars, correction of soil fertility and the
adequacy of the arrangement of plants.

2.2. Competition between soybean and weeds for abiotic factors

2.2.1. Competition for water

Water is the most limiting factor essential for plant growth and production [37]. The rainfall
and soil moisture strongly influence the growth of weeds, affecting, therefore, competition
with crops [38]. Certain morphological and physiological traits determine the ability of plants
to compete for soil water. In nature, species with C3 metabolism predominate in temperate
regions, while the C4 are prevalent in tropical and subtropical regions. The relative distribution
of C3 and C4 species depends on the temperature during the growing season of the plants [5].
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Species with carbon metabolism by the cycle C4 are usually more efficient in the use of water
(higher WUE); as a consequence, they produce more biomass per unit of water consumed.

According to Patterson and Flint [39], Amaranthus hybridus, with C4 metabolism, showed higher
WUE compared to soybean plants. When soybean was compared to beans and with some weed
species (Euphorbia heterophylla, Bidens pilosa and Desmodium tortuosum), bean was the plant
which used the water more efficiently from the beginning of the cycle; soybean was the plant
with the highest biomass accumulation rate and greater WUE along the cycle; Desmodium
tortuosum was the most efficient in the capture and use of water during the vegetative stage
and Bidens pilosa after flowering [40]. In another study, soybean and the weed Xanthium
strumarium showed similar WUEs [41].

2.2.2. Competition for light

Light is the most disputed factor in competition, highlighting the importance of plant height
in defining the competitive ability of crops [5]. The high ability of plants to intercept the
incident light in the canopy is a desirable feature when crop is under competition with weeds
[42]. Light interception by the canopy is dependent on plant density and arrangement,
branching rate, plant height, leaf area, distribution of leaves, leaf angle, angle of leaf blades
and dry mass accumulation [42]. Cultivars that concentrate photosynthates in leaves, i.e., high
leaf area ratio (LAR), have greater potential for ground cover [43] and consequently the greater
will be their competitive ability with weeds.

The initial growth rate is directly related to light interception and use in earlier stages of the
plant cycle, allowing a greater leaf area development which provides to crop a higher com‐
petitive ability [32, 44].

The rate of biomass accumulation in shoots becomes a key factor for competitive success [40].
Earlier emergence of weeds in soybean, in relation to crop emergence, increased grain yield
losses of soybean [13]. Evaluating the efficiency of capture and utilization of light by soybean
and bean against the weeds Bidens pilosa, Euphorbia heterophylla and Desmodium tortuosum,
Santos et al. [45] observed the highest accumulation rate of dry mass and the largest leaf area
index for soybean, indicating its greater ability to capture light and shade the competing plants.
Bean, especially after flowering, was more effective in draining its photosynthates for leaf
formation.

2.2.3. Competition for nutrients

Nitrogen (N), phosphorus (P) and potassium (K), are of great importance for understanding
yield losses by crops [46]. According to Anguinoni et al. [47] the capacity for absorption of
nutrients in plants depends on the magnitude and the morphology of the root system and its
efficiency in absorption of these elements. Crops with fast root growth maximizes the use of
water and nutrients [48] so an accelerated growth of the root system constitutes a desirable
feature for better nutrient use [49].

Under field conditions, in a study of competition for nutrients between soybean or bean with
the weeds Euphorbia heterophylla, Bidens pilosa and Desmodium tortuosum, Bidens pilosa was the
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The removal of weeds by using reduced spacing was evaluated by Legere & Schreiber [27].
These authors found that in the middle of the soybean growing season, the contribution of
pigweed (Amaranthus retroflexus) for total dry mass per area was 43% in soybean row spacing
of 76 cm, but was only 24% for rows spaced in 25 cm. In this work, in any situation of weed
infestation, grain yield was always higher in the smaller row spacing.

In some situations, however, an adequate suppression of weeds may not occur. Burnside [28]
found no difference in yields between spacings of 38 and 76 cm in the presence of weeds during
different periods of coexistence. Also, Nice et al. [29] found no effect on the population of
sicklepod (Senna obtusifolia) by reducing soybean row spacing, when there was no increase in
the population of the crop. Under higher populations and smaller row spacings, a reduction
in population and seed production of sicklepod was observed.

Another advantage of the smaller row spacing is the possibility of using lower doses of certain
herbicides due to the effect of the additional shading of weeds by crop plants. Young et al. [30]
observed that the reduction in row spacing from 76 cm to 38 cm, increased weed control after
herbicide application. In contrast, glyphosate presented weed control superior to 90% at row
spacing of 19 cm, controlling between 75% and 90% of the weeds when crop was planted at a
spacing of 76 cm.

The set of morphological and physiological traits of cultivars defines its ability to compete with
weeds for environmental resources [31, 14]. However, the competitive ability of cultivars can
be altered by agronomic practices [32]. Weed population and its emergence delay in relation
to the crop, often define the relationships of competition between species [33].

According to Lamego et al. [13] soybean cultivars with early emergence, fast leaf area expan‐
sion, high growth rate, and higher plant height in early stages, are more capable of competing
with weeds. On the other hand, weed species with fast emergence, like the ones from Genus
Brachiaria, Digitaria, Euphorbia, Bidens and Raphanus, among others, are able to compete earlier
for environmental resources in relation to soybean [34, 13, 14, 35]. Rizzardi et al. [36], studying
competition between soybean and Euphorbia heterophylla, Ipomoea ramosissima, Bidens pilosa or
Sida rhombifolia, reported that several management practices can minimize their interference
on soybeans, like the use of more competitive cultivars, correction of soil fertility and the
adequacy of the arrangement of plants.

2.2. Competition between soybean and weeds for abiotic factors

2.2.1. Competition for water

Water is the most limiting factor essential for plant growth and production [37]. The rainfall
and soil moisture strongly influence the growth of weeds, affecting, therefore, competition
with crops [38]. Certain morphological and physiological traits determine the ability of plants
to compete for soil water. In nature, species with C3 metabolism predominate in temperate
regions, while the C4 are prevalent in tropical and subtropical regions. The relative distribution
of C3 and C4 species depends on the temperature during the growing season of the plants [5].
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Species with carbon metabolism by the cycle C4 are usually more efficient in the use of water
(higher WUE); as a consequence, they produce more biomass per unit of water consumed.

According to Patterson and Flint [39], Amaranthus hybridus, with C4 metabolism, showed higher
WUE compared to soybean plants. When soybean was compared to beans and with some weed
species (Euphorbia heterophylla, Bidens pilosa and Desmodium tortuosum), bean was the plant
which used the water more efficiently from the beginning of the cycle; soybean was the plant
with the highest biomass accumulation rate and greater WUE along the cycle; Desmodium
tortuosum was the most efficient in the capture and use of water during the vegetative stage
and Bidens pilosa after flowering [40]. In another study, soybean and the weed Xanthium
strumarium showed similar WUEs [41].

2.2.2. Competition for light

Light is the most disputed factor in competition, highlighting the importance of plant height
in defining the competitive ability of crops [5]. The high ability of plants to intercept the
incident light in the canopy is a desirable feature when crop is under competition with weeds
[42]. Light interception by the canopy is dependent on plant density and arrangement,
branching rate, plant height, leaf area, distribution of leaves, leaf angle, angle of leaf blades
and dry mass accumulation [42]. Cultivars that concentrate photosynthates in leaves, i.e., high
leaf area ratio (LAR), have greater potential for ground cover [43] and consequently the greater
will be their competitive ability with weeds.

The initial growth rate is directly related to light interception and use in earlier stages of the
plant cycle, allowing a greater leaf area development which provides to crop a higher com‐
petitive ability [32, 44].

The rate of biomass accumulation in shoots becomes a key factor for competitive success [40].
Earlier emergence of weeds in soybean, in relation to crop emergence, increased grain yield
losses of soybean [13]. Evaluating the efficiency of capture and utilization of light by soybean
and bean against the weeds Bidens pilosa, Euphorbia heterophylla and Desmodium tortuosum,
Santos et al. [45] observed the highest accumulation rate of dry mass and the largest leaf area
index for soybean, indicating its greater ability to capture light and shade the competing plants.
Bean, especially after flowering, was more effective in draining its photosynthates for leaf
formation.

2.2.3. Competition for nutrients

Nitrogen (N), phosphorus (P) and potassium (K), are of great importance for understanding
yield losses by crops [46]. According to Anguinoni et al. [47] the capacity for absorption of
nutrients in plants depends on the magnitude and the morphology of the root system and its
efficiency in absorption of these elements. Crops with fast root growth maximizes the use of
water and nutrients [48] so an accelerated growth of the root system constitutes a desirable
feature for better nutrient use [49].

Under field conditions, in a study of competition for nutrients between soybean or bean with
the weeds Euphorbia heterophylla, Bidens pilosa and Desmodium tortuosum, Bidens pilosa was the
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plant species with higher leaf area increasing following N applications and soybean accumu‐
lated the highest biomass in its root system, which tended to decrease with the addition of N.
B. pilosa and E. heterophylla increased its biomass as N was increased [46]. The total content of
N in soybean leaves decreased as the dose of N was increased; however, for all weed species,
N content in leaves increased according to the doses of N. The higher efficiency of roots in N
uptake was found for bean plants. B. pilosa and E. heterophylla were the most efficient species
in N use. The supply of N favored more the weed species not belonging to the legume family
than soybean and bean; therefore, an inadequate management of N in these crops may
exacerbate the problem of weed interference [46].

For the same species evaluated in the previous experiment, soybean was the species that
showed the largest increase of P in root biomass as the dose of this nutrient was increased.
Desmodium tortuosum, soybean and B. pilosa showed greater response to the addition of
increasing doses of P in relation to dry matter accumulation [50]. The efficiency of P uptake
by D. tortuosum, soybean and common bean decreased as the dose was increased. E. hetero‐
phylla and bean, performed worst on the efficient use of available P in soil.

3. Critical period of weed interference

The critical period of weed control (CPWC) has been defined by Silva et al. [51] as a window
in the crop growth cycle during which weeds must be controlled to prevent quantitative and
qualitative yield losses. In essence, the CPWC represents the time interval between two
separately measured crop-weed competition components: (1) the critical timing of weed
removal (CTWR) or the maximum amount of time early-season weed competition can be
tolerated by the crop before it suffers irrevocable yield reduction, and (2) the critical weed-free
period (CWFP) or the minimum weed-free period required from the moment of planting, to
prevent unacceptable yield reductions [52]. The former component is estimated to determine
the beginning of the CPWC, whereas the latter determines its end. Results from both compo‐
nents are combined to determine the CPWC. Theoretically, weed control before and after the
CPWC may not contribute to the conservation of the crop yield potential.

The beginning and end of the CPWC determined using the functional approach will depend
on the level of acceptable yield loss (AYL) used to predict its beginning and end. Many studies
report 5% as the maximum AYL. But it can be adjusted depending on the cost of weed control
and the anticipated financial gain [52].

Silva et al. [53], evaluated the CTWR in soybean, cv. BRS-244 RR in low, medium and high
weed density and observed that the CTWR was 17 days after emergence (DAE) in low
infestation area and 11 DAE in medium and high infestation area, considering 5% of tolerance
of crop yield decrease. According to the authors, weed interference during the full crop cycle
reduced soybean grain yield in 73%, 82% and 92%, for low, medium and high weed density,
respectively. Meschede et al. [54], evaluated the CPWC of Euphorbia heterophylla in soybean
crop, cv BRS 133, under low seeding rate, and observed that the presence of weeds caused
daily yield loss of 5.15 kg ha-1, whereas their absence provided a daily yield gain of 7.27 kg
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ha-1. According to the authors, weed-crop coexistence for up to 17 DAE did not cause any
negative effect on crop yield, and the maximum length of time in which weeds had to be
controlled to prevent crop yield losses was 44 DAE; the CPWC was, therefore, from 17 to 44
DAE. Carvalho and Velini [55], observed that weeds germinated 20 days after the emergence
of soybean, cv. IAC-11, did not affect crop yield.

Different results of CPWC showed that the degree of weed interference on crops depends on
the infesting plant community (species, density and population), on the crop (cultivar, spacing
and density) and environment (soil, climate and management). Thus, it is necessary a greater
number of studies to create a data base and in the future create models to predict the adequate
moment of weed control for each situation.

4. Weed control methods in soybeans

According to Hart [56], the population of weeds may be divided into three components: the
active seed, the inactive/dormant seeds and plants.

The active seed (ready to germinate) can come from three sources: production by plants, seeds
from outside the system and seeds that were dormant and that, for some reason, have become
active. The dormant seed can also come from three sources: active seeds, plants and outside
the system.

Weed management involves activities directed at the weeds (direct management) and, or, the
system formed by soil and crop (indirect management). The direct management refers to the
direct elimination of weeds using herbicides, manual or mechanical action and biological
action. In soil management (indirect management) the relationship active and inactive seed
can be worked. In this case, germination of the weeds should be increased before controlling
them, using techniques such as the sequential application of desiccants.

According to Silva et al. [7], weed control possibilities include preventive, cultural, mechanical,
biological and chemical methods. However, to maintain the sustainability of agricultural
systems, it is important to integrate these control measures by observing the characteristics of
soil, climate and socioeconomic aspects of the producer. The achievement of an environmen‐
tally and economically compatible integration requires deep knowledge of the available
strategies, promoting balance with the management measures of soil and water, as well as the
control of pests and diseases. To adopt any measure of control, the medium in which the weeds
are should be treated as an ecosystem that can respond to any changes imposed, thus, not
limited to the application of herbicides or using any other method alone. Furthermore, efforts
will encourage the improvement of the quality of life, both of the farmer directly involved, as
the whole population which will benefit from the supply chain.

4.1. Preventive control

It is harder to control weeds once they establish themselves, so preventing foreign weeds from
entering a new area is usually easier and costs less than controlling after they have spread.

Weed Management in the Soybean Crop
http://dx.doi.org/10.5772/54596

93



plant species with higher leaf area increasing following N applications and soybean accumu‐
lated the highest biomass in its root system, which tended to decrease with the addition of N.
B. pilosa and E. heterophylla increased its biomass as N was increased [46]. The total content of
N in soybean leaves decreased as the dose of N was increased; however, for all weed species,
N content in leaves increased according to the doses of N. The higher efficiency of roots in N
uptake was found for bean plants. B. pilosa and E. heterophylla were the most efficient species
in N use. The supply of N favored more the weed species not belonging to the legume family
than soybean and bean; therefore, an inadequate management of N in these crops may
exacerbate the problem of weed interference [46].

For the same species evaluated in the previous experiment, soybean was the species that
showed the largest increase of P in root biomass as the dose of this nutrient was increased.
Desmodium tortuosum, soybean and B. pilosa showed greater response to the addition of
increasing doses of P in relation to dry matter accumulation [50]. The efficiency of P uptake
by D. tortuosum, soybean and common bean decreased as the dose was increased. E. hetero‐
phylla and bean, performed worst on the efficient use of available P in soil.

3. Critical period of weed interference

The critical period of weed control (CPWC) has been defined by Silva et al. [51] as a window
in the crop growth cycle during which weeds must be controlled to prevent quantitative and
qualitative yield losses. In essence, the CPWC represents the time interval between two
separately measured crop-weed competition components: (1) the critical timing of weed
removal (CTWR) or the maximum amount of time early-season weed competition can be
tolerated by the crop before it suffers irrevocable yield reduction, and (2) the critical weed-free
period (CWFP) or the minimum weed-free period required from the moment of planting, to
prevent unacceptable yield reductions [52]. The former component is estimated to determine
the beginning of the CPWC, whereas the latter determines its end. Results from both compo‐
nents are combined to determine the CPWC. Theoretically, weed control before and after the
CPWC may not contribute to the conservation of the crop yield potential.

The beginning and end of the CPWC determined using the functional approach will depend
on the level of acceptable yield loss (AYL) used to predict its beginning and end. Many studies
report 5% as the maximum AYL. But it can be adjusted depending on the cost of weed control
and the anticipated financial gain [52].

Silva et al. [53], evaluated the CTWR in soybean, cv. BRS-244 RR in low, medium and high
weed density and observed that the CTWR was 17 days after emergence (DAE) in low
infestation area and 11 DAE in medium and high infestation area, considering 5% of tolerance
of crop yield decrease. According to the authors, weed interference during the full crop cycle
reduced soybean grain yield in 73%, 82% and 92%, for low, medium and high weed density,
respectively. Meschede et al. [54], evaluated the CPWC of Euphorbia heterophylla in soybean
crop, cv BRS 133, under low seeding rate, and observed that the presence of weeds caused
daily yield loss of 5.15 kg ha-1, whereas their absence provided a daily yield gain of 7.27 kg
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ha-1. According to the authors, weed-crop coexistence for up to 17 DAE did not cause any
negative effect on crop yield, and the maximum length of time in which weeds had to be
controlled to prevent crop yield losses was 44 DAE; the CPWC was, therefore, from 17 to 44
DAE. Carvalho and Velini [55], observed that weeds germinated 20 days after the emergence
of soybean, cv. IAC-11, did not affect crop yield.

Different results of CPWC showed that the degree of weed interference on crops depends on
the infesting plant community (species, density and population), on the crop (cultivar, spacing
and density) and environment (soil, climate and management). Thus, it is necessary a greater
number of studies to create a data base and in the future create models to predict the adequate
moment of weed control for each situation.

4. Weed control methods in soybeans

According to Hart [56], the population of weeds may be divided into three components: the
active seed, the inactive/dormant seeds and plants.

The active seed (ready to germinate) can come from three sources: production by plants, seeds
from outside the system and seeds that were dormant and that, for some reason, have become
active. The dormant seed can also come from three sources: active seeds, plants and outside
the system.

Weed management involves activities directed at the weeds (direct management) and, or, the
system formed by soil and crop (indirect management). The direct management refers to the
direct elimination of weeds using herbicides, manual or mechanical action and biological
action. In soil management (indirect management) the relationship active and inactive seed
can be worked. In this case, germination of the weeds should be increased before controlling
them, using techniques such as the sequential application of desiccants.

According to Silva et al. [7], weed control possibilities include preventive, cultural, mechanical,
biological and chemical methods. However, to maintain the sustainability of agricultural
systems, it is important to integrate these control measures by observing the characteristics of
soil, climate and socioeconomic aspects of the producer. The achievement of an environmen‐
tally and economically compatible integration requires deep knowledge of the available
strategies, promoting balance with the management measures of soil and water, as well as the
control of pests and diseases. To adopt any measure of control, the medium in which the weeds
are should be treated as an ecosystem that can respond to any changes imposed, thus, not
limited to the application of herbicides or using any other method alone. Furthermore, efforts
will encourage the improvement of the quality of life, both of the farmer directly involved, as
the whole population which will benefit from the supply chain.

4.1. Preventive control

It is harder to control weeds once they establish themselves, so preventing foreign weeds from
entering a new area is usually easier and costs less than controlling after they have spread.
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According to Silva et al. [57], the preventive control of weeds is the use of practices aimed at
preventing the introduction, establishment and, or, spread of certain problematic species in
areas not yet infested by them. These areas can be a country, a state, a municipality or a piece
of land inside the farm.

In federal and state levels, there are laws regulating the entry of seeds into the country or state
and its internal commercialization. Under these laws are the tolerable limits of seeds of each
weed species and also the list of prohibited seeds per crop or crop group.

Locally, it is the responsibility of individual farmers or cooperatives, to prevent the entry and
spread of one or more weed species that may become serious problems for the region. In
summary, the human element is the key to preventive control. The efficient occupation of the
agroecosystem space by the crop reduces the availability of appropriate factors for growth and
development of weeds, and can be considered an integration between preventive and cultural
method.

Choosing the right cultivars is actually the first step in successfully establishing a crop. In the
soybean case, there is a large number of cultivars adapted to different regions of the world.

Some of the measures that can prevent the introduction of the species are: use of high purity
seeds, clean thoroughly machines, harrows and harvesters; carefully inspect seedlings
acquired with soil and also all the organic matter (manure and compost) from other areas;
clean irrigation canals; quarantine of introduced animals, etc. [5].

Chauhan et al. [58] affirm that most crops have their seeds contaminated with weeds, especially
when weed seeds resemble the size and shape of crop seeds. Contamination usually happens
during the time of crop harvesting when weeds that have life cycles similar to those of crops
set seeds. When even a small amount of weed seeds is present, it may be enough for a serious
infestation in the next season. The idea should be to minimize the weed infestation area and
decrease the dissemination of weed seeds from one area to another or from one crop to another.
Control of weed species is achieved by reducing plants and propagules to the point at which
their presence does not seriously interfere with an area of economic use. The planning of post-
infested weed control programs should be done in such a way that the build-up of weed seeds
is reduced drastically within a short period. Proper care should be taken to restrict the weed
seed bank size in the area by using integrated methods of weed control. In undisturbed or no-
till systems, seeds of weeds and volunteer crops are deposited in the topsoil [59, 60, 61].
Therefore, an appropriate strategy is needed to avoid high weed infestations and to prevent
unacceptable competition with the emerging crop [60].

4.2. Cultural control

The competitive ability of weeds largely depends on the time of emergence in relation to the
soybean, in such a way that, if the crop germinates faster, and also occurs a delay on the
emergence of weeds, competition will be reduced [5].

According to Silva et al [57], cultural control is the use of common practices for the proper
management of water and soil as crop rotation, variation of crop row spacing, living mulches,

Soybean - Pest Resistance94

cover crops etc. Amending the soil, neutralizing the aluminum content and increasing the pH,
favors the crop and not certain weed species adapted to acid soils conditions and high contents
of Al. Fertilization applied at the planting furrow is a common practice, and also favors
soybean, so the fertilizer do not stand so close to the weeds in the inter-rows. These practices
help to reduce the seed bank of weeds. It consists, therefore, in using their own ecological traits,
both from crops and weeds, in order to benefit the establishment and development of crops.

One of the main practices is  crop rotation.  Its  benefits  depend on the selection of crops
and their sequence in the system. Continuous cultivation of a single crop or crops having
similar management practices allows certain weed species to become dominant in the sys‐
tem and, over time, these weed species become hard to control [58]. According to Kelley
et al. [62], soybean production is improved by using crop rotation as a management prac‐
tice.  Numerous studies have shown decreased yield when soybean was grown continu‐
ously in monoculture than when rotated with another crop [63, 64, 65]. In the short-term,
benefit of crop rotation was increased soybean yield, which would likely increase soybean
profitability. In the long-term, rotations with high residue-producing crops, such as wheat
and  grain  sorghum,  significantly  increase  total  soil  C  and  N  concentrations  over  time,
which may further improve soil productivity [62].

Variation of the spacing or plant density in the row is another practice that can contribute to
the reduction of weed interference on the crop, depending on the architecture of the cultivated
plants and weed species. The reduction of spacing between rows often provides competitive
advantage for most crops over shading sensitive weeds. In this case, by reducing the spacing
between rows, provided it does not exceed the minimum limit, there is increased light
interception by the canopy of cultivated plants. This effect is dependent on factors like the type
of species to be cultivated, morphophysiological traits of genotypes, weed species present in
the area and season and weather conditions at the time of its emergence, as well as environ‐
mental conditions [66, 67, 68].

The main goal of using cover crops for weed control is replacing an unmanageable weed
population with a manageable cover crop. This is accomplished by selecting the phenology of
the cover crop to preempt the niche occupied by weed populations [69]. They have been used
to manage weeds in soybean [70, 71, 72, 73]. According to Silva et al. [57], green covers are
crops that usually are very competitive with weeds. Lupine, vetch, ryegrass, turnips, oats and
rye are used in southern Brazil. In the subtropics, velvetbean, crotalarias, pigeon pea, jack-bean
and lab-lab can be used. Its main effect is to reduce the seed bank and also improve soil
physical-chemical conditions. However, these plants may also have inhibitory effects over
others and can reduce infestations of some weed species after desiccation or incorporated in
soil, and must be carefully chosen in each case. The presence of the mulch creates conditions
for the installation of a dense and diverse microbiote in the soil, especially in the surface layer,
with a high amount of microorganisms responsible for the elimination of dormant seeds by
deterioration and loss of viability.

Both the composition and the population density of a weed community are influenced by the
level of mulching in the production system [74]. The mulch has physical (interference on
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According to Silva et al. [57], the preventive control of weeds is the use of practices aimed at
preventing the introduction, establishment and, or, spread of certain problematic species in
areas not yet infested by them. These areas can be a country, a state, a municipality or a piece
of land inside the farm.

In federal and state levels, there are laws regulating the entry of seeds into the country or state
and its internal commercialization. Under these laws are the tolerable limits of seeds of each
weed species and also the list of prohibited seeds per crop or crop group.

Locally, it is the responsibility of individual farmers or cooperatives, to prevent the entry and
spread of one or more weed species that may become serious problems for the region. In
summary, the human element is the key to preventive control. The efficient occupation of the
agroecosystem space by the crop reduces the availability of appropriate factors for growth and
development of weeds, and can be considered an integration between preventive and cultural
method.

Choosing the right cultivars is actually the first step in successfully establishing a crop. In the
soybean case, there is a large number of cultivars adapted to different regions of the world.

Some of the measures that can prevent the introduction of the species are: use of high purity
seeds, clean thoroughly machines, harrows and harvesters; carefully inspect seedlings
acquired with soil and also all the organic matter (manure and compost) from other areas;
clean irrigation canals; quarantine of introduced animals, etc. [5].

Chauhan et al. [58] affirm that most crops have their seeds contaminated with weeds, especially
when weed seeds resemble the size and shape of crop seeds. Contamination usually happens
during the time of crop harvesting when weeds that have life cycles similar to those of crops
set seeds. When even a small amount of weed seeds is present, it may be enough for a serious
infestation in the next season. The idea should be to minimize the weed infestation area and
decrease the dissemination of weed seeds from one area to another or from one crop to another.
Control of weed species is achieved by reducing plants and propagules to the point at which
their presence does not seriously interfere with an area of economic use. The planning of post-
infested weed control programs should be done in such a way that the build-up of weed seeds
is reduced drastically within a short period. Proper care should be taken to restrict the weed
seed bank size in the area by using integrated methods of weed control. In undisturbed or no-
till systems, seeds of weeds and volunteer crops are deposited in the topsoil [59, 60, 61].
Therefore, an appropriate strategy is needed to avoid high weed infestations and to prevent
unacceptable competition with the emerging crop [60].

4.2. Cultural control

The competitive ability of weeds largely depends on the time of emergence in relation to the
soybean, in such a way that, if the crop germinates faster, and also occurs a delay on the
emergence of weeds, competition will be reduced [5].

According to Silva et al [57], cultural control is the use of common practices for the proper
management of water and soil as crop rotation, variation of crop row spacing, living mulches,
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cover crops etc. Amending the soil, neutralizing the aluminum content and increasing the pH,
favors the crop and not certain weed species adapted to acid soils conditions and high contents
of Al. Fertilization applied at the planting furrow is a common practice, and also favors
soybean, so the fertilizer do not stand so close to the weeds in the inter-rows. These practices
help to reduce the seed bank of weeds. It consists, therefore, in using their own ecological traits,
both from crops and weeds, in order to benefit the establishment and development of crops.

One of the main practices is  crop rotation.  Its  benefits  depend on the selection of crops
and their sequence in the system. Continuous cultivation of a single crop or crops having
similar management practices allows certain weed species to become dominant in the sys‐
tem and, over time, these weed species become hard to control [58]. According to Kelley
et al. [62], soybean production is improved by using crop rotation as a management prac‐
tice.  Numerous studies have shown decreased yield when soybean was grown continu‐
ously in monoculture than when rotated with another crop [63, 64, 65]. In the short-term,
benefit of crop rotation was increased soybean yield, which would likely increase soybean
profitability. In the long-term, rotations with high residue-producing crops, such as wheat
and  grain  sorghum,  significantly  increase  total  soil  C  and  N  concentrations  over  time,
which may further improve soil productivity [62].

Variation of the spacing or plant density in the row is another practice that can contribute to
the reduction of weed interference on the crop, depending on the architecture of the cultivated
plants and weed species. The reduction of spacing between rows often provides competitive
advantage for most crops over shading sensitive weeds. In this case, by reducing the spacing
between rows, provided it does not exceed the minimum limit, there is increased light
interception by the canopy of cultivated plants. This effect is dependent on factors like the type
of species to be cultivated, morphophysiological traits of genotypes, weed species present in
the area and season and weather conditions at the time of its emergence, as well as environ‐
mental conditions [66, 67, 68].

The main goal of using cover crops for weed control is replacing an unmanageable weed
population with a manageable cover crop. This is accomplished by selecting the phenology of
the cover crop to preempt the niche occupied by weed populations [69]. They have been used
to manage weeds in soybean [70, 71, 72, 73]. According to Silva et al. [57], green covers are
crops that usually are very competitive with weeds. Lupine, vetch, ryegrass, turnips, oats and
rye are used in southern Brazil. In the subtropics, velvetbean, crotalarias, pigeon pea, jack-bean
and lab-lab can be used. Its main effect is to reduce the seed bank and also improve soil
physical-chemical conditions. However, these plants may also have inhibitory effects over
others and can reduce infestations of some weed species after desiccation or incorporated in
soil, and must be carefully chosen in each case. The presence of the mulch creates conditions
for the installation of a dense and diverse microbiote in the soil, especially in the surface layer,
with a high amount of microorganisms responsible for the elimination of dormant seeds by
deterioration and loss of viability.

Both the composition and the population density of a weed community are influenced by the
level of mulching in the production system [74]. The mulch has physical (interference on
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germination and seedling survival rate), chemical (allelopathic effect) and biological (instal‐
lation of a dense and diverse microbiocenose in the topsoil) effects on weeds [75,76].

Thus, of the numerous known advantages of no-tillage - a practice that keeps the soil covered
by crop residues - stands out the improvement in weed control. Trezzi & Vidal [77] found that
the presence of residues of sorghum shoot (4 t ha-1) was sufficient to reduce 91, 96 and 59% the
population of Sida rhombifolia, Brachiaria plantaginea and Bidens pilosa, respectively.

According to Silva et al. [57], in no-tillage, using systemic herbicides as desiccants, together
with not revolving the soil, whether to produce corn for grain or silage, excellent results were
found in the management of purple nutsedge (Cyperus rotundus). In two years in this system,
it is possible to reduce population levels of nutsedge in favor of no-tillage, compared to
conventional tillage, for both corn and beans, to the order of 90 to 95%, being that in three
years, the reduction on the bank of tubers in the soil can reach more than 90%. The greatest
benefits of no-tillage system in the integrated management of purple nutsedge (Cyperus
rotundus) are obtained due to the integration of chemical control provided by the use of the
systemic herbicide for desiccation of the vegetation at pre-sowing, to the cultural control
exercised by the lack of soil disturbance and consequent lack of fragmentation of the vegetative
structures of the nutsedge, and to the adoption of highly competitive crops, mainly by light,
such as corn and beans. Thus, the population levels of purple nutsedge can be reduced,
especially during the crop development period that is sensitive to weed interference, or
approximately 45 days after emergence, as not to cause reductions in infested crop yields.
Furthermore, the ability of sprouting of the nutsedge tubers collected in the soil under
integrated management is diminished over time, remaining dormant [78].

4.3. Mechanical control

According to Silva et al. [57], weed plucking, or weeding, is the oldest method of weed control.
It is still used to control weeds in home gardens and in the removal of weeds between crop
rows, when the main method of control is the use of a hoe.

The manual weeding made with a hoe is very effective and still widely used in our agriculture,
especially in mountainous regions, where there is subsistence agriculture, and for many
families, this is the only source of work. However, in a more intensive agriculture in larger
areas, the high cost of manpower and the difficulty of finding workers when necessary and in
the desired quantity, make this method only complementary to others, and should be done
when the weeds are still young and the soil is not too humid. It can assume great importance
in seed production fields, being a good alternative for using isolated or as a complement for
other control methods [79].

According to Silva et al. [57], mechanized cultivation, made by cultivators pulled by animals
or tractors, is widely accepted in Brazilian agriculture, being one of the main methods of weed
control on properties with smaller areas planted. The main limitations of this method are the
difficulty of controlling weeds in the crop rows, low efficiency when performed in wet
conditions (wet soil), and it is also inefficient to control weeds that reproduce by vegetative
parts. However, all the annual species, when young (2-4 pairs of leaves), are easily controlled
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in conditions of heat and dry soil. Cultivation breaks the intimate relationship between root
and soil, suspending the absorption of water, and exposes the roots to unfavorable environ‐
mental conditions. Depending on the relative size of weeds and crops, the displacement of the
soil on the row, using special hoe cultivators, can cause the burial of seedlings and thereby
promote weed control even in the rows of the crop.

4.4. Biological control

Biological control is the use of natural enemies (fungi, bacteria, viruses, insects, birds, fish, etc.)
capable of reducing weed populations, reducing their ability to compete. This is maintained
by the population balance between the natural enemy and the host plant. It should also be
considered as biological control the allelopathic inhibition of weeds [6].

According to Charudattan & Dinoor [80], bioherbicide is defined as a plant pathogen used as
a weed-control agent through inundative and repeated applications of its inoculum. In the
United States and many other countries, the prescriptive use of plant pathogens as weed
control agents is regarded as a “pesticidal use” and therefore these pathogens must be
registered or approved as biopesticides by appropriate governmental agencies. Currently, one
fungus species is registered as bioherbicide in the United States for use in soybeans. Collego®,
based on Colletotrichum gloeosporioides f.sp. aeschynomene, is used to control Aeschynomene
virginica (northern jointvetch), a leguminous weed, in soybean and rice crops in Arkansas,
Mississippi, and Louisiana [80].

Charudattan & Dinoor [80] also state that, among the limitations of biocontrol of weeds by
plant pathogens, the most important are the limited commercial interest in this approach to
weed control due to the fact that markets for biocontrol agents are typically small, fragmented,
highly specialized, and consequently the financial returns from biocontrol agents are too small
to be of interest to big industries; and the complexities in production and assurance of efficacy
and shelf-life of inoculum can further stifle bioherbicide development. For instance, the
inability to mass-produce inoculum needed for large-scale use is a serious limitation that has
led to the abandonment of several promising agents. The authors conclude that plant patho‐
gens hold enormous potential as weed biocontrol agents. In addition to the use of plant
pathogens as biocontrol agents, it is likely that pathogen-derived genes, gene products, and
genetic mechanisms (e.g., hypersensitive plant cell death and herbicidal biochemicals) will be
exploited in the near future to provide novel weed management systems. On the other hand,
the present over-reliance on chemical herbicides and the tendency to base weed-management
decisions purely on economic considerations, at expense of the exclusion of ecological and
societal benefits, is a serious limitation that could stifle biological control.

4.5. Chemical control

There are several advantages in using herbicides: pre-emergence control, eliminating the
weeds precociously; hits targets that the hoe or cultivator does not reach, like the weeds in the
crop row; reduces or eliminates the risk of damage to the roots and to young plants; do not
alter soil structure and, therefore, reduces risk of erosion; controls more efficiently the
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germination and seedling survival rate), chemical (allelopathic effect) and biological (instal‐
lation of a dense and diverse microbiocenose in the topsoil) effects on weeds [75,76].

Thus, of the numerous known advantages of no-tillage - a practice that keeps the soil covered
by crop residues - stands out the improvement in weed control. Trezzi & Vidal [77] found that
the presence of residues of sorghum shoot (4 t ha-1) was sufficient to reduce 91, 96 and 59% the
population of Sida rhombifolia, Brachiaria plantaginea and Bidens pilosa, respectively.

According to Silva et al. [57], in no-tillage, using systemic herbicides as desiccants, together
with not revolving the soil, whether to produce corn for grain or silage, excellent results were
found in the management of purple nutsedge (Cyperus rotundus). In two years in this system,
it is possible to reduce population levels of nutsedge in favor of no-tillage, compared to
conventional tillage, for both corn and beans, to the order of 90 to 95%, being that in three
years, the reduction on the bank of tubers in the soil can reach more than 90%. The greatest
benefits of no-tillage system in the integrated management of purple nutsedge (Cyperus
rotundus) are obtained due to the integration of chemical control provided by the use of the
systemic herbicide for desiccation of the vegetation at pre-sowing, to the cultural control
exercised by the lack of soil disturbance and consequent lack of fragmentation of the vegetative
structures of the nutsedge, and to the adoption of highly competitive crops, mainly by light,
such as corn and beans. Thus, the population levels of purple nutsedge can be reduced,
especially during the crop development period that is sensitive to weed interference, or
approximately 45 days after emergence, as not to cause reductions in infested crop yields.
Furthermore, the ability of sprouting of the nutsedge tubers collected in the soil under
integrated management is diminished over time, remaining dormant [78].

4.3. Mechanical control

According to Silva et al. [57], weed plucking, or weeding, is the oldest method of weed control.
It is still used to control weeds in home gardens and in the removal of weeds between crop
rows, when the main method of control is the use of a hoe.

The manual weeding made with a hoe is very effective and still widely used in our agriculture,
especially in mountainous regions, where there is subsistence agriculture, and for many
families, this is the only source of work. However, in a more intensive agriculture in larger
areas, the high cost of manpower and the difficulty of finding workers when necessary and in
the desired quantity, make this method only complementary to others, and should be done
when the weeds are still young and the soil is not too humid. It can assume great importance
in seed production fields, being a good alternative for using isolated or as a complement for
other control methods [79].

According to Silva et al. [57], mechanized cultivation, made by cultivators pulled by animals
or tractors, is widely accepted in Brazilian agriculture, being one of the main methods of weed
control on properties with smaller areas planted. The main limitations of this method are the
difficulty of controlling weeds in the crop rows, low efficiency when performed in wet
conditions (wet soil), and it is also inefficient to control weeds that reproduce by vegetative
parts. However, all the annual species, when young (2-4 pairs of leaves), are easily controlled
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in conditions of heat and dry soil. Cultivation breaks the intimate relationship between root
and soil, suspending the absorption of water, and exposes the roots to unfavorable environ‐
mental conditions. Depending on the relative size of weeds and crops, the displacement of the
soil on the row, using special hoe cultivators, can cause the burial of seedlings and thereby
promote weed control even in the rows of the crop.

4.4. Biological control

Biological control is the use of natural enemies (fungi, bacteria, viruses, insects, birds, fish, etc.)
capable of reducing weed populations, reducing their ability to compete. This is maintained
by the population balance between the natural enemy and the host plant. It should also be
considered as biological control the allelopathic inhibition of weeds [6].

According to Charudattan & Dinoor [80], bioherbicide is defined as a plant pathogen used as
a weed-control agent through inundative and repeated applications of its inoculum. In the
United States and many other countries, the prescriptive use of plant pathogens as weed
control agents is regarded as a “pesticidal use” and therefore these pathogens must be
registered or approved as biopesticides by appropriate governmental agencies. Currently, one
fungus species is registered as bioherbicide in the United States for use in soybeans. Collego®,
based on Colletotrichum gloeosporioides f.sp. aeschynomene, is used to control Aeschynomene
virginica (northern jointvetch), a leguminous weed, in soybean and rice crops in Arkansas,
Mississippi, and Louisiana [80].

Charudattan & Dinoor [80] also state that, among the limitations of biocontrol of weeds by
plant pathogens, the most important are the limited commercial interest in this approach to
weed control due to the fact that markets for biocontrol agents are typically small, fragmented,
highly specialized, and consequently the financial returns from biocontrol agents are too small
to be of interest to big industries; and the complexities in production and assurance of efficacy
and shelf-life of inoculum can further stifle bioherbicide development. For instance, the
inability to mass-produce inoculum needed for large-scale use is a serious limitation that has
led to the abandonment of several promising agents. The authors conclude that plant patho‐
gens hold enormous potential as weed biocontrol agents. In addition to the use of plant
pathogens as biocontrol agents, it is likely that pathogen-derived genes, gene products, and
genetic mechanisms (e.g., hypersensitive plant cell death and herbicidal biochemicals) will be
exploited in the near future to provide novel weed management systems. On the other hand,
the present over-reliance on chemical herbicides and the tendency to base weed-management
decisions purely on economic considerations, at expense of the exclusion of ecological and
societal benefits, is a serious limitation that could stifle biological control.

4.5. Chemical control

There are several advantages in using herbicides: pre-emergence control, eliminating the
weeds precociously; hits targets that the hoe or cultivator does not reach, like the weeds in the
crop row; reduces or eliminates the risk of damage to the roots and to young plants; do not
alter soil structure and, therefore, reduces risk of erosion; controls more efficiently the
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perennial weeds; reduces the need for labor; increases the speed and efficiency of the control
operation per unit area, reducing the cost per treated area; controls the weeds for a longer
period, when the use of a cultivator is impossible in view of the crop growth; and can be used
in rainy periods, when the mechanical control is not efficient and when labor is required for
other activities. However, it has the disadvantage of requiring skilled labor, because, if done
improperly, can poison the crop, the environment and, especially, the applicator himself.
Although herbicides are very effective in controlling weeds, they may promote the develop‐
ment of resistant biotypes, a fact that would further exacerbate the problem within an area [81].

According to Oliveira Jr. et al. [82], the most common strategies used in the management of
both cover crops and weed vegetation in areas of no-tillage are reduced to three: desiccation
immediately before sowing, between seven and ten days before sowing or anticipated drying.

These authors undertook a study aimed to evaluate the interaction between tillage systems
and weed control in post emergence in soybean with these three strategies. They concluded
that, although desiccation in different management systems have been effective, the anticipa‐
tion of desiccation in anticipated management favored the emergence and initial soybean
development, providing greater productivity gains, given the infestation conditions. The
management system also affected the flow of weed emergence after soybean emergence, with
fewer reinfestations in the anticipated management system, due to the control of initial flows
given by the second application of this management system. Management applied at planting
and ten days before planting, hindered the development of soybean, resulting in lower
productivity, while anticipated management provided the highest yield.

Procópio et al. [83] carried out a study in which they compared the effects of tillage systems
on the control of the weeds Digitaria insularis, Synedrellopsis grisebachii and Leptochloa filifor‐
mis before soybean planted in no-till. The authors found satisfactory control and prevention
of regrowth of D. insularis and L. filiformis when glyphosate was applied five days prior to
soybean planting or when the sequential application of glyphosate and paraquat + diuron was
done. Sequential applications of the mixture paraquat + diuron were not effective in controlling
or preventing the regrowth of D. insularis and L. filiformis and the weed S. grisebachii proved
to be tolerant to glyphosate. The use of a non-residual herbicide such as glyphosate fails by
not controlling weeds emerged after application, and eventually produce seeds that can easily
replenish the seed bank [84]. Adding a residual herbicide to glyphosate can be a consistent
management to control the weeds as they germinate and promotes long-term activity which
controls plants which emerge later [85].

According to Arregui et al. [86], there are several soil-applied broadleaf herbicides that
effectively control weeds like Ipomoea spp., Commelina spp. and Sida spinosa. Chlorimuron and
sulfentrazone reduce Ipomoea spp. density [87]; S. spinosa density decreased with imazaquin,
metribuzin and sulfentrazone applications [87] and with cloransulam and diclosulam [88].

The same authors [86] affirm that soil-applied herbicides as metribuzin and imazaquin may
be beneficial reducing early season competition of weeds, particularly those inherently more
tolerant to glyphosate such as Parietaria debilis or Commelina erecta, which survive pre-planting
glyphosate applications. Likewise, when dry conditions are observed during vegetative
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soybean growth, glyphosate applications could be less effective for weed control and the
resulting competition could reduce soybean yields.

Hager et al. [89], in a study to examine the influence of herbicide application timing and dose
on efficacy of six soil-applied herbicides for common waterhemp (Amaranthus rudis) control
in soybean, found that sulfentrazone controlled this weed better and reduced its density more
than other herbicides.

Nosworthy [90], evaluating broadleaved weed control and economics of conventional and
glyphosate-containing herbicide programmes in glyphosate-resistant soybean planted in wide
rows, found that pre-emergence herbicides followed by glyphosate, controlled Ipomoea
lacunosa L. eight weeks after emergence (WAE). I. hederacea var. integriuscula Gray control with
pre-emergence herbicides followed by glyphosate was 100% with similar control from
chlorimuron plus sulfentrazone followed by lactofen, whereas control following the single
glyphosate application was 84%. Amaranthus palmeri S. Wats. control nine WAE was 100%
following single or sequential glyphosate applications, while control ranged from 76% to 96%
with pre-emergence herbicides followed by lactofen. However, early season weed interference
when a single application of glyphosate was delayed until four WAE reduced soybean yields
an average of 389 kg ha-1 compared to pre-emergence herbicides followed by glyphosate.

5. Principles of integrated weed management

The  concept  of  Integrated  Weed  Management  (IWM),  a  component  of  Integrated  Pest
Management, has been proposed (i) to decrease the density of weeds emerging in crops,
(ii) to reduce their relative competitive ability (in order both to preserve crop yields and
to limit the replenishment of weed seed bank), and (iii) to control emerged weeds using
non chemical techniques, with the overall aim of reducing the need for herbicide applica‐
tion at the cropping system level [91]. IWM advocates the use of all available weed con‐
trol options such as: plant breeding, fertilization, crop rotation, tillage practices, planting
pattern, cover crops and mechanical, biological and chemical controls. To define the cor‐
rect weed management strategies, it is necessary to know the ability of the weed species,
in relation to the crop, to compete for water, light and nutrients, which are factors respon‐
sible for decreasing crop yield [6].

Usually, it is not taken into consideration that a good program of weed management should
allow for maximum production in the shortest time, the maximum sustainable production and
minimal environmental and economic risk. Wilson et al. [92] in a study to compare the Ohio
farmer model to a weed scientist decision model about management of weeds, concluded that
farmers understand but do not practice IWM. The failure to adopt may be attributed to gaps
in their understanding of the human role in weed dispersal, their focus on the risks associated
with weeds without recognition of their ecological benefits, and the tendency to overlook risks
associated with management.

Therefore, to accomplish the IWM, it is required knowledge in botany, plant physiology,
molecular biology, climatology and application technology, among others.
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perennial weeds; reduces the need for labor; increases the speed and efficiency of the control
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other activities. However, it has the disadvantage of requiring skilled labor, because, if done
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Although herbicides are very effective in controlling weeds, they may promote the develop‐
ment of resistant biotypes, a fact that would further exacerbate the problem within an area [81].
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both cover crops and weed vegetation in areas of no-tillage are reduced to three: desiccation
immediately before sowing, between seven and ten days before sowing or anticipated drying.

These authors undertook a study aimed to evaluate the interaction between tillage systems
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that, although desiccation in different management systems have been effective, the anticipa‐
tion of desiccation in anticipated management favored the emergence and initial soybean
development, providing greater productivity gains, given the infestation conditions. The
management system also affected the flow of weed emergence after soybean emergence, with
fewer reinfestations in the anticipated management system, due to the control of initial flows
given by the second application of this management system. Management applied at planting
and ten days before planting, hindered the development of soybean, resulting in lower
productivity, while anticipated management provided the highest yield.

Procópio et al. [83] carried out a study in which they compared the effects of tillage systems
on the control of the weeds Digitaria insularis, Synedrellopsis grisebachii and Leptochloa filifor‐
mis before soybean planted in no-till. The authors found satisfactory control and prevention
of regrowth of D. insularis and L. filiformis when glyphosate was applied five days prior to
soybean planting or when the sequential application of glyphosate and paraquat + diuron was
done. Sequential applications of the mixture paraquat + diuron were not effective in controlling
or preventing the regrowth of D. insularis and L. filiformis and the weed S. grisebachii proved
to be tolerant to glyphosate. The use of a non-residual herbicide such as glyphosate fails by
not controlling weeds emerged after application, and eventually produce seeds that can easily
replenish the seed bank [84]. Adding a residual herbicide to glyphosate can be a consistent
management to control the weeds as they germinate and promotes long-term activity which
controls plants which emerge later [85].

According to Arregui et al. [86], there are several soil-applied broadleaf herbicides that
effectively control weeds like Ipomoea spp., Commelina spp. and Sida spinosa. Chlorimuron and
sulfentrazone reduce Ipomoea spp. density [87]; S. spinosa density decreased with imazaquin,
metribuzin and sulfentrazone applications [87] and with cloransulam and diclosulam [88].

The same authors [86] affirm that soil-applied herbicides as metribuzin and imazaquin may
be beneficial reducing early season competition of weeds, particularly those inherently more
tolerant to glyphosate such as Parietaria debilis or Commelina erecta, which survive pre-planting
glyphosate applications. Likewise, when dry conditions are observed during vegetative
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soybean growth, glyphosate applications could be less effective for weed control and the
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Hager et al. [89], in a study to examine the influence of herbicide application timing and dose
on efficacy of six soil-applied herbicides for common waterhemp (Amaranthus rudis) control
in soybean, found that sulfentrazone controlled this weed better and reduced its density more
than other herbicides.

Nosworthy [90], evaluating broadleaved weed control and economics of conventional and
glyphosate-containing herbicide programmes in glyphosate-resistant soybean planted in wide
rows, found that pre-emergence herbicides followed by glyphosate, controlled Ipomoea
lacunosa L. eight weeks after emergence (WAE). I. hederacea var. integriuscula Gray control with
pre-emergence herbicides followed by glyphosate was 100% with similar control from
chlorimuron plus sulfentrazone followed by lactofen, whereas control following the single
glyphosate application was 84%. Amaranthus palmeri S. Wats. control nine WAE was 100%
following single or sequential glyphosate applications, while control ranged from 76% to 96%
with pre-emergence herbicides followed by lactofen. However, early season weed interference
when a single application of glyphosate was delayed until four WAE reduced soybean yields
an average of 389 kg ha-1 compared to pre-emergence herbicides followed by glyphosate.

5. Principles of integrated weed management

The  concept  of  Integrated  Weed  Management  (IWM),  a  component  of  Integrated  Pest
Management, has been proposed (i) to decrease the density of weeds emerging in crops,
(ii) to reduce their relative competitive ability (in order both to preserve crop yields and
to limit the replenishment of weed seed bank), and (iii) to control emerged weeds using
non chemical techniques, with the overall aim of reducing the need for herbicide applica‐
tion at the cropping system level [91]. IWM advocates the use of all available weed con‐
trol options such as: plant breeding, fertilization, crop rotation, tillage practices, planting
pattern, cover crops and mechanical, biological and chemical controls. To define the cor‐
rect weed management strategies, it is necessary to know the ability of the weed species,
in relation to the crop, to compete for water, light and nutrients, which are factors respon‐
sible for decreasing crop yield [6].

Usually, it is not taken into consideration that a good program of weed management should
allow for maximum production in the shortest time, the maximum sustainable production and
minimal environmental and economic risk. Wilson et al. [92] in a study to compare the Ohio
farmer model to a weed scientist decision model about management of weeds, concluded that
farmers understand but do not practice IWM. The failure to adopt may be attributed to gaps
in their understanding of the human role in weed dispersal, their focus on the risks associated
with weeds without recognition of their ecological benefits, and the tendency to overlook risks
associated with management.

Therefore, to accomplish the IWM, it is required knowledge in botany, plant physiology,
molecular biology, climatology and application technology, among others.
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The strategies for the integrated weed management in different weed species can be divided
as short or long-term. Measures such as weeding or direct employment of herbicides (chemical
control) can be considered as short-term, accounting for only temporary control, requiring new
applications to each crop season. In the case of long-term measures, the use of cultural practices
and control by other biological agents, has permanent character and take into account more
pronounced changes in different agronomic practices. From this, results the integrated
management, which should integrate prevention and other control methods that promote
short (mechanical and chemical methods) and medium and long-term (cultural and biological
methods) control.

According to Chauhan et al. [58], any single method of weed control cannot provide season-
long and effective weed control. Therefore, a combination of different weed management
strategies should be evaluated for widening the weed control spectrum and efficacy for
sustainable crop production. The use of clean crop seeds and seeders and field sanitation
(irrigation canals and bunds free from weeds) should be integrated for effective weed man‐
agement. Combining good agronomic practices, timeliness of operations, fertilizer and water
management, and retaining crop residues on the soil surface improve the weed control
efficiency of applied herbicides and competitiveness against weeds. In Canada, for example,
integrating superior cultivars with a high seeding rate and the earliest time of weed removal
led to a 40% yield increase compared with the combination of a weaker cultivar, the lowest
seeding rate, and the latest time of weed removal [93].

According to Bernards et al. [94], the development of an IWM program is based on a few
general rules that can be used at any farm:

a. use agronomic practices that limit the introduction and spread of weeds, preventing weed
problems before they started;

b. help the crop compete with weeds; and

c. use practices that keep weeds off balance and do not allow weeds to adapt.

Combining agronomic practices based on these rules will allow the farmer to design an IWM
program for his reality. There is not a single recipe for all conditions and years. The plan will
need to be changed and adjusted to a particular farming operation and season. The goal is to
manage, not eradicate weeds.

6. Herbicide resistant weeds in transgenic soybeans

Soybean is a crop characterized by the high consumption of herbicides. Chemical control is
the most usual, given the characteristics of practicability, efficiency and speed on its execution.

Most of the farmers in Brazil and the world adopt the chemical method for weed control. This
is because this technology is very efficient, has attractive cost compared to alternative methods,
is easy to use and is professionally developed. However, most producers have only an
immediatist and economical vision of weed control and this could lead to environmental
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problems in the medium and long-term. Although it is public domain that repeated applica‐
tions of herbicides with the same mechanism of action on a genetically diverse population of
weeds may cause strong selection pressure and evolution of resistance [95], it has been a
common practice in many parts of the world. As a consequence, the population of herbicide-
resistant weeds has expanded rapidly in several regions, making it a hard solution problem
in many areas with intensive agriculture. Evidence suggests that the appearance of resistance
to a herbicide, in a plant population, is due to the selection of pre-existent resistant biotypes,
because of the selection pressure exerted by repeated applications of the same active ingredi‐
ent, finding conditions for propagation and prevalence [96].

In 2005, transgenic soybean was officially released for planting in Brazil. From this moment
on, several products and product combinations have been replaced by a single active ingre‐
dient, the glyphosate. Glyphosate is a systemic herbicide used for postemergence control of
grasses and broadleaved weeds [97]. In transgenic soybean, it is used in single or sequential
applications, at doses and times that will vary according to each scenario.

Currently, the technology of glyphosate-resistant soybean, readily accepted and adopted by
the producers caused the use of this herbicide to expand, with average of three applications
of glyphosate per cycle of soybean, at desiccation and two after crop emergence. Furthermore,
the glyphosate is the primary herbicide for several crops such as fruits, coffee, eucalyptus and
desiccation for no-tillage [96].

The technology of glyphosate-resistant soybean allows to reduce or eliminate the need to
apply other herbicides for the management of different weed species, which contributes to
increased selection pressure and emergence of resistant biotypes. Moreover, some aspects
of population dynamics of weeds and the possibility of selecting glyphosate-tolerant spe‐
cies must be considered. The type of management and herbicides used in an area cause
changes in the type and proportion of species which compose the local population. This is
explained  by  the  fact  that  herbicides  do  not  control  evenly  the  species  in  the  area;  so,
some end up being benefited and multiply. In these situations, a low occurrence of plants
in the area can become a serious problem for the producer. Thus, the repeated and contin‐
uous use of the same herbicide or herbicides with the same mechanism of action, makes
the selection of species inevitable [98].

Conyza canadensis is an example of problematic weed in soybeans, in which were detected cases
of resistance of biotypes from this species to glyphosate in various parts of the world in
transgenic soybeans fields. Experiments conducted by Vargas et al. [99], Moreira et al. [100]
and Lamego & Vidal [101] demonstrated that application of 360 g a.e. ha-1 of glyphosate is
enough, under greenhouse studies, to distinguish between resistant or susceptible biotypes of
Conyza bonariensis and C. canadensis.

The resistance factors (GR50) ranged between 7 and 11 for C. canadensis [100] and between 10
and 15 [100] and 2.4 [101] for C. bonariensis. It is noteworthy that determining the resistance
level of suspect populations supports the decisions on strategies to control these biotypes.

Up to date, 23 cases of glyphosate resistant weeds were found in weed species worldwide,
described in Table 1.

Weed Management in the Soybean Crop
http://dx.doi.org/10.5772/54596

101



The strategies for the integrated weed management in different weed species can be divided
as short or long-term. Measures such as weeding or direct employment of herbicides (chemical
control) can be considered as short-term, accounting for only temporary control, requiring new
applications to each crop season. In the case of long-term measures, the use of cultural practices
and control by other biological agents, has permanent character and take into account more
pronounced changes in different agronomic practices. From this, results the integrated
management, which should integrate prevention and other control methods that promote
short (mechanical and chemical methods) and medium and long-term (cultural and biological
methods) control.

According to Chauhan et al. [58], any single method of weed control cannot provide season-
long and effective weed control. Therefore, a combination of different weed management
strategies should be evaluated for widening the weed control spectrum and efficacy for
sustainable crop production. The use of clean crop seeds and seeders and field sanitation
(irrigation canals and bunds free from weeds) should be integrated for effective weed man‐
agement. Combining good agronomic practices, timeliness of operations, fertilizer and water
management, and retaining crop residues on the soil surface improve the weed control
efficiency of applied herbicides and competitiveness against weeds. In Canada, for example,
integrating superior cultivars with a high seeding rate and the earliest time of weed removal
led to a 40% yield increase compared with the combination of a weaker cultivar, the lowest
seeding rate, and the latest time of weed removal [93].

According to Bernards et al. [94], the development of an IWM program is based on a few
general rules that can be used at any farm:

a. use agronomic practices that limit the introduction and spread of weeds, preventing weed
problems before they started;

b. help the crop compete with weeds; and

c. use practices that keep weeds off balance and do not allow weeds to adapt.

Combining agronomic practices based on these rules will allow the farmer to design an IWM
program for his reality. There is not a single recipe for all conditions and years. The plan will
need to be changed and adjusted to a particular farming operation and season. The goal is to
manage, not eradicate weeds.

6. Herbicide resistant weeds in transgenic soybeans

Soybean is a crop characterized by the high consumption of herbicides. Chemical control is
the most usual, given the characteristics of practicability, efficiency and speed on its execution.

Most of the farmers in Brazil and the world adopt the chemical method for weed control. This
is because this technology is very efficient, has attractive cost compared to alternative methods,
is easy to use and is professionally developed. However, most producers have only an
immediatist and economical vision of weed control and this could lead to environmental

Soybean - Pest Resistance100
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the selection of species inevitable [98].

Conyza canadensis is an example of problematic weed in soybeans, in which were detected cases
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level of suspect populations supports the decisions on strategies to control these biotypes.

Up to date, 23 cases of glyphosate resistant weeds were found in weed species worldwide,
described in Table 1.
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Weed species Occurrence/observation Type of resistance

1. Amaranthus palmeri USA/2005* Multiple resistance to ALS and EPSPs

inhibitors

2. Amaranthus tuberculatus USA/2005 Multiple resistance, triple (ALS, Protox

and EPSPs inhibitors) and double (ALS

and EPSPs inhibitors)

3. Ambrosia artemisiifolia USA/2004 Multiple resistance to ALS and EPSPs

inhibitors

4. Ambrosia trifida USA/2004 Multiple resistance to ALS and EPSPs

inhibitors

5. Bromus diandrus Australia/2011

6. Chloris truncata Australia/2010

7. Conyza bonariensis South Africa, Spain, Brazil, Israel,

Colombia, USA/2003, Australia, Greece,

Portugal

Multiple resistance to Photosystem I

and EPSPs inhibitors

8. Conyza canadensis USA/2000, Brazil, China, Spain, Czech

Republic, Poland and Italy

Multiple resistance to ALS and EPSPs

inhibitors and to Photosystem I and

EPSPs inhibitors

9. Conyza sumatrensis Spain and Brazil/2009

10. Cynodon hirsutus Argentina/2008

11. Digitaria insularis Paraguay and Brazil/2005

12. Echinochloa colona Australia/2007, USA and Argentina

13. Eleusine indica Malaysia/1997, Colombia and USA Multiple resistance to ALS and EPSPs

inhibitors

14. Kochia scoparia USA/2007 and Canada Multiple resistance to ALS and EPSPs

inhibitors

15. Leptochloa virgata Mexico/2010

16. Lolium multiflorum Chile/2001, Brazil, USA, Spain and

Argentina

Multiple resistance to ALS and EPSPs

inhibitors, ACCase and EPSPs inhibitors,

triple resistance to ALS, ACCase and

EPSPs inhibitors

17. Lolium perenne Argentina/2008

18. Lolium rigidum Australia/1996, USA, South Africa,

Spain, Israel and Italy

Multiple Resistance, double

(Photosystem II and EPSPs inhibitors),

triple (ACCase, Photosystem I and EPSPs

inhibitors), quadruple ( ALS , ACCase,

EPSPs and dinitroanilines inhibitors)

19. Parthenium hysterophorus Colombia/2004

20. Plantago lanceolata South Africa/2003

21. Poa annua USA/2010

22. Sorghum halepense Argentina/2005 and USA

23. Urochloa panicoides Australia/2008

* Observation year of the first resistance case. Source: Weed Science [103]

Table 1. Glyphosate (EPSPs inhibitor) resistant weed species, countries of occurrence and type of resistance.
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6.1. Management of herbicide resistant weeds in soybean

The rational management of herbicides with different mechanisms of action is a very important
practice. Furthermore, the use of herbicides with little soil residual activity and optimization
of doses and number of applications reduces the selection pressure, decreasing the risks of
selection of plant resistance to herbicides. Another very efficient technique for the management
of weeds consists in using mixtures of herbicides with different mechanisms of action. In this
case, the prevention of resistance is based on the fact that the active ingredients efficiently
control both biotypes of the same species, i.e., the biotype resistant to a herbicide is controlled
by another active ingredient of the mixture [98]. It is noteworthy that the herbicide mixture of
different mechanisms of action as a means of management and prevention of resistance is more
efficient when the reproductive system of the weed is self pollination, since the genetic
recombination of different alleles which confer resistance is less likely to occur in relation to
allogamous plants.

Due to the numerous cases of herbicide-resistant weed biotypes in Brazil, several studies
were  performed looking for  alternatives  to  control  these  plants,  finding that  the  use  of
herbicides with different mechanisms of action is a viable alternative for managing resist‐
ance [103]. Table 02 shows alternative herbicides suitable for soybean according to the re‐
sistant species in the area.

Weed Alternative herbicides

Lolium multiflorum/ post-emergence Fluazifop-p, Haloxyfop-r, Clethodim, Sethoxydim

Lolim multiflorum/ desiccation Paraquat and Ammonium-Glufosinate

Conyza bonariensis and Conyza canadensis/ post-

emergence

Clorimuron-ethyl

Conyza bonariensis and Conyza canadensis / desiccation Paraquat + Diuron, Ammonium-Glufosinate,

Clorimuron-ethyl and 2,4-D

Table 2. Alternative herbicides to control glyphosate resistant weeds in soybean crop used in Brazil.

Weed resistance is an evolving phenomenon in world and, in certain cases, may restrain the
use of some herbicides. Therefore, weed resistance to herbicides should be managed through
the use of alternative strategies associated to the application of herbicides. Crop rotation is a
good strategy to break the life cycle of weed, preventing its dominance in the area. When the
same cultural techniques are applied, year after year, in the same soil, the interference of these
weeds is greatly increased. When the main goal is the weed control, the choice of the rotating
crop should fall on plants with very contrasting growth habits and cultural characteristics [98].
Thus, when using crops with different physiological needs, a change occurs in weed species
from one crop to another and, if it becomes necessary to use herbicides, there is a greater chance
they will have different mechanisms of action. The rotation is an effective method both in
preventing the appearance of resistant biotypes as in managing installed resistance.

Only with a rational management and using several control methods will the resistance be
mitigated and the likelihood of the emergence of new cases minimized [98].
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7. Final comments

The challenge of agriculture sustainability requires solving the trade-off between producing
satisfying levels of agricultural products, both in terms of quantity and quality, and reducing
the environmental impacts and preserving non renewable resources. Weed management is a
key issue, because herbicides are the most sprayed pesticides around the world and they are
some of the mostly found contaminating substances in the surface and below-ground waters.
Therefore, it is necessary to adopt correct strategies for weed management, but for that it is
necessary to know the ability of weed species, present in a given area, in relation to the crop,
to compete for water, light and nutrients, factors responsible for decreasing crop yield. Simple
measures like choosing the correct cultivar, adopting correct tillage practices, using cover crops
and crop rotation are responsible for decreasing the use of herbicides and, consequently,
contribute for environmental sustainability.

Author details

Alexandre Ferreira da Silva1, Leandro Galon2, Ignacio Aspiazú3, Evander Alves Ferreira4,
Germani Concenço5, Edison Ulisses Ramos Júnior6 and Paulo Roberto Ribeiro Rocha7

1 Embrapa Milho e Sorgo, Sete Lagoas-MG, Brazil

2 Universidade Federal da Fronteira Sul, Erechim-RS, Brazil

3 Universidade Estadual de Montes Claros-MG, Brazil

4 Universidade Federal dos Vales do Jequitinhonha e Mucuri, Diamantina-MG, Brazil

5 Embrapa Agropecuária Oeste, Dourados-MS, Brazil

6 Embrapa Soja, Londrina-PR, Brazil

7 Universidade Federal Rural do Semi-Árido, Mossoró-RN, Brazil

References

[1] Vargas, L, & Roman, E. S. Controle de plantas daninhas na cultura da soja. Unaí:
(2000).

[2] Ghersa, C. M, Benech-arnold, R. L, Satorre, E. H, & Martínez-ghersa, M. A. Advances
in weed management strategies. Field Crops. (2000). 0378-4290, 67, 95-104.

Soybean - Pest Resistance104

[3] Wilson, R. S, Hooker, N, Tucker, M, Lejeune, J, & Doohan, D. Targeting the farmer
decision making process: A pathway to increased adoption of integrated weed man‐
agement. Crop Protection. (2009). 0261-2194, 28, 756-764.

[4] Swanton, C. J, & Weise, S. F. Integrated weed management: the rationale and ap‐
proach. Weed Techonol. (1991). 1550-2740, 5, 657-663.

[5] Radosevich, S, Holt, J, & Ghersa, C. Ecology of weeds and invasive plants: relation‐
ship to agriculture and natural resource management. New York: Wiley. (2007). p.
978-0-47016-894-3

[6] Silva, A. A, Ferreira, F. A, Ferreira, L. R, & Santos, J. B. Biologia de plantas daninhas.
In: Silva AA, Silva JF. (Eds.). Tópicos em manejo de plantas daninhas. Viçosa: Uni‐
versidade Federal de Viçosa; (2007). 978-8-57269-275-5, 18-61.

[7] Bennett, A. C, & Shaw, D. R. Effect of Glycine max cultivars and weed control weed
seed characteristic. Weed Science. (2000). 1550-2759, 48(4), 431-435.

[8] Bussan, A. J, Burnside, O. C, Orf, J. H, Ristau, E. A, & Puettmann, K. J. Field evalua‐
tion of soybean (Glycine max) genotypes for weed competitiveness. Weed Science.
(1997). 1550-2759, 45(1), 31-37.

[9] Jannink, J. L, Orf, J. H, Jordan, N. R, & Shaw, R. G. Index selection for weed suppres‐
sive ability in soybean. Crop Science. (2000). 1435-0653, 40(4), 1087-1094.

[10] Jordan, N. Prospects for weed control through crop interference. Ecological Applica‐
tions. (1993). 1051-0761, 3(1), 84-91.

[11] Olofsdotter, M. My view. Weed Science (2000). 1550-2759

[12] Bussan, A. J, Burnside, O. C, Orf, J. H, Ristau, E. A, & Puettmann, K. J. Field evalua‐
tion of soybean (Glycine max) genotypes for weed competitiveness. Weed Science
(1997). 1550-2759, 45(1), 31-37.

[13] Lamego, F. P, Fleck, N. G, Bianchi, M. A, & Vidal, R. A. Tolerância à interferência de
plantas competidoras e habilidade de supressão por cultivares de soja: I. Resposta de
variáveis de crescimento. Planta Daninha. (2005). 0100-8358

[14] Bianchi, M. A, Fleck, N. G, Lamego, F. P, & Agostinetto, D. Papéis do arranjo de
plantas e do cultivar de soja no resultado da interferência com plantas competidoras.
Planta Daninha. (2010). n.spe): 0100-8358, 979-991.

[15] Fleck, NG, Bianch, I MA, Rizzardi, MA, & Agostinetto, D. . Interferência de Rapha‐
nus sativus na produtividade de cultivares de soja. Planta Daninha. 2011; 29 (4):
783-792. ISSN 0100-8358.

[16] Costa, J. A. Pires JLF, Thomas AL, Alberton M. Comprimento e índice de expansão
radial do hipocótilo de cultivares de soja. Ciência Rural. (1999). 0103-8478, 29(4),
609-612.

Weed Management in the Soybean Crop
http://dx.doi.org/10.5772/54596

105



7. Final comments

The challenge of agriculture sustainability requires solving the trade-off between producing
satisfying levels of agricultural products, both in terms of quantity and quality, and reducing
the environmental impacts and preserving non renewable resources. Weed management is a
key issue, because herbicides are the most sprayed pesticides around the world and they are
some of the mostly found contaminating substances in the surface and below-ground waters.
Therefore, it is necessary to adopt correct strategies for weed management, but for that it is
necessary to know the ability of weed species, present in a given area, in relation to the crop,
to compete for water, light and nutrients, factors responsible for decreasing crop yield. Simple
measures like choosing the correct cultivar, adopting correct tillage practices, using cover crops
and crop rotation are responsible for decreasing the use of herbicides and, consequently,
contribute for environmental sustainability.

Author details

Alexandre Ferreira da Silva1, Leandro Galon2, Ignacio Aspiazú3, Evander Alves Ferreira4,
Germani Concenço5, Edison Ulisses Ramos Júnior6 and Paulo Roberto Ribeiro Rocha7

1 Embrapa Milho e Sorgo, Sete Lagoas-MG, Brazil

2 Universidade Federal da Fronteira Sul, Erechim-RS, Brazil

3 Universidade Estadual de Montes Claros-MG, Brazil

4 Universidade Federal dos Vales do Jequitinhonha e Mucuri, Diamantina-MG, Brazil

5 Embrapa Agropecuária Oeste, Dourados-MS, Brazil

6 Embrapa Soja, Londrina-PR, Brazil

7 Universidade Federal Rural do Semi-Árido, Mossoró-RN, Brazil

References

[1] Vargas, L, & Roman, E. S. Controle de plantas daninhas na cultura da soja. Unaí:
(2000).

[2] Ghersa, C. M, Benech-arnold, R. L, Satorre, E. H, & Martínez-ghersa, M. A. Advances
in weed management strategies. Field Crops. (2000). 0378-4290, 67, 95-104.

Soybean - Pest Resistance104

[3] Wilson, R. S, Hooker, N, Tucker, M, Lejeune, J, & Doohan, D. Targeting the farmer
decision making process: A pathway to increased adoption of integrated weed man‐
agement. Crop Protection. (2009). 0261-2194, 28, 756-764.

[4] Swanton, C. J, & Weise, S. F. Integrated weed management: the rationale and ap‐
proach. Weed Techonol. (1991). 1550-2740, 5, 657-663.

[5] Radosevich, S, Holt, J, & Ghersa, C. Ecology of weeds and invasive plants: relation‐
ship to agriculture and natural resource management. New York: Wiley. (2007). p.
978-0-47016-894-3

[6] Silva, A. A, Ferreira, F. A, Ferreira, L. R, & Santos, J. B. Biologia de plantas daninhas.
In: Silva AA, Silva JF. (Eds.). Tópicos em manejo de plantas daninhas. Viçosa: Uni‐
versidade Federal de Viçosa; (2007). 978-8-57269-275-5, 18-61.

[7] Bennett, A. C, & Shaw, D. R. Effect of Glycine max cultivars and weed control weed
seed characteristic. Weed Science. (2000). 1550-2759, 48(4), 431-435.

[8] Bussan, A. J, Burnside, O. C, Orf, J. H, Ristau, E. A, & Puettmann, K. J. Field evalua‐
tion of soybean (Glycine max) genotypes for weed competitiveness. Weed Science.
(1997). 1550-2759, 45(1), 31-37.

[9] Jannink, J. L, Orf, J. H, Jordan, N. R, & Shaw, R. G. Index selection for weed suppres‐
sive ability in soybean. Crop Science. (2000). 1435-0653, 40(4), 1087-1094.

[10] Jordan, N. Prospects for weed control through crop interference. Ecological Applica‐
tions. (1993). 1051-0761, 3(1), 84-91.

[11] Olofsdotter, M. My view. Weed Science (2000). 1550-2759

[12] Bussan, A. J, Burnside, O. C, Orf, J. H, Ristau, E. A, & Puettmann, K. J. Field evalua‐
tion of soybean (Glycine max) genotypes for weed competitiveness. Weed Science
(1997). 1550-2759, 45(1), 31-37.

[13] Lamego, F. P, Fleck, N. G, Bianchi, M. A, & Vidal, R. A. Tolerância à interferência de
plantas competidoras e habilidade de supressão por cultivares de soja: I. Resposta de
variáveis de crescimento. Planta Daninha. (2005). 0100-8358

[14] Bianchi, M. A, Fleck, N. G, Lamego, F. P, & Agostinetto, D. Papéis do arranjo de
plantas e do cultivar de soja no resultado da interferência com plantas competidoras.
Planta Daninha. (2010). n.spe): 0100-8358, 979-991.

[15] Fleck, NG, Bianch, I MA, Rizzardi, MA, & Agostinetto, D. . Interferência de Rapha‐
nus sativus na produtividade de cultivares de soja. Planta Daninha. 2011; 29 (4):
783-792. ISSN 0100-8358.

[16] Costa, J. A. Pires JLF, Thomas AL, Alberton M. Comprimento e índice de expansão
radial do hipocótilo de cultivares de soja. Ciência Rural. (1999). 0103-8478, 29(4),
609-612.

Weed Management in the Soybean Crop
http://dx.doi.org/10.5772/54596

105



[17] Passini, T, & Christoffoleti, P. J. Dourado Neto D. Modelos empíricos de predição de
perdas de rendimento da cultura de feijão em convivência com Brachiaria plantagi‐
nea. Planta Daninha. (2002). 0100-8358, 20(2), 181-187.

[18] Benjamin, L. R. Variation in time of seedling emergence within populations: a feature
that determines individual growth and development. Advances in Agronomy.
(1990). 978-0-12000-795-0

[19] Fischer, R. A, & Miles, R. E. The role of spatial pattern in the competition between
crop plants and weeds. A theoretical analysis. Mathematical Biosciences. (1973).
0025-5564

[20] Gurevitch, J, Scheiner, S. M, & Fox, G. A. Ecologia vegetal. Porto Alegre: Artmed;
(2009). p. 8-53631-918-6

[21] Dieleman, A, Hamill, A. S, Weise, S. F, & Swanton, C. J. Empirical models of pigweed
(Amaranthus spp.) interference in soybean (Glycine max). Weed Science. (1995).
1550-2759, 43(4), 612-618.

[22] Carranza, P, Saavedra, M, & Garcia-torres, L. Competition between Ridolfia segetum
and sunflower. Weed Research. (1995). 1365-3180, 35(5), 369-375.

[23] Pires JLFCosta JA, Thomas AL. Rendimento de grãos de soja influenciado pelo arran‐
jo de plantas e níveis de adubação. Pesquisa Agropecuária Gaúcha. (1998). 0104-9070,
4(2), 183-188.

[24] Thomas, A. L, & Costa, J. A. Pires JLF. Rendimento de grãos de soja afetado pelo es‐
paçamento entre linhas e fertilidade do solo. Ciência Rural. (1998). 0103-8478, 28(4),
543-546.

[25] Board, J. E, Harville, B. G, & Saxton, A. M. Branch dry weight in relation to yield in‐
creases in narrow-row soybean. Agronomy Journal. (1990). 2090-7656, 82(3), 540-544.

[26] Board, J. E, & Harville, B. G. A criterion for acceptance of narrow-row culture in soy‐
bean. Agronomy Journal. (1990). 2090-7656, 86(6), 1103-1106.

[27] Legere, A, & Schreiber, M. M. Competition and canopy architecture as affected by
soybean (Glycine max) row width and density of redroot pigweed (Amaranthus ret‐
roflexus). Weed Science. (1989). 1550-2759, 37(1), 84-92.

[28] Burnside, O. C. Soybean (Glycine max) growth as affected by weed removal, cultivar,
and row spacing. Weed Science. (1979). 1550-2759, 27(5), 562-564.

[29] Nice GRWBuehring NW, Shaw DR. Sicklepod (Senna obtusifolia) response to shad‐
ing, soybean (Glycine max) row spacing and population in three management sys‐
tems. Weed Technology. (2001). ISNN 1550-2740., 15(1), 155-162.

[30] Young, B. G, Young, J. M, Gonzini, L. C, Hart, S. E, Wax, L. M, & Kapusta, G. Weed
management in narrow- and wide-row glyphosate-resistant soybean (Glycine max).
Weed Technology. (2001). 1550-2740, 15(1), 112-121.

Soybean - Pest Resistance106

[31] Silva, A. F, Ferreira, E. A, Concenço, G, Ferreira, F. A, Aspiazu, I, Galon, L, et al. Den‐
sidades de plantas daninhas e épocas de controle sobre os componentes de produção
da soja. Planta Daninha. (2008). 0100-8358, 26(1), 65-71.

[32] Ni, H, Moody, K, & Robles, R. P. Oryza sativa plant traits conferring ability against
weeds. Weed Science. (2000). 1550-2759, 48(2), 200-204.

[33] Galon, L, & Agostinetto, D. Comparison of empirical models for predicting yield loss
of irrigated rice (Oryza sativa) mixed with Echinochloa spp. Crop Protection. (2009).
0261-2194

[34] Kissmann, K. G, & Groth, D. Plantas infestantes e nocivas. Tomo II, 2.ed. São Paulo:
BASF, (1999). p. 858829902

[35] Rizzardi, M. A, Fleck, N. G, & Ribas, A. V. Merotto Jr A, Agostinetto D. Competição
por recursos do solo entre ervas daninhas e culturas. Ciência Rural. (2001). 0103-8478,
31(4), 707-714.

[36] Rizzardi, M. A, Roman, E. S, Borowski, D. Z, & Marcon, R. Interferência de popula‐
ções de Euphorbia heterophylla e Ipomoea ramosissima isoladas ou em misturas so‐
bre a cultura de soja. Planta Daninha. (2004). 0100-8358, 22(1), 29-34.

[37] Griffin, B. S, Shilling, D. G, Bennett, J. M, & Currey, W. L. The influence of water
stress on the physiology and competition of soybean (Glycine max) and Florida Beg‐
garweed (Desmodium tortuosum). Weed Science. (1989). 1550-2759, 37(4), 544-551.

[38] Holm, L. Weeds and water in world food production. Weed Science. (1997).
1550-2759

[39] Patterson, D. T, & Flint, E. P. Comparative water relations, photosynthesis, and
growth of soybean (Glycine max) and seven associated weeds. Weed Science. (1983).
1550-2759, 31(3), 318-323.

[40] Procópio, S. O, Santos, J. B, Silva, A. A, & Costa, L. C. Análise do crescimento e efi‐
ciência no uso da água pelas culturas de soja e do feijão e por plantas daninhas. Acta
Scientiarum. (2002). 1679-9275, 24(5), 1345-1351.

[41] Scott, H. D, & Geddes, R. D. Plant water stress of soybean (Glycine max) and com‐
mon cocklebur (Xanthium pensylvanicum): A comparison under field conditions.
Weed Science. (1979). 1550-2759, 27(3), 285-289.

[42] Seavers, G. P, & Wright, K. J. Crop canopy development and structure influence
weed suppression. Weed Research. (2002). 1365-3180, 39(4), 319-328.

[43] Fleck, N. G. Balbinot Jr AA, Agostinetto D, Vidal RA. Características de plantas de
cultivares de arroz irrigado relacionadas á habilidade competitiva com plantas con‐
correntes. Planta Daninha. (2003). 0100-8358, 21(1), 97-104.

Weed Management in the Soybean Crop
http://dx.doi.org/10.5772/54596

107



[17] Passini, T, & Christoffoleti, P. J. Dourado Neto D. Modelos empíricos de predição de
perdas de rendimento da cultura de feijão em convivência com Brachiaria plantagi‐
nea. Planta Daninha. (2002). 0100-8358, 20(2), 181-187.

[18] Benjamin, L. R. Variation in time of seedling emergence within populations: a feature
that determines individual growth and development. Advances in Agronomy.
(1990). 978-0-12000-795-0

[19] Fischer, R. A, & Miles, R. E. The role of spatial pattern in the competition between
crop plants and weeds. A theoretical analysis. Mathematical Biosciences. (1973).
0025-5564

[20] Gurevitch, J, Scheiner, S. M, & Fox, G. A. Ecologia vegetal. Porto Alegre: Artmed;
(2009). p. 8-53631-918-6

[21] Dieleman, A, Hamill, A. S, Weise, S. F, & Swanton, C. J. Empirical models of pigweed
(Amaranthus spp.) interference in soybean (Glycine max). Weed Science. (1995).
1550-2759, 43(4), 612-618.

[22] Carranza, P, Saavedra, M, & Garcia-torres, L. Competition between Ridolfia segetum
and sunflower. Weed Research. (1995). 1365-3180, 35(5), 369-375.

[23] Pires JLFCosta JA, Thomas AL. Rendimento de grãos de soja influenciado pelo arran‐
jo de plantas e níveis de adubação. Pesquisa Agropecuária Gaúcha. (1998). 0104-9070,
4(2), 183-188.

[24] Thomas, A. L, & Costa, J. A. Pires JLF. Rendimento de grãos de soja afetado pelo es‐
paçamento entre linhas e fertilidade do solo. Ciência Rural. (1998). 0103-8478, 28(4),
543-546.

[25] Board, J. E, Harville, B. G, & Saxton, A. M. Branch dry weight in relation to yield in‐
creases in narrow-row soybean. Agronomy Journal. (1990). 2090-7656, 82(3), 540-544.

[26] Board, J. E, & Harville, B. G. A criterion for acceptance of narrow-row culture in soy‐
bean. Agronomy Journal. (1990). 2090-7656, 86(6), 1103-1106.

[27] Legere, A, & Schreiber, M. M. Competition and canopy architecture as affected by
soybean (Glycine max) row width and density of redroot pigweed (Amaranthus ret‐
roflexus). Weed Science. (1989). 1550-2759, 37(1), 84-92.

[28] Burnside, O. C. Soybean (Glycine max) growth as affected by weed removal, cultivar,
and row spacing. Weed Science. (1979). 1550-2759, 27(5), 562-564.

[29] Nice GRWBuehring NW, Shaw DR. Sicklepod (Senna obtusifolia) response to shad‐
ing, soybean (Glycine max) row spacing and population in three management sys‐
tems. Weed Technology. (2001). ISNN 1550-2740., 15(1), 155-162.

[30] Young, B. G, Young, J. M, Gonzini, L. C, Hart, S. E, Wax, L. M, & Kapusta, G. Weed
management in narrow- and wide-row glyphosate-resistant soybean (Glycine max).
Weed Technology. (2001). 1550-2740, 15(1), 112-121.

Soybean - Pest Resistance106

[31] Silva, A. F, Ferreira, E. A, Concenço, G, Ferreira, F. A, Aspiazu, I, Galon, L, et al. Den‐
sidades de plantas daninhas e épocas de controle sobre os componentes de produção
da soja. Planta Daninha. (2008). 0100-8358, 26(1), 65-71.

[32] Ni, H, Moody, K, & Robles, R. P. Oryza sativa plant traits conferring ability against
weeds. Weed Science. (2000). 1550-2759, 48(2), 200-204.

[33] Galon, L, & Agostinetto, D. Comparison of empirical models for predicting yield loss
of irrigated rice (Oryza sativa) mixed with Echinochloa spp. Crop Protection. (2009).
0261-2194

[34] Kissmann, K. G, & Groth, D. Plantas infestantes e nocivas. Tomo II, 2.ed. São Paulo:
BASF, (1999). p. 858829902

[35] Rizzardi, M. A, Fleck, N. G, & Ribas, A. V. Merotto Jr A, Agostinetto D. Competição
por recursos do solo entre ervas daninhas e culturas. Ciência Rural. (2001). 0103-8478,
31(4), 707-714.

[36] Rizzardi, M. A, Roman, E. S, Borowski, D. Z, & Marcon, R. Interferência de popula‐
ções de Euphorbia heterophylla e Ipomoea ramosissima isoladas ou em misturas so‐
bre a cultura de soja. Planta Daninha. (2004). 0100-8358, 22(1), 29-34.

[37] Griffin, B. S, Shilling, D. G, Bennett, J. M, & Currey, W. L. The influence of water
stress on the physiology and competition of soybean (Glycine max) and Florida Beg‐
garweed (Desmodium tortuosum). Weed Science. (1989). 1550-2759, 37(4), 544-551.

[38] Holm, L. Weeds and water in world food production. Weed Science. (1997).
1550-2759

[39] Patterson, D. T, & Flint, E. P. Comparative water relations, photosynthesis, and
growth of soybean (Glycine max) and seven associated weeds. Weed Science. (1983).
1550-2759, 31(3), 318-323.

[40] Procópio, S. O, Santos, J. B, Silva, A. A, & Costa, L. C. Análise do crescimento e efi‐
ciência no uso da água pelas culturas de soja e do feijão e por plantas daninhas. Acta
Scientiarum. (2002). 1679-9275, 24(5), 1345-1351.

[41] Scott, H. D, & Geddes, R. D. Plant water stress of soybean (Glycine max) and com‐
mon cocklebur (Xanthium pensylvanicum): A comparison under field conditions.
Weed Science. (1979). 1550-2759, 27(3), 285-289.

[42] Seavers, G. P, & Wright, K. J. Crop canopy development and structure influence
weed suppression. Weed Research. (2002). 1365-3180, 39(4), 319-328.

[43] Fleck, N. G. Balbinot Jr AA, Agostinetto D, Vidal RA. Características de plantas de
cultivares de arroz irrigado relacionadas á habilidade competitiva com plantas con‐
correntes. Planta Daninha. (2003). 0100-8358, 21(1), 97-104.

Weed Management in the Soybean Crop
http://dx.doi.org/10.5772/54596

107



[44] Merotto Jr AFischer AJ, Vidal RA. Perspectives for using light quality knowledge as
an advanced ecophysiological weed management tool. Planta Daninha. (2009).
0100-8358, 27(2), 407-419.

[45] Santos, J. B, Procópio, S. O, Silva, A. A, & Costa, L. C. Captação e aproveitamento da
radiação solar pelas culturas da soja e do feijão e por plantas daninhas. Bragantia.
(2003). 0006-8705, 62(1), 147-153.

[46] Procópio, S. O, Santos, J. B, Pires, F. R, Silva, A. A, & Mendonça, E. S. Absorção e uti‐
lização do nitrogênio pelas culturas da soja e do feijão e por plantas daninhas. Planta
Daninha. (2004). 0100-8358

[47] Anghinoni, I, Volkart, K, Fattore, C, & Ernani, P. R. Morfologia de raízes e cinética da
absorção de nutrientes em diversas espécies e genótipos de plantas.Revista Brasileira
de Ciência do Solo (1989). 0100-0683

[48] Seibert, A. C, & Pearce, R. B. Growth analysis of weed and crop species with refer‐
ence to seed weight. Weed Science. (1993). 1550-2759, 41(1), 52-56.

[49] Balbinot Jr AAFleck NG, Agostinetto D, Rizzardi MA, Merotto Jr A, Vidal RA. Veloc‐
idade de emergência e crescimento inicial de cultivares de arroz irrigado influencia‐
do a competitividade com as plantas daninhas. Planta Daninha. (2001). 0100-8358,
19(3), 305-316.

[50] Procópio, S. O, Santos, J. B, Pires, F. R, Silva, A. A, & Mendonça, E. S. Absorção e uti‐
lização do fósforo pelas culturas da soja e do feijão e por plantas daninhas. Revista
Brasileira de Ciência do Solo. (2005). 0100-0683, 29, 911-921.

[51] Silva, A. F, Concenço, G, Aspiazú, I, & Ferreira, E. A. Freitas MA Silva, AA, et al. Pe‐
ríodo anterior a interferência na cultura da soja-RR em condições de baixa, média e
alta infestação. Planta Daninha. (2009). 0100-8358, 27(1), 57-66.

[52] Knezevic, S. Z, Evans, S, & Blankenship, E. E. Acker RCV, Lindquist JL. Critical peri‐
od for weed control: the concept and data analysis. Weed Science. (2002). 1550-2759,
50, 773-786.

[53] Silva, A. F, Concenço, G, Aspiazú, I, Ferreira, E. A, Galon, L, et al. Interferência de
plantas daninhas em diferentes densidades no crescimento da soja. Planta Daninha.
(2009). 0100-8358, 27(1), 75-84.

[54] Meschede, D. K. Oliveira Jr RS, Constantin J, Scapim CA. Período Crítico de Interfer‐
ência de Euphorbia heterophylla na cultura da soja sobre baixa densidade de semea‐
dura. Planta Daninha. (2002). 0100-8358, 20(3), 382-387.

[55] Carvalho, F. T, & Velini, E. D. Período de interferência de plantas daninhas na cul‐
tura da soja. I- Cultivar IAC-11. Planta Daninha. (2001). 0100-8358, 19(3), 317-322.

[56] Hart, R. D. El subsistema malezas. In: Hart RD. ed. Conceptos básicos sobre agroe‐
cossistemas. Turrialba: CATIE, (1985). , 103-110.

Soybean - Pest Resistance108

[57] Silva, A. A, Ferreira, F. A, Ferreira, L. R, & Santos, J. B. Métodos de controle de plan‐
tas daninhas. In: Silva AA, Silva JF. (Eds.). Tópicos em manejo de plantas daninhas.
Viçosa: Universidade Federal de Viçosa; (2007). 978-8-57269-275-5, 64-82.

[58] Chauhan, B. S, Singh, R. G, & Mahajan, G. Ecology and management of weeds under
conservation agriculture: A review. Crop Protection. (2012). 0261-2194, 38, 57-65.

[59] Locke, M. A, Reddy, K. N, & Zablotowicz, R. M. Weed management in conservation
crop production systems. Weed Biology and Management. (2002). 1445-6664, 2,
123-132.

[60] Lyon, D. J, Miller, S. D, & Wicks, G. A. The future of herbicides in weed control sys‐
tems of great plains. Journal of Production Agriculture. (1996). 0890-8524, 9, 209-215.

[61] Swanton, C. J, Shrestha, A, Roy, R. C, Ball-coelho, B. R, & Knezevic, S. Z. Effect of
tillage systems, N, and cover crop on the composition of weed flora. Weed Science.
(1999). 1550-2759, 47, 454-461.

[62] Kelley, K. W. Long Jr JH, Todd TC. Long-term crop rotations affect soybean yield,
seed weight, and soil chemical properties. Field Crops Research. (2003). 0378-4290,
83(1), 41-50.

[63] Crookston, R. K, Kurle, J. E, Copeland, P. J, Ford, J. H, & Lueschen, W. E. Rotational
cropping sequence affects yield of corn and soybean. Agronomy Journal. (1991).
1435-0645, 83, 108-113.

[64] Meese, B. G, Carter, P. R, Oplinger, E. S, & Pendleton, J. W. Corn/soybean rotation
effect as influenced by tillage, nitrogen, and hybrid/cultivar. Journal of Production
Agriculture. (1991). 0890-8524, 4, 74-80.

[65] West, T. D, Griffith, D. R, Steinhardt, G. C, Kladivko, E. J, & Parsons, S. D. Effect of
tillage and rotation on agronomic performance of corn and soybean: twenty-year
study on dark silty clay loam soil. Journal of Production Agriculture. (1996).
0890-8524, 9, 241-248.

[66] Herbert, S. J, & Litchfield, G. V. Growth response of short-season soybean to varia‐
tions in row spacing and density. Field Crops Research. (1984). 0378-4290, 9, 163-171.

[67] Anaele, A. O, & Bishnoi, U. R. Effects of tillage, weed control method and row spac‐
ing on soybean yield and certain soil properties. Soil and Tillage Research. (1992).
0167-1987, 23(4), 333-340.

[68] Knezevic, S. Z, Evans, S. P, & Mainz, M. Row spacing influences the critical timing
for weed removal in soybean (Glycine max). Weed Technology. (2003). 1550-2740,
17(4), 666-673.

[69] Teasdale, J. R. Contribution of cover crops to weed management in sustainable agri‐
cultural systems. Journal of Production Agriculture. (1996). 0890-8524, 475-479.

Weed Management in the Soybean Crop
http://dx.doi.org/10.5772/54596

109



[44] Merotto Jr AFischer AJ, Vidal RA. Perspectives for using light quality knowledge as
an advanced ecophysiological weed management tool. Planta Daninha. (2009).
0100-8358, 27(2), 407-419.

[45] Santos, J. B, Procópio, S. O, Silva, A. A, & Costa, L. C. Captação e aproveitamento da
radiação solar pelas culturas da soja e do feijão e por plantas daninhas. Bragantia.
(2003). 0006-8705, 62(1), 147-153.

[46] Procópio, S. O, Santos, J. B, Pires, F. R, Silva, A. A, & Mendonça, E. S. Absorção e uti‐
lização do nitrogênio pelas culturas da soja e do feijão e por plantas daninhas. Planta
Daninha. (2004). 0100-8358

[47] Anghinoni, I, Volkart, K, Fattore, C, & Ernani, P. R. Morfologia de raízes e cinética da
absorção de nutrientes em diversas espécies e genótipos de plantas.Revista Brasileira
de Ciência do Solo (1989). 0100-0683

[48] Seibert, A. C, & Pearce, R. B. Growth analysis of weed and crop species with refer‐
ence to seed weight. Weed Science. (1993). 1550-2759, 41(1), 52-56.

[49] Balbinot Jr AAFleck NG, Agostinetto D, Rizzardi MA, Merotto Jr A, Vidal RA. Veloc‐
idade de emergência e crescimento inicial de cultivares de arroz irrigado influencia‐
do a competitividade com as plantas daninhas. Planta Daninha. (2001). 0100-8358,
19(3), 305-316.

[50] Procópio, S. O, Santos, J. B, Pires, F. R, Silva, A. A, & Mendonça, E. S. Absorção e uti‐
lização do fósforo pelas culturas da soja e do feijão e por plantas daninhas. Revista
Brasileira de Ciência do Solo. (2005). 0100-0683, 29, 911-921.

[51] Silva, A. F, Concenço, G, Aspiazú, I, & Ferreira, E. A. Freitas MA Silva, AA, et al. Pe‐
ríodo anterior a interferência na cultura da soja-RR em condições de baixa, média e
alta infestação. Planta Daninha. (2009). 0100-8358, 27(1), 57-66.

[52] Knezevic, S. Z, Evans, S, & Blankenship, E. E. Acker RCV, Lindquist JL. Critical peri‐
od for weed control: the concept and data analysis. Weed Science. (2002). 1550-2759,
50, 773-786.

[53] Silva, A. F, Concenço, G, Aspiazú, I, Ferreira, E. A, Galon, L, et al. Interferência de
plantas daninhas em diferentes densidades no crescimento da soja. Planta Daninha.
(2009). 0100-8358, 27(1), 75-84.

[54] Meschede, D. K. Oliveira Jr RS, Constantin J, Scapim CA. Período Crítico de Interfer‐
ência de Euphorbia heterophylla na cultura da soja sobre baixa densidade de semea‐
dura. Planta Daninha. (2002). 0100-8358, 20(3), 382-387.

[55] Carvalho, F. T, & Velini, E. D. Período de interferência de plantas daninhas na cul‐
tura da soja. I- Cultivar IAC-11. Planta Daninha. (2001). 0100-8358, 19(3), 317-322.

[56] Hart, R. D. El subsistema malezas. In: Hart RD. ed. Conceptos básicos sobre agroe‐
cossistemas. Turrialba: CATIE, (1985). , 103-110.

Soybean - Pest Resistance108

[57] Silva, A. A, Ferreira, F. A, Ferreira, L. R, & Santos, J. B. Métodos de controle de plan‐
tas daninhas. In: Silva AA, Silva JF. (Eds.). Tópicos em manejo de plantas daninhas.
Viçosa: Universidade Federal de Viçosa; (2007). 978-8-57269-275-5, 64-82.

[58] Chauhan, B. S, Singh, R. G, & Mahajan, G. Ecology and management of weeds under
conservation agriculture: A review. Crop Protection. (2012). 0261-2194, 38, 57-65.

[59] Locke, M. A, Reddy, K. N, & Zablotowicz, R. M. Weed management in conservation
crop production systems. Weed Biology and Management. (2002). 1445-6664, 2,
123-132.

[60] Lyon, D. J, Miller, S. D, & Wicks, G. A. The future of herbicides in weed control sys‐
tems of great plains. Journal of Production Agriculture. (1996). 0890-8524, 9, 209-215.

[61] Swanton, C. J, Shrestha, A, Roy, R. C, Ball-coelho, B. R, & Knezevic, S. Z. Effect of
tillage systems, N, and cover crop on the composition of weed flora. Weed Science.
(1999). 1550-2759, 47, 454-461.

[62] Kelley, K. W. Long Jr JH, Todd TC. Long-term crop rotations affect soybean yield,
seed weight, and soil chemical properties. Field Crops Research. (2003). 0378-4290,
83(1), 41-50.

[63] Crookston, R. K, Kurle, J. E, Copeland, P. J, Ford, J. H, & Lueschen, W. E. Rotational
cropping sequence affects yield of corn and soybean. Agronomy Journal. (1991).
1435-0645, 83, 108-113.

[64] Meese, B. G, Carter, P. R, Oplinger, E. S, & Pendleton, J. W. Corn/soybean rotation
effect as influenced by tillage, nitrogen, and hybrid/cultivar. Journal of Production
Agriculture. (1991). 0890-8524, 4, 74-80.

[65] West, T. D, Griffith, D. R, Steinhardt, G. C, Kladivko, E. J, & Parsons, S. D. Effect of
tillage and rotation on agronomic performance of corn and soybean: twenty-year
study on dark silty clay loam soil. Journal of Production Agriculture. (1996).
0890-8524, 9, 241-248.

[66] Herbert, S. J, & Litchfield, G. V. Growth response of short-season soybean to varia‐
tions in row spacing and density. Field Crops Research. (1984). 0378-4290, 9, 163-171.

[67] Anaele, A. O, & Bishnoi, U. R. Effects of tillage, weed control method and row spac‐
ing on soybean yield and certain soil properties. Soil and Tillage Research. (1992).
0167-1987, 23(4), 333-340.

[68] Knezevic, S. Z, Evans, S. P, & Mainz, M. Row spacing influences the critical timing
for weed removal in soybean (Glycine max). Weed Technology. (2003). 1550-2740,
17(4), 666-673.

[69] Teasdale, J. R. Contribution of cover crops to weed management in sustainable agri‐
cultural systems. Journal of Production Agriculture. (1996). 0890-8524, 475-479.

Weed Management in the Soybean Crop
http://dx.doi.org/10.5772/54596

109



[70] Ateh, C. M, & Doll, J. D. Spring-planted winter rye (Secale cereale) as a living mulch
to control weeds in soybean (Glycine max). Weed Technology. (1996). 1550-2740, 10,
347-353.

[71] Liebl, R, Simmons, F. W, Wax, L. M, & Stoller, E. W. Effect of rye (Secale cereale)
mulch on weed control and soil moisture in soybean (Glycine max). Weed Technolo‐
gy. (1992). 1550-2740, 6, 838-846.

[72] Moore, M. J, Gillespie, T. J, & Swanton, C. J. Effect of cover crop mulches on weed
emergence, weed biomass, and soybean (Glycine max) development. Weed Technol‐
ogy. (1994). 1550-2740, 8, 512-518.

[73] Samarajeewa KBDPHoriuchi T, Oba S. Finger millet (Eleucine corocana L. Gaertn.) as
a cover crop on weed control, growth and yield of soybean under different tillage
systems. Soil and Tillage Research. (2006). 0167-1987, 0167-1987.

[74] Correia, N. M, Durigan, J. C, & Klink, U. P. Influence of type and amount of crop res‐
idues on weed emergence. Planta Daninha. (2006). 0100-8358, 24(2), 245-253.

[75] Barnes, J. P, & Putnam, A. R. Rye residues contribute to weed suppression in no-till‐
age cropping systems. Journal of Chemical Ecology. (1983). 0098-0331, 9, 1045-1057.

[76] Bhowmika, P. C. Inderjit. Challenges and opportunities in implementing allelopathy
for natural weed management. Crop Protection. (2003). 0261-2194, 22(4), 661-671.

[77] Trezzi, M. M, & Vidal, R. A. Potential of sorghum and pearl millet cover crops in
weed suppression in the field: II- Mulching effect. Planta Daninha. (2004). 0100-8358,
22(1), 1-10.

[78] Jakelaitis, A, Ferreira, L. R, Silva, A. A, Agnes, E. L, & Miranda, G. V. Machado AFL.
Weed population dynamics under different corn and bean production systems. Plan‐
ta Daninha. (2003). 0100-8358, 21(1), 71-79.

[79] Gazziero DLPPrete CEC, Sumiya M. Manejo de Bidens subalternan aos herbicidas in‐
ibidores da acetolactato sintase. Planta Danihna. (2003). 0100-8358, 21(2), 283-291.

[80] Charudattan, R, & Dinoor, A. Biological control of weeds using plant pathogens: ac‐
complishments and limitations. Crop Protection. (2000). 0261-2194, 0261-2194.

[81] Zimdahl, R. L. WEEDS/Weed Technology and Control. IN: Murphy DJ, Thomas B,
Murray BG. Encyclopedia of Applied Plant Sciences. 978-0-12227-050-5Academic
Press, (2000). p.

[82] Oliveira Jr RSConstantin JI, Costa JM, Cavalieri SD, Arantes JGZ, Alonso DG, et al.
Interaction between burndown systems and post-emergence weed control affecting
soybean development and yield. Planta daninha. (2006). 0100-8358, 24(4), 721-732.

[83] Procópio, S. O, & Pires, F. R. Menezes CCE, Barroso ALL, Moraes RV, Silva MVV et
al. Efeitos de dessecantes no controle de plantas daninhas na cultura da soja. Planta
Daninha. (2006). 0100-8358, 24(1), 193-197.

Soybean - Pest Resistance110

[84] Puricelli, E, & Tuesca, D. Weed density and diversity under glyphosate-resistant crop
sequences. Crop Protection, (2005). 0261-2194, 2, 533-542.

[85] Tuesca, D, & Puricelli, E. Effect of tillage systems and herbicide treatments on weed
abundance and diversity in a glyphosate resistant crop rotation. Crop Protection.
(2007). 0261-2194, 26(12), 1765-1770.

[86] Arregui, M. C, Scotta, R, & Sánchez, D. Improved weed control with broadleaved
herbicides in glyphosate-tolerant soybean (Glycine max). Crop Protection. (2006).
0261-2194, 25(7), 653-656.

[87] Ellis, J. M, & Griffin, J. L. Benefits of soil-applied herbicides in glyphosate-resistant
soybean (Glycine max). Weed Technology. (2002). 1550-2740, 16, 541-547.

[88] Reddy, K. N. Weed control in soybean (Glycine max) with cloransulam and diclosu‐
lam. Weed Technology. (2000). 1550-2740, 14, 293-297.

[89] Harger, A. G, Wax, L. M, Bollero, G. A, & Simmons, F. W. Common waterhemp
(Amaranthus rudis Sauer) management with soil-applied herbicides in soybean (Gly‐
cine max (L.) Merr.) Crop Protection. (2002). 0261-2194, 21(4), 277-283.

[90] Norsworthy, J. K. Broadleavedweedcontrol in wide-row soybean (Glycine max) us‐
ing conventional and glyphosate herbicide programmes. Crop Protection. (2004).
0261-2194, 23(12), 1229-1235.

[91] Deytieux, V, Nemecek, T, Knuchel, R. F, Gaillard, G, & Munier-jolain, N. M. Is the
weed management efficient for reducing environmental impacts of crop systems? A
case study based on life cycle assessment. Europ. J. Agronomy. (2012). 1161-0301, 36,
55-65.

[92] Wilson, R. S, Hooker, N, Tucker, M, Lejeune, J, & Doohan, D. Targeting the famer de‐
cision making process: A pathway to increased adoption of integrated weed manage‐
ment. Crop Protection. (2009). 0261-2194, 28, 756-764.

[93] Harker, K. N, Clayton, G. W, Blackshaw, R. E, Donovan, O, & Stevenson, J. T. FC.
Seeding rate, herbicide timing and competitive hybrids contribute to integrated weed
management in canola (Brassica napus). Canadian Journal of Plant Science. (2003).
0008-4220, 83, 433-440.

[94] Bernads, M. L, Gaussoin, R. E, Klein, R. N, Knezevic, S. Z, Lyon, D, Sandell, L. D, et
al. Guide for weed management in Nebraska. EC-130. Lincoln, NE. Extension, Uni‐
versity of Nebraska- Lincoln; (2009).

[95] Powles, S. B, & Shaner, D. L. Hebicide resistance and world grains. ((2001). CRC-
Press, Printed in the USA, 328p. ISBN/84932-2197

[96] Ferreira, E. A, Germani, C, Vargas, L, Silva, A. A, & Galon, L. Resistência de Lolium
multiflorum ao Glyphosate. In: Agostinetto D, Vargas L. Resistência de plantas dani‐
nhas no Brasil. Passo Fundo: Gráfica Berthier; , 271-289.

Weed Management in the Soybean Crop
http://dx.doi.org/10.5772/54596

111



[70] Ateh, C. M, & Doll, J. D. Spring-planted winter rye (Secale cereale) as a living mulch
to control weeds in soybean (Glycine max). Weed Technology. (1996). 1550-2740, 10,
347-353.

[71] Liebl, R, Simmons, F. W, Wax, L. M, & Stoller, E. W. Effect of rye (Secale cereale)
mulch on weed control and soil moisture in soybean (Glycine max). Weed Technolo‐
gy. (1992). 1550-2740, 6, 838-846.

[72] Moore, M. J, Gillespie, T. J, & Swanton, C. J. Effect of cover crop mulches on weed
emergence, weed biomass, and soybean (Glycine max) development. Weed Technol‐
ogy. (1994). 1550-2740, 8, 512-518.

[73] Samarajeewa KBDPHoriuchi T, Oba S. Finger millet (Eleucine corocana L. Gaertn.) as
a cover crop on weed control, growth and yield of soybean under different tillage
systems. Soil and Tillage Research. (2006). 0167-1987, 0167-1987.

[74] Correia, N. M, Durigan, J. C, & Klink, U. P. Influence of type and amount of crop res‐
idues on weed emergence. Planta Daninha. (2006). 0100-8358, 24(2), 245-253.

[75] Barnes, J. P, & Putnam, A. R. Rye residues contribute to weed suppression in no-till‐
age cropping systems. Journal of Chemical Ecology. (1983). 0098-0331, 9, 1045-1057.

[76] Bhowmika, P. C. Inderjit. Challenges and opportunities in implementing allelopathy
for natural weed management. Crop Protection. (2003). 0261-2194, 22(4), 661-671.

[77] Trezzi, M. M, & Vidal, R. A. Potential of sorghum and pearl millet cover crops in
weed suppression in the field: II- Mulching effect. Planta Daninha. (2004). 0100-8358,
22(1), 1-10.

[78] Jakelaitis, A, Ferreira, L. R, Silva, A. A, Agnes, E. L, & Miranda, G. V. Machado AFL.
Weed population dynamics under different corn and bean production systems. Plan‐
ta Daninha. (2003). 0100-8358, 21(1), 71-79.

[79] Gazziero DLPPrete CEC, Sumiya M. Manejo de Bidens subalternan aos herbicidas in‐
ibidores da acetolactato sintase. Planta Danihna. (2003). 0100-8358, 21(2), 283-291.

[80] Charudattan, R, & Dinoor, A. Biological control of weeds using plant pathogens: ac‐
complishments and limitations. Crop Protection. (2000). 0261-2194, 0261-2194.

[81] Zimdahl, R. L. WEEDS/Weed Technology and Control. IN: Murphy DJ, Thomas B,
Murray BG. Encyclopedia of Applied Plant Sciences. 978-0-12227-050-5Academic
Press, (2000). p.

[82] Oliveira Jr RSConstantin JI, Costa JM, Cavalieri SD, Arantes JGZ, Alonso DG, et al.
Interaction between burndown systems and post-emergence weed control affecting
soybean development and yield. Planta daninha. (2006). 0100-8358, 24(4), 721-732.

[83] Procópio, S. O, & Pires, F. R. Menezes CCE, Barroso ALL, Moraes RV, Silva MVV et
al. Efeitos de dessecantes no controle de plantas daninhas na cultura da soja. Planta
Daninha. (2006). 0100-8358, 24(1), 193-197.

Soybean - Pest Resistance110

[84] Puricelli, E, & Tuesca, D. Weed density and diversity under glyphosate-resistant crop
sequences. Crop Protection, (2005). 0261-2194, 2, 533-542.

[85] Tuesca, D, & Puricelli, E. Effect of tillage systems and herbicide treatments on weed
abundance and diversity in a glyphosate resistant crop rotation. Crop Protection.
(2007). 0261-2194, 26(12), 1765-1770.

[86] Arregui, M. C, Scotta, R, & Sánchez, D. Improved weed control with broadleaved
herbicides in glyphosate-tolerant soybean (Glycine max). Crop Protection. (2006).
0261-2194, 25(7), 653-656.

[87] Ellis, J. M, & Griffin, J. L. Benefits of soil-applied herbicides in glyphosate-resistant
soybean (Glycine max). Weed Technology. (2002). 1550-2740, 16, 541-547.

[88] Reddy, K. N. Weed control in soybean (Glycine max) with cloransulam and diclosu‐
lam. Weed Technology. (2000). 1550-2740, 14, 293-297.

[89] Harger, A. G, Wax, L. M, Bollero, G. A, & Simmons, F. W. Common waterhemp
(Amaranthus rudis Sauer) management with soil-applied herbicides in soybean (Gly‐
cine max (L.) Merr.) Crop Protection. (2002). 0261-2194, 21(4), 277-283.

[90] Norsworthy, J. K. Broadleavedweedcontrol in wide-row soybean (Glycine max) us‐
ing conventional and glyphosate herbicide programmes. Crop Protection. (2004).
0261-2194, 23(12), 1229-1235.

[91] Deytieux, V, Nemecek, T, Knuchel, R. F, Gaillard, G, & Munier-jolain, N. M. Is the
weed management efficient for reducing environmental impacts of crop systems? A
case study based on life cycle assessment. Europ. J. Agronomy. (2012). 1161-0301, 36,
55-65.

[92] Wilson, R. S, Hooker, N, Tucker, M, Lejeune, J, & Doohan, D. Targeting the famer de‐
cision making process: A pathway to increased adoption of integrated weed manage‐
ment. Crop Protection. (2009). 0261-2194, 28, 756-764.

[93] Harker, K. N, Clayton, G. W, Blackshaw, R. E, Donovan, O, & Stevenson, J. T. FC.
Seeding rate, herbicide timing and competitive hybrids contribute to integrated weed
management in canola (Brassica napus). Canadian Journal of Plant Science. (2003).
0008-4220, 83, 433-440.

[94] Bernads, M. L, Gaussoin, R. E, Klein, R. N, Knezevic, S. Z, Lyon, D, Sandell, L. D, et
al. Guide for weed management in Nebraska. EC-130. Lincoln, NE. Extension, Uni‐
versity of Nebraska- Lincoln; (2009).

[95] Powles, S. B, & Shaner, D. L. Hebicide resistance and world grains. ((2001). CRC-
Press, Printed in the USA, 328p. ISBN/84932-2197

[96] Ferreira, E. A, Germani, C, Vargas, L, Silva, A. A, & Galon, L. Resistência de Lolium
multiflorum ao Glyphosate. In: Agostinetto D, Vargas L. Resistência de plantas dani‐
nhas no Brasil. Passo Fundo: Gráfica Berthier; , 271-289.

Weed Management in the Soybean Crop
http://dx.doi.org/10.5772/54596

111



[97] Rodrigues, B. N, & Almeida, F. S. Guia de Herbicidas, 4 ed., Londrina: (1998). p.
859053211

[98] Silva, A. A, Ferreira, F. A, Ferreira, L. R, & Santos, J. B. Herbicidas: Resistência de
plantas daninhas. In: Silva AA, Silva JF. (Eds.). Tópicos em manejo de plantas dani‐
nhas. Viçosa: Universidade Federal de Viçosa; (2007). 978-8-57269-275-5, 279-324.

[99] Vargas, L, Bianchi, M. A, Rizzardi, M. A, & Agostinetto, D. Dal Magro T. Buva (Con‐
yza bonariensis) resistente ao glyphosate na região Sul do Brasil. (2007). Planta Dani‐
nha. (2007). 0100-8358, 25(3), 573-578.

[100] Moreira, M. S, & Nicolai, M. Carvalho SJP, Christoffoleti PJ. Resistência de Conyza
canadensis e C. bonariensis ao herbicida ghyphosate. Planta Daninha. (2007).
0100-8358, 25(1), 157-164.

[101] Lamego, F. P, & Vidal, R. A. Resistência ao glyphosate em biótipos de Conyza bonar‐
iensis e Conyza canadensis no Estado do Rio Grande do Sul, Brasil. Planta Daninha.
(2008). 0100-8358, 26(2), 467-471.

[102] Weed Science- International Survey Of Herbicide Resistant WeedsDisponível em:
<http://www.weedscience.org/in.asp>.acessed 17 march (2012).

[103] Guaratini, M. T. Toledo REP, Christoffoleti PJ. Alternativas de manejo de populações
de Bidens pilosa e Bidens subalternans resistentes aos herbicidas inibidores da ALS.
In: Congresso Brasileiro da Ciencia das Plantas Daninhas, 25, 2006, Resumos expan‐
didos.... Brasília: SBCPD, (2006). p. (CD-ROM).

Soybean - Pest Resistance112

Chapter 5

Arthropod Fauna Associated to Soybean in Croatia

Renata Bažok, Maja Čačija, Ana Gajger and
Tomislav Kos

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54521

1. Introduction

The importance of soybean (Glycine max (L.) Merr.), as today’s world leading oil and protein
crop, is increasing in Croatia. As a plant species, soybean was registered for the first time in
Croatia in 1876. Soybean is relatively new field crop for Croatia. It was grown for the first
time in 1910 but, starting with 1970s it became important field crop [1]. In 1981, soybean was
cultivated on an area of 3.381 ha. Since that time the area cultivated by soybean has in‐
creased considerably, and productivity has also risen steadily. Figure 1 presents the trends
in soybean production in Croatia in the period 1993-2010 [2].
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Today’s the area on which soybean is cultivated in Croatia varies, depending on the year, from
30.000 to 50.000 ha. Croatian government statistics [2] show gains in average yielding ability,
from 2.160 to 3.000 kg/ha, between 1993 and 2010. Comparing to data from USA [3] on the aver‐
age yield between 2.197 and 2.896 kg/ha, soybean yields obtained in “regular” years in Croatia
are satisfactory. The exceptions in registered yield quantity were observed in extremely dry
and warm years 2000, 2003 and 2007 in which yield was between 1.380 and 1.900 kg/ha. There‐
fore, the main problem of soybean yielding stability is related to vulnerability of soybean pro‐
duction in extreme climatic conditions in which pest outbreaks influence yields negatively.
Global climate changes are often discussed by numerous scientists. Besides the increase of
global mean temperature [4],  the incidence of the years in which extreme conditions are
present vs. “regular” years is increasing. This is proved by the fact that in the period from 2000
to 2009, three years with extremely dry and warm conditions were observed. Consequently, to
mitigate the negative consequences of pest outbreaks and improve profits soybean growers, in
these extreme years, attempt to control the pests which can reduce crop productivity.

Comparing to weeds and diseases, in “regular years” pests are of somewhat less importance
for soybean production in Croatia. In different agro-ecosystems, the arthropod fauna of soy‐
bean contains a great number of damaging species [5-8]. Soybean pests have not been inves‐
tigated completely in Croatia. It was reported [8] that in the region where Croatia belongs,
soybean crops are attacked by over 180 pests (150 insects and 30 species from other animal
classes) among which approximately 25 pest species are the most important.

Some investigations or observations on arthropod fauna of soybean were conducted in the
past on the territory of Croatia [9 - 13], and in neighboring countries [14 - 24]. Additionally,
some of the species were registered recently as the pests which could cause significant yield
damage on soybean [25 - 29].

The most comprehensive overview of the potential arthropod pests’ fauna of soybean in
Croatia is given by Maceljski [9]. This overview is a result of the literature review and au‐
thor’s long time work experience in entomology. On the other hand, investigations carried
out by other scientists in Croatia [10 - 13] and neighboring countries [6-8, 14-24] reported on
the presence or harmfulness of some additional species. In the Table 1 arthropod species
that are reported as soybean pests both, in Croatia and in neighboring countries are listed.

Besides arthropod species, nematodes are established as potential pests on soybeans in Cro‐
atia [11, 12] and in neighboring countries [19]. Jelić [12] established 43 species of phytopara‐
sitic nematodes on 18 localities distributed in east Croatia (region of Slavonia). Identified
species belonged to the genera Ditylenchus Filipjev, Meloidogyne Goeldi, Paratylenchus Mico‐
letzky, Pratylenchus Filipjev, Rotylenchus Filipjev, and Tylenchorhynchus Cobb. However sig‐
nificant damages caused by nematodes haven’t been recorded jet. Besides mentioned pests,
some authors [8, 30] reported that significant damage on soybean crops in Serbia could be
caused by other animal species as are Cricetus cricetus L., Microtus arvalis Pallas and Lepus
europaeus Pallas as well.

In regular farming practice in Croatia soybean seed is not treated with insecticides. Among
the arthorpod pests, mites (Tetranychus urticae Koch and Tetranychus atlanticus = T. turkestani
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Ugarov & Nikolskii) could be controlled by the use of acaricides if their populations reach

economic threshold (usually in warm and dry years). Other pest species are controlled only

occasionally if pest outbreaks occur.

Order Suborder Family Species Literature

source

Croatia Neighboring

countries

Collembola Smynthuridae Sminthurus sp. Latreille 1802 21 +

Thysanoptera Thripidae Frankliniella intonsa (Trybom

1985)

21 +

Hemiptera Heteroptera Miridae Lygus sp. Hahn 1833 9 +

Lygus gemellatus (Heerrich-

Schaeffer 1835)

21 +

Lygus pratensis (Linneaus

1758)

24 +

Lygus rugulipennis Poppius

1911

8 +

Halticus apterus (Linnaeus

1758)

9 +

Apolygus lucorum (Meyer-

Dur 1843)

24 +

Pentatomidae Dolycoris bacarrum (Linnaeus

1758)

21, 24 +

Eurydema oleracea (Linnaeus

1758)

24 +

Nezara viridula (Linnaeus

1758)

9, 26 +

Piezodorus sp. Fieber 1861 9 +

Anthocoridae Anthocoris sp. Fallen 1814 9 +

Orius niger Woolf 1811 6 +

Nabidae Nabis (Nabis) ferus Linnaeus

1758

6, 9 + +

Nabis feroides Wagner 1967 6 +

Nabis pseudoferus Remane

1949

6 +

Homoptera Membracidae Sctictocephala bisonia Koop

& Yonke

9, 22, 24 + +

Cicadella viridis (Linnaeus

1758)

9 +

Aphididae Aphis craccivora Koch 1854 21 +
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Today’s the area on which soybean is cultivated in Croatia varies, depending on the year, from
30.000 to 50.000 ha. Croatian government statistics [2] show gains in average yielding ability,
from 2.160 to 3.000 kg/ha, between 1993 and 2010. Comparing to data from USA [3] on the aver‐
age yield between 2.197 and 2.896 kg/ha, soybean yields obtained in “regular” years in Croatia
are satisfactory. The exceptions in registered yield quantity were observed in extremely dry
and warm years 2000, 2003 and 2007 in which yield was between 1.380 and 1.900 kg/ha. There‐
fore, the main problem of soybean yielding stability is related to vulnerability of soybean pro‐
duction in extreme climatic conditions in which pest outbreaks influence yields negatively.
Global climate changes are often discussed by numerous scientists. Besides the increase of
global mean temperature [4],  the incidence of the years in which extreme conditions are
present vs. “regular” years is increasing. This is proved by the fact that in the period from 2000
to 2009, three years with extremely dry and warm conditions were observed. Consequently, to
mitigate the negative consequences of pest outbreaks and improve profits soybean growers, in
these extreme years, attempt to control the pests which can reduce crop productivity.

Comparing to weeds and diseases, in “regular years” pests are of somewhat less importance
for soybean production in Croatia. In different agro-ecosystems, the arthropod fauna of soy‐
bean contains a great number of damaging species [5-8]. Soybean pests have not been inves‐
tigated completely in Croatia. It was reported [8] that in the region where Croatia belongs,
soybean crops are attacked by over 180 pests (150 insects and 30 species from other animal
classes) among which approximately 25 pest species are the most important.

Some investigations or observations on arthropod fauna of soybean were conducted in the
past on the territory of Croatia [9 - 13], and in neighboring countries [14 - 24]. Additionally,
some of the species were registered recently as the pests which could cause significant yield
damage on soybean [25 - 29].

The most comprehensive overview of the potential arthropod pests’ fauna of soybean in
Croatia is given by Maceljski [9]. This overview is a result of the literature review and au‐
thor’s long time work experience in entomology. On the other hand, investigations carried
out by other scientists in Croatia [10 - 13] and neighboring countries [6-8, 14-24] reported on
the presence or harmfulness of some additional species. In the Table 1 arthropod species
that are reported as soybean pests both, in Croatia and in neighboring countries are listed.

Besides arthropod species, nematodes are established as potential pests on soybeans in Cro‐
atia [11, 12] and in neighboring countries [19]. Jelić [12] established 43 species of phytopara‐
sitic nematodes on 18 localities distributed in east Croatia (region of Slavonia). Identified
species belonged to the genera Ditylenchus Filipjev, Meloidogyne Goeldi, Paratylenchus Mico‐
letzky, Pratylenchus Filipjev, Rotylenchus Filipjev, and Tylenchorhynchus Cobb. However sig‐
nificant damages caused by nematodes haven’t been recorded jet. Besides mentioned pests,
some authors [8, 30] reported that significant damage on soybean crops in Serbia could be
caused by other animal species as are Cricetus cricetus L., Microtus arvalis Pallas and Lepus
europaeus Pallas as well.

In regular farming practice in Croatia soybean seed is not treated with insecticides. Among
the arthorpod pests, mites (Tetranychus urticae Koch and Tetranychus atlanticus = T. turkestani
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Ugarov & Nikolskii) could be controlled by the use of acaricides if their populations reach

economic threshold (usually in warm and dry years). Other pest species are controlled only

occasionally if pest outbreaks occur.

Order Suborder Family Species Literature

source

Croatia Neighboring

countries

Collembola Smynthuridae Sminthurus sp. Latreille 1802 21 +

Thysanoptera Thripidae Frankliniella intonsa (Trybom

1985)

21 +

Hemiptera Heteroptera Miridae Lygus sp. Hahn 1833 9 +

Lygus gemellatus (Heerrich-

Schaeffer 1835)

21 +

Lygus pratensis (Linneaus

1758)

24 +

Lygus rugulipennis Poppius

1911

8 +

Halticus apterus (Linnaeus

1758)

9 +

Apolygus lucorum (Meyer-

Dur 1843)

24 +

Pentatomidae Dolycoris bacarrum (Linnaeus

1758)

21, 24 +

Eurydema oleracea (Linnaeus

1758)

24 +

Nezara viridula (Linnaeus

1758)

9, 26 +

Piezodorus sp. Fieber 1861 9 +

Anthocoridae Anthocoris sp. Fallen 1814 9 +

Orius niger Woolf 1811 6 +

Nabidae Nabis (Nabis) ferus Linnaeus

1758

6, 9 + +

Nabis feroides Wagner 1967 6 +

Nabis pseudoferus Remane

1949

6 +

Homoptera Membracidae Sctictocephala bisonia Koop

& Yonke

9, 22, 24 + +

Cicadella viridis (Linnaeus

1758)

9 +

Aphididae Aphis craccivora Koch 1854 21 +
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Order Suborder Family Species Literature

source

Croatia Neighboring

countries

Diaspididae Lepidosaphes sp. Shimer

1898

21 +

Coleoptera Elateridae Agriotes ustulatus Schaller

1793

15

Agriotes sp. Eschscholtz 1829 15 +

Scarabaeidae Anomala sp. Schoenherr

1817

21 +

Anobiidae Stegobium paniceum

(Linnaeus 1758)

21 +

Cocinelidae Subcocinella

vigintiquatuorpunctata

(Linnaeus 1758)

9, 21 + +

Chrysomelidae Longitarsus sp. Berthold

1827

9 +

Phylotreta undulata

Kutschera 1860

9 +

Haltica oleracea Linnaeus

1758

9 +

Lathiridae Corticaria sp. Marsham 1802 9 +

Curculionidae Phyllobius sp. Germar 1824 9 +

Sitophillus sp. Schnherr, 1838 9 +

Lepidoptera Gracilariidae Phylonorycter insignitella

Zeller 1846

24 +

Pyralidae Etiella zinckenella (Treitschke

1832)

8, 9, 14, 21 + +

Crambidae Udea ferrugalis Hubner 1796 21 +

Tortricidae Olethreutes lacunana

Freeman 1941

21 +

Grapholita compositella

Fabricius 1775

24 +

Lymanthridae Orgya gonostigma L. 21 +

Geometridae Ascotis selenaria Dennis &

Schiffermuller 1775

21 +

Nymphalidae Vanessa cardui Linnaeus

1758

9, 20, 23,

24, 25, 27,

28, 29

+ +

Noctuidae Acronicta (Viminia) rumicis

(Linnaeus 1758)

21 +
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Order Suborder Family Species Literature

source

Croatia Neighboring

countries

Chloridea dipsacea L.

(Heliothis viriplaca (Hufnagel,

1766))

21 +

Phragmatobia fuliginosa

(Linnaeus 1758)

21 +

Autographa gamma

(Linnaeus 1758)

7, 8 +

Helicoverpa armigera

(Hubner 1808)

7, 8 +

Mamestra sp. Ochensheimer

1816

7, 8 +

Diptera Cecidomyidae Clinodiplosis trotteri =

Anabremia trotteri (Kieffer

1909)

21 +

Acarolestes tetranychorum

(Kiefer 1909)

21 +

Anthomyiidae Delia platura (Meigen 1826) 8 +

Agromyzidae Lyriomyza congesta (Becker

1903)

21 +

Prostigmata Tetranychidae Tetranychus urticae Koch

1836

7, 8, 9, 10,

12, 13, 16,

17, 19

+ +

Tetranicuhus atlanticus = T.

turkestani Ugarov & Nikolskii

1937

7, 8, 9, 10,

16, 17, 19,

24

+ +

Tetranychus tumidus Banks

1900

24 +

Table 1. Arthropod species established to damage soybean in Croatia and neighburing countries

In only one investigation which was carried out in Serbia [21] beneficial fauna on soybean
was recorded. Only three predatory species were established, Coccinella septempunctata L.
(Coleoptera: Coccinelidae), Chrysopa carnea Stephens (Neuroptera: Chrysopidae) and Acaro‐
lestes tetranychorum Kief. (Diptera: Cecidomyidae). There are no similar investigations con‐
ducted in Croatia but, out of all species listed [9] as potential members of entomofauna of
soybean, two species (Anthocoris sp. Fallen and Nabis (Nabis) ferus L.) are listed as potential
beneficial insects.

The subject of pest control is rarely discussed without the reference to the concept of inte‐
grated pest management (IPM). IPM is essentially a holistic approach to pest control that
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Order Suborder Family Species Literature

source

Croatia Neighboring

countries
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Table 1. Arthropod species established to damage soybean in Croatia and neighburing countries

In only one investigation which was carried out in Serbia [21] beneficial fauna on soybean
was recorded. Only three predatory species were established, Coccinella septempunctata L.
(Coleoptera: Coccinelidae), Chrysopa carnea Stephens (Neuroptera: Chrysopidae) and Acaro‐
lestes tetranychorum Kief. (Diptera: Cecidomyidae). There are no similar investigations con‐
ducted in Croatia but, out of all species listed [9] as potential members of entomofauna of
soybean, two species (Anthocoris sp. Fallen and Nabis (Nabis) ferus L.) are listed as potential
beneficial insects.

The subject of pest control is rarely discussed without the reference to the concept of inte‐
grated pest management (IPM). IPM is essentially a holistic approach to pest control that
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seeks to optimize the use of a combination of methods to manage whole spectrum of pests
within particular cropping system. IPM relies heavily on biological controls with a perspec‐
tive chemical input only as a last resort. For effective control, there needs to be an under‐
standing of a pest’s interaction with its environment. This is so called concept of “life
system” which was initially conceived by Clark et al. [31] to reinforce the idea that popula‐
tion cannot be considered apart from the ecosystem with which it interacts. The life system
consists of the pest population plus its “effective environment”. Most ecological pest man‐
agement concentrates on the agro-ecosystem, defined as “effective environment” at the crop
level [32]. Monitoring in insect pest management can be used to determine the geographical
distribution of pests, to assess the effectiveness of control measures, but in its widest sense
monitoring is the process of measuring the variables required for the development and use
of forecast to predict pest outbreaks [33]. Such forecasts are an important component of pest
management strategies because a warning of the timing and extent of pest attack can im‐
prove the efficiency of control measures. For successful pest control according to the princi‐
ples of IPM it is of great importance to have deep knowledge in harmful and beneficial
arthoropods in particular agro-ecological conditions.

The study was conducted to determine the harmful and beneficial arthropod fauna during
the soybean growing season, and based on their dynamic of occurrence and abundance to
identify the harmful and beneficial species of greater importance for soybean production in
Croatia.

2. Materials and methods

Research was conducted on experimental field located in Zagreb. The soybean variety Zlata
(BC Institute Zagreb, Croatia) was planted on April 27th 2010 on an experimental area of 162
m2. The average plant density was 630.000 plants/ha. Soybean variety Zlata belongs to the
maturity group “0” and according to the information given by producers [34] it has a
“good” tolerance to pests and diseases. In order to control weeds gyphosate (pre-sowing),
metribuzin, metholachlor and clomazone (in the phase of the first trifoliate - V1, according
to [35]) and bentazon (in the phase of the third trifoliate - V3) were applied.

Sweep net sampling consisted of making a set of 50 sweeps across three rows of soybeans
while walking down the row [36]. A 30 cm diameter sweep net was used. Sampling began
when soybeans were in the beginning of flowering (R1) on June 24th 2010 and continued
through September 9th 2010 when plants reached physiological maturity (R7). Weekly sam‐
pling was done on the same day each week in late morning. It was performed for 12 weeks.
At each sampling date four samples were collected.

Whole plant counts were conducted on 10 plants per each of four replicates. As it was pro‐
posed by Kogan and Pitre [36] randomly selected plants were initially scanned for large, of‐
ten fast moving species. After the initial scan, both sides of each leaf on the plant were
searched, as were petioles, axils and stems. Additionally, one leaf per plant was collected at
each whole plant count date to establish mite population by leaf inspection. Therefore, four
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samples each containing 10 leaves were transported to laboratory to be examined under the
stereomicroscope and all life stages of mites were counted [37]. Whole plant counts and leaf
collection began one week later than sweep net sampling i.e. on July 1st 2010 and continued
through September 9th 2010. It was performed for 11 weeks.

All collected insects were identified to the family or genus and species (if possible). For iden‐
tifying insects identification keys were used [38-42].

Based on the number of all individuals, cenological characteristics (dominance and frequen‐
cy) of the insect orders and families (where appropriate) were determined [43].

The dominance was calculated by Balogh formula:

D1=
a1

∑ ai
x100

Where: a1 = number of identified specimens of one species;

Σa1 = total number of all collected specimens.

The frequency was calculated by Balogh formula:

Ca1 =
Ua1

∑ Ui
x 100

Where: Ua1 = number of samples with identified species;

∑Ui = total number of samples.

3. Results and discussion

The total catch was 1357 specimens which belong to six orders: Thysanoptera, Hemiptera,
Coleoptera, Lepidoptera, Diptera and Prostigmata (Table 2).

Out of 1357 specimens, only 73 individuals (5.37%) belong to beneficial fauna (mostly preda‐
tors), while all other collected specimens are herbivorous and therefore potential pests on
soybean. All found beneficials belonged to predators and majority of them (70 individuals)
belong to Hemiptera what confirms the statement of Ketzschmar [44] that predaceous Hem‐
iptera are usually more abundant in soybean fields than all other insect predators combined.
In earlier investigations [21] conducted in Serbia no predaceous Hemiptera have been found
while more recent investigations in Serbia [6] and in Croatia [9] stated that they are present
in soybean crops. All predaceous Hemiptera feed on a wide range of hosts and may extend
this polyphagy to plant feeding to some extent [45]. Such plant feeding causes no damage to
row crops but almost certainly has survival value for the predators by maintaining popula‐
tions where prey are scarce or absent. Some of the species which belong to family Pentato‐
midae are also recognized as predators [45]. Since some of the individuals collected in our
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seeks to optimize the use of a combination of methods to manage whole spectrum of pests
within particular cropping system. IPM relies heavily on biological controls with a perspec‐
tive chemical input only as a last resort. For effective control, there needs to be an under‐
standing of a pest’s interaction with its environment. This is so called concept of “life
system” which was initially conceived by Clark et al. [31] to reinforce the idea that popula‐
tion cannot be considered apart from the ecosystem with which it interacts. The life system
consists of the pest population plus its “effective environment”. Most ecological pest man‐
agement concentrates on the agro-ecosystem, defined as “effective environment” at the crop
level [32]. Monitoring in insect pest management can be used to determine the geographical
distribution of pests, to assess the effectiveness of control measures, but in its widest sense
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prove the efficiency of control measures. For successful pest control according to the princi‐
ples of IPM it is of great importance to have deep knowledge in harmful and beneficial
arthoropods in particular agro-ecological conditions.

The study was conducted to determine the harmful and beneficial arthropod fauna during
the soybean growing season, and based on their dynamic of occurrence and abundance to
identify the harmful and beneficial species of greater importance for soybean production in
Croatia.

2. Materials and methods

Research was conducted on experimental field located in Zagreb. The soybean variety Zlata
(BC Institute Zagreb, Croatia) was planted on April 27th 2010 on an experimental area of 162
m2. The average plant density was 630.000 plants/ha. Soybean variety Zlata belongs to the
maturity group “0” and according to the information given by producers [34] it has a
“good” tolerance to pests and diseases. In order to control weeds gyphosate (pre-sowing),
metribuzin, metholachlor and clomazone (in the phase of the first trifoliate - V1, according
to [35]) and bentazon (in the phase of the third trifoliate - V3) were applied.

Sweep net sampling consisted of making a set of 50 sweeps across three rows of soybeans
while walking down the row [36]. A 30 cm diameter sweep net was used. Sampling began
when soybeans were in the beginning of flowering (R1) on June 24th 2010 and continued
through September 9th 2010 when plants reached physiological maturity (R7). Weekly sam‐
pling was done on the same day each week in late morning. It was performed for 12 weeks.
At each sampling date four samples were collected.

Whole plant counts were conducted on 10 plants per each of four replicates. As it was pro‐
posed by Kogan and Pitre [36] randomly selected plants were initially scanned for large, of‐
ten fast moving species. After the initial scan, both sides of each leaf on the plant were
searched, as were petioles, axils and stems. Additionally, one leaf per plant was collected at
each whole plant count date to establish mite population by leaf inspection. Therefore, four
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samples each containing 10 leaves were transported to laboratory to be examined under the
stereomicroscope and all life stages of mites were counted [37]. Whole plant counts and leaf
collection began one week later than sweep net sampling i.e. on July 1st 2010 and continued
through September 9th 2010. It was performed for 11 weeks.

All collected insects were identified to the family or genus and species (if possible). For iden‐
tifying insects identification keys were used [38-42].

Based on the number of all individuals, cenological characteristics (dominance and frequen‐
cy) of the insect orders and families (where appropriate) were determined [43].

The dominance was calculated by Balogh formula:

D1=
a1

∑ ai
x100

Where: a1 = number of identified specimens of one species;

Σa1 = total number of all collected specimens.

The frequency was calculated by Balogh formula:

Ca1 =
Ua1

∑ Ui
x 100

Where: Ua1 = number of samples with identified species;

∑Ui = total number of samples.

3. Results and discussion

The total catch was 1357 specimens which belong to six orders: Thysanoptera, Hemiptera,
Coleoptera, Lepidoptera, Diptera and Prostigmata (Table 2).

Out of 1357 specimens, only 73 individuals (5.37%) belong to beneficial fauna (mostly preda‐
tors), while all other collected specimens are herbivorous and therefore potential pests on
soybean. All found beneficials belonged to predators and majority of them (70 individuals)
belong to Hemiptera what confirms the statement of Ketzschmar [44] that predaceous Hem‐
iptera are usually more abundant in soybean fields than all other insect predators combined.
In earlier investigations [21] conducted in Serbia no predaceous Hemiptera have been found
while more recent investigations in Serbia [6] and in Croatia [9] stated that they are present
in soybean crops. All predaceous Hemiptera feed on a wide range of hosts and may extend
this polyphagy to plant feeding to some extent [45]. Such plant feeding causes no damage to
row crops but almost certainly has survival value for the predators by maintaining popula‐
tions where prey are scarce or absent. Some of the species which belong to family Pentato‐
midae are also recognized as predators [45]. Since some of the individuals collected in our
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investigation were classified as family Pentatomidae but, were not identified to the species,
it is possible that some of them are predaceous as well.

ORDER FAMILY GENUS SPECIES TOTAL NUMBER OF INDIVIDUALS CAPTURED

BY

SWEEP NET WHOLE

PLANT

COUNTS

LEAF INSPECTION

Thysanoptera * 52 12

Hemiptera Miridae Halticus apterus 44 3

Lygus Hahn

1833

sp. 4

Nabidae Nabis ferus

Linnaeus

1758

55

Anthocoridae * 3 8

Pentatomidae * 12

Nezara viridula

Linnaeus

1758

472 181

Piezodorus sp. Fieber

1861

28

Membracidae Stictocephala bisonia Kopp

& Yonke

1977

2

Cicadellidae Cicadella viridis

Linnaeus

1758

3

Coleoptera Coccinelidae * 3

Chrysomelidae Phyllotreta undulata

Kutschera

1860

4

Haltica oleracea

Linnaeus

1758

7

Longitarsus

Berthold 1827

sp. 2 1

Latridiidae Corticaria

Marsham 1802

sp. 21
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ORDER FAMILY GENUS SPECIES TOTAL NUMBER OF INDIVIDUALS CAPTURED

BY

SWEEP NET WHOLE

PLANT

COUNTS

LEAF INSPECTION

Curculionidae * 1* 1* 1

Phyllobius

Germar 1824

sp. 5

Sitophillus

Schnherr, 1838

sp. 1

Lepidoptera * 2

Nymphalidae Vanessa cardui

Linnaeus

1758

7

Noctuidae 15

Diptera Nematocera * 1

* 16

Prostigmata Tetranychidae Tetranychus urticae Koch

1836

387

TOTAL 759 211 387

* Identification was not possible; Beneficial species are marked in grey;

Table 2. Arthropod species established during the soybean vegetation in 2010 by three different methods

Using the entomological net, 759 individuals were collected, whereas 211 individuals were
gathered by whole plant counts and 387 individuals by leaf inspection.

3.1. Sweep net sampling

Number of arthropod individuals collected by sweep net sampling was the highest among
the three methods applied. Using these methods, species belonging to 20 different systemat‐
ic categories were collected. The collected individuals belonged to five insect orders, Thysa‐
noptera, Hemiptera, Coleoptera, Lepidoptera and Diptera. The abundance of insect orders
established by sweep net sampling is shown in Figure 2.

Order Hemiptera was present in the sweep net sampling in the highest abundance (82.48%).
The same order was the most frequent. It was present in 87.5% of all samples obtained by
sweep net sampling. Order Coleoptera was present in 57.5% of all samples and was desig‐
nated as constant. Other orders (Thysanoptera, Lepidoptera and Diptera) were less frequent;
they were present in 30-37.5% of all samples. Investigations conducted in different agro-eco‐
systems showed that the sweep net sampling is the most effective method to collect different
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Table 2. Arthropod species established during the soybean vegetation in 2010 by three different methods

Using the entomological net, 759 individuals were collected, whereas 211 individuals were
gathered by whole plant counts and 387 individuals by leaf inspection.

3.1. Sweep net sampling

Number of arthropod individuals collected by sweep net sampling was the highest among
the three methods applied. Using these methods, species belonging to 20 different systemat‐
ic categories were collected. The collected individuals belonged to five insect orders, Thysa‐
noptera, Hemiptera, Coleoptera, Lepidoptera and Diptera. The abundance of insect orders
established by sweep net sampling is shown in Figure 2.

Order Hemiptera was present in the sweep net sampling in the highest abundance (82.48%).
The same order was the most frequent. It was present in 87.5% of all samples obtained by
sweep net sampling. Order Coleoptera was present in 57.5% of all samples and was desig‐
nated as constant. Other orders (Thysanoptera, Lepidoptera and Diptera) were less frequent;
they were present in 30-37.5% of all samples. Investigations conducted in different agro-eco‐
systems showed that the sweep net sampling is the most effective method to collect different
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leaf feeding pests as are leafhoppers [46], lepidopterous larvae [46, 47], leaf feeding Coleop‐
tera [48] and phytophagous Pentatomidae [49] as well as predaceous Hemiptera [45].

3.2. Whole plant count

The lowest number of individuals was established by whole plant count method. The major‐
ity of established individuals belonged to order Hemiptera. Only few Thysanoptera and
Lepidoptera were established by this method. Some authors stated that this method is suita‐
ble for larvae of Lepidoptera [46, 47] and for phytophagous thryps [50]. There are no data on
any damage caused by any phytophagous thrips in Croatia while Vanessa cardui L. was re‐
corded in previous investigations as important pest.

3.3. Leaf sampling and inspection

The only species established by leaf inspection was T. urticae. It was proved that this method
is good for establishing population of phytophagous thrips [48], whiteflies [49] and mites
[35]. It is obviously that out of these three groups, only phytophagus mites were present in
experimental field.

3.4. Collected species: abundance and importance

Sampling arthropod populations is a cornerstone of basic research on agricultural ecosys‐
tems and the principal tool for building and implementing pest management programs. The
purpose of sampling is dual, it is a research method for defining the nature and dynamics of
communities in agricultural ecosystems and it is also a mean for providing pest manage‐
ment decision. The purpose of sampling in our investigation was to get deep knowledge on
pest and beneficial species present in soybean crop. Conducted investigation encompassed
three most common sampling methods for investigations of soybean arthropod fauna. The
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need to encompass all three methods is confirmed later by the fact that species identified by
each particular method differ. By employed methods we were able to get all relevant data
on above ground arthropod fauna that could be found on soybean canopy. We did not aim
to collect information on underground soybean arthropods and ground predators in soy‐
bean fields. To collect this information we should use common methods for sampling soil
arthropods, soil samples and extraction [51] or pitfall trapping [48]. Some of earlier research‐
es on soybean arthropod fauna in the region collected information on underground soybean
arthropods but, no research did pay attention on ground predators in soybean field. No re‐
searches among all conducted [6-29] did pay attention to abundance and frequency of par‐
ticular orders, genus or species as well, so it is not possible to compare if there are some
discrepancies with the results of previous researches.

Individuals that belonged to the order Thysanoptera have been found by sweep net sam‐
pling in highest abundance than by whole plan counts, and they haven’t been found by leaf
inspection at all. In Serbia one phytophagous thrips species (Frankliniella intonsa Trybom) on
soybean has been identified [21]. Since in our investigation thrips were not established by
leaf sampling and inspection, it could be concluded that they did not feed and develop on
soybean. It might be that those species are predaceous because it is reported [52] that thrips
are natural enemies of different pests. Important predaceous genera of thrips are Aelothrips
Haliday, Franklinothrips Back, Scolothrips Hinds, Leptothrips Hood, Karnyothrips Watson and
Podothrips Hood. Within the genus Aeolothrips, the species Aeolothrips intermedius Bagnall is
distributed throughout western and eastern Europe [53], the middle East and India but now
it can be considered cosmopolitan [54]. Comparative tests by many authors [53, 55, 56] using
different types of prey (including various species of Thysanoptera), suggested that both the
larvae and the adult females are generic predators, even though they present marked diet‐
ary preferences. In Italy [57] A. intermedius was detected in association with various different
phytophagous Thysanoptera, which included T. tabaci but also frequently F. occidentalis on
many different plant species including legume species Medicago sativa L. Predaceous thyrips
belonging to the genus Aelothips are reported as important predators of T. urticae in soyben
crops in north-eastern Italy [58]. Franklinothrips sp. adults and larvae are generalist predators
and attack a wide variety of arthropod pests including two spotted spider mite (T. urticae)
[59]. Genus Scolothrips is counting six species in Europe [60], and one of them, Scolothrips
longicornis Priesner is a predator of T. urticae [61] and T. turkestani [62]. Both pest species are
registered as soybean pests in Croatia. Genus Leptothrips is not present in Europe [60]. Genus
Karnyothrips is counting three species in Europe [60]. Some species are reported as predators
of scale insects [63]. Genus Podothrips is known as grass-living genus. It counts only two spe‐
cies in Europe present only in Italy and Cyprus [60]. Since identification to the species was
not possible, we cannot state which species of Thysanoptera were present.

Individuals belonging to six families of the order Hemiptera were identified in our research.
Four families belong to the suborder Heteroptera (so called typical bugs) and two families
belong to the suborder Homoptera.

Family Miridae was presented by genus Lygus sp. Four individuals were captured. Identifi‐
cation to species was not possible. Species belonged to the genus Lygus were reported by
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leaf feeding pests as are leafhoppers [46], lepidopterous larvae [46, 47], leaf feeding Coleop‐
tera [48] and phytophagous Pentatomidae [49] as well as predaceous Hemiptera [45].

3.2. Whole plant count

The lowest number of individuals was established by whole plant count method. The major‐
ity of established individuals belonged to order Hemiptera. Only few Thysanoptera and
Lepidoptera were established by this method. Some authors stated that this method is suita‐
ble for larvae of Lepidoptera [46, 47] and for phytophagous thryps [50]. There are no data on
any damage caused by any phytophagous thrips in Croatia while Vanessa cardui L. was re‐
corded in previous investigations as important pest.

3.3. Leaf sampling and inspection

The only species established by leaf inspection was T. urticae. It was proved that this method
is good for establishing population of phytophagous thrips [48], whiteflies [49] and mites
[35]. It is obviously that out of these three groups, only phytophagus mites were present in
experimental field.

3.4. Collected species: abundance and importance

Sampling arthropod populations is a cornerstone of basic research on agricultural ecosys‐
tems and the principal tool for building and implementing pest management programs. The
purpose of sampling is dual, it is a research method for defining the nature and dynamics of
communities in agricultural ecosystems and it is also a mean for providing pest manage‐
ment decision. The purpose of sampling in our investigation was to get deep knowledge on
pest and beneficial species present in soybean crop. Conducted investigation encompassed
three most common sampling methods for investigations of soybean arthropod fauna. The

6.85%

82.48%

5.67%
2.90%2.11%

Thysanoptera Hemiptera Coleoptera Lepidoptera Diptera

Figure 2. Abundance of insect orders collected by sweep net sampling of soybean crop, Zagreb, 2010

Soybean - Pest Resistance122

need to encompass all three methods is confirmed later by the fact that species identified by
each particular method differ. By employed methods we were able to get all relevant data
on above ground arthropod fauna that could be found on soybean canopy. We did not aim
to collect information on underground soybean arthropods and ground predators in soy‐
bean fields. To collect this information we should use common methods for sampling soil
arthropods, soil samples and extraction [51] or pitfall trapping [48]. Some of earlier research‐
es on soybean arthropod fauna in the region collected information on underground soybean
arthropods but, no research did pay attention on ground predators in soybean field. No re‐
searches among all conducted [6-29] did pay attention to abundance and frequency of par‐
ticular orders, genus or species as well, so it is not possible to compare if there are some
discrepancies with the results of previous researches.

Individuals that belonged to the order Thysanoptera have been found by sweep net sam‐
pling in highest abundance than by whole plan counts, and they haven’t been found by leaf
inspection at all. In Serbia one phytophagous thrips species (Frankliniella intonsa Trybom) on
soybean has been identified [21]. Since in our investigation thrips were not established by
leaf sampling and inspection, it could be concluded that they did not feed and develop on
soybean. It might be that those species are predaceous because it is reported [52] that thrips
are natural enemies of different pests. Important predaceous genera of thrips are Aelothrips
Haliday, Franklinothrips Back, Scolothrips Hinds, Leptothrips Hood, Karnyothrips Watson and
Podothrips Hood. Within the genus Aeolothrips, the species Aeolothrips intermedius Bagnall is
distributed throughout western and eastern Europe [53], the middle East and India but now
it can be considered cosmopolitan [54]. Comparative tests by many authors [53, 55, 56] using
different types of prey (including various species of Thysanoptera), suggested that both the
larvae and the adult females are generic predators, even though they present marked diet‐
ary preferences. In Italy [57] A. intermedius was detected in association with various different
phytophagous Thysanoptera, which included T. tabaci but also frequently F. occidentalis on
many different plant species including legume species Medicago sativa L. Predaceous thyrips
belonging to the genus Aelothips are reported as important predators of T. urticae in soyben
crops in north-eastern Italy [58]. Franklinothrips sp. adults and larvae are generalist predators
and attack a wide variety of arthropod pests including two spotted spider mite (T. urticae)
[59]. Genus Scolothrips is counting six species in Europe [60], and one of them, Scolothrips
longicornis Priesner is a predator of T. urticae [61] and T. turkestani [62]. Both pest species are
registered as soybean pests in Croatia. Genus Leptothrips is not present in Europe [60]. Genus
Karnyothrips is counting three species in Europe [60]. Some species are reported as predators
of scale insects [63]. Genus Podothrips is known as grass-living genus. It counts only two spe‐
cies in Europe present only in Italy and Cyprus [60]. Since identification to the species was
not possible, we cannot state which species of Thysanoptera were present.

Individuals belonging to six families of the order Hemiptera were identified in our research.
Four families belong to the suborder Heteroptera (so called typical bugs) and two families
belong to the suborder Homoptera.

Family Miridae was presented by genus Lygus sp. Four individuals were captured. Identifi‐
cation to species was not possible. Species belonged to the genus Lygus were reported by
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different authors [6, 8, 21, 24] to feed on soybean crops in Bosnia and Herzegovina and Ser‐
bia as well as in Croatia [9] without causing serious damages. More numerous were individ‐
uals of Halticus apterus. This species is distributed through Mediterranean region [64]. It was
reported to feed on soybean only in Croatia [9]. Other research showed that it feeds on some
legume plants such as Medicago sativa L., Lotus corniculatus L. and Trifolium repens L. in Italy,
and also to be able to cause damages on onions and Gallium [64]. Since it was not reported
as serious pest of soybean anywhere, it should be monitored in the future but the probabili‐
ty for this species to become important pest of soybean is low.

Family Nabidae was represented with one species, N. ferus. The same species was previ‐
ously reported in Croatia [9] and in Serbia [6]. Additionally two other species of this ge‐
nus, N. feroides and N. pseudoferus, were reported in Serbia [6]. The density of N. ferus was
moderate,  total  of  55  individuals  were  captured.  This  species  was  reported as  common
predator species in Ukraine [65]. Aphids are the principal prey insects for this species, but
numerous other families are acceptable, including other bugs [65]. Because of its possible
importance in soybean agro-ecosystems, the dynamic of the appearance of this species will
be further analyzed.

Eleven individuals belonging to family Anthocoridae were captured in our investigation.
Family Anthocoridae was previously reported in soybean in Croatia [9] and in Serbia [6].
This family is mentioned as one of the most important predaceous family of Heteroptera in
soybean crops [45]. Within the family Anthocoridae, members of the genus Orius occur as
predators in soybean fields all around the world [45]. The species Orius niger Woolf has been
found in soybean fields in Serbia [6]. In some areas, species of the genus Anthocoris Fallen
are probably also important predators in soybean [45]. Captured individuals were not iden‐
tified to the species so it is not possible to discuss which genus was the most abundant in
our investigations.

Among the established Hemiptera, family Pentatomidae was the most abundant. Altogeth‐
er 512 individuals were found in sweep-net samples and 181 individuals by whole plant
counts. The most abundant species was the southern green stink bug, Nezara viridula L. This
species was reported as present in Croatia [9]. Recently the serious damages caused by this
species were reported in Croatia [26]. It is not mentioned as serious pest in neighboring
countries, while it was mentioned as serious threat to soybeans in Italy [58, 66]. It was re‐
ported [49] as one of the most abundant phytophagous stink bugs on soybean worldwide
among of almost 40 species of stink bugs that have been found on soybean. Due to high
number of captured individuals and registered damages caused by this species, it might be
identified as one of the potential pests on soybean in Croatia. Therefore the dynamic of the
appearance will be further analyzed. Species belonging to phytophagous genus Piezodorus
were captured in lower number. Genus Piezodorus was reported as possible pest genus in
Croatia [9] and in Italy [58]. The importance of the species P. guildinii Westwood is increas‐
ing in USA as well as in Brazil. This species was observed for the first time in southern Loui‐
siana in 2000 and since 2002, it has been a significant pest of soybean [67]. At present,
Eustichus heros (F.) and P. guildinii are more widespread and occur in greater numbers than
N. viridula, and P. guildinii is principally responsible for the green bean syndrome observed
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in Brazilian soybean [68]. Genus Piezodorus is counting three species in Europe [60]. Twelve
individuals, members of family Pentatomidae remained unidentified. It is possible that
some of them are phytophagous. Also it is possible that some of them are predators because
species which belong to family Pentatomidae are also recognized as predators [45].

Two families each represented with one species from the suborder Homoptera have been
collected in low numbers. Stictocephala bisonia was reported to feed on soybean in Croatia
[9], Serbia [21] and Bosnia and Herzegovina [24]. The second identified species was Cicadella
viridis. This species was registered to feed on soybean in Croatia [9] but without significant
damage. Within the USA, potato leafhopper (Empoasca fabae Harris) is the most important
leafhopper species [69]. Even though aphids are recognized as a regular part of entomofau‐
na of soybean, we did not record them. Several species of aphids are known to attack soy‐
bean crops. The most important species in North America is Aphis gyicines Matsumura [70,
71]. This species is not registered in Europe [60]. Some other species of aphids that are mem‐
bers of the fauna of Europe [60] and Croatia [72, 73] successfully colonize and reproduce
parthenogenetically on soybean [71]: A. craccivora Koch, Aulacorthum solani (Kaltenbach) and
Aphys gossypii Glover.

Out of four families of the order Coleoptera that were identified, one represents mainly pre‐
daceous species (family Coccinelidae). Some species of the family Coccinelidae are reported
as the members of arthropod fauna on soybean in Croatia and Serbia [9, 21]. Species Epilach‐
na varivestris Mulsant is known as a soybean pest in USA [48]. Three species of the phytoph‐
agous genus Epilachna are present in Europe, including Croatia [60] but only in Dalmatia
where soybean cultivation is not common. Individuals from the genus Corticaria, family La‐
tridiidae were the most numerous. Adults and larvae of this family feed on the conidia of
fungi and Myxomycetes [74]. All found species from the order Coleoptera were previously
listed as potential members of soybean fauna in Croatia [9] but, due to the low populations,
their potential to be significant pests or predators is not very high. We did not employ any
method for sampling soil dwelling insects or underground fauna. Therefore we did not col‐
lect the species which belong to families Elateridae and Scarabaeidae that are known as pol‐
yphagous soil pests that could cause damage on soybean crops [15, 21].

Only 22 individuals from order Lepidoptera were collected. Painted Lady (Vanessa cardui)
was the only identified species. Other specimens were classified into the family Noctuidae.
V. cardui was previously recorded to significantly damage soybean in Croatia [9, 25, 27, 29]
and in neighboring countries [20, 23]. The outbreak of this pest is periodical. Higher popula‐
tion could be expected in weedy soybean fields because females are attracted by pollen
sources and heavy plant density [25]. There are many of species from the family of Noctui‐
dae and from the other families, members of the order Lepidoptera which could cause the
damage but, until now, serious damage in Croatia was reported only by V. cardui. In USA,
the most important lepidopterous species are Anticarsia gemmatalis (Hubner), Pseudoplusia in‐
cludens (Walker), Trichoplusia ni (Hubner), Platypena scabra F., Heliothis zea Boddie, Heliothis
virescens (Fabricius) and Heliothis (=Helicoverpa) armigera (Hubner) [46, 47, 75]. Except T. ni
and H. armigera, other species are not distributed in Europe [60]. H. armigera is often men‐
tioned as one of the potentially very dangerous species. Because of its invasive nature this
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different authors [6, 8, 21, 24] to feed on soybean crops in Bosnia and Herzegovina and Ser‐
bia as well as in Croatia [9] without causing serious damages. More numerous were individ‐
uals of Halticus apterus. This species is distributed through Mediterranean region [64]. It was
reported to feed on soybean only in Croatia [9]. Other research showed that it feeds on some
legume plants such as Medicago sativa L., Lotus corniculatus L. and Trifolium repens L. in Italy,
and also to be able to cause damages on onions and Gallium [64]. Since it was not reported
as serious pest of soybean anywhere, it should be monitored in the future but the probabili‐
ty for this species to become important pest of soybean is low.

Family Nabidae was represented with one species, N. ferus. The same species was previ‐
ously reported in Croatia [9] and in Serbia [6]. Additionally two other species of this ge‐
nus, N. feroides and N. pseudoferus, were reported in Serbia [6]. The density of N. ferus was
moderate,  total  of  55  individuals  were  captured.  This  species  was  reported as  common
predator species in Ukraine [65]. Aphids are the principal prey insects for this species, but
numerous other families are acceptable, including other bugs [65]. Because of its possible
importance in soybean agro-ecosystems, the dynamic of the appearance of this species will
be further analyzed.

Eleven individuals belonging to family Anthocoridae were captured in our investigation.
Family Anthocoridae was previously reported in soybean in Croatia [9] and in Serbia [6].
This family is mentioned as one of the most important predaceous family of Heteroptera in
soybean crops [45]. Within the family Anthocoridae, members of the genus Orius occur as
predators in soybean fields all around the world [45]. The species Orius niger Woolf has been
found in soybean fields in Serbia [6]. In some areas, species of the genus Anthocoris Fallen
are probably also important predators in soybean [45]. Captured individuals were not iden‐
tified to the species so it is not possible to discuss which genus was the most abundant in
our investigations.

Among the established Hemiptera, family Pentatomidae was the most abundant. Altogeth‐
er 512 individuals were found in sweep-net samples and 181 individuals by whole plant
counts. The most abundant species was the southern green stink bug, Nezara viridula L. This
species was reported as present in Croatia [9]. Recently the serious damages caused by this
species were reported in Croatia [26]. It is not mentioned as serious pest in neighboring
countries, while it was mentioned as serious threat to soybeans in Italy [58, 66]. It was re‐
ported [49] as one of the most abundant phytophagous stink bugs on soybean worldwide
among of almost 40 species of stink bugs that have been found on soybean. Due to high
number of captured individuals and registered damages caused by this species, it might be
identified as one of the potential pests on soybean in Croatia. Therefore the dynamic of the
appearance will be further analyzed. Species belonging to phytophagous genus Piezodorus
were captured in lower number. Genus Piezodorus was reported as possible pest genus in
Croatia [9] and in Italy [58]. The importance of the species P. guildinii Westwood is increas‐
ing in USA as well as in Brazil. This species was observed for the first time in southern Loui‐
siana in 2000 and since 2002, it has been a significant pest of soybean [67]. At present,
Eustichus heros (F.) and P. guildinii are more widespread and occur in greater numbers than
N. viridula, and P. guildinii is principally responsible for the green bean syndrome observed
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in Brazilian soybean [68]. Genus Piezodorus is counting three species in Europe [60]. Twelve
individuals, members of family Pentatomidae remained unidentified. It is possible that
some of them are phytophagous. Also it is possible that some of them are predators because
species which belong to family Pentatomidae are also recognized as predators [45].

Two families each represented with one species from the suborder Homoptera have been
collected in low numbers. Stictocephala bisonia was reported to feed on soybean in Croatia
[9], Serbia [21] and Bosnia and Herzegovina [24]. The second identified species was Cicadella
viridis. This species was registered to feed on soybean in Croatia [9] but without significant
damage. Within the USA, potato leafhopper (Empoasca fabae Harris) is the most important
leafhopper species [69]. Even though aphids are recognized as a regular part of entomofau‐
na of soybean, we did not record them. Several species of aphids are known to attack soy‐
bean crops. The most important species in North America is Aphis gyicines Matsumura [70,
71]. This species is not registered in Europe [60]. Some other species of aphids that are mem‐
bers of the fauna of Europe [60] and Croatia [72, 73] successfully colonize and reproduce
parthenogenetically on soybean [71]: A. craccivora Koch, Aulacorthum solani (Kaltenbach) and
Aphys gossypii Glover.

Out of four families of the order Coleoptera that were identified, one represents mainly pre‐
daceous species (family Coccinelidae). Some species of the family Coccinelidae are reported
as the members of arthropod fauna on soybean in Croatia and Serbia [9, 21]. Species Epilach‐
na varivestris Mulsant is known as a soybean pest in USA [48]. Three species of the phytoph‐
agous genus Epilachna are present in Europe, including Croatia [60] but only in Dalmatia
where soybean cultivation is not common. Individuals from the genus Corticaria, family La‐
tridiidae were the most numerous. Adults and larvae of this family feed on the conidia of
fungi and Myxomycetes [74]. All found species from the order Coleoptera were previously
listed as potential members of soybean fauna in Croatia [9] but, due to the low populations,
their potential to be significant pests or predators is not very high. We did not employ any
method for sampling soil dwelling insects or underground fauna. Therefore we did not col‐
lect the species which belong to families Elateridae and Scarabaeidae that are known as pol‐
yphagous soil pests that could cause damage on soybean crops [15, 21].

Only 22 individuals from order Lepidoptera were collected. Painted Lady (Vanessa cardui)
was the only identified species. Other specimens were classified into the family Noctuidae.
V. cardui was previously recorded to significantly damage soybean in Croatia [9, 25, 27, 29]
and in neighboring countries [20, 23]. The outbreak of this pest is periodical. Higher popula‐
tion could be expected in weedy soybean fields because females are attracted by pollen
sources and heavy plant density [25]. There are many of species from the family of Noctui‐
dae and from the other families, members of the order Lepidoptera which could cause the
damage but, until now, serious damage in Croatia was reported only by V. cardui. In USA,
the most important lepidopterous species are Anticarsia gemmatalis (Hubner), Pseudoplusia in‐
cludens (Walker), Trichoplusia ni (Hubner), Platypena scabra F., Heliothis zea Boddie, Heliothis
virescens (Fabricius) and Heliothis (=Helicoverpa) armigera (Hubner) [46, 47, 75]. Except T. ni
and H. armigera, other species are not distributed in Europe [60]. H. armigera is often men‐
tioned as one of the potentially very dangerous species. Because of its invasive nature this
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pest is currently placed on Annex I A II of Council Directive 2000/29/EC, indicating that it is
considered to be relevant for the entire EU and that phytosanitary measures are required
when it is found on any plants or plant products. Some countries made pest risk analyses
[76]. Damages caused by this species were reported on soybeans in Vojvodina Province of
Serbia and in Montenegro in the very warm summer of 2003 [77] when 85.3% of the soybean
pods were injured in August. H. armigera is a serious pest on outdoor crops in Portugal and
Spain, predominantly on tomato crops as well as on cottom and maize. It developed resist‐
ance to many groups of insecticides [78]. We did not find caterpillars of limabean pod borer
(Etiella zinckenella Treitschke) even though this species was reported as soybean pest in Cro‐
atia [9] and in neighboring countries [6, 14, 21]. In Southern Europe and in Central and
South America E. zinckenella is only damaging pod borer species in soybean.

Order Diptera was represented by 17 individuals that were not indentified to the species.
The pest species from the order Diptera reported in the literature are Delia platura Meigen [6,
58], Liriomyza congesta Becker and Clinodiplosis trotteri Kief. [21]. Larvae of D. platura could
cause damage on soybean seed during the emergence. Larvae of L. congesta are damaging
leaves [21] and larvae of C. trotteri are damaging plant stem [21]. Some of Diptera species in
soybean could be natural enemies, for example predaceous species Acarolestes tetranychorum
feed on mites [21].

We established one species from order Prostigmata (infraclass Acari). This was the species
T. urticae which was established only by leaf inspection. This species is the most important
pest of soybean in the whole region [6, 8-10, 13, 17, 19, 29]. The pest outbreaks are occurring
in dry and warm years in which farmers must apply control measures. Besides T. urticae,
soybean in Croatia [9] and neighboring countries [16, 17, 19] is often attacked by T. atlanticus
(= turkestani). Both species have similar thermal requirements but, T. atlanticus prefers ex‐
tremely dry conditions [9]. Some differences were established in their response to host plant
nutrient status [79]. The development of T. urticae is positively influenced by potassium con‐
tent in the plant host, while T. atlanticus is positively influenced by content of phosphorus.
According to the data obtained from Meteorological and Hydrological Service of Republic of
Croatia, somewhat lower temperatures and higher amount of rainfalls in July and August in
2010, comparing to the average were recorded. That could cause the absence of T. atlanticus
in experimental field and relatively low population of T. urticae.

The dominance indices of the insect orders established in total capture are shown in Figure 3.

In total catch the eudominant orders were Hemiptera (60.46%) and Acarina (28.6%), while
subdominant were orders Thysanoptera (4.73%), Coleoptera (3.33%), Lepidoptera (1.63%)
and Diptera (1.26%).

3.5. Most important phytophagous species

The significant feeding on soybean was established by two species, N. viridula and T. urticae.
Therefore we will further analyze their appearance with the respect of their life cycle and
possible damages that they can cause.

The dynamic of the appearance of N. viridula is shown in Figure 4.
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Figure 4. The dynamic of the appearance of Nezara viridula (L.) on soybeans in Croatia in 2010 established by two
sampling methods

The southern green stink bug, N. viridula, is one of the most economically important soy‐
bean pests [80]. It has a worldwide distribution, occurring throughout the tropical and sub‐
tropical regions of Europa, Asia, Africa and America [49]. This pest is in constant expansion
as a consequence of the increased acreage for soybean production, particularly in South
America [80]. This pentatomid is highly polyphagous, attacking more than 145 species of
plants (including cultivated and uncultivated species) within 32 families [49]. Life cycle of
the southern green stink bug has been studied by number of authors in different parts of the
world [81-85]. The biology of this pest has not been studied in Croatia jet but, some data
were presented by different authors [26, 29]. From literature it is known [49] that southern
green stink bug, like most pentatomids, overwinters in the adult stage under different ob‐
jects that offer protection (litter, bark etc.). In the northern hemisphere [49] overwintering
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Figure 3. The dominance indices of arthropod orders established in the total capture of arthropod species on soybean
in Croatia in 2010
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pest is currently placed on Annex I A II of Council Directive 2000/29/EC, indicating that it is
considered to be relevant for the entire EU and that phytosanitary measures are required
when it is found on any plants or plant products. Some countries made pest risk analyses
[76]. Damages caused by this species were reported on soybeans in Vojvodina Province of
Serbia and in Montenegro in the very warm summer of 2003 [77] when 85.3% of the soybean
pods were injured in August. H. armigera is a serious pest on outdoor crops in Portugal and
Spain, predominantly on tomato crops as well as on cottom and maize. It developed resist‐
ance to many groups of insecticides [78]. We did not find caterpillars of limabean pod borer
(Etiella zinckenella Treitschke) even though this species was reported as soybean pest in Cro‐
atia [9] and in neighboring countries [6, 14, 21]. In Southern Europe and in Central and
South America E. zinckenella is only damaging pod borer species in soybean.

Order Diptera was represented by 17 individuals that were not indentified to the species.
The pest species from the order Diptera reported in the literature are Delia platura Meigen [6,
58], Liriomyza congesta Becker and Clinodiplosis trotteri Kief. [21]. Larvae of D. platura could
cause damage on soybean seed during the emergence. Larvae of L. congesta are damaging
leaves [21] and larvae of C. trotteri are damaging plant stem [21]. Some of Diptera species in
soybean could be natural enemies, for example predaceous species Acarolestes tetranychorum
feed on mites [21].

We established one species from order Prostigmata (infraclass Acari). This was the species
T. urticae which was established only by leaf inspection. This species is the most important
pest of soybean in the whole region [6, 8-10, 13, 17, 19, 29]. The pest outbreaks are occurring
in dry and warm years in which farmers must apply control measures. Besides T. urticae,
soybean in Croatia [9] and neighboring countries [16, 17, 19] is often attacked by T. atlanticus
(= turkestani). Both species have similar thermal requirements but, T. atlanticus prefers ex‐
tremely dry conditions [9]. Some differences were established in their response to host plant
nutrient status [79]. The development of T. urticae is positively influenced by potassium con‐
tent in the plant host, while T. atlanticus is positively influenced by content of phosphorus.
According to the data obtained from Meteorological and Hydrological Service of Republic of
Croatia, somewhat lower temperatures and higher amount of rainfalls in July and August in
2010, comparing to the average were recorded. That could cause the absence of T. atlanticus
in experimental field and relatively low population of T. urticae.

The dominance indices of the insect orders established in total capture are shown in Figure 3.

In total catch the eudominant orders were Hemiptera (60.46%) and Acarina (28.6%), while
subdominant were orders Thysanoptera (4.73%), Coleoptera (3.33%), Lepidoptera (1.63%)
and Diptera (1.26%).

3.5. Most important phytophagous species

The significant feeding on soybean was established by two species, N. viridula and T. urticae.
Therefore we will further analyze their appearance with the respect of their life cycle and
possible damages that they can cause.

The dynamic of the appearance of N. viridula is shown in Figure 4.
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Figure 4. The dynamic of the appearance of Nezara viridula (L.) on soybeans in Croatia in 2010 established by two
sampling methods

The southern green stink bug, N. viridula, is one of the most economically important soy‐
bean pests [80]. It has a worldwide distribution, occurring throughout the tropical and sub‐
tropical regions of Europa, Asia, Africa and America [49]. This pest is in constant expansion
as a consequence of the increased acreage for soybean production, particularly in South
America [80]. This pentatomid is highly polyphagous, attacking more than 145 species of
plants (including cultivated and uncultivated species) within 32 families [49]. Life cycle of
the southern green stink bug has been studied by number of authors in different parts of the
world [81-85]. The biology of this pest has not been studied in Croatia jet but, some data
were presented by different authors [26, 29]. From literature it is known [49] that southern
green stink bug, like most pentatomids, overwinters in the adult stage under different ob‐
jects that offer protection (litter, bark etc.). In the northern hemisphere [49] overwintering
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Figure 3. The dominance indices of arthropod orders established in the total capture of arthropod species on soybean
in Croatia in 2010
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adults emerge in March and first generation develops on clover. The total developmental
time from eggs to adults lasts between 23 days [82] and 49 days [81]. In USA, it develops 3-5
generations per year, depending on the climate. The 3rd, 4th and 5th generations attack soy‐
bean. We found it on soybean when soybeans began to mature, in August and onward what
corresponds with the data presented by Todd and Herzog [49]. Probably the first two gener‐
ations developed on some other plants. Stink bugs feed primarily on the seeds of soybean.
Feeding results with puncture marks on the seed coat, deformation of the seed coats and re‐
duced seed weight and size. Adults live longer, approximately 30 to 50 days [81, 82] and
they cause more damage than nymphs [86]. Croatian authors [26] proposed economic
threshold of 1 bug/30 m of soybean row or 8-10 bugs/10 sweep nets what seems to be too
low. It is important to point out that the threshold depends on the period when insects oc‐
cur. Early infestation causes more damage than late infestation [86]. Late in the season high
infestation level of 2 bugs/m2 will not result with the damage [86]. In our investigation we
established infestation of 2 bugs/plant by whole plant count method and 4-5 bugs/10 sweep
nets without seeing any damage on the yield. The appearance of N. viridula was in literature
[26] connected with higher temperatures and drought, what was not the case in our investi‐
gation. Generally, in other countries the southern green stink bug is controlled with non-se‐
lective insecticides, which belong to carbamates, the organophosphate group, or the
cyclodiene group, such as endosulfan or to pyrethroids [80]. Some of the mentioned insecti‐
cides are banned in Croatia and others are not allowed for that purpose. In the case of pest
outbreak farmers do not have any available option to control this pest.

The second species which was recorded in high population density was T. urticae. The infes‐
tation with T. urticae started somewhat earlier that the attack of N. viridula. The dynamic of
the appearance of T. urticae is shown in Figure 5.
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Figure 5. The dynamic of the appearance of Tetranychus urticae on soybeans in Croatia in 2010
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The maximal infestation of T. urticae was recorded on August 11th and it was 2.25 mites/leaf.
This infestation is considered as very weak to weak infestation [87]. After that date, the
number of mites significantly decreased without the use of acaricides. The reason of the de‐
crease of the population is the period in August in which strong rain occurred. Strong rain
probably caused washing up the spider mites from the leaves as it was mentioned by some
authors [29, 87]. T. urticae injure soybean by feeding on the green foliage and pods. By their
needle-like chelicerate mouthparts that are used to puncture individual plant tissue cells
and consume the entire cytoplasmic contents, they are leaving and empty irreversible dam‐
aged cell. The presence of numerous empty cells results in the yellow or brown spots on
mite-injured leaves. Extensive feeding by large numbers of mites causes the leaves to appear
yellow or brown [37]. Complete defoliation due to mite feeding can reduce pod set and seed
yield. Under the favorable conditions mites have very short developmental time, between
8-20 days [9]. That enables them to develop several generations in a very short time and to
increase population up to the economic threshold very fast. Therefore permanent monitor‐
ing of the pest population is needed. No acaricides are allowed for the control of T. urticae in
soybean crops at the moment in Croatia. Even though there are some mite resistant cultivars
in USA [88], they are not registered in Croatia.

3.6. Most important zoophagus species

Total of 73 predaceous species are collected in the investigation. Family Nabidae was repre‐
sented by one specius, N. ferus. Members of the family Nabidae are confirmed predators of
different kind of insects [89]. Most types of insect prey of nabids are plant-feeding species,
but nabids sometimes attack predaceous insects, including members of their own species.
The polyphagous feeding habits of the nabids make them less effective than species-specific
predators against specific prey species [89]. Altogether 55 individuals of N. ferus were count‐
ed. The dynamic of the appearance of N. ferus is shown in Figure 6.

Nabis ferus is a common, widespread species in the Palearctic region [89]. It was reported as
predatory species on Trialeurodes vaporariorum Westwood [90], Oulema melanopus L. [91], Si‐
tobion avenae F. [92] and other aphid species [65], N. viridula [93] and leafhoppers in all stages
[89]. Species N. ferus overwinters in the adult stage [65]. Adults emerge from the soil and
migrate to field of various crops in April and May according to the weather. They mate, lay
eggs and the nymphs appear between late May and June and are present until July [65].
There is a second generation with nymphs in July-August and adults in August-October.
The dynamic of the appearance of N. ferus in experimental field corresponds with the data
on life cycle of this species [65]. In mid-late July we collected adults of the first generation
and nymphs were collected in August. Kereši [94] stated that zoophagous Nabis species de‐
velop one generation per year in soybeans. She mentioned adult appearance at the end of
July and maximal larval appearance at the end of August. It remains unknown in which
crop species is developing the first generation. Due to its preference to prey aphids which
are abundant in wheat fields, it could be that the first generation is developing in wheat
fields. The experimental field in our investigation was surrounded by wheat fields what
could influence high population of N. ferus.
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Figure 5. The dynamic of the appearance of Tetranychus urticae on soybeans in Croatia in 2010
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The maximal infestation of T. urticae was recorded on August 11th and it was 2.25 mites/leaf.
This infestation is considered as very weak to weak infestation [87]. After that date, the
number of mites significantly decreased without the use of acaricides. The reason of the de‐
crease of the population is the period in August in which strong rain occurred. Strong rain
probably caused washing up the spider mites from the leaves as it was mentioned by some
authors [29, 87]. T. urticae injure soybean by feeding on the green foliage and pods. By their
needle-like chelicerate mouthparts that are used to puncture individual plant tissue cells
and consume the entire cytoplasmic contents, they are leaving and empty irreversible dam‐
aged cell. The presence of numerous empty cells results in the yellow or brown spots on
mite-injured leaves. Extensive feeding by large numbers of mites causes the leaves to appear
yellow or brown [37]. Complete defoliation due to mite feeding can reduce pod set and seed
yield. Under the favorable conditions mites have very short developmental time, between
8-20 days [9]. That enables them to develop several generations in a very short time and to
increase population up to the economic threshold very fast. Therefore permanent monitor‐
ing of the pest population is needed. No acaricides are allowed for the control of T. urticae in
soybean crops at the moment in Croatia. Even though there are some mite resistant cultivars
in USA [88], they are not registered in Croatia.

3.6. Most important zoophagus species

Total of 73 predaceous species are collected in the investigation. Family Nabidae was repre‐
sented by one specius, N. ferus. Members of the family Nabidae are confirmed predators of
different kind of insects [89]. Most types of insect prey of nabids are plant-feeding species,
but nabids sometimes attack predaceous insects, including members of their own species.
The polyphagous feeding habits of the nabids make them less effective than species-specific
predators against specific prey species [89]. Altogether 55 individuals of N. ferus were count‐
ed. The dynamic of the appearance of N. ferus is shown in Figure 6.

Nabis ferus is a common, widespread species in the Palearctic region [89]. It was reported as
predatory species on Trialeurodes vaporariorum Westwood [90], Oulema melanopus L. [91], Si‐
tobion avenae F. [92] and other aphid species [65], N. viridula [93] and leafhoppers in all stages
[89]. Species N. ferus overwinters in the adult stage [65]. Adults emerge from the soil and
migrate to field of various crops in April and May according to the weather. They mate, lay
eggs and the nymphs appear between late May and June and are present until July [65].
There is a second generation with nymphs in July-August and adults in August-October.
The dynamic of the appearance of N. ferus in experimental field corresponds with the data
on life cycle of this species [65]. In mid-late July we collected adults of the first generation
and nymphs were collected in August. Kereši [94] stated that zoophagous Nabis species de‐
velop one generation per year in soybeans. She mentioned adult appearance at the end of
July and maximal larval appearance at the end of August. It remains unknown in which
crop species is developing the first generation. Due to its preference to prey aphids which
are abundant in wheat fields, it could be that the first generation is developing in wheat
fields. The experimental field in our investigation was surrounded by wheat fields what
could influence high population of N. ferus.
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Figure 6. The dynamic of the appearance of Nabis ferus on soybeans in Croatia in 2010

4. Conclusions

Literature reports that soybean crops in the region where Croatia belongs (Croatia, Hun‐
gary, Serbia, Romania, Bulgaria and Bosnia and Herzegovina) are attacked by over 180 pests
(150 insects and 30 species from other animal classes). However, by literature review from
Croatia, Serbia and Bosnia and Herzegovina we established that 52 species (or genus) of ar‐
thropods are reported to be associated with soybean crops. Out of these 52 species, seven
species are zoophagous, 44 species are phytophagous and one species is myceliophagous.
Additionally, we have found data on 43 species of phytoparasitic nematodes that can be
find in soybean fields but without causing significant damages and literature also reports on
three species of rodents that could cause significant damage on soybean fields.

In our investigations the number of established species was lower than the number obtained
by literature review. Total of 1357 individuals were collected and classified into the five or‐
ders from the class of Insects and one order from the class of Arachnida (infraclass Acari).
1232 individuals were classified in 15 species or genus, 58 individuals were classified into
the six families while 67 individuals were classified into the orders. Phytophagous arthro‐
pods were more abundant than zoophagous. The ratio between phytophagous and zoopha‐
gous specimens was 94.63% : 5.37%.

Based on the results of the literature review and of the research conducted, it could be con‐
cluded that significance of the arthropod pest fauna connected with soybean has changed
over the time. Nowadays, soybean production in Croatia could be endangered by four phy‐
tophagous arthropod species: N. viridula L., V. cardui L., T. urticae and T. turkestani.

N. viridula is attacking soybean pods and seed causing the loss in yield quantity and quality.
The early infestation is very dangerous. The population of this pest has been increasing in
the past few years. This could be connected with the increase of soybean cultivation area.
Obtained results indicate that the increase in pest population has occurred recently and that
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one existing species became significant pest of soybean. The life cycle of this pest as well as
other issues related to sampling procedure, economic threshold and control possibilities
have not been studied jet in Croatian agro-ecological conditions. In the future, investigations
should be carried out with the aim to collect more data on this pest and to be able to imple‐
ment IPM principles in its control.

V. cardui is causing defoliation of the soybean plants. As periodical pest it appears from time to
time in certain areas causing significant damage. Sampling procedure for this pest is establish‐
ed but, research should be conducted in order to determine economic threshold and the effica‐
cy of environmentally acceptable insecticides (B.t.k., spinosad, neem, IGRs, avermectins).

Phytophagous mites, T. urticae and T. turkestani as soybean pests are well known to Croatian
farmers. Due to their feeding on soybean leaves they are causing defoliation. Their infestation
is related to the climatic condition. In warm and dry years these pests cause more severe dam‐
age than in “normal” years. Sampling procedure for these pests is established but, due to the
lack of registered acaricides, their control is not possible. The future research should be fo‐
cused on finding appropriate ecologically acceptable acaricide for the control of this pest.

The critical period for the infestation by all four species is from flowering through maturity
in which period all four pests should be monitored and sampled on a regularly basis in or‐
der to ensure the proper information about the need for control measure.

Some other pests that were found in our investigation are capable of becoming key pests if
environmental conditions and population of their natural control agents are disrupted by
unnecessary application of insecticides. One of these species belongs to Piezodorus sp. which
is world widely recognized as very important soybean pest. Thus the future systematic and
intensive study of the arthropod fauna associated with soybean in Croatia has to be contin‐
ued. It will allow us to monitor the changes in the pest population and to prepare strategies
for the control of the new pests that could arise over the time.

The main zoophagous species found on soybeans was Nabis ferus. The role of this species in
soybean ecosystems, including its varying feeding strategies, needs much additional attention.
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1. Introduction

A variety of plant parasitic nematodes (PPNs), including the soybean cyst nematode (SCN),
elicit the initiation, development and maintenance of a specialized nurse cell from which
they derive their nutriment (Figure 1). Remarkably, during parasitism by the PPN, the nurse
cell survives the apparently significant resource drain on the root cell that would be expect‐
ed to detrimentally impact normal physiological processes of the cell. This outcome indi‐
cates that the nematode has developed a well tuned apparatus to ensure that the root cell
does not collapse and die during parasitism. In contrast, in the soybean-SCN pathosystem,
the nurse cell and sometimes the surrounding cells are the sites of the defense response to
the parasite (Ross, 1958; Endo, 1965). Therefore, plants have in place a mechanism to over‐
come the influence of the activities of the nematode. Identifying the factor(s) is of utmost im‐
portance in developing resistance to PPNs.

1.2. History

Documented accounts reveal that soybean has been in cultivation for thousands of years
(Hymowitz et al. 1970), beginning in Asia perhaps as early as 3,500 B.C. (Liu et al. 1997).
While the natural range of soybean is East Asia, after thousands of years of cultivation a true
understanding of its native range is complicated at best. However, the extensive range of
wild soybean and obvious differences in its growth habit indicates that while environmental
cues may be responsible for changes in soybean and plant growth habit in general (Garner
Allard 1930; Chapin III et al. 1985; Day et al. 1999), genetic variation that exists in wild popu‐
lations is of significant benefit to agriculture for production purposes and developing resist‐
ance to its many pathogens. This assessment is particularly true for soybean and its most
significant pathogen, SCN, as many ecological collections have resulted in the identification
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of naturally occurring resistance (Ross and Brim, 1957; Ross, 1958; Epps and Hartwig, 1972;
Concibido et al. 2004; Ma et al. 2006; Li et al. 2011; Matsye et al. 2012).

Figure 1. SCN life cycle during susceptible and resistant reactions Fig. 1A, cysts with eggs (white). Fig. 1B, second stage
pre-infective juveniles (pi-J2) (gray) migrate toward the root. SUSCEPTIBLE REACTION: Fig. 1Cs, the infective-J2 (i-J2)
nematodes (light gray) burrow in and migrate toward the stele. Fig. 1Ds, feeding site selection (yellow). Fig 1Es, p-J2
nematodes molt into J3, then J4. During this time, the original feeding site is incorporating adjacent cells (purple) via
cell wall degradation events. Meanwhile, the male discontinues feeding at the end of its J3 stage. Fig. 1Fs, After matu‐
ration, the male and female nematodes copulate. Fig. 1Gs, the female at ~30 dpi. RESISTANT REACTION: Fig. 1CR, Like
the susceptible reaction, the infective-J2 (i-J2) nematodes (dark gray) burrow into the root and migrate toward the
root stele. Fig. 1DR, feeding site selection by the parasitic J2 (p-J2). Fig 1ER, the syncytium begins to develop. Fig. 1FR,
the syncytium has collapsed resulting in nematode mortality. The right panel shows the initiation phase of infection
(black arrow). Phase 1 is the development period. Phase 2 is the maintenance period (adapted from Klink et al.
2011b).

While knowledge of soybean’s cultivation is long and extensive, scientific information on its
dominant pathogen, the SCN, began with its description (Ichinohe, 1952). However, reports
going back as early as the 1880’s (Noel 1992) and late 1930s (Ichinohe, 1961) reveal knowl‐
edge of the nematode and appreciation of its pathogenic capacity. The SCN is a devastating
pathogen that causes approximately 7-10% production loss, worldwide, annually and sup‐
presses seed yield more than any other single soybean pathogen (Wrather et al. 1995, 2001a,
b, 2003, 2006; Pratt and Wrather, 1998). In contrast, in some fields, as much as a 15% loss in
yield has been observed with no visible signs of disease on soybean (Wang et al. 2003). Ob‐
servations such as these could complicate SCN management since the disease can occur
without knowledge of it being present in a particular field.

Soybean - Pest Resistance140

The near perfect overlap of the agricultural range of soybean with the distribution of SCN,
infection creates a scenario where there is a high probability of a widespread and significant
effect on yield. Conservative reports have shown that there is approximately 1.1-1.5 billion
dollars in agronomic losses, annually, worldwide (Wrather et al. 2001). The overlapping dis‐
tribution of SCN with that of soybean production was not always the case. Historically, SCN
was not found in the U.S., or likely even North America or the New World. That situation
changed when the SCN was first identified in the U.S. in North Carolina in 1954 by Win‐
stead et al. and published a year later (Winstead et al. 1955). Unfortunately for agriculture,
SCN is readily transmissible as evidenced by its identification in localities as far away as
Mississippi only a few years later by 1957 (Spears, 1957). The SCN now is a registered inva‐
sive species in the U.S. Notably, in the U.S., SCN causes more agricultural loss to soybean
than the rest of its pathogens combined (Wrather et al. 2001, 2006). Making the problem
worse for agriculture is the genetic diversity of the SCN (Golden et al. 1970; Riggs and
Schmidt 1988; 1991; Niblack et al. 2002; Bekal et al. 2008). SCN research has determined that
the nematode is a species complex originally subdivided into four races (Golden et al. 1970)
which later was expanded into 16 races (Riggs and Schmidt 1988, 1991) that have been reor‐
ganized, further subdivided and reclassified into distinct populations (Niblack et al. 2002;
Niblack and Riggs, 2004). The term population was designated since genetically pure clones
are impossible to obtain in the sexually reproducing SCN system (Niblack et al. 2002). The
classification scheme of Niblack et al. (2002) is based on the varying ability of SCN popula‐
tions to infect a panel of 7 soybean genotypes that can resist infection to varying levels. It is
noted that some of these designated populations are “strains” that are maintained in the
greenhouse and genetically purified through hundreds of generations of single cyst descent
(Niblack et al. 1993). Therefore, the genetic background in these “strains” may not resemble
the original field-extracted population since allelic forms of the parasitism genes would like‐
ly be lost through this purification process.

The genetic diversity found in SCN (Golden et al. 1970; Riggs and Schmidt 1988; 1991; Ni‐
black et al. 2002; Bekal et al. 2008) likely aids in its ability to infect and reproduce on plants
other than soybean. Thus, from an ecological standpoint, SCN could pose a threat to plants
that grow outside of production areas. This potential problem would be exasperated if those
plant species are listed as endangered or threatened species or are a significant component
of the ecological community. A number of studies have shown that the SCN reproduces on
at least, but certainly is not limited to, 97 legume and 63 non-legume hosts (Epps and Cham‐
bers, 1958; Riggs and Hamblen, 1962, 1966a, b) and new SCN hosts are determined on a reg‐
ular basis (Creech et al. 2006). It has been many years since species range tests have been
performed for SCN so it is likely that these lists of hosts are not comprehensive. This viru‐
lence capability of SCN poses a problem in terms of its management since SCN populations
could be maintained by weedy plants that grow or overwinter in fallow fields or along the
boundaries of acreage that is in production (Creech et al. 2006). In addition to these prob‐
lems, SCN does not even have to reproduce in the plant to still cause damage to the plant.
While the genetic diversity of both soybean and SCN may appear to complicate an under‐
standing of the process of infection and the development of resistant cultivars, the natural
variation in both the germplasm of soybean (Doyle et al. 1999) and SCN (Bekal et al. 2003;
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of naturally occurring resistance (Ross and Brim, 1957; Ross, 1958; Epps and Hartwig, 1972;
Concibido et al. 2004; Ma et al. 2006; Li et al. 2011; Matsye et al. 2012).
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2008) presents many opportunities to understand the basic machinery of infection of the
SCN and the genotype-specific nuances that regulate both susceptibility and defense. These
features make the soybean-SCN pathosystem an extremely valuable experimental model
(Barker et al. 1993; Opperman and Bird, 1998; Niblack et al. 2006; Klink et al. 2010a).

1.3. Methods to control SCN infection

Historically, SCN has been managed through a combination of chemical control, cropping
systems, biological control and the identification and use of resistant germplasm. Chemical
control for pathogens using methyl bromide first occurred in France (Schneider et al. 2003;
Rosskopf et al. 2005) and had subsequently been used for decades for both pre- and post
plant nematode control. However, methyl bromide is a chemical that has been phased out of
use in 2005 in the U.S. (Schneider et al. 2003; Rosskopf et al. 2005) because it has been classi‐
fied as a Class 1 (Group VI) stratospheric ozone depletor by the Environmental Protection
Agency. Because of the loss of this major control agent for the SCN, even in developing
countries by the year 2015 (Rosskopf et al. 2005), it was important to identify other strategies
that could be included in the SCN management plan. Biocontrol measures that include bac‐
teria, fungi or even their proteins are feasible (Chen and Dickson, 1996; Kim and Riggs, 1991,
1995; Liu and Chen, 2001; Meyer and Huettel, 1996; Meyer and Meyer, 1996; Timper et al.,
1999). Other control methods that had already been used extensively for decades include the
time honored crop rotation strategy. This strategy has reduced SCN populations below
damaging levels (Francl and Dropkin, 1986; Sasser and Uzzell, 1991; Koenning et al. 1993).
Rotating with nonhosts over a 2-3 year period mitigated the undesirable levels of SCN in the
field (Ross, 1962; Francl and Dropkin, 1986). Other cropping systems that have had success
in SCN control are the use of blending, resistant cultivars and cropping sequence, among
others (Niblack and Chen, 2004). While successful, a problem with cropping strategies is
that the interval is not long enough to compete with the 9 year cycle that cysts can remain
viable, but dormant in production fields (Inagake and Tsutsumi, 1971). With these strategies
in place it is possible to develop a tightly managed regime, incorporating some or all of
these technologies and principles to mitigate SCN damage. Lastly, genetic engineering has
begun to take root with potential as a method to generate resistance (Steeves et al. 2006;
McLean et al. 2007; Klink et al. 2009a; Matsye et al. 2012). However, for genetic engineering
to be successful, it is first required that candidate genes be identified. The identification of
these genes has happened through a series of RNA gene expression studies, employing soy‐
bean germplasm that exhibits resistance to SCN.

1.3.1. Available resistant germplasm

Once SCN was identified in the U.S. (Winstead et al. 1955), a very large need existed to deter‐
mine if soybean germplasm existed that could resist infection. The vast and expansive range of
soybean (Morse, 1927) and visually obvious variations in growth form in its various ecological
habitats provided the possibility that germplasm that was resistant to SCN existed in its wild
populations. Established in 1898, the development of a substantial and publically available seed
bank was initiated that is maintained by the USDA-National Plant Germplasm System (USDA-
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NPGS) (Morse, 1927; Bernard et al. 1987). It now contains approximately 20,000 varieties (acces‐
sions) with each accession classified as a plant introduction (PI) through a numbering system.
Many of the 7,867 PIs that were already available by 1944, just 10 years before the identification
of SCN in the U.S., had been collected in trips to China, Japan, India and Korea in a small win‐
dow of time between 1924 and 1932 (Bernard et al. 1987). The public availability of the germ‐
plasm allowed it to be used in a series of trials to determine if any of the available accessions was
resistant to SCN. A number of accessions were determined to be resistant to SCN through two
large trials that studied about 5,700 accessions (Ross and Brim, 1957; Ross, 1958; Epps and Hart‐
wig, 1972). Research on these accessions has resulted in the identification of approximately 118
sources of resistance (Concibido et al. 2004). However, only approximately seven sources are
used for cultivar development in the U.S. (Shannon et al. 2004). These accessions include the G.
max PIs known as Peking (G. max[Peking]) and G. max[PI 88788]. Currently, G. max[Peking] and G. max[PI

88788] resistance germplasm is present in >97% of all commercial cultivars in the U.S. (Concibido
et al. 2004). In addition to these PIs, hundreds of additional accessions that can resist SCN infec‐
tion have been identified in China (Ma et al. 2006; Li et al. 2011). These banks of germplasm pro‐
vide an important and substantial genetic resource for understanding the process of parasitism
in soybean at the cellular level. This is important to understand because the infection of soybean
involves very specific cell types that react in very specific ways to SCN parasitism.

1.4. Cytological reaction during resistance

The SCN can remain viable in the soil in eggs ensheathed within the carcass of the dead mother
(cyst wall) for up to 9 years (Inagake and Tsutsumi, 1971). However, the devastating interaction
of the SCN with soybean begins when it burrows into the root through the epidermal and corti‐
cal cells. This has been shown both by cytological studies and gene expression studies of time
points collected before the formation of syncytia (Alkharouf et al. 2006; Klink et al. 2009b). The
interaction continues through the initiation and subsequent formation a multinucleate nurse
cell known as a syncytium from pericycle or neighboring cells (Ross, 1958; Endo, 1964, 1992).
The formation of the syncytium is likely to be a very coordinated process, occurring through the
injection and subsequent activity of nematode parasitism proteins (Atkinson and Harris, 1989;
Smant et al. 1999; Lambert et al. 1999; De Boer et al. 1999, 2002; Wang et al. 1999, 2001, 2003; Gao
et al. 2001, 2003; Bekal et al. 2003). These substances likely orchestrate successive waves of inter‐
ference of the root cell’s normal physiological processes and initiate various cell wall dissolving
events (Atkinson and Harris, 1989; Smant et al. 1999; Wang et al. 1999, 2001, 2003; Lambert et al.
1999; De Boer et al. 1999, 2002; Gao et al. 2001, 2003; Bekal et al. 2003). The parasitism process
merges approximately 200-250 root cells into a common cytoplasm containing as many nuclei,
the definition of a syncytium (Jones and Northcote, 1972; Jones, 1981). Additional nematode ac‐
tivities alter the plant cell’s physiology (Klink et al. 2005, 2007a; Ithal et al. 2007). The activities
benefit the nematode during the sedentary period of its life cycle as they feed and mature
(Edens et al. 1995; Hermsmeier et al. 1998; Mahalingam et al. 1999; Vaghchhipawala et al. 2001;
Klink et al. 2005, 2007a; Alkharouf et al. 2006; Ithal et al. 2007; Matsye et al. 2011).

Cytological studies of the SCN infection process (Figure 1) have shown that the cellular re‐
sponse of soybean to SCN infection can be divided into an earlier phase (phase 1) and a later
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2008) presents many opportunities to understand the basic machinery of infection of the
SCN and the genotype-specific nuances that regulate both susceptibility and defense. These
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others (Niblack and Chen, 2004). While successful, a problem with cropping strategies is
that the interval is not long enough to compete with the 9 year cycle that cysts can remain
viable, but dormant in production fields (Inagake and Tsutsumi, 1971). With these strategies
in place it is possible to develop a tightly managed regime, incorporating some or all of
these technologies and principles to mitigate SCN damage. Lastly, genetic engineering has
begun to take root with potential as a method to generate resistance (Steeves et al. 2006;
McLean et al. 2007; Klink et al. 2009a; Matsye et al. 2012). However, for genetic engineering
to be successful, it is first required that candidate genes be identified. The identification of
these genes has happened through a series of RNA gene expression studies, employing soy‐
bean germplasm that exhibits resistance to SCN.

1.3.1. Available resistant germplasm

Once SCN was identified in the U.S. (Winstead et al. 1955), a very large need existed to deter‐
mine if soybean germplasm existed that could resist infection. The vast and expansive range of
soybean (Morse, 1927) and visually obvious variations in growth form in its various ecological
habitats provided the possibility that germplasm that was resistant to SCN existed in its wild
populations. Established in 1898, the development of a substantial and publically available seed
bank was initiated that is maintained by the USDA-National Plant Germplasm System (USDA-
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sions) with each accession classified as a plant introduction (PI) through a numbering system.
Many of the 7,867 PIs that were already available by 1944, just 10 years before the identification
of SCN in the U.S., had been collected in trips to China, Japan, India and Korea in a small win‐
dow of time between 1924 and 1932 (Bernard et al. 1987). The public availability of the germ‐
plasm allowed it to be used in a series of trials to determine if any of the available accessions was
resistant to SCN. A number of accessions were determined to be resistant to SCN through two
large trials that studied about 5,700 accessions (Ross and Brim, 1957; Ross, 1958; Epps and Hart‐
wig, 1972). Research on these accessions has resulted in the identification of approximately 118
sources of resistance (Concibido et al. 2004). However, only approximately seven sources are
used for cultivar development in the U.S. (Shannon et al. 2004). These accessions include the G.
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et al. 2004). In addition to these PIs, hundreds of additional accessions that can resist SCN infec‐
tion have been identified in China (Ma et al. 2006; Li et al. 2011). These banks of germplasm pro‐
vide an important and substantial genetic resource for understanding the process of parasitism
in soybean at the cellular level. This is important to understand because the infection of soybean
involves very specific cell types that react in very specific ways to SCN parasitism.
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The SCN can remain viable in the soil in eggs ensheathed within the carcass of the dead mother
(cyst wall) for up to 9 years (Inagake and Tsutsumi, 1971). However, the devastating interaction
of the SCN with soybean begins when it burrows into the root through the epidermal and corti‐
cal cells. This has been shown both by cytological studies and gene expression studies of time
points collected before the formation of syncytia (Alkharouf et al. 2006; Klink et al. 2009b). The
interaction continues through the initiation and subsequent formation a multinucleate nurse
cell known as a syncytium from pericycle or neighboring cells (Ross, 1958; Endo, 1964, 1992).
The formation of the syncytium is likely to be a very coordinated process, occurring through the
injection and subsequent activity of nematode parasitism proteins (Atkinson and Harris, 1989;
Smant et al. 1999; Lambert et al. 1999; De Boer et al. 1999, 2002; Wang et al. 1999, 2001, 2003; Gao
et al. 2001, 2003; Bekal et al. 2003). These substances likely orchestrate successive waves of inter‐
ference of the root cell’s normal physiological processes and initiate various cell wall dissolving
events (Atkinson and Harris, 1989; Smant et al. 1999; Wang et al. 1999, 2001, 2003; Lambert et al.
1999; De Boer et al. 1999, 2002; Gao et al. 2001, 2003; Bekal et al. 2003). The parasitism process
merges approximately 200-250 root cells into a common cytoplasm containing as many nuclei,
the definition of a syncytium (Jones and Northcote, 1972; Jones, 1981). Additional nematode ac‐
tivities alter the plant cell’s physiology (Klink et al. 2005, 2007a; Ithal et al. 2007). The activities
benefit the nematode during the sedentary period of its life cycle as they feed and mature
(Edens et al. 1995; Hermsmeier et al. 1998; Mahalingam et al. 1999; Vaghchhipawala et al. 2001;
Klink et al. 2005, 2007a; Alkharouf et al. 2006; Ithal et al. 2007; Matsye et al. 2011).

Cytological studies of the SCN infection process (Figure 1) have shown that the cellular re‐
sponse of soybean to SCN infection can be divided into an earlier phase (phase 1) and a later
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phase (phase 2) (Ross, 1958; Endo, 1964, 1965, 1991; Riggs et al. 1973; Kim et al. 1987; Maha‐
lingam and Skorpska, 1996). Phase 1 and 2 span the periods including the initiation, devel‐
opment and maintenance of the syncytium (Figure 1). These observations are not unique to
SCN since similar observations have also been made for the cyst nematode Rotylechulus reni‐
formis (Robinson et al. 1997), indicating that a basic level of conservation may exist for the
process of defense at the site of infection while genotype-specific gene activities also exist
(Klink et al. 2011a; Matsye et al. 2011, 2012).

During phase 1, the cellular reactions leading to susceptibility or defense appear the same at
the cytological level. The cellular events occurring during the earlier stages of syncytium de‐
velopment include hypertrophy, the dissolution of cell walls, the development of dense cy‐
toplasm, an enlargement of nuclei and an increase in endoplasmic reticulum (ER) and
ribosome content (Endo, 1964, 1965; Riggs et al. 1973; Kim et al. 1987; Kim and Riggs, 1992;
Mahalingam and Skorpska, 1996). The enlargement of nuclei and increase in ER and ribo‐
some content indicate an increase in gene expression and protein synthesis accompanies the
activity of the nematode within the parasitized cells. Therefore, it is likely that the plant cell
is being programmed to make specific materials to benefit the nutritional needs of the nema‐
tode. It is known that plant parasitic nematodes lack the ability to make materials such as
sterols (Chitwood and Lusby, 1990). Therefore, altering the metabolism of the parasitized
cell probably would involve the induction of metabolic activity that relates to these process‐
es. Cell fate mapping experiments have demonstrated the metabolism that occurs during
these stages of parasitism and some of it relates to enhanced plant sterol production (Klink
et al. 2011a; Matsye et al. 2011).

After these earlier events, the cytology of susceptibility and defense become apparent and is
referred to as phase 2. Phase 2 of the susceptible reaction is characterized by hypertrophy of
nuclei and nucleoli. This process is accompanied by the reduction and dissolution of the va‐
cuole. The reduction and dissolution of the vacuole suggests important events or structural
features involved in membrane fusion and/or maintenance are perturbed. This topic will be
described in a later section. Other cellular events that have been identified during the sus‐
ceptible reaction include cell expansion as it incorporates and fuses with adjacent cells (En‐
do and Veech 1970; Gipson et al 1971; Jones and Northcote, 1972; Riggs et al. 1973; Jones,
1981). Additional activities include the proliferation of cytoplasmic organelles.

In contrast, the cellular aspects of the defense responses occurring during phase 2 depend
on the soybean genotype being infected. Information that has been generated through a
number of cytological studies have resulted in the development of a system that divides the
PIs into cohorts having similar cytological reactions that is based on the cellular characteris‐
tics associated with how SCN responds during resistance (Colgrove and Niblack, 2008).
Currently, the PIs have been categorized into those genotypes having the G. max[Peking] and G.
max[PI 88788]-types of defense responses (Colgrove and Niblack, 2008). Much more work in this
area of research is required for a comprehensive understanding of the different forms of the
defense response. Such knowledge would allow the commonalities of the cytological fea‐
tures to be correlated with the molecular events that are occurring in the parasitized cell
types. By doing so, it would allow for the identification of genes that always correlate to re‐
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sistance, regardless of the cytology or genotype of soybean. It would be likely that these
genes are central to all forms of the defense response (Klink et al. 2011a; Matsye et al. 2011,
2012). Among the characteristics that define these cohorts, the G. max[Peking]-type of defense
includes the development of a necrotic layer that surrounds the head of the nematode (Kim
et al. 1987; Endo, 1991). This process is followed by necrosis of the initial cell that the nema‐
tode had parasitized. In contrast, in the G. max[PI 88788]-type of defense response, the necrotic
layer that surrounds the head of the nematode is lacking and the initial cell that the nema‐
tode parasitized first experiences necrosis (Kim et al. 1987; Endo, 1991). In addition to these
cytological characteristics found in the G. max[Peking] and G. max[PI 88788]-types of defense re‐
sponses are the presence or absence of cell wall appositions (CWAs). CWAs are structures
defined as physical and chemical barriers that are designed to prevent cell penetration (Aist
et al. 1976, Schmelzer, 2002; An et al. 2006a, b; Hardham et al. 2008). CWAs have been found
and studied in other plant-organism pathosystems (Collins et al. 2003; Assaad et al. 2004;
Kalde et al. 2007). However, CWAs are not a defining characteristic of all types of defense
responses in soybean. CWAs have been found in the G. max[Peking]-type of resistant reaction
and are found in the G. max[PI 437654] genotype (Mahalingam and Skorpska, 1996). This makes
the placement of G. max[PI 437654] in the G. max[Peking] cohort logical (Colgrove and Niblack et al.
2008). In contrast, CWAs are lacking in G. max[PI 88788]. More work is required in the under‐
standing the role(s) that CWAs play, if any, during defense of soybean to SCN. However,
the significance and role of CWAs during defense were first demonstrated by Collins et al.
(2003), and followed by additional studies performed by Assaad et al. (2004) and Kalde et al.
(2007). In those studies, it was shown at the molecular level that CWA formation involves
the vesicular transport machinery protein component known as syntaxin. This was a strik‐
ing discovery since the process of vesicular transport is a conserved cellular process, mean‐
ing it has been found in other organisms. The syntaxin gene was first identified in animal
systems (Inoue et al. 1992; Bennett et al. 1992) and through a number studies performed in
animal and model genetic systems it was shown that syntaxin interacts with other proteins
to accomplish specific cellular functions. Unfortunately, while the role of syntaxin in plant
defense has been studied (Collins et al. 2003; Assaad et al. 2004; Kalde et al. 2007), the exami‐
nation of other components of the vesicular transport machinery has received little atten‐
tion. Until very recently (Matsye et al. 2012), no information existed on how these proteins
function or interact with syntaxin during the defense of plants to pathogens. The demonstra‐
tion that syntaxin plays a role in the defense of plants to pathogens, implicates that other
proteins that interact directly or indirectly with syntaxin probably are also involved in the
process of defense. A genetic pathway, involving PEN1, the β-glycosyl hydrolase PEN2 and
the ABC transporter PEN3 transports and delivers antimicrobial compounds across the cell
membrane to sites where the fungus is attempting to enter (Collins et al. 2003; Lipka et al.
2005; Stein et al. 2006). Other proteins that interact directly with syntaxin have been studied
in other experimental systems and include the ATPase known as N-ethylmaleimide-sensi‐
tive factor attachment protein (NSF) (Malhotra et al. 1988), the soluble N-ethylmaleimide-
sensitive factor attachment receptor protein (SNARE) complex and synaptosomal-associated
protein 25 (SNAP25) (Oyler et al. 1989), the soluble N-ethylmaleimide-sensitive factor at‐
tachment protein (SNAP) (Weidman et al. 1989; Clary et al, 1990; Collins et al. 2003; Assaad
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phase (phase 2) (Ross, 1958; Endo, 1964, 1965, 1991; Riggs et al. 1973; Kim et al. 1987; Maha‐
lingam and Skorpska, 1996). Phase 1 and 2 span the periods including the initiation, devel‐
opment and maintenance of the syncytium (Figure 1). These observations are not unique to
SCN since similar observations have also been made for the cyst nematode Rotylechulus reni‐
formis (Robinson et al. 1997), indicating that a basic level of conservation may exist for the
process of defense at the site of infection while genotype-specific gene activities also exist
(Klink et al. 2011a; Matsye et al. 2011, 2012).

During phase 1, the cellular reactions leading to susceptibility or defense appear the same at
the cytological level. The cellular events occurring during the earlier stages of syncytium de‐
velopment include hypertrophy, the dissolution of cell walls, the development of dense cy‐
toplasm, an enlargement of nuclei and an increase in endoplasmic reticulum (ER) and
ribosome content (Endo, 1964, 1965; Riggs et al. 1973; Kim et al. 1987; Kim and Riggs, 1992;
Mahalingam and Skorpska, 1996). The enlargement of nuclei and increase in ER and ribo‐
some content indicate an increase in gene expression and protein synthesis accompanies the
activity of the nematode within the parasitized cells. Therefore, it is likely that the plant cell
is being programmed to make specific materials to benefit the nutritional needs of the nema‐
tode. It is known that plant parasitic nematodes lack the ability to make materials such as
sterols (Chitwood and Lusby, 1990). Therefore, altering the metabolism of the parasitized
cell probably would involve the induction of metabolic activity that relates to these process‐
es. Cell fate mapping experiments have demonstrated the metabolism that occurs during
these stages of parasitism and some of it relates to enhanced plant sterol production (Klink
et al. 2011a; Matsye et al. 2011).

After these earlier events, the cytology of susceptibility and defense become apparent and is
referred to as phase 2. Phase 2 of the susceptible reaction is characterized by hypertrophy of
nuclei and nucleoli. This process is accompanied by the reduction and dissolution of the va‐
cuole. The reduction and dissolution of the vacuole suggests important events or structural
features involved in membrane fusion and/or maintenance are perturbed. This topic will be
described in a later section. Other cellular events that have been identified during the sus‐
ceptible reaction include cell expansion as it incorporates and fuses with adjacent cells (En‐
do and Veech 1970; Gipson et al 1971; Jones and Northcote, 1972; Riggs et al. 1973; Jones,
1981). Additional activities include the proliferation of cytoplasmic organelles.

In contrast, the cellular aspects of the defense responses occurring during phase 2 depend
on the soybean genotype being infected. Information that has been generated through a
number of cytological studies have resulted in the development of a system that divides the
PIs into cohorts having similar cytological reactions that is based on the cellular characteris‐
tics associated with how SCN responds during resistance (Colgrove and Niblack, 2008).
Currently, the PIs have been categorized into those genotypes having the G. max[Peking] and G.
max[PI 88788]-types of defense responses (Colgrove and Niblack, 2008). Much more work in this
area of research is required for a comprehensive understanding of the different forms of the
defense response. Such knowledge would allow the commonalities of the cytological fea‐
tures to be correlated with the molecular events that are occurring in the parasitized cell
types. By doing so, it would allow for the identification of genes that always correlate to re‐
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sistance, regardless of the cytology or genotype of soybean. It would be likely that these
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includes the development of a necrotic layer that surrounds the head of the nematode (Kim
et al. 1987; Endo, 1991). This process is followed by necrosis of the initial cell that the nema‐
tode had parasitized. In contrast, in the G. max[PI 88788]-type of defense response, the necrotic
layer that surrounds the head of the nematode is lacking and the initial cell that the nema‐
tode parasitized first experiences necrosis (Kim et al. 1987; Endo, 1991). In addition to these
cytological characteristics found in the G. max[Peking] and G. max[PI 88788]-types of defense re‐
sponses are the presence or absence of cell wall appositions (CWAs). CWAs are structures
defined as physical and chemical barriers that are designed to prevent cell penetration (Aist
et al. 1976, Schmelzer, 2002; An et al. 2006a, b; Hardham et al. 2008). CWAs have been found
and studied in other plant-organism pathosystems (Collins et al. 2003; Assaad et al. 2004;
Kalde et al. 2007). However, CWAs are not a defining characteristic of all types of defense
responses in soybean. CWAs have been found in the G. max[Peking]-type of resistant reaction
and are found in the G. max[PI 437654] genotype (Mahalingam and Skorpska, 1996). This makes
the placement of G. max[PI 437654] in the G. max[Peking] cohort logical (Colgrove and Niblack et al.
2008). In contrast, CWAs are lacking in G. max[PI 88788]. More work is required in the under‐
standing the role(s) that CWAs play, if any, during defense of soybean to SCN. However,
the significance and role of CWAs during defense were first demonstrated by Collins et al.
(2003), and followed by additional studies performed by Assaad et al. (2004) and Kalde et al.
(2007). In those studies, it was shown at the molecular level that CWA formation involves
the vesicular transport machinery protein component known as syntaxin. This was a strik‐
ing discovery since the process of vesicular transport is a conserved cellular process, mean‐
ing it has been found in other organisms. The syntaxin gene was first identified in animal
systems (Inoue et al. 1992; Bennett et al. 1992) and through a number studies performed in
animal and model genetic systems it was shown that syntaxin interacts with other proteins
to accomplish specific cellular functions. Unfortunately, while the role of syntaxin in plant
defense has been studied (Collins et al. 2003; Assaad et al. 2004; Kalde et al. 2007), the exami‐
nation of other components of the vesicular transport machinery has received little atten‐
tion. Until very recently (Matsye et al. 2012), no information existed on how these proteins
function or interact with syntaxin during the defense of plants to pathogens. The demonstra‐
tion that syntaxin plays a role in the defense of plants to pathogens, implicates that other
proteins that interact directly or indirectly with syntaxin probably are also involved in the
process of defense. A genetic pathway, involving PEN1, the β-glycosyl hydrolase PEN2 and
the ABC transporter PEN3 transports and delivers antimicrobial compounds across the cell
membrane to sites where the fungus is attempting to enter (Collins et al. 2003; Lipka et al.
2005; Stein et al. 2006). Other proteins that interact directly with syntaxin have been studied
in other experimental systems and include the ATPase known as N-ethylmaleimide-sensi‐
tive factor attachment protein (NSF) (Malhotra et al. 1988), the soluble N-ethylmaleimide-
sensitive factor attachment receptor protein (SNARE) complex and synaptosomal-associated
protein 25 (SNAP25) (Oyler et al. 1989), the soluble N-ethylmaleimide-sensitive factor at‐
tachment protein (SNAP) (Weidman et al. 1989; Clary et al, 1990; Collins et al. 2003; Assaad
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et al. 2004; Kalde et al. 2007), among other proteins. Since these numerous studies have
shown very specifically how the protein complex is assembled, it was then possible to deter‐
mine how specific components of the CWA assembly process that are present during de‐
fense of soybean to SCN function (Matsye et al. 2012). However, even though CWAs are
lacking in genotypes like G. max[PI 88788], it does not mean that the proteins are not involved in
defense through related activities. Membrane fusion has been shown to play a role in de‐
fense through a process known as autophagy. Autophagy is a process known in plants to
play crucial roles in defense (Patel and Dinesh-Kumar 2008; Hofius et al. 2009; Lenz et al.
2011; Lai et al. 2011). This knowledge has allowed for a targeted approach in understanding
the protein machinery that is involved in defense (Matsye et al. 2012).

1.5. Genomics-based studies of SCN

A number of “omics” studies in the soybean-SCN pathosystem have been performed to
understand both plant  and nematode gene expression at  the  organismal  level.  Many of
the gene expression studies that relied on the microarray technology were modeled after
earlier experiments that were performed in the model plant Arabidopsis thaliana that were
infected  with  the  beet  cyst  nematode,  Heterodera  schactii  (Puthoff  et  al.  2003).  Studying
SCN  in  A.  thaliana  is  complicated  by  the  fact  that  it  is  a  nonhost  to  SCN  infection  so
studies  investigating  the  susceptible  reaction  elicited  by  SCN  in  A.  thaliana  cannot  be
done until suitable mutants or susceptible ecotypes are identified. A number of microar‐
ray  studies  using  whole  infected  soybean roots  as  a  source  for  the  RNA samples  have
identified genes  that  are  expressed during a  susceptible  reaction (Alkharouf  et  al.  2006;
Ithal et al. 2007; Klink et al. 2007b).

The parasitism of soybean by SCN begins with and is sustained through the injection of ma‐
terials that are synthesized in subventral and esophageal glands into the root cell. It is a cost‐
ly life strategy since typically only about 10% of the nematodes ever make it to maturity in a
fully susceptible genotype like G. max[Williams 82/PI 518671]. Identifying the genes involved in para‐
sitism would likely occur through collecting the cytoplasm of the cells composing the sub‐
ventral and esophageal glands. It was hypothesized that these genes would be important for
the events of parasitism and would be involved in altering the metabolic processes of the
soybean to benefit the nematode. The experiments were performed by microaspirating the
cytoplasm of the gland cells, constructing cDNA libraries and sequencing the genes, allow‐
ing for downstream bioinformatics analyses to help elucidate what the genes could actually
be (Smant et al. 1998). The experiments were then repeated for the SCN, identifying a num‐
ber of putative parasitism genes (Wang et al. 1999; Gao et al. 2001, 2003). With the develop‐
ment of the Affymetrix® Soybean GeneChip, it was possible to examine the expression of
thousands of SCN genes simultaneously. This was made possible because 7,539 H. glycines
probe sets representing 7,431 transcripts (genes) were printed onto the array. One analysis
examined the expression of SCN genes that were expressed specifically during infection of
the G. max[Williams 82/PI 518671] genotype that lacks a functional defense response (Ithal et al. 2007).
This means that gene expression occurring during a susceptible reaction was monitored.
The work examined the expression of previously identified (Wang et al. 1999; Gao et al.
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2001, 2003) and analyzed (Bakhetia et al. 2007) putative parasitism genes (Ithal et al. 2007).
The remaining genes that were fabricated onto the array were not a focus of the analysis.
The experiments confirmed the expression pattern of dozens of putative parasitism genes
(Ithal et al. 2007). A gap in the knowledge was that the experiments were not designed to
determine what genes were expressed as the nematode experienced a resistant reaction in a
soybean genotype that was capable of a defense reaction. This information would be impor‐
tant because it would provide knowledge on the metabolic pathways that may be sensitive
to genetically-based control measures. That gap in knowledge was filled in experiments that
performed population-specific analyses of gene expression, comparing the susceptible and
resistant reactions experienced by SCN as they infected the G. max[Peking/PI 548402] genotype that
has a functional defense response to some populations of SCN (Klink et al. 2007a). Thus,
from the experiments of Ithal et al. (2007) and Klink et al. (2007a), specific knowledge of
gene expression occurring in genotypes both lacking and having functional resistance genes
was obtained. It is noted that additional gene expression profiling experiments have also
been performed (Elling et al. 2009). In earlier studies, Alkharouf et al. (2007) annotated all of
the SCN genes that were available in Genbank and compared them to the genetic model free
living nematode, Caenorhabditis elegans. The advantage of these comparisons was that the ge‐
nome of C. elegans had been sequenced (C. elegans Sequencing Consortium, 1998), allowing
for a substantial annotation process to be executed. In addition, there was a massive amount
of functional data obtained through genetic and reverse genetic experiments (Fire et al. 1998;
Piano et al., 2000; Kamath et al., 2003; Sonnichsen et al., 2005) that was available for essen‐
tially every gene in the genome housed in the C. elegans database at http://www.worm‐
base.org. Since the genomic sequence of C. elegans is known, it is possible to find highly
conserved and related genes in SCN. The working hypothesis was that if the genes in C. ele‐
gans and SCN are nearly identical in primary sequence, it would be likely that they have
similar function. If the genes have similar function, for example an essential function for sur‐
vival in C. elegans, knocking out that gene in SCN would probably result in lethality for
those nematodes if the gene could be knocked out. The annotation of the SCN genes was
driven by a homology criterion whereby the SCN genes were pooled into six bins referred to
as Groups 1-6 (Alkharouf et al. 2007). The six bins were based on the level of homology the
sequence had to C. elegans genes. Group 1 had the highest level of homology and Group 6
had the lowest level. For example, Group 1 had E-values between 0 and 1E-100; Group 2
had E-values between 1E-100 and 1E-80; Group 3 had E-values between 1E-80 and 1E-60;
Group 4 had E-values between 1E-60 and 1E-40; Group 5 has E-values between 1E-40 and
1E-20 while Group 6 has E-values > 1E-20 (Alkharouf et al. 2007). The gene annotation proc‐
ess resulted in taking the nearly 8,334 conserved genes between H. glycines and C. elegans
and identifying 1,508 that have been shown to have lethal phenotypes/phenocopies in C. ele‐
gans (Alkharouf et al. 2007). The research then was poised to test the function of the 1,508
genes, but it was an unmanageable number of genes. To narrow down the 1,508 genes to a
manageable number for functional studies, the genes underwent further annotation proce‐
dures (Alkharouf et al. 2007). To do this annotation procedure, firstly, a pool of 150 highly
conserved, Group 1, H. glycines homologs of genes having lethal mutant phenotypes or phe‐
nocopies from the free living nematode C. elegans were identified from the pool of 1,508
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et al. 2004; Kalde et al. 2007), among other proteins. Since these numerous studies have
shown very specifically how the protein complex is assembled, it was then possible to deter‐
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fense of soybean to SCN function (Matsye et al. 2012). However, even though CWAs are
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sitism would likely occur through collecting the cytoplasm of the cells composing the sub‐
ventral and esophageal glands. It was hypothesized that these genes would be important for
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thousands of SCN genes simultaneously. This was made possible because 7,539 H. glycines
probe sets representing 7,431 transcripts (genes) were printed onto the array. One analysis
examined the expression of SCN genes that were expressed specifically during infection of
the G. max[Williams 82/PI 518671] genotype that lacks a functional defense response (Ithal et al. 2007).
This means that gene expression occurring during a susceptible reaction was monitored.
The work examined the expression of previously identified (Wang et al. 1999; Gao et al.
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2001, 2003) and analyzed (Bakhetia et al. 2007) putative parasitism genes (Ithal et al. 2007).
The remaining genes that were fabricated onto the array were not a focus of the analysis.
The experiments confirmed the expression pattern of dozens of putative parasitism genes
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soybean genotype that was capable of a defense reaction. This information would be impor‐
tant because it would provide knowledge on the metabolic pathways that may be sensitive
to genetically-based control measures. That gap in knowledge was filled in experiments that
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resistant reactions experienced by SCN as they infected the G. max[Peking/PI 548402] genotype that
has a functional defense response to some populations of SCN (Klink et al. 2007a). Thus,
from the experiments of Ithal et al. (2007) and Klink et al. (2007a), specific knowledge of
gene expression occurring in genotypes both lacking and having functional resistance genes
was obtained. It is noted that additional gene expression profiling experiments have also
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the SCN genes that were available in Genbank and compared them to the genetic model free
living nematode, Caenorhabditis elegans. The advantage of these comparisons was that the ge‐
nome of C. elegans had been sequenced (C. elegans Sequencing Consortium, 1998), allowing
for a substantial annotation process to be executed. In addition, there was a massive amount
of functional data obtained through genetic and reverse genetic experiments (Fire et al. 1998;
Piano et al., 2000; Kamath et al., 2003; Sonnichsen et al., 2005) that was available for essen‐
tially every gene in the genome housed in the C. elegans database at http://www.worm‐
base.org. Since the genomic sequence of C. elegans is known, it is possible to find highly
conserved and related genes in SCN. The working hypothesis was that if the genes in C. ele‐
gans and SCN are nearly identical in primary sequence, it would be likely that they have
similar function. If the genes have similar function, for example an essential function for sur‐
vival in C. elegans, knocking out that gene in SCN would probably result in lethality for
those nematodes if the gene could be knocked out. The annotation of the SCN genes was
driven by a homology criterion whereby the SCN genes were pooled into six bins referred to
as Groups 1-6 (Alkharouf et al. 2007). The six bins were based on the level of homology the
sequence had to C. elegans genes. Group 1 had the highest level of homology and Group 6
had the lowest level. For example, Group 1 had E-values between 0 and 1E-100; Group 2
had E-values between 1E-100 and 1E-80; Group 3 had E-values between 1E-80 and 1E-60;
Group 4 had E-values between 1E-60 and 1E-40; Group 5 has E-values between 1E-40 and
1E-20 while Group 6 has E-values > 1E-20 (Alkharouf et al. 2007). The gene annotation proc‐
ess resulted in taking the nearly 8,334 conserved genes between H. glycines and C. elegans
and identifying 1,508 that have been shown to have lethal phenotypes/phenocopies in C. ele‐
gans (Alkharouf et al. 2007). The research then was poised to test the function of the 1,508
genes, but it was an unmanageable number of genes. To narrow down the 1,508 genes to a
manageable number for functional studies, the genes underwent further annotation proce‐
dures (Alkharouf et al. 2007). To do this annotation procedure, firstly, a pool of 150 highly
conserved, Group 1, H. glycines homologs of genes having lethal mutant phenotypes or phe‐
nocopies from the free living nematode C. elegans were identified from the pool of 1,508
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genes that were fabricated onto the Affymetrix® microarray. Secondly, it was determined
that of those 150 genes on the Affymetrix® soybean GeneChip, a subset of 131 genes could
have their expression monitored during the parasitic phase of their life cycle. Thirdly, a mi‐
croarray analyses identified a core set of 32 genes with induced expression occurring during
the parasitic stages of infection. The identification of 32 genes that had known expression
during the parasitic stages of infection provided a small, but feasible, core set of genes that
could be targeted in RNAi-based, reverse genetic screens (Table 1).

1.6. Reverse genetic screens to identify essential SCN genes

Unlike C. elegans, SCN is not an ideal system for genetic studies because of its obligate endo‐
parasitic life cycle. However, from information learned in C. elegans, gene function can be
studied by an mRNA nuclease process called RNA interference (RNAi) (Fire et al. 1998).
Through this process, a specific mRNA is targeted through a ribonucleoprotein complex for
degradation (Hammond et al. 2001; Caudy et al. 2003). The challenge then became demon‐
strating whether RNAi was functional and reliable in the SCN since the approach does not
work in some organisms. However, there are two demonstrated ways that RNAi–based ex‐
periments can be performed for SCN, allowing gene function experiments to be performed
through the a reverse genetic manner allowed by the RNAi technology.

The first demonstration of RNAi in SCN accomplished the experiment by taking cDNAs for
the gene of interest, synthesizing double stranded RNA (dsRNA) in vitro and soaking the
nematodes in the dsRNA cocktail (Urwin and Atkinson, 2002; Alkharouf et al. 2007). Urwin
et al. (2002) examined how the SCN actin gene could be knocked down in its expression.
The experiments resembled those performed in C. elegans whereby soaking the nematodes
in dsRNA resulted in a phenocopy of the normal phenotype generated by the hypomorphic
null mutant (Fire et al. 1998; Timmons et al. 2001). Similar experiments that relied on an ex‐
tensive, but simple, gene annotation pipeline that identified 1,508 candidate genes (Alkhar‐
ouf et al. 2007) used the cloned genes to synthesize dsRNA from H. glycines homologs of
small ribosomal protein 3a. Experiments that soaked the SCN with dsRNA resulted in nem‐
atode mortality that was demonstrated by vital fluorescent dyes and a phenocopy where the
nematodes appeared stiff (Alkharouf et al. 2007). Therefore, RNAi would work in the SCN
system. The experiments were then taken a step further in experiments that used the RNAi-
soaked nematodes to infect soybean plants to see if the nematodes were impaired in their
ability to parasitize soybean. Modeled after the earlier experiments of Urwin et al. (2002), in
experiments that used this approach for parasitism genes, it was shown that SCN infection
could be suppressed (Bakhetia et al. 2007, 2008). The problem with these experiments, from
a nematode biocontrol perspective, is that it would be virtually impossible to synthesize, ap‐
ply and deliver enough dsRNA to nematodes that are living in the environment to obtain a
positive effect even though crude dsRNA extracts can be used (Tenllado et al. 2003). Other
problems would be whether the dsRNA remained residually in the soil. Therefore, a second
method would be needed that could express the genes as dsRNA in soybean, allowing
greater control over the delivery of the dsRNA to SCN.
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ProbeSetID Afx H.g. Accn Best C.e. Hit Brief ID

HgAffx.13360.1.S1_at CB374622 pes-9 Yeast hypothetical 52.9 KD protein

HgAffx.10986.1.S1_at CA939315 gpd-3 NULL

HgAffx.19591.1.S1_at CB278666 cpf-1 cleavage stimulation factor like

HgAffx.16755.1.S1_at CA939427 phb-1 NULL

HgAffx.6532.1.S1_at CK350603 hsp-6 heat shock 70 protein

HgAffx.19651.1.S1_at CD748666 phb-2 Prohibitin

HgAffx.17567.1.S1_at CB825030 ben-1 tubulin

HgAffx.20551.1.S1_at CB281634 E02H1.1 rRNA methyltransferase

HgAffx.19055.1.S1_at CB826041 T21B10.2 enolase

HgAffx.24001.2.S1_at CK351582 ftt-2 14-3-3 protein

HgAffx.22771.2.S1_at BI749139 uaf-1 NULL

HgAffx.21332.1.S1_at BI748882 daf-21 heat shock protein (HSP90)

HgAffx.10691.1.S1_at CD748651 K04D7.1 guanine nucleotide-binding protein

HgAffx.10821.1.S1_at CB935592 T21B10.7 t-complex protein 1

HgAffx.13633.1.S1_at CD748017 pyp-1 inorganic pyrophosphatase

HgAffx.20969.1.S1_at CB379877 rps-1 Ribosomal protein S3a homolog

HgAffx.24120.1.S1_at CB935135 eft-2 Elongation factor Tu family

HgAffx.22597.1.S1_at CB826306 kin-19 casein kinase I

HgAffx.11150.1.S1_at CB378957 D1005.1 ATP citrate lyase

HgAffx.17961.1.S1_at CB281421 F01G10.1 transketolase

HgAffx.18740.2.S1_at CA940055 act-4 actin

HgAffx.14431.1.S1_at CB935363 mdh-1 malate dehydrogenase

HgAffx.19636.2.S1_at CA939544 rps-4 NULL

HgAffx.18811.1.S1_at CA940369 F43G9.5 NULL

HgAffx.5490.1.S1_at CD747934 gpi-1 glucose-6-phosphate isomerase

HgAffx.22868.1.S1_at BG310682 cpl-1 cathepsin-like protease

HgAffx.13283.1.S1_at CD748764 K10D6.2 NULL

HgAffx.17866.1.S1_at CB824474 M03C11.7 NULL

HgAffx.20065.1.S1_at AF318605 hsp-1 HSP-1 heat shock 70kd protein A

HgAffx.15252.1.S1_at CK348813 rho-1 p21 ras-related rho (RhoA)

HgAffx.16942.1.S1_at CK349264 ruvb-2 NULL

HgAffx.23555.2.S1_at CD748675 Y54E10BR.6 NULL

Table 1. Annotation of the Affymetrix ® soybean GeneChip in relation to gene pathway analyses.
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during the parasitic stages of infection provided a small, but feasible, core set of genes that
could be targeted in RNAi-based, reverse genetic screens (Table 1).
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strating whether RNAi was functional and reliable in the SCN since the approach does not
work in some organisms. However, there are two demonstrated ways that RNAi–based ex‐
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through the a reverse genetic manner allowed by the RNAi technology.
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the gene of interest, synthesizing double stranded RNA (dsRNA) in vitro and soaking the
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in dsRNA resulted in a phenocopy of the normal phenotype generated by the hypomorphic
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tensive, but simple, gene annotation pipeline that identified 1,508 candidate genes (Alkhar‐
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small ribosomal protein 3a. Experiments that soaked the SCN with dsRNA resulted in nem‐
atode mortality that was demonstrated by vital fluorescent dyes and a phenocopy where the
nematodes appeared stiff (Alkharouf et al. 2007). Therefore, RNAi would work in the SCN
system. The experiments were then taken a step further in experiments that used the RNAi-
soaked nematodes to infect soybean plants to see if the nematodes were impaired in their
ability to parasitize soybean. Modeled after the earlier experiments of Urwin et al. (2002), in
experiments that used this approach for parasitism genes, it was shown that SCN infection
could be suppressed (Bakhetia et al. 2007, 2008). The problem with these experiments, from
a nematode biocontrol perspective, is that it would be virtually impossible to synthesize, ap‐
ply and deliver enough dsRNA to nematodes that are living in the environment to obtain a
positive effect even though crude dsRNA extracts can be used (Tenllado et al. 2003). Other
problems would be whether the dsRNA remained residually in the soil. Therefore, a second
method would be needed that could express the genes as dsRNA in soybean, allowing
greater control over the delivery of the dsRNA to SCN.
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The second way to perform RNAi experiments for SCN control would be to express the
genes in transgenic soybean roots, allowing the nematodes to feed on the genetically engi‐
neered roots. The hypothesis is that if the SCN was able to ingest the double stranded RNA
manufactured in the plant cells through its stylet in high enough concentrations and if the
RNAi metabolic process occurred in SCN, there was a chance that nematode development
could be controlled. Prior experiments already demonstrated that the RNAi pathway func‐
tioned in SCN (Urwin et al. 2002; Alkharouf et al. 2007). The original experiments that per‐
formed host-mediated expression of SCN genes as inverted tandemly duplicated copies for
RNAi control in soybean to examine SCN biology were done by Steeves et al. (2006), exam‐
ining the major sperm protein. Huang et al. (2006) demonstrated the same effect for root
knot nematode in the model plant A. thaliana so the approach would have broad applicabili‐
ty for PPN control. The experiments were followed by Klink et al. (2009a) that identified
many genes from microarray studies that would serve as candidates for RNAi control dur‐
ing parasitism.

Figure 2. Soybean plants with transgenic roots. The transgenic soybean roots are expressing the enhanced green fluo‐
rescent protein (eGFP) (Haseloff et al. 1997) found in the pRAP vectors (Klink et al. 2009c; Matsye et al. 2012). Bar = 10
cm.

The problem with the transgenic approach is that soybean is a difficult to genetically engi‐
neer. However, strategies whereby composite plants (Collier et al. 2005) that are chimeras
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having nontransformed aerial stocks having transgenic root stocks can be readily made in
soybean (Klink et al. 2008, 2009a). The simplicity of the approach is evident because the
transgenic plants can be made in non-axenic conditions with the use of fluorescent reporter
(Collier et al. 2005) (Figure 2). The development of vectors that work in soybean (Klink et al.
2008, 2009a; Ibrahim et al. 2011; Matsye et al. 2012) have made the experiments possible.
Further improvements whereby the plant expression vectors are Gateway®-compatible
(Klink et al. 2009a; Ibrahim et al. 2011; Matsye et al. 2012) allows for semi-large reverse ge‐
netic screens to be performed. In such experiments, SCN homologs of the small ribosomal
protein 3a (Hg-rps-3a) and Hg-rps-4, synaptobrevin (Hg-snb-1) and a spliceosomal SR pro‐
tein (Hg-spk-1) were tested for functionality in host mediated expression, RNAi-based stud‐
ies (Klink et al. 2009a). After 8 days of infection, the experiments demonstrated that 81–93%
fewer females developed on transgenic roots containing the genes engineered as tandem in‐
verted repeats. Those experiments resulted in lethality for SCN feeding on plants that were
expressing the genes as tandemly duplicated inverted repeats (Klink et al. 2009a). The same
outcome was shown for root knot nematode in soybean using the same plant expression
vector system (Ibrahim et al. 2011). These observations demonstrated that broad spectrum
resistance for PPNs in soybean was probable.

1.7. Proteomic studies of SCN

The prior experiments have discussed gene expression in SCN at the RNA level. These ex‐
periments are technologically simplistic to perform, because of major advances in sequenc‐
ing and detection technologies. However, in these experiments using hybridization to study
gene expression, little to no information is obtained as to how much protein is actually syn‐
thesized from the RNA or modifications that are known to exist on the protein molecules.
Recently, the proteome of SCN was investigated (Chen et al. 2011), resulting in a reference
map of protein expression. These experiments add to the already extensive gene expression
databases that are available for SCN (Ithal et al. 2007; Klink et al. 2007a, 2009a; Elling et al.
2009). The advantage of the proteomic studies is that it allows for the identification of the
relative amounts of the studied proteins to be known. This is in contrast to microarray-based
experiments where only different levels of expression can be inferred, but their absolute
amounts are not known. Chen et al. (2011) performed experiments using LC-MS/MS on pre-
infective J2 SCN. The nematodes were highly pure samples since they had not yet infected
soybean roots. The experiments were able to discern 803 spots on 2-D gels (Chen et al. 2011).
Of those spots, 426 proteins were identified (Chen et al. 2011). Gene Ontology analyses al‐
lowed for the identification of a number of different functional groups, including secreted
proteins that may act during parasitism (Chen et al. 2011). While it is likely that the protein
list is not comprehensive, the work provides a solid foundation for future work to examine
the proteome of SCN and compare with the gene expression studies based on the RNA.

1.8. Soybean gene expression

To understand how soybean was reacting to infection, it was going to be imperative to de‐
velop ways to monitor gene expression during infection. Unlike the model system, A. thali‐
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knot nematode in the model plant A. thaliana so the approach would have broad applicabili‐
ty for PPN control. The experiments were followed by Klink et al. (2009a) that identified
many genes from microarray studies that would serve as candidates for RNAi control dur‐
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neer. However, strategies whereby composite plants (Collier et al. 2005) that are chimeras
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having nontransformed aerial stocks having transgenic root stocks can be readily made in
soybean (Klink et al. 2008, 2009a). The simplicity of the approach is evident because the
transgenic plants can be made in non-axenic conditions with the use of fluorescent reporter
(Collier et al. 2005) (Figure 2). The development of vectors that work in soybean (Klink et al.
2008, 2009a; Ibrahim et al. 2011; Matsye et al. 2012) have made the experiments possible.
Further improvements whereby the plant expression vectors are Gateway®-compatible
(Klink et al. 2009a; Ibrahim et al. 2011; Matsye et al. 2012) allows for semi-large reverse ge‐
netic screens to be performed. In such experiments, SCN homologs of the small ribosomal
protein 3a (Hg-rps-3a) and Hg-rps-4, synaptobrevin (Hg-snb-1) and a spliceosomal SR pro‐
tein (Hg-spk-1) were tested for functionality in host mediated expression, RNAi-based stud‐
ies (Klink et al. 2009a). After 8 days of infection, the experiments demonstrated that 81–93%
fewer females developed on transgenic roots containing the genes engineered as tandem in‐
verted repeats. Those experiments resulted in lethality for SCN feeding on plants that were
expressing the genes as tandemly duplicated inverted repeats (Klink et al. 2009a). The same
outcome was shown for root knot nematode in soybean using the same plant expression
vector system (Ibrahim et al. 2011). These observations demonstrated that broad spectrum
resistance for PPNs in soybean was probable.

1.7. Proteomic studies of SCN

The prior experiments have discussed gene expression in SCN at the RNA level. These ex‐
periments are technologically simplistic to perform, because of major advances in sequenc‐
ing and detection technologies. However, in these experiments using hybridization to study
gene expression, little to no information is obtained as to how much protein is actually syn‐
thesized from the RNA or modifications that are known to exist on the protein molecules.
Recently, the proteome of SCN was investigated (Chen et al. 2011), resulting in a reference
map of protein expression. These experiments add to the already extensive gene expression
databases that are available for SCN (Ithal et al. 2007; Klink et al. 2007a, 2009a; Elling et al.
2009). The advantage of the proteomic studies is that it allows for the identification of the
relative amounts of the studied proteins to be known. This is in contrast to microarray-based
experiments where only different levels of expression can be inferred, but their absolute
amounts are not known. Chen et al. (2011) performed experiments using LC-MS/MS on pre-
infective J2 SCN. The nematodes were highly pure samples since they had not yet infected
soybean roots. The experiments were able to discern 803 spots on 2-D gels (Chen et al. 2011).
Of those spots, 426 proteins were identified (Chen et al. 2011). Gene Ontology analyses al‐
lowed for the identification of a number of different functional groups, including secreted
proteins that may act during parasitism (Chen et al. 2011). While it is likely that the protein
list is not comprehensive, the work provides a solid foundation for future work to examine
the proteome of SCN and compare with the gene expression studies based on the RNA.

1.8. Soybean gene expression

To understand how soybean was reacting to infection, it was going to be imperative to de‐
velop ways to monitor gene expression during infection. Unlike the model system, A. thali‐
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ana, where a number of gene expression microarrays existed (Mussig et al. 2002; Tao et al.
2003) no commercially available microarrays were in place for soybean. The fabrication of
soybean microarrays from cDNAs isolated from uninfected and SCN-infected tissues result‐
ed in the identification of genes that are expressed during parasitism by SCN (Alkharouf et
al. 2006). Subsequently, after the availability of the Affymetrix soybean GeneChip, a number
of gene expression studies have been performed on whole infected soybean roots (Klink et
al. 2007b; Ithal et al. 2007). Some of the studies have focused in on expression occurring dur‐
ing the susceptible reaction (Alkharouf et al. 2006; Klink et al. 2007b; Ithal et al. 2007). These
studies have resulted in the identification of genes that are highly expressed during the sus‐
ceptible reaction. Alkharouf et al. (2006) performed experiments that examined the prepara‐
sitic stages of infection of the compatible reaction. The experiments identified defense-
related genes such as Kunitz trypsin inhibitor (KTI), germin, peroxidase, phospholipase D,
12-oxyphytodienoate reductase (OPR), pathogenesis related-1 (PR1), phospholipase C, lip‐
oxygenase, WRKY6 transcription factor and calmodulin. The experiments demonstrated
that multiple defense pathways were induced even early (by 6 hours post infection) during
the compatible reaction. This is important to note because the time point at which the sam‐
ple was collected occurred before the nematode initiated the formation of the syncytium.
This meant that soybean was responding in important ways to the presence of the nematode
within it s root tissues. Similar lists of genes were identified by Ithal et al. 2007, demonstrat‐
ing a commonality of expression even though the experiments used different soybean geno‐
types and populations of SCN. Unfortunately, since only the susceptible reaction was
studied, it was unclear whether the expressed genes were specific to the susceptible reaction
or would also be differentially expressed in roots if they were undergoing a resistant reac‐
tion. This knowledge would be important to identify actively expressed genes that relate
specifically to defense.

To distinguish between expression of genes during the susceptible and resistant reactions,
an experiment was performed whereby both susceptible and resistant reactions could be ob‐
tained in the same soybean genotype (G. max[Peking/PI 548402]) (Klink et al. 2007b). The impor‐
tance in the way the experiment was designed was that it allowed gene expression that
pertained specifically to the susceptible or resistant reaction to be identified. Thus, differen‐
ces in plant genotype could not introduce error into the experiment. The experiments were
set up whereby the G. max[Peking/PI 548402] genotype was infected with one of two SCN popula‐
tions that would result in a susceptible or a resistant reaction. Another important feature of
the experiment was that the gene expression that occurred as G. max[Peking/PI 548402], a genotype
with functional resistance genes, failed in its effort to defend itself from SCN would be iden‐
tified. The G. max[Peking/PI 548402] genotype was infected with H. glycines[NL1-RHg/HG-type 7] (originally
called race 3) that obtained a resistant reaction and H. glycines[TN8/HG-type 1.3.6.7] (originally called
race 14) that obtained a susceptible reaction (Klink et al. 2007b). The experiments revealed
induced levels of some genes during different points of the susceptible reaction as compared
to the resistant reaction. Some of the genes that were induced in their expression during the
susceptible reaction at 12 hours post infection (hpi) were an expansin, peroxidase, plasma
membrane intrinsic protein 1C (PIP1C), germin-like protein (GER) 1, beta-Ig-H3 domain-
containing protein and chorismate mutase (Klink et al. 2007b). Genes induced during the
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susceptible reaction at 3 dpi included 4-coumarateCoA ligase family protein, expansin,
LTP1, transketolase and a cytochrome P450 (Klink et al. 2007b). Related experiments show‐
ing genes that were induced specifically during a susceptible reaction at 8 dpi included 4-
coumarate CoA ligase family protein, peroxidase, expansin, matrix metalloproteinase,
matrixin family protein and a lipid transfer protein (LTP) (Klink et al. 2007b). All of these
proteins were suppressed in their activity during the resistant reaction. However, the prob‐
lem with the vast amounts of data that was being generated at the time was in obtaining a
meaningful annotation that would provide an understanding of the global events occurring
in the sample types.

1.9. Improvements in annotation

The described experiments resulted in the generation of a massive amount of gene expres‐
sion data and gene lists for the 38,099 genes fabricated on the Affymetrix® soybean Gene‐
Chip. Annotated gene lists for soybean genes are very useful because no information is lost
from the analysis (Table 1). However, the gene lists do not provide higher order knowledge
of how the many genes are functioning during a process under study. It is possible that vari‐
ous metabolic pathways that pertain to a specific process could be identified if the data
could be organized into a higher order structure. Since the aforementioned work was done
in soybean, often considered a non-model organism, it was difficult to translate the informa‐
tion into gene pathway analyses applications in a manner that would reveal how the gene
expression is orchestrated during the process under study. However, an investigation that
had been done in A. thaliana infected with Pseudomonas syringae pv. tomato did show how
useful the higher order gene expression knowledge could be in allowing for a visualization
of the switch in metabolism from housekeeping to pathogen defense during infection
(Scheideler et al. 2001). The development and presentation of gene pathway information, a
procedure that merged the Kyoto Encyclopedia of Genes and Genomes (KEGG) framework
(http://www.genome.jp/kegg/ catalog/org_list.html) (Goto et al. 1997) with the gene expres‐
sion data was accomplished through the development of a computer application called
Pathway Analysis and Integrated Coloring of Experiments (PAICE) (Paice_v2_90.jar) (http://
sourceforge.net/projects/paice/) (Hosseini et al. unpublished; Klink et al. 2011a). This al‐
lowed for obtaining higher order cell fate mapping studies to be performed (Klink et al.
2011a; Matsye et al. 2011). Moreover, the sequencing of the soybean genome (Schmutz et al.
2010) made transcriptional mapping experiments that relate to resistance loci possible (Mat‐
sye et al. 2011).

1.10. Genomics of the syncytium

While strides were being made in obtaining a deep analysis of the physiological processes
occurring in whole infected roots, the greater challenge would be to identify gene expres‐
sion that occurred within the syncytium because it would require either drawing the cyto‐
plasm out of the syncytium or a way to physically isolate the cells. The original studies that
attempted to determine gene expression in nematode nurse cells was done by Bird et al.
(1994) and Wilson et al. (1994). The hypothesis was that by extracting the cytoplasm of the
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ana, where a number of gene expression microarrays existed (Mussig et al. 2002; Tao et al.
2003) no commercially available microarrays were in place for soybean. The fabrication of
soybean microarrays from cDNAs isolated from uninfected and SCN-infected tissues result‐
ed in the identification of genes that are expressed during parasitism by SCN (Alkharouf et
al. 2006). Subsequently, after the availability of the Affymetrix soybean GeneChip, a number
of gene expression studies have been performed on whole infected soybean roots (Klink et
al. 2007b; Ithal et al. 2007). Some of the studies have focused in on expression occurring dur‐
ing the susceptible reaction (Alkharouf et al. 2006; Klink et al. 2007b; Ithal et al. 2007). These
studies have resulted in the identification of genes that are highly expressed during the sus‐
ceptible reaction. Alkharouf et al. (2006) performed experiments that examined the prepara‐
sitic stages of infection of the compatible reaction. The experiments identified defense-
related genes such as Kunitz trypsin inhibitor (KTI), germin, peroxidase, phospholipase D,
12-oxyphytodienoate reductase (OPR), pathogenesis related-1 (PR1), phospholipase C, lip‐
oxygenase, WRKY6 transcription factor and calmodulin. The experiments demonstrated
that multiple defense pathways were induced even early (by 6 hours post infection) during
the compatible reaction. This is important to note because the time point at which the sam‐
ple was collected occurred before the nematode initiated the formation of the syncytium.
This meant that soybean was responding in important ways to the presence of the nematode
within it s root tissues. Similar lists of genes were identified by Ithal et al. 2007, demonstrat‐
ing a commonality of expression even though the experiments used different soybean geno‐
types and populations of SCN. Unfortunately, since only the susceptible reaction was
studied, it was unclear whether the expressed genes were specific to the susceptible reaction
or would also be differentially expressed in roots if they were undergoing a resistant reac‐
tion. This knowledge would be important to identify actively expressed genes that relate
specifically to defense.

To distinguish between expression of genes during the susceptible and resistant reactions,
an experiment was performed whereby both susceptible and resistant reactions could be ob‐
tained in the same soybean genotype (G. max[Peking/PI 548402]) (Klink et al. 2007b). The impor‐
tance in the way the experiment was designed was that it allowed gene expression that
pertained specifically to the susceptible or resistant reaction to be identified. Thus, differen‐
ces in plant genotype could not introduce error into the experiment. The experiments were
set up whereby the G. max[Peking/PI 548402] genotype was infected with one of two SCN popula‐
tions that would result in a susceptible or a resistant reaction. Another important feature of
the experiment was that the gene expression that occurred as G. max[Peking/PI 548402], a genotype
with functional resistance genes, failed in its effort to defend itself from SCN would be iden‐
tified. The G. max[Peking/PI 548402] genotype was infected with H. glycines[NL1-RHg/HG-type 7] (originally
called race 3) that obtained a resistant reaction and H. glycines[TN8/HG-type 1.3.6.7] (originally called
race 14) that obtained a susceptible reaction (Klink et al. 2007b). The experiments revealed
induced levels of some genes during different points of the susceptible reaction as compared
to the resistant reaction. Some of the genes that were induced in their expression during the
susceptible reaction at 12 hours post infection (hpi) were an expansin, peroxidase, plasma
membrane intrinsic protein 1C (PIP1C), germin-like protein (GER) 1, beta-Ig-H3 domain-
containing protein and chorismate mutase (Klink et al. 2007b). Genes induced during the
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susceptible reaction at 3 dpi included 4-coumarateCoA ligase family protein, expansin,
LTP1, transketolase and a cytochrome P450 (Klink et al. 2007b). Related experiments show‐
ing genes that were induced specifically during a susceptible reaction at 8 dpi included 4-
coumarate CoA ligase family protein, peroxidase, expansin, matrix metalloproteinase,
matrixin family protein and a lipid transfer protein (LTP) (Klink et al. 2007b). All of these
proteins were suppressed in their activity during the resistant reaction. However, the prob‐
lem with the vast amounts of data that was being generated at the time was in obtaining a
meaningful annotation that would provide an understanding of the global events occurring
in the sample types.

1.9. Improvements in annotation

The described experiments resulted in the generation of a massive amount of gene expres‐
sion data and gene lists for the 38,099 genes fabricated on the Affymetrix® soybean Gene‐
Chip. Annotated gene lists for soybean genes are very useful because no information is lost
from the analysis (Table 1). However, the gene lists do not provide higher order knowledge
of how the many genes are functioning during a process under study. It is possible that vari‐
ous metabolic pathways that pertain to a specific process could be identified if the data
could be organized into a higher order structure. Since the aforementioned work was done
in soybean, often considered a non-model organism, it was difficult to translate the informa‐
tion into gene pathway analyses applications in a manner that would reveal how the gene
expression is orchestrated during the process under study. However, an investigation that
had been done in A. thaliana infected with Pseudomonas syringae pv. tomato did show how
useful the higher order gene expression knowledge could be in allowing for a visualization
of the switch in metabolism from housekeeping to pathogen defense during infection
(Scheideler et al. 2001). The development and presentation of gene pathway information, a
procedure that merged the Kyoto Encyclopedia of Genes and Genomes (KEGG) framework
(http://www.genome.jp/kegg/ catalog/org_list.html) (Goto et al. 1997) with the gene expres‐
sion data was accomplished through the development of a computer application called
Pathway Analysis and Integrated Coloring of Experiments (PAICE) (Paice_v2_90.jar) (http://
sourceforge.net/projects/paice/) (Hosseini et al. unpublished; Klink et al. 2011a). This al‐
lowed for obtaining higher order cell fate mapping studies to be performed (Klink et al.
2011a; Matsye et al. 2011). Moreover, the sequencing of the soybean genome (Schmutz et al.
2010) made transcriptional mapping experiments that relate to resistance loci possible (Mat‐
sye et al. 2011).

1.10. Genomics of the syncytium

While strides were being made in obtaining a deep analysis of the physiological processes
occurring in whole infected roots, the greater challenge would be to identify gene expres‐
sion that occurred within the syncytium because it would require either drawing the cyto‐
plasm out of the syncytium or a way to physically isolate the cells. The original studies that
attempted to determine gene expression in nematode nurse cells was done by Bird et al.
(1994) and Wilson et al. (1994). The hypothesis was that by extracting the cytoplasm of the
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cells that are specifically undergoing the parasitism, it would be possible to determine the
gene expression that pertains specifically to parasitism. However, it is noted that gene ex‐
pression in the cells surrounding the syncytium probably plays some role in the mainte‐
nance and development of the susceptible and resistant reactions. This approach to isolate
the cytoplasm (Bird et al. 1994; Wilson et al. 1994) would be more challenging for syncytia
because it is virtually impossible to determine what cells are infected by SCN. Therefore, in‐
stead of collecting the cytoplasm, the collection of the cells would have to occur and it
would have to be done through their physical isolation.

The physical isolation of syncytia undergoing a susceptible reaction to the SCN was first de‐
scribed by Klink et al. (2005). The study collected syncytia by a procedure called laser micro‐
dissection (Isenberg et al. 1976; Meier Ruge et al. 1976; Emmert-Buck et al. 1996) (Figure 3).
The experiments obtained RNA of suitable quality for making cDNA libraries, cloning and
sequencing full length genes greater than 1,000 base pairs, making probes for in situ hybridi‐
zation and quantitative PCR (qPCR) and immunocytochemistry which would allow for the
visualization of gene expression inside of the infected cells (Klink et al. 2005). These results
made it possible to study gene expression occurring within the syncytium at the genome-
wide level.

Figure 3. Laser microdissection (LM) of nematode feeding sites. A, cartoon of a nematode (gray) parasitizing a pericy‐
cle cell (yellow) that previously was uninfected (green). The parasitism process is resulting in the incorporation of
neighboring cells by dissolving their cell walls, forming a syncytium. B, the syncytium (asterisk) was collected after LM.
A’, an actual root used for LM. The black arrows point to a nematode infecting a root cell (red outline). B’, white ar‐
rows point to the feeding cell that was collected by LM.
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Genomics approaches to syncytium biology resulted in a series of investigations that have
focused in on gene expression that occurs during a susceptible reaction in the syncytium
(Klink et al. 2005, 2007a, 2009b, 2010b, c, 2011a; Ithal et al. 2007; Matsye et al. 2011, 2012;
Kandoth et al. 2011). In these studies, a number of genes were identified. However, to un‐
derstand gene expression as it specifically pertains to defense, it would be required to study
the cells undergoing the defense response. The main obstacle in performing studies with
this goal in mind was determining whether the cells undergoing the defense response were
already dead at the time of cell collection. The prediction is that cells that were dead would
have already halted their physiological processes that pertained to defense and also may not
provide RNA of suitable quality for microarray studies. However, it was unlikely that the
cells progressing through the earlier stages of defense were dead (Figure 1) since the EM
studies revealed very specific progression of cellular architecture during the defense re‐
sponse, suggesting that the cells had to be alive to progress through this developmental
process (Endo, 1965; Kim et al. 1987; Endo, 1991). The initial collection of syncytia undergo‐
ing the developmental process that leads to their eventual collapse and death were then per‐
formed (Klink et al. 2007a). These experiments demonstrated that the cells would be a
suitable source for RNA collection and genomics-based analyses. The first set of experi‐
ments to use laser microdissected cells undergoing an incompatible reaction for genomics
studies determined that the expression of lipoxygenase (LOX), arabinogalactan-protein
(AGP18), annexin, a thioesterase family protein heat shock protein (HSP) 70 and superoxi‐
dase dismutase (SOD) (Klink et al. 2007a). Many of the genes have very well known roles in
plant defense. Subsequent experiments examined more time points occurring during the de‐
fense response, spanning phase 1 and phase 2 (Klink et al. 2009b, 2010b, c). The experiments
identified a number a genes that were very highly expressed during the resistant reaction,
specifically within the syncytium. In contrast, a number of genes were very highly sup‐
pressed (>1,000 fold) during the resistant reaction (Klink et al. 2009b, 2010b, c). The experi‐
ments were repeated later by Kandoth et al. (2011) in the G. max[PI 209322] genetic background
that either has or lacks the rhg1 resistance locus. During this time, studies were also per‐
formed that examined and compared multiple forms of the resistant reaction that were
found in the G. max[Peking/PI 548402] and G. max[PI 88788] genotypes (Klink et al. 2009b, 2010b, c,
2011a; Matsye et al. 2011, 2012). These studies were important because the G. max[Peking/PI 548402]

and G. max[PI 88788] genotypes are well known to undergo different forms of the resistant reac‐
tion at the cellular level (Kim et al. 1987; Endo, 1991; Mahalingham and Skorupska, 1996).
The G. max[Peking/PI 548402] and G. max[PI 88788] PIs are also important genotypes to obtain knowl‐
edge from because they are the source of >97% of the resistance germplasm used in commer‐
cial breeding programs (Concibido et al. 2004). In some of the earlier studies (Klink et al.
2009b), a number of genes were identified that were induced preferentially in their expres‐
sion during the resistant reaction. The genes included lipoxygenase, S-adenosylmethionine
synthetase, a dnaK domain-containing protein, GRF2 GENERAL REGULATORY FACTOR
2, ACT7 (actin 7), major latex protein-related protein, xyloglucan endotransglucosylase/
hydrolase protein 26, cytochrome P450 monooxygenase CYP93D1, pyruvate dehydrogenase
E1 beta subunit isoform 2, nitrate transporter (NTP2), endo-1,4-beta-glucancase that were all
expressed preferentially between 100 to 383-fold higher in syncytia undergoing the defense
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cells that are specifically undergoing the parasitism, it would be possible to determine the
gene expression that pertains specifically to parasitism. However, it is noted that gene ex‐
pression in the cells surrounding the syncytium probably plays some role in the mainte‐
nance and development of the susceptible and resistant reactions. This approach to isolate
the cytoplasm (Bird et al. 1994; Wilson et al. 1994) would be more challenging for syncytia
because it is virtually impossible to determine what cells are infected by SCN. Therefore, in‐
stead of collecting the cytoplasm, the collection of the cells would have to occur and it
would have to be done through their physical isolation.

The physical isolation of syncytia undergoing a susceptible reaction to the SCN was first de‐
scribed by Klink et al. (2005). The study collected syncytia by a procedure called laser micro‐
dissection (Isenberg et al. 1976; Meier Ruge et al. 1976; Emmert-Buck et al. 1996) (Figure 3).
The experiments obtained RNA of suitable quality for making cDNA libraries, cloning and
sequencing full length genes greater than 1,000 base pairs, making probes for in situ hybridi‐
zation and quantitative PCR (qPCR) and immunocytochemistry which would allow for the
visualization of gene expression inside of the infected cells (Klink et al. 2005). These results
made it possible to study gene expression occurring within the syncytium at the genome-
wide level.

Figure 3. Laser microdissection (LM) of nematode feeding sites. A, cartoon of a nematode (gray) parasitizing a pericy‐
cle cell (yellow) that previously was uninfected (green). The parasitism process is resulting in the incorporation of
neighboring cells by dissolving their cell walls, forming a syncytium. B, the syncytium (asterisk) was collected after LM.
A’, an actual root used for LM. The black arrows point to a nematode infecting a root cell (red outline). B’, white ar‐
rows point to the feeding cell that was collected by LM.
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Genomics approaches to syncytium biology resulted in a series of investigations that have
focused in on gene expression that occurs during a susceptible reaction in the syncytium
(Klink et al. 2005, 2007a, 2009b, 2010b, c, 2011a; Ithal et al. 2007; Matsye et al. 2011, 2012;
Kandoth et al. 2011). In these studies, a number of genes were identified. However, to un‐
derstand gene expression as it specifically pertains to defense, it would be required to study
the cells undergoing the defense response. The main obstacle in performing studies with
this goal in mind was determining whether the cells undergoing the defense response were
already dead at the time of cell collection. The prediction is that cells that were dead would
have already halted their physiological processes that pertained to defense and also may not
provide RNA of suitable quality for microarray studies. However, it was unlikely that the
cells progressing through the earlier stages of defense were dead (Figure 1) since the EM
studies revealed very specific progression of cellular architecture during the defense re‐
sponse, suggesting that the cells had to be alive to progress through this developmental
process (Endo, 1965; Kim et al. 1987; Endo, 1991). The initial collection of syncytia undergo‐
ing the developmental process that leads to their eventual collapse and death were then per‐
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suitable source for RNA collection and genomics-based analyses. The first set of experi‐
ments to use laser microdissected cells undergoing an incompatible reaction for genomics
studies determined that the expression of lipoxygenase (LOX), arabinogalactan-protein
(AGP18), annexin, a thioesterase family protein heat shock protein (HSP) 70 and superoxi‐
dase dismutase (SOD) (Klink et al. 2007a). Many of the genes have very well known roles in
plant defense. Subsequent experiments examined more time points occurring during the de‐
fense response, spanning phase 1 and phase 2 (Klink et al. 2009b, 2010b, c). The experiments
identified a number a genes that were very highly expressed during the resistant reaction,
specifically within the syncytium. In contrast, a number of genes were very highly sup‐
pressed (>1,000 fold) during the resistant reaction (Klink et al. 2009b, 2010b, c). The experi‐
ments were repeated later by Kandoth et al. (2011) in the G. max[PI 209322] genetic background
that either has or lacks the rhg1 resistance locus. During this time, studies were also per‐
formed that examined and compared multiple forms of the resistant reaction that were
found in the G. max[Peking/PI 548402] and G. max[PI 88788] genotypes (Klink et al. 2009b, 2010b, c,
2011a; Matsye et al. 2011, 2012). These studies were important because the G. max[Peking/PI 548402]

and G. max[PI 88788] genotypes are well known to undergo different forms of the resistant reac‐
tion at the cellular level (Kim et al. 1987; Endo, 1991; Mahalingham and Skorupska, 1996).
The G. max[Peking/PI 548402] and G. max[PI 88788] PIs are also important genotypes to obtain knowl‐
edge from because they are the source of >97% of the resistance germplasm used in commer‐
cial breeding programs (Concibido et al. 2004). In some of the earlier studies (Klink et al.
2009b), a number of genes were identified that were induced preferentially in their expres‐
sion during the resistant reaction. The genes included lipoxygenase, S-adenosylmethionine
synthetase, a dnaK domain-containing protein, GRF2 GENERAL REGULATORY FACTOR
2, ACT7 (actin 7), major latex protein-related protein, xyloglucan endotransglucosylase/
hydrolase protein 26, cytochrome P450 monooxygenase CYP93D1, pyruvate dehydrogenase
E1 beta subunit isoform 2, nitrate transporter (NTP2), endo-1,4-beta-glucancase that were all
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response as compared to syncytia undergoing the early stages of a susceptible reaction
(Klink et al. 2009b). Additional experiments aided by Illumina® deep sequencing technolo‐
gy which is a sequence by synthesis procedure much like quantitative PCR, but for every
gene in the genome simultaneously, identified genes that were expressed only in syncytia
undergoing the defense response (Matsye et al. 2011). Some of the genes were expressed at
all times during the defense response. Importantly, the Illumina® deep sequencing technol‐
ogy revealed that some of the transcripts that are genes known to be important in defense
responses represented between 1 and 17% of the sequenced tags from RNA isolated from
the syncytia undergoing the defense response (Table 2) (Matsye et al. 2011). The knowledge
gained from these gene expression experiments was then used to select candidate genes
whose function during infection could be tested. The cross-comparison of data obtained
from the Illumina® sequencing platform with the Affymetrix® microarrays determined the
genes within the rhg1 locus that were expressed specifically during defense (Matsye et al.
2011). Experimentation of these genes in functional tests determined that some of these
genes play a role in defense to SCN (Matsye et al. 2012). It was shown that one gene, an α-
SNAP allele isolated from the resistant G. max[Peking/PI 548402], provided resistance when geneti‐
cally engineered into the susceptible G. max[Williams 82/PI 518671] (Matsye et al. 2012). Gene
expression and functional studies will be further expanded on in a subsequent section.

category

total probe

sets percent

Affymetrix® soybean GeneChip® probe sets (PS) 38,099

PS with matches to Arabidopsis thaliana accessions 23,583 62%

PS with enzyme commission (E.C.) numbers 9,717 29%

PS matching both A. thaliana accessions and having E.C. numbers 4,156 11%

PS with chromosomal coordinates 31,188 82%

Table 2. Group 1 SCN genes expressed during parasitism and used in RNAi studies (Klink et al. 2009)

1.10.1. Soybean resistance clusters

The major SCN resistance trait, rhg1, was first identified by Caldwell et al. (1960). In and
around the same time, four other major loci, the recessive rhg2, rhg3 (Caldwell et al. 1960)
and the dominant Rhg4 (Matson and Williams, 1965) and Rhg5 (Rao Arelli 1994) have been
identified. In all, there are approximately 61 QTLs that associate with resistance to SCN
(Kim et al. 2010). Many of the details of the numerous mapping studies can be found in a
review by Concibido et al. (2004). Of all of the loci that associate with resistance to SCN, the
best studied is rhg1. It is a major resistance locus and has been fine mapped to a region de‐
fined in a span of approximately 611,794 nucleotides between the molecular markers
ss107914244 and Satt038 on chromosome 18 (Concibido et al. 1994; Mudge et al, 1997; Cre‐
gan et al. 1999a; Hyten et al. 2010). It is important to note that the rhg1 loci found in the dif‐
ferent genotypes that exhibit resistance are not the same (Cregan et al. 1999b; Brucker et al.
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2005; Matsye et al. 2012). For example, due to the variation in how soybean responds to in‐
fection by the SCN, the rhg1 resistance allele in G. max[PI 88788] is designated rhg1-b (Kim et al.
2010). Work by Kim et al. (2010) has resulted in the fine-mapping of the rhg1-b locus to with‐
in a region of approximately 67 kb. This development was important for the SCN research
field because the locus contains approximately 9 genes. However, work in understanding
the biological nature of the genes within the locus was not the focus of the Kim et al. (2010)
study because the investigation was a genetic mapping analysis. Other resistance loci that
are not as well mapped, such as Rhg4 (Matson and Williams 1965), while providing resist‐
ance, account for about a 30% of the resistance of soybean to SCN. In addition to this feature,
it functions only against certain populations of SCN.

1.11. Gene expression found during defense at the rhg1 locus

Knowing  how  and  when  genes  are  expressed  in  syncytia  specifically  during  defense
would likely provide knowledge of the genes that regulate or contribute to the process.
Matsye  et  al.  (2012)  demonstrated  in  complimentary  studies,  that  an  amino  acid  trans‐
porter (AAT) (Glyma18g02580) and an α soluble NSF attachment protein (α-SNAP) (Gly‐
ma18g02590)  found  in  the  rhg1  locus,  undergo  expression  specifically  in  syncytia
undergoing defense in both the G. max[Peking/PI  548402]  and G. max[PI  88788]  genotypes (Matsye
et  al.  2011).  What  was  notable  about  the  analysis  was  that  AAT  and  α-SNAP  were
shown  to  be  expressed  throughout  the  defense  response  in  experiments  that  sampled
time points at 3, 6 and 9 days post infection (dpi), spanning phase 1 and 2 (Matsye et al.
2011). The AAT and α-SNAP genes did not appear to be expressed in syncytia undergo‐
ing the susceptible reaction. This difference in expression that was occurring between the
resistant  and susceptible  reaction  made  it  possible  that  the  genes  could  be  involved in
the defense response. However, this would only be determined in functional studies that
tested how the gene acted during infection (Matsye et al. 2012).

1.12. Genetic engineering as a solution for SCN

A number of approaches like conventional breeding programs have been shown for dec‐
ades  to  generate  resistance  to  SCN (Brim and  Ross,  1966).  The  resistant  cultivars  have
been shown to result  in savings of  hundreds of  millions of  dollars  (Bradley and Duffy,
1982). One drawback of conventional breeding programs is that along with the resistance
genes that are bred in, a number of genes are also introgressed that could have undesira‐
ble characteristics. This is especially a problem when is desirable traits are tightly linked
to  the  undesirable  traits.  To  circumvent  this  problem,  it  is  possible  to  genetically  engi‐
neer in genes of interest. A number of strategies that have been described in this chapter
have shown promise in disrupting the soybean-SCN interaction.  As noted earlier,  RNAi
of nematode parasitism genes has been shown in the Arabidopsis thaliana-Meloidogyne  sp.
system to perturb giant cell formation (Huang et al. 2006). This was also shown to work
in the soybean-SCN pathosystem (Steeves et  al.  2006).  Later  work that  identified highly
conserved SCN genes that were expressed during parasitism could be knocked down by
RNAi and suppress infection (Klink et al. 2009a; Li et al. 2010). Due to the duplicated na‐
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response as compared to syncytia undergoing the early stages of a susceptible reaction
(Klink et al. 2009b). Additional experiments aided by Illumina® deep sequencing technolo‐
gy which is a sequence by synthesis procedure much like quantitative PCR, but for every
gene in the genome simultaneously, identified genes that were expressed only in syncytia
undergoing the defense response (Matsye et al. 2011). Some of the genes were expressed at
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the syncytia undergoing the defense response (Table 2) (Matsye et al. 2011). The knowledge
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genes within the rhg1 locus that were expressed specifically during defense (Matsye et al.
2011). Experimentation of these genes in functional tests determined that some of these
genes play a role in defense to SCN (Matsye et al. 2012). It was shown that one gene, an α-
SNAP allele isolated from the resistant G. max[Peking/PI 548402], provided resistance when geneti‐
cally engineered into the susceptible G. max[Williams 82/PI 518671] (Matsye et al. 2012). Gene
expression and functional studies will be further expanded on in a subsequent section.

category

total probe

sets percent
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(Kim et al. 2010). Many of the details of the numerous mapping studies can be found in a
review by Concibido et al. (2004). Of all of the loci that associate with resistance to SCN, the
best studied is rhg1. It is a major resistance locus and has been fine mapped to a region de‐
fined in a span of approximately 611,794 nucleotides between the molecular markers
ss107914244 and Satt038 on chromosome 18 (Concibido et al. 1994; Mudge et al, 1997; Cre‐
gan et al. 1999a; Hyten et al. 2010). It is important to note that the rhg1 loci found in the dif‐
ferent genotypes that exhibit resistance are not the same (Cregan et al. 1999b; Brucker et al.
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study because the investigation was a genetic mapping analysis. Other resistance loci that
are not as well mapped, such as Rhg4 (Matson and Williams 1965), while providing resist‐
ance, account for about a 30% of the resistance of soybean to SCN. In addition to this feature,
it functions only against certain populations of SCN.

1.11. Gene expression found during defense at the rhg1 locus

Knowing  how  and  when  genes  are  expressed  in  syncytia  specifically  during  defense
would likely provide knowledge of the genes that regulate or contribute to the process.
Matsye  et  al.  (2012)  demonstrated  in  complimentary  studies,  that  an  amino  acid  trans‐
porter (AAT) (Glyma18g02580) and an α soluble NSF attachment protein (α-SNAP) (Gly‐
ma18g02590)  found  in  the  rhg1  locus,  undergo  expression  specifically  in  syncytia
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et  al.  2011).  What  was  notable  about  the  analysis  was  that  AAT  and  α-SNAP  were
shown  to  be  expressed  throughout  the  defense  response  in  experiments  that  sampled
time points at 3, 6 and 9 days post infection (dpi), spanning phase 1 and 2 (Matsye et al.
2011). The AAT and α-SNAP genes did not appear to be expressed in syncytia undergo‐
ing the susceptible reaction. This difference in expression that was occurring between the
resistant  and susceptible  reaction  made  it  possible  that  the  genes  could  be  involved in
the defense response. However, this would only be determined in functional studies that
tested how the gene acted during infection (Matsye et al. 2012).

1.12. Genetic engineering as a solution for SCN

A number of approaches like conventional breeding programs have been shown for dec‐
ades  to  generate  resistance  to  SCN (Brim and  Ross,  1966).  The  resistant  cultivars  have
been shown to result  in savings of  hundreds of  millions of  dollars  (Bradley and Duffy,
1982). One drawback of conventional breeding programs is that along with the resistance
genes that are bred in, a number of genes are also introgressed that could have undesira‐
ble characteristics. This is especially a problem when is desirable traits are tightly linked
to  the  undesirable  traits.  To  circumvent  this  problem,  it  is  possible  to  genetically  engi‐
neer in genes of interest. A number of strategies that have been described in this chapter
have shown promise in disrupting the soybean-SCN interaction.  As noted earlier,  RNAi
of nematode parasitism genes has been shown in the Arabidopsis thaliana-Meloidogyne  sp.
system to perturb giant cell formation (Huang et al. 2006). This was also shown to work
in the soybean-SCN pathosystem (Steeves et  al.  2006).  Later  work that  identified highly
conserved SCN genes that were expressed during parasitism could be knocked down by
RNAi and suppress infection (Klink et al. 2009a; Li et al. 2010). Due to the duplicated na‐
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ture of the soybean genome (Doyle et al. 1999; Schmutz et al. 2010), RNAi studies of soy‐
bean  genes  may  be  met  with  complications  and  may  require  methodologies  that  can
knock down entire gene families (Alvarez et al. 2006).

Another procedure to modulate gene expression in soybean to engineer resistance involves
the engineering of soybean genes as overexpression constructs (Matsye et al. 2012). To do
the studies, genes that are highly expressed during a resistant reaction, identified in acces‐
sions of little agronomic value can be expressed to high levels in a soybean genotype that is
normally susceptible, but of great economic value. The hypothesis is that if the gene is im‐
portant in the defense response, the overexpression of that gene in a genotype that is nor‐
mally susceptible would result in suppressed nematode infection. Such a result was
obtained by Matsye et al. (2012) with the overexpression of a naturally occurring truncated
allele of an α-SNAP gene. When the α-SNAP gene that was identified in the G. max[Peking/PI

548402] accession was overexpressed in the normally susceptible G. max[Williams 82/PI 518671] geno‐
type, nematode infection was suppressed (Figure 4). The experiments demonstrated the effi‐
cacy of the approach, opening up the possibility for large scale reverse genetic screens since
the plasmid vectors used to engineer the genes into soybean through the hairy root proce‐
dure (Tepfer et al. 1984) was designed with an enhanced green fluorescent reporter (eGFP)
(Collins et al. 2005; Klink et al. 2008) was designed using the Gateway® technology for both
RNAi and overexpression studies (Klink et al. 2009a; Matsye et al. 2012).

Figure 4. An overexpressed gene affects nematode development. A, a nematode, stained with acid fuchsin for visuali‐
zation, developing in an experimental control plant. The boundary of the nematode feeding site is encircled in blue. B,
a nematode failing to develop in a plant overexpressing a gene identified in the gene expression studies of the syncy‐
tium. The boundary of the nematode feeding site is encircled in blue.

2. Conclusion

The soybean-SCN pathosystem has been under study for over 60 years. Through a massive
amount of basic studies involving agricultural production practices, genomics and genetic
engineering, solutions to the chronic and global SCN problem are emerging. The difficulty
of studying the system has been met with many improvements in technology that are allow‐
ing for basic features of the pathosystem to be exploited so that agricultural practices and
economic returns are improved. The basic knowledge gained in this system can now be ap‐
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plied as a model for understanding other recalcitrant pathogens affecting soybean, to obtain
a comprehensive understanding of infection and defense.
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plied as a model for understanding other recalcitrant pathogens affecting soybean, to obtain
a comprehensive understanding of infection and defense.
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1. Introduction

Soybean (Glycine max (L.)  Merrill)  is  known as  ‘Golden bean’  and miracle  crop of  20th

century. Soybean is a native of North China, Asia belongs to family fabaceae. It is a versa‐
tile and fascinating crop with innumerable possibilities of not only improving agriculture
but  also  supporting  industries.  Soybean  besides  having  high  yielding  potential  (40-45
q/ha) also provides cholesterol free oil  (20%) and high quality protein (40%). It  is a rich
source of lysine (6.4%) in addition to other essential amino acids, vitamins and minerals.
Its oil is also used as a raw material in manufacturing antibiotics, paints, varnishes, adhe‐
sives and lubricants etc.

Like other economically important crops soybean is also suffering from many diseases viz,
rust (Phakopsora pachyrhizi Syd.) and yellow mosaic (Mungbean Yellow Mosaic Virus) are the
major disease under Indian conditions, which causes considerable reduction in yield up to 80
per cent under severe conditions [3]. Further, another major problem in soybean is pods
shattering which also reduces yield and in some varieties 100 per cent yield losses have been
observed. The extent of yield loss due to pod shattering may range from negligible to signifi‐
cance levels depending upon the time of harvesting, environmental condition and genetic
endowment of the variety [11]. Hence screening for soybean genotypes for identifying
resistance to above major problems with high yielding potential will help to increase the
production to a greater extent.
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2. Materials and methods

The material consisted of 84 genotypes of soybean originated from different places of India
and abroad. The experiment was laid in augmented design at the Research Farm of Kisan (PG)
College, Simbhaoli, Ghaziabad, during kharif, season of 2008. In each replication the genotypes
were grown in 2 m long rows with spacing of 40cm × 10cm for row to row and plant to plant,
respectively. Within a row, seeds were hand dibbled 10 cm apart. Standard package of practices
was followed to raise the crop. Ten competitive plants were randomly selected from each
treatment in each replication and data were recorded on 3 qualitative characters namely, pod
shattering resistance, rust resistance and yellow mosaic disease resistance.

2.1. Screening for pod shattering resistance

The pod shattering resistance was recorded at physiological maturity of the pod. The screening
was done under laboratory condition by following the methodology adopted by IITA [4]. The
results were recorded as percentage of pod shattering. IITA method of calculating pod
shattering under lab conditions:

A sample of 25 pods were collected and kept in oven at 40°C for 7 days.

On the 7th day the number of shattered pods were counted and expressed in percentage as
below,

Number of pods shattered

Pod shattering percentage (%) = x 100

Total number of pods

The genotypes were classified into different categories based on their reaction to pod shatter‐
ing. The scoring rate was followed according to method adopted by IITA.

Sl.No Category Resistant reaction

1. No pod shattering Shattering resistant

2. <25% pod shattering Shattering tolerant

3. 25-50% pod shattering Moderately shattering

4. 51-75% pod shattering Highly shattering

5. >75% pod shattering very highly shattering

2.2. Screening for rust resistance

The scoring for rust was done just after initiation of flowering and before pod formation. The
observations were taken on lower, middle and upper leaves for density of pustule and
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sporulating intensity. Based on the symptoms, pustule density and sporulation intensity
grades were given. The genotypes were later grouped into different categories from immune
to highly susceptible. The scale (0-9) used was as follows:

Sl. No. Scale Category

1. 0 Immune

2. 1 Resistant

3. 3 Moderately resistant

4. 5 Moderately susceptible

5. 7 Susceptible

6. 9 Highly susceptible

2.3. Screening for yellow mosaic disease resistance

84 soybean genotypes grown in natural (field) conditions at Research Farm of Kisan (PG)
College, Simbhaoli, Ghaziabad during kharif, 2008 were screened. Number of plants showing
distinct symptoms in each line was counted 60 days after sowing and per cent disease incidence
was calculated by using the following formula:

Number of plants infected in a row

Per cent Disease Incidence (PDI) = x 100

Total number of plants in a row

The genotypes were later grouped into different categories from immune to highly susceptible
[7]. The scale used was as follows (0-9):

Scale Description Category

0 No symptoms of plants Immune

1 1% or less plants exhibiting symptoms resistant

3 1 to 10% plants exhibiting symptoms moderately resistant

5 11 to 20% plants exhibiting symptoms moderately susceptible

7 21 to 50% plants exhibiting symptoms susceptible

9 51% or more plants exhibiting symptoms highly susceptible
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3. Experimental results

3.1. Screening for pod shattering

84 genotypes of soybean were screened for pod shattering resistance in order to identify
resistant cultivars during kharif, 2008. The screening was done according to method adopted
by IITA, Nigeria. The data presented in Table 1 revealed that pod shattering percentage ranged
from 8.7 (Himsoy-1560) to 93.3 per cent (Punjab- 1). The result indicated that there is no variety,
which is resistant to pod shattering. However, some of the varieties viz., Bragg, CGP-76,
EC-322536, EC-34092, JS 93-05, Lee, MAUS-2, NRC-7, EC-34101, EC-34092, JS 71-05, EC-34101,
EC-392536, G-26, Himsoy-1560, Himsoy-1514, Pusa-16, Pusa-22, VLS-1, VLS-2, VLS-47 and the
check JS-335 were found to be tolerant. Later these genotypes were grouped into different
categories based on IITA, Nigeria scale and the data is presented in Table 2. The results revealed
that none of the genotypes were immune or resistant to pod shattering.

Sl.

No
Genotypes Shattering % Grade Sl No Genotype Shattering % Grade

1. Alankar 58.7 HS 43. EC-392536 16.0 TO

2. Ankur 47.0 MS 44. EC-394839 45.3 MS

3. AGS-34 59.7 HS 45. G-48 15.0 TO

4. AGS-50 52.7 HS 46. G-479 35.0 MS

5. Bragg 15.3 TO 47. G-482 51.7 HS

6. Local black soybean 78.3 VHS 48. G-7340 83.7 VHS

7. CO-1 80.3 VHS 49. G-26 35.7 MS

8. CO-2 57.0 HS 50. G-5-1 61.7 HS

9. CGP-76 15.3 TO 51. Hardee 46.0 MS

10. CGP-248 62.0 HS 52. Hara soya 17.3 MS

11. CGP-2037 46.0 MS 53. Himsoya-1560 8.7 TO

12. DSb-1 46.3 MS 54. Himsoya-1514 11.8 TO

13. DSb-2 41.7 MS 55. Improved pelican 83.3 VHS

14. DSb-3-4 44.3 MS 56. Indira Soya 9 32.0 MS

15. DSb-5 48.7 MS 57. C-39506 51.7 HS

16. DSb-6-1 37.7 MS 58. IC-49859 56.7 HS

17. DSb-7 56.0 HS 59. IC-104877 46.3 MS

18. DSb-8 45.0 MS 60. JS-2 83.0 VHS

19. DS-17-5 35.3 MS 61. JS-71-05 18.0 TO

20. EC-103369 58.3 MS 62. JS-72-280 36.7 MS
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Sl.

No
Genotypes Shattering % Grade Sl No Genotype Shattering % Grade

21. EC-109923 75.0 VHS 63. JS-72-44 44.3 MS

22. EC-322536 20.7 TO 64. JS-75-46 55.0 HS

23. EC-241778 36.7 MS 65. JS-76-205 31.9 MS

24. EC-241780 63.3 HS 66. JS-80-21 67.0 HS

25. EC-34092 16.0 TO 67. JS-90-41 55.7 HS

26. EC-118420 61.3 HS 68. JS-93-105 19.0 TO

27. EC-34101 22.0 TO 69. JS-87-25 31.7 MS

28. EC-251449 72.7 HS 70. KB-79 30.0 MS

29. Lee 15.0 TO 71. Pusa-20 32.7 MS

30. MACS-13 43.0 MS 72. Pusa-22 16.3 TO

31. MACS-330 72.7 VHS 73. Pusa-24 33.0 HS

32. MACS-450 57.3 MS 74. Pusa-37 62.3 HS

33. MACS-57 46.0 MS 75. Pusa-40 74.7 HS

34. MAUS-47 85.0 VHS 76. Samrat 31.3 MS

35. MAUS-68 73.0 HS 77. T-49 71.7 HS

36. MAUS-2 19.0 TO 78. VLS-1 12.1 TO

37. NRC-7 19.7 TO 79. VLS-2 25.3 TO

38. NRC-12 26.3 MS 80. VLS-21 31.7 MS

39. PK-1024 80.0 VHS 81. VLS-47 17.0 TO

40. PK-1029 32.0 MS 82. JS-335 (C) 10.3 TO

41. Punjab-1 93.3 VHS 83. KHSb-2(C) 43.5 MS

42. Pusa-16 23.7 TO 84. Monetta (C) 90.7 VHS

Table 1. Screening of soybean genotypes for pod shattering resistance

3.2. Screening for rust resistance

Growing resistant varieties is the most economical and safe method of controlling the rust of
soybean, which is a devastating disease resulting in heavy yield loss. In order to identify the
resistant cultivars 84 genotypes of soybean were screened for rust resistance during kharif 2008
under natural epiphytotic conditions at Dharwad. The rust incidence was recorded at phys‐
iological maturity of the genotypes and the results are presented in Table 3. Reactions of 84
genotypes to rust revealed that, none of the genotypes showed immune reaction to rust. Two
genotypes viz., EC 241778 and EC 241780 showed resistant reaction (1 grade), which were
considered as resistant and the remaining 82 genotypes as highly susceptible (9 grade).
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Sl.

No
Genotypes Shattering % Grade Sl No Genotype Shattering % Grade

1. Alankar 58.7 HS 43. EC-392536 16.0 TO

2. Ankur 47.0 MS 44. EC-394839 45.3 MS

3. AGS-34 59.7 HS 45. G-48 15.0 TO

4. AGS-50 52.7 HS 46. G-479 35.0 MS

5. Bragg 15.3 TO 47. G-482 51.7 HS

6. Local black soybean 78.3 VHS 48. G-7340 83.7 VHS

7. CO-1 80.3 VHS 49. G-26 35.7 MS

8. CO-2 57.0 HS 50. G-5-1 61.7 HS

9. CGP-76 15.3 TO 51. Hardee 46.0 MS

10. CGP-248 62.0 HS 52. Hara soya 17.3 MS

11. CGP-2037 46.0 MS 53. Himsoya-1560 8.7 TO

12. DSb-1 46.3 MS 54. Himsoya-1514 11.8 TO

13. DSb-2 41.7 MS 55. Improved pelican 83.3 VHS

14. DSb-3-4 44.3 MS 56. Indira Soya 9 32.0 MS

15. DSb-5 48.7 MS 57. C-39506 51.7 HS

16. DSb-6-1 37.7 MS 58. IC-49859 56.7 HS

17. DSb-7 56.0 HS 59. IC-104877 46.3 MS

18. DSb-8 45.0 MS 60. JS-2 83.0 VHS

19. DS-17-5 35.3 MS 61. JS-71-05 18.0 TO

20. EC-103369 58.3 MS 62. JS-72-280 36.7 MS
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Sl.

No
Genotypes Shattering % Grade Sl No Genotype Shattering % Grade

21. EC-109923 75.0 VHS 63. JS-72-44 44.3 MS

22. EC-322536 20.7 TO 64. JS-75-46 55.0 HS

23. EC-241778 36.7 MS 65. JS-76-205 31.9 MS

24. EC-241780 63.3 HS 66. JS-80-21 67.0 HS

25. EC-34092 16.0 TO 67. JS-90-41 55.7 HS

26. EC-118420 61.3 HS 68. JS-93-105 19.0 TO

27. EC-34101 22.0 TO 69. JS-87-25 31.7 MS

28. EC-251449 72.7 HS 70. KB-79 30.0 MS

29. Lee 15.0 TO 71. Pusa-20 32.7 MS

30. MACS-13 43.0 MS 72. Pusa-22 16.3 TO

31. MACS-330 72.7 VHS 73. Pusa-24 33.0 HS

32. MACS-450 57.3 MS 74. Pusa-37 62.3 HS

33. MACS-57 46.0 MS 75. Pusa-40 74.7 HS

34. MAUS-47 85.0 VHS 76. Samrat 31.3 MS

35. MAUS-68 73.0 HS 77. T-49 71.7 HS

36. MAUS-2 19.0 TO 78. VLS-1 12.1 TO

37. NRC-7 19.7 TO 79. VLS-2 25.3 TO

38. NRC-12 26.3 MS 80. VLS-21 31.7 MS

39. PK-1024 80.0 VHS 81. VLS-47 17.0 TO

40. PK-1029 32.0 MS 82. JS-335 (C) 10.3 TO

41. Punjab-1 93.3 VHS 83. KHSb-2(C) 43.5 MS

42. Pusa-16 23.7 TO 84. Monetta (C) 90.7 VHS

Table 1. Screening of soybean genotypes for pod shattering resistance

3.2. Screening for rust resistance

Growing resistant varieties is the most economical and safe method of controlling the rust of
soybean, which is a devastating disease resulting in heavy yield loss. In order to identify the
resistant cultivars 84 genotypes of soybean were screened for rust resistance during kharif 2008
under natural epiphytotic conditions at Dharwad. The rust incidence was recorded at phys‐
iological maturity of the genotypes and the results are presented in Table 3. Reactions of 84
genotypes to rust revealed that, none of the genotypes showed immune reaction to rust. Two
genotypes viz., EC 241778 and EC 241780 showed resistant reaction (1 grade), which were
considered as resistant and the remaining 82 genotypes as highly susceptible (9 grade).

Screening of Soybean (Glycine Max (L.) Merrill) Genotypes for Resistance to Rust, Yellow Mosaic and Pod Shattering
http://dx.doi.org/10.5772/54697

177



Sl.

No.
Category Resistant reaction

Number of

genotypes
Genotypes

1 No pod shattering Shattering resistant 00 -

2 < 25% pod shatteringShattering tolerant 20

Bragg, CGP-76, EC-322536, EC-34092, JS 71-05,

JS-93-05, Lee, MAUS-2, WEC-7, EC-34101, EC-392536,

G-26, Himsoya-1560, Himsoya-1514, Pusa-16, Pusa-22,

VLS-1, VLS-2, VLS-47, JS-335(C)

3
25-50% pod

shattering

Moderately

shattering
32

Ankur, CGP-2037, DSb-1, DSb-2, DSb-3-4, DSb-5,

DSb-6-1, DSb-8, PS-17-5, EC-103369, EC-241778,

IC-104877, JS 72-280, JS 72-44, JS 76-205, JS 87-25,

KB-79, MACS-13, MACS-450, MACS-57, NRC-12,

PK-1029, EC-394839, G-48, G-7340, Hardee, Harasoya,

Indira soya, Pusa-20, Samrat, VLS-21, KHSb-2 (C).

4
51-75% pod

shattering
Highly shattering 21

Alankar, AGS-34, AGS-50, CO-2, CGP-248, DSb-7,

EC-241780, EC-118420, IC-39506, IC-49859, JS 75-46, JS

80-21, JS 90-41, MAUS-68, EC-251449, G-479, G 5-1,

Pusa-24, Pusa-37, Pusa-40, T-49

5 >75% pod shattering
Very highly

shattering
11

Local black soybean, CO-1, EC-109923, JS-2, MACS-330,

MAUS-47, PK-1024, G-482, Improved pelican, Punjab-1,

Monetta (C)

Table 2. Grouping of Soybean genotypes for pod shattering resistance

Sl.

No.
Reaction

Grade

(0-9)

Number of

genotypes
Genotypes responded

1 Immune 0 00 -

2 Resistant 1 02 EC- 241778, EC- 241780

3
Moderately

resistant
3 00 -

4 Susceptible 5 00 -

5
Moderately

Susceptible
7 00 -

6 Highly Susceptible 9 82

Alankar, Ankur, AGS-34, AGS-50, Bragg, Local black

soybean, CO-1, CO-2, CGP-76, CGP-248, CGP-2037, DSb-1,

DSb-2, DSb 3-4, DSb-5, DSb 6-1, DSB-74, DSb-8, DS 17-5,

EC-103369, EC-109923, EC-322536, EC-34092, EC-118420,

EC-34101, EC-251449, EC-392536, EC-394839, G-48,

G-479, G-482, G-7340, G-26, G-5-1, Hardee, Harasoya,

Himsoya-1560, Improved pelican, Indirasoya, IC-39506,
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Sl.

No.
Reaction

Grade

(0-9)

Number of

genotypes
Genotypes responded

IC-49859, IC-104877, JS-2, JS 71-05, JS 72-280, JS 72-44, JS

75-46, JS 76-205, JS 80-21, JS 90-41, JS 93-105, JS 87-25,

KB-79, Le, MACS-13, MACS-330, MACS-450, MACS-57,

MAUS-47, MAUS-68, MAUS-2, NRC-7, NRC-12, PK-1024,

PK-1029, Punjab-1, Pusa-16, Pusa-20, Pusa-22, Pusa-24,

Pusa-37, Pusa-40, Samrat, T-49, VLS-1, VLS-2, VLS-21,

VLS-47, JS-335 (C), KHSb-2 (C), Monetta (C).

Table 3. Grouping of soybean genotypes for soybean rust resistance

3.3. Screening for yellow mosaic disease (YMD)

84 genotypes of soybean were screened for yellow mosaic disease under natural conditions at
Research Farm of Kisan (PG) College, Simbhaoli, Ghaziabad during kharif, 2008. The data
presented in Table 4 revealed that, YMD incidence ranged from 0.95 to 90.12 per cent. Among
the 84 genotypes screened lowest incidence was recorded with genotype MACS 57 (0.48%),
followed by EC 241778 (0.49%). Genotypes JS 90-41 (90.12) recorded highest incidence followed
by JS 76-205 (89.15%) and T 49 (86.21%). All the genotypes and their percent disease incidence
are tabulated in Table 5, which categorizes these genotypes based on 0-9 scale into different
reaction types. It is evident from the table that none of the genotypes tested were immune or
resistant.

Sl.

No
Genotypes PDI* Reaction Sl No Genotype PDI* Reaction

1. Alankar 9.25 MR 43. EC-392536 27.00 S

2. Ankur 0.75 R 44. EC-394839 42.12 S

3. AGS-34 8.21 MR 45. G-48 15.25 MS

4. AGS-50 7.68 MR 46. G-479 17.25 MS

5. Bragg 8.58 MR 47. G-482 25.65 S

6. Local black soybean 61.25 HS 48. G-7340 32.15 S

7. CO-1 3.58 MR 49. G-26 9.12 MR

8. CO-2 7.54 MR 50. G-5-1 42.12 S

9. CGP-76 15.61 MS 51. Hardee 39.15 S

10. CGP-248 19.25 MS 52. Hara soya 33.89 S

11. CGP-2037 9.21 MR 53. Himsoya-1560 19.14 MS

12. DSb-1 25.23 S 54. Himsoya-1514 40.01 S

13. DSb-2 32.15 S 55. Improved pelican 42.15 S
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Sl.

No.
Category Resistant reaction

Number of

genotypes
Genotypes

1 No pod shattering Shattering resistant 00 -

2 < 25% pod shatteringShattering tolerant 20

Bragg, CGP-76, EC-322536, EC-34092, JS 71-05,

JS-93-05, Lee, MAUS-2, WEC-7, EC-34101, EC-392536,

G-26, Himsoya-1560, Himsoya-1514, Pusa-16, Pusa-22,

VLS-1, VLS-2, VLS-47, JS-335(C)

3
25-50% pod

shattering

Moderately

shattering
32

Ankur, CGP-2037, DSb-1, DSb-2, DSb-3-4, DSb-5,

DSb-6-1, DSb-8, PS-17-5, EC-103369, EC-241778,

IC-104877, JS 72-280, JS 72-44, JS 76-205, JS 87-25,

KB-79, MACS-13, MACS-450, MACS-57, NRC-12,

PK-1029, EC-394839, G-48, G-7340, Hardee, Harasoya,

Indira soya, Pusa-20, Samrat, VLS-21, KHSb-2 (C).

4
51-75% pod

shattering
Highly shattering 21

Alankar, AGS-34, AGS-50, CO-2, CGP-248, DSb-7,

EC-241780, EC-118420, IC-39506, IC-49859, JS 75-46, JS

80-21, JS 90-41, MAUS-68, EC-251449, G-479, G 5-1,

Pusa-24, Pusa-37, Pusa-40, T-49

5 >75% pod shattering
Very highly

shattering
11

Local black soybean, CO-1, EC-109923, JS-2, MACS-330,

MAUS-47, PK-1024, G-482, Improved pelican, Punjab-1,

Monetta (C)

Table 2. Grouping of Soybean genotypes for pod shattering resistance

Sl.

No.
Reaction

Grade

(0-9)

Number of

genotypes
Genotypes responded

1 Immune 0 00 -

2 Resistant 1 02 EC- 241778, EC- 241780

3
Moderately

resistant
3 00 -

4 Susceptible 5 00 -

5
Moderately

Susceptible
7 00 -

6 Highly Susceptible 9 82

Alankar, Ankur, AGS-34, AGS-50, Bragg, Local black

soybean, CO-1, CO-2, CGP-76, CGP-248, CGP-2037, DSb-1,

DSb-2, DSb 3-4, DSb-5, DSb 6-1, DSB-74, DSb-8, DS 17-5,

EC-103369, EC-109923, EC-322536, EC-34092, EC-118420,

EC-34101, EC-251449, EC-392536, EC-394839, G-48,

G-479, G-482, G-7340, G-26, G-5-1, Hardee, Harasoya,

Himsoya-1560, Improved pelican, Indirasoya, IC-39506,
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Sl.

No.
Reaction

Grade

(0-9)

Number of

genotypes
Genotypes responded

IC-49859, IC-104877, JS-2, JS 71-05, JS 72-280, JS 72-44, JS

75-46, JS 76-205, JS 80-21, JS 90-41, JS 93-105, JS 87-25,

KB-79, Le, MACS-13, MACS-330, MACS-450, MACS-57,

MAUS-47, MAUS-68, MAUS-2, NRC-7, NRC-12, PK-1024,

PK-1029, Punjab-1, Pusa-16, Pusa-20, Pusa-22, Pusa-24,

Pusa-37, Pusa-40, Samrat, T-49, VLS-1, VLS-2, VLS-21,

VLS-47, JS-335 (C), KHSb-2 (C), Monetta (C).

Table 3. Grouping of soybean genotypes for soybean rust resistance

3.3. Screening for yellow mosaic disease (YMD)

84 genotypes of soybean were screened for yellow mosaic disease under natural conditions at
Research Farm of Kisan (PG) College, Simbhaoli, Ghaziabad during kharif, 2008. The data
presented in Table 4 revealed that, YMD incidence ranged from 0.95 to 90.12 per cent. Among
the 84 genotypes screened lowest incidence was recorded with genotype MACS 57 (0.48%),
followed by EC 241778 (0.49%). Genotypes JS 90-41 (90.12) recorded highest incidence followed
by JS 76-205 (89.15%) and T 49 (86.21%). All the genotypes and their percent disease incidence
are tabulated in Table 5, which categorizes these genotypes based on 0-9 scale into different
reaction types. It is evident from the table that none of the genotypes tested were immune or
resistant.

Sl.

No
Genotypes PDI* Reaction Sl No Genotype PDI* Reaction

1. Alankar 9.25 MR 43. EC-392536 27.00 S

2. Ankur 0.75 R 44. EC-394839 42.12 S

3. AGS-34 8.21 MR 45. G-48 15.25 MS

4. AGS-50 7.68 MR 46. G-479 17.25 MS

5. Bragg 8.58 MR 47. G-482 25.65 S

6. Local black soybean 61.25 HS 48. G-7340 32.15 S

7. CO-1 3.58 MR 49. G-26 9.12 MR

8. CO-2 7.54 MR 50. G-5-1 42.12 S

9. CGP-76 15.61 MS 51. Hardee 39.15 S

10. CGP-248 19.25 MS 52. Hara soya 33.89 S

11. CGP-2037 9.21 MR 53. Himsoya-1560 19.14 MS

12. DSb-1 25.23 S 54. Himsoya-1514 40.01 S

13. DSb-2 32.15 S 55. Improved pelican 42.15 S
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Sl.

No
Genotypes PDI* Reaction Sl No Genotype PDI* Reaction

14. DSb-3-4 15.25 MR 56. Indira Soya 9 0.45 R

15. DSb-5 75.25 HS 57. C-39506 7.12 MR

16. DSb-6-1 13.25 MS 58. IC-49859 62.15 HS

17. DSb-7 27.85 S 59. IC-104877 75.12 HS

18. DSb-8 26.32 S 60. JS-2 46.12 S

19. DS-17-5 16.25 MR 61. JS-71-05 78.98 HS

20. EC-103369 0.75 R 62. JS-72-280 46.25 S

21. EC-109923 39.25 HS 63. JS-72-44 29.12 S

22. EC-322536 0.52 R 64. JS-75-46 89.12 HS

23. EC-241778 0.49 R 65. JS-76-205 8.81 MR

24. EC-241780 9.85 MR 66. JS-80-21 90.12 HS

25. EC-34092 45.25 S 67. JS-90-41 11.85 MS

26. EC-118420 37.12 S 68. JS-93-105 8.82 MR

27. EC-34101 13.25 MS 69. JS-87-25 7.81 MR

28. EC-251449 8.25 MR 70. KB-79 6.23 MR

29. Lee 46.3 S 71. Pusa-20 7.15 MR

30. MACS-13 5.12 MR 72. Pusa-22 0.92 R

31. MACS-330 81.21 HS 73. Pusa-24 8.25 MR

32. MACS-450 0.89 R 74. Pusa-37 7.10 S

33. MACS-57 0.48 R 75. Pusa-40 29.12 S

34. MAUS-47 0.56 R 76. Samrat 36.57 S

35. MAUS-68 85.12 HS 77. T-49 86.21 HS

36. MAUS-2 31.25 S 78. VLS-1 40.25 S

37. NRC-7 0.78 R 79. VLS-2 79.85 HS

38. NRC-12 16.25 MS 80. VLS-21 33.25 S

39. PK-1024 0.85 R 81. VLS-47 30.5 S

40. PK-1029 0.52 R 82. JS-335 (C) 30.96 S

41. Punjab-1 5.23 MR 83. KHSb-2(C) 28.25 S

42. Pusa-16 6.12 MR 84. Monetta (C) 7.6 MR

* Percent disease incidence

Table 4. Screening of soybean genotypes for yellow mosaic disease resistance
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Scale Description Category
Number of

genotypes
Genotypes

0
No symptoms on

plants
Immune 00 -

1

1% or less plants

exhibiting

symptoms

Resistant 12

Ankur, EC-103369, EC-322536, EC-241778,

Indirasoya 9, MACS-450, MACS-57, MAUS-47,

NRC-7, PK-1024, PK-1025, Pusa-22

3

1-10% plants

exhibiting

symptoms

Moderately

resistant
22

Alankar, AGS-34, Bragg, AGS-50, CO-1, CO-2,

CGP-2037, DSb 3-4, PS-17-5, EC-241780,

EC-251449, G-26, IC-39506, JS 80-21, JS 87-25,

KB-79, MACS-13, Punjab-1, Pusa-16, Pusa-20,

Pusa-24, Monetta (Check).

5

11-20% plants

exhibiting

symptoms

Moderately

susceptible
10

CGP-76, CGP-248, DSb-6-1, EC-34101, G-48,

G-479, Himory-1560, IC- 49859, JS-93-105,

NRC-12

7

21-50% plants

exhibiting

symptoms

Susceptible 28

DSb-1, DSb-2, DSb-7, DSb-8, EC-34092,

EC-118420, EC-392536, EC-394839, G-7340,

G-482, G-5-1, Hardee, Harasoya, Improved

pelican, JS 71-05, JS 72-44, JS 75-46, Lee,

MAUS-2, Pusa-37, Pusa-40, Samrat, VLS-1,

Himsoya-1514, VLS-21, VLS-47, JS-335(C),

KHSb-2 (Check)

9

51% or more

plants

exhibiting

symptoms

Highly

susceptible
12

Local black soybean, DSb-5, EC-109923,

IC-104877, JS-2, JS 72-280, JS 76-205, JS 90-41,

MACS-330, MAUS-68, T-49, VLS-2

Table 5. Grouping of genotypes into different categories for soybean yellow mosaic virus resistance

4. Discussion

4.1. Screening for pod shattering resistance

Pod shattering is one of the major constraints in soybean, which reduces the yield potential
considerably. So management of pod shattering is of great importance for achieving higher
productivity. Hence, the identification of resistant sources for pod shattering is one of the most
important aspect in the management of pod shattering. In the present study 84 genotypes of
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Sl.

No
Genotypes PDI* Reaction Sl No Genotype PDI* Reaction

14. DSb-3-4 15.25 MR 56. Indira Soya 9 0.45 R

15. DSb-5 75.25 HS 57. C-39506 7.12 MR

16. DSb-6-1 13.25 MS 58. IC-49859 62.15 HS

17. DSb-7 27.85 S 59. IC-104877 75.12 HS

18. DSb-8 26.32 S 60. JS-2 46.12 S

19. DS-17-5 16.25 MR 61. JS-71-05 78.98 HS

20. EC-103369 0.75 R 62. JS-72-280 46.25 S

21. EC-109923 39.25 HS 63. JS-72-44 29.12 S

22. EC-322536 0.52 R 64. JS-75-46 89.12 HS

23. EC-241778 0.49 R 65. JS-76-205 8.81 MR

24. EC-241780 9.85 MR 66. JS-80-21 90.12 HS

25. EC-34092 45.25 S 67. JS-90-41 11.85 MS

26. EC-118420 37.12 S 68. JS-93-105 8.82 MR

27. EC-34101 13.25 MS 69. JS-87-25 7.81 MR

28. EC-251449 8.25 MR 70. KB-79 6.23 MR

29. Lee 46.3 S 71. Pusa-20 7.15 MR

30. MACS-13 5.12 MR 72. Pusa-22 0.92 R

31. MACS-330 81.21 HS 73. Pusa-24 8.25 MR

32. MACS-450 0.89 R 74. Pusa-37 7.10 S

33. MACS-57 0.48 R 75. Pusa-40 29.12 S

34. MAUS-47 0.56 R 76. Samrat 36.57 S

35. MAUS-68 85.12 HS 77. T-49 86.21 HS

36. MAUS-2 31.25 S 78. VLS-1 40.25 S

37. NRC-7 0.78 R 79. VLS-2 79.85 HS

38. NRC-12 16.25 MS 80. VLS-21 33.25 S

39. PK-1024 0.85 R 81. VLS-47 30.5 S

40. PK-1029 0.52 R 82. JS-335 (C) 30.96 S

41. Punjab-1 5.23 MR 83. KHSb-2(C) 28.25 S

42. Pusa-16 6.12 MR 84. Monetta (C) 7.6 MR

* Percent disease incidence

Table 4. Screening of soybean genotypes for yellow mosaic disease resistance
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Scale Description Category
Number of

genotypes
Genotypes

0
No symptoms on

plants
Immune 00 -

1

1% or less plants

exhibiting

symptoms

Resistant 12

Ankur, EC-103369, EC-322536, EC-241778,

Indirasoya 9, MACS-450, MACS-57, MAUS-47,

NRC-7, PK-1024, PK-1025, Pusa-22

3

1-10% plants

exhibiting

symptoms

Moderately

resistant
22

Alankar, AGS-34, Bragg, AGS-50, CO-1, CO-2,

CGP-2037, DSb 3-4, PS-17-5, EC-241780,

EC-251449, G-26, IC-39506, JS 80-21, JS 87-25,

KB-79, MACS-13, Punjab-1, Pusa-16, Pusa-20,

Pusa-24, Monetta (Check).

5

11-20% plants

exhibiting

symptoms

Moderately

susceptible
10

CGP-76, CGP-248, DSb-6-1, EC-34101, G-48,

G-479, Himory-1560, IC- 49859, JS-93-105,

NRC-12

7

21-50% plants

exhibiting

symptoms

Susceptible 28

DSb-1, DSb-2, DSb-7, DSb-8, EC-34092,

EC-118420, EC-392536, EC-394839, G-7340,

G-482, G-5-1, Hardee, Harasoya, Improved

pelican, JS 71-05, JS 72-44, JS 75-46, Lee,

MAUS-2, Pusa-37, Pusa-40, Samrat, VLS-1,

Himsoya-1514, VLS-21, VLS-47, JS-335(C),

KHSb-2 (Check)

9

51% or more

plants

exhibiting

symptoms

Highly

susceptible
12

Local black soybean, DSb-5, EC-109923,

IC-104877, JS-2, JS 72-280, JS 76-205, JS 90-41,

MACS-330, MAUS-68, T-49, VLS-2

Table 5. Grouping of genotypes into different categories for soybean yellow mosaic virus resistance

4. Discussion

4.1. Screening for pod shattering resistance

Pod shattering is one of the major constraints in soybean, which reduces the yield potential
considerably. So management of pod shattering is of great importance for achieving higher
productivity. Hence, the identification of resistant sources for pod shattering is one of the most
important aspect in the management of pod shattering. In the present study 84 genotypes of
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soybean were screened for pod shattering resistance under lab condition. The pod shattering
values ranged from 8.7 to 93.3 per cent. JS-335 one of the most popular variety recorded as
tolerant with mean pod shattering value of 10.3 per cent. It is evident from the table that, none
of the genotypes were better than the JS-335 except Himsoy-1560, which recorded 8.7 per cent
mean pod shattering value. Among 84 genotypes, 20 genotypes fall under tolerant category
and 32 under moderately shattering. Fifteen Indian soybean varieties were screened for pod
shattering resistance and out of these three varieties viz., JS-1515, JS-1608 and JS-1625 were
found resistant against pod shattering [16]. Similarly, while screening for pod shattering
resistance, Bragg and JS-71-05 recorded the lowest pod shattering and Punjab-1 with highest
pod shattering value [12]. Similar results were also reported [1, 13].

4.2. Screening for rust resistance

Among many of the diseases in soybean, rust is the major fungal disease which may reduce
the yield drastically. So identification of resistant sources and involving them in resistant
breeding forms one of the criteria in resistant breeding programme. In the present study 84
genotypes of soybean were screened for rust resistance under natural epiphytotic condition.
None of the genotypes showed immune reaction. However, genotypes EC-241778 and
EC-241780 showed resistance reaction. Remaining all genotypes exhibited highly susceptible
reaction. In general, over all disease incidence was very high. Similar results are reported in
[9], who evaluated several soybean genotypes and varieties under natural epiphytotic
condition and reported EC-392530, EC-392538, EC-392539, EC-392541, SL-423, RSC-1, RSC-2,
JS-80-21 and PK-1029 as moderately resistant. Hundekar (1999) also evaluated S-22, WC-12
and 92-10 as rust resistant germplasm. Among varieties PK-1162, PK-1029, JS-80-21 and
PK-1024 showed moderately resistant reaction with better yield. Basavaraja (2002) identified
three useful mutants which are moderately resistant to rust among 270 induced mutant
families studied in M3 generation. Similar results were also reported by various researchers [8,
10, 14, 15]

4.3. Screening for yellow mosaic disease

Yellow mosaic is one of the major viral diseases in India and it is causing major problem during
rabi/summer in Utter Pradesh in recent years. The yield loss due to disease may range from
minor to complete loss depending upon severity. So identification of resistant sources will help
in optimum management and thus help in future breeding programmes. In the present study,
84 genotypes of soybean were taken for screening against yellow mosaic disease under natural
conditions. None of the genotypes tested were immure to the disease. Over the entire disease
incidence was high which was evident from the results as most of the genotypes fall under the
category moderately susceptible to susceptible. Similar results were also reported [6, 17]. They
screened 88 indigenous and exotic soybean genotypes in the field and found EC-107014,
EC-107003 and EC-100777 resistant.
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1. Introduction

1.1. Toxigenic fungi and mycotoxins in cereal and soybean products

Cereals and soybean are plants used extensively in food and feed manufacturing as a source
of proteins, carbohydrates and oils. These materials, due to their chemical composition, are
particularly susceptible to microbial contamination, especially by filamentous fungi. Cereals,
soybean, and other raw materials can be contaminated with fungi, either during vegetation
in the field or during storage, as well as during the processing.

Fungi contaminating grains have been conventionally divided into two groups – field fungi
and storage fungi. Field fungi are those that infect the crops throughout the vegetation
phase of plants and they include plant pathogens such as Alternaria, Fusarium, Cladosporium,
and Botrytis species. Their numbers gradually decrease during storage. They are replaced by
storage fungi of Aspergillus, Penicillium, Rhizopus and Mucor genera that infect grains after
harvesting, during storage [1]. Both groups of fungi include toxigenic species. Currently,
this division is not so strict.

Therefore, according to [2], four types of toxigenic fungi can be distinguished:

• Plant pathogens as Fusarium graminearum and Alternaria alternata;

• Fungi that grow and produce mycotoxins on senescent or stressed plants, e.g. F. monili‐
forme and Aspergillus flavus;

• Fungi that initially colonize the plant and increase the feedstock’s susceptibility to con‐
tamination after harvesting, e.g. Aspegillus flavus.
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• Fungi that are found on the soil or decaying plant material that occur on the developing
kernels in the field and later proliferate in storage if conditions permit, e.g. Penicillium ver‐
rucosum and Aspergillus ochraceus.

Fungal growth is influenced by complex interaction of different environmental factors such
as temperature, pH, humidity, water activity, aeration, availability of nutrients, mechanical
damage, microbial interaction or the presence of antimicrobial compounds. Poor hygiene,
inappropriate temperature and moisture during harvesting, storage, processing and han‐
dling may contribute to increased contamination extent.

Fungal contamination can cause damage in cereal grains and oilseeds, including low germi‐
nation, low baking quality, discoloration, off-flavours, softening and rotting, and formation
of pathogenic or allergenic propagules.

It may also decrease the kernel size and thus affect the flour yield. Moulds growing on stor‐
ed cereals produce a range of volatile odour compounds, including 3-octanone, 1-octen-3-ol,
geosmin, 2-methoxy-3-isopropylpyrazine, and 2-methyl-1-propanol which are responsible
for an earthy-musty off-odour and affect the quality of raw materials even when present in
very small amounts [3]. Moulds produce a vast number of enzymes: lipases, proteases, amy‐
lases, which are able to break down food into components leading to its spoilage. Fungi
growing on stored grains can reduce the germination rate and decrease the content of carbo‐
hydrate, protein and oils. During storage of soybean seed lasting 12 months, the moisture
content was at the level of 10-11%. It was observed that the germination rate decreased from
initial 75% to 4% prior to the lapse of a 9-month period. In prolonged storage under natural
conditions, the total carbohydrate content decreased from 21% to 16.8%, and protein and the
total oil contents became slightly reduced [4]. Moulds as food and feed spoilage microorgan‐
isms have been characterized in several review articles [2, 5].

The largest producers of soybean in the World are the United States of America, Brazil, Ar‐
gentina, China, and India. The climatic conditions in soybean-growing regions (moderate
mean temperature and relative humidity between 50 and 80%) provide optimal conditions
for fungal growth. Soybean (Glyccine max L.Merr.) is often attacked by fungi during cultiva‐
tion, which significantly decreases its productivity and quality in most production areas.
Fungi associated with cereal grains and oilseeds are important in assessing the potential risk
of mycotoxin contamination. Mycotoxins are fungal secondary metabolites which are toxic
to vertebrate animals even in small amounts when introduced orally or by inhalation.

Table 1 summarises the occurrence of contamination of different raw materials in various
countries. Some of them are of mycotoxicological interest.

Soybean matrix has been rarely studied compared to cereals in relation to fungal and myco‐
toxin contamination. The fungi associated with soybean seeds, pods and flowers in North
America were reviewed by [20]. The most common species belong to Aspergillus, Fusarium,
Chaetomium, Penicillium, Alternaria and Colletotrichum genera. Most of these fungi were re‐
corded in mature seeds prior to storage. About 10% of them are commonly referred to as
storage moulds. Most of the isolated fungi are facultative parasites or saprophytes.
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Commodities Country Fungal species Ref

Soybean Ecuador Aspergillus flavus, A.niger, A.ochraceus, A.parasiticus, Fusarium

verticillioides, F.semitectum, Penicillium janthinellum, P.simplicissimum,

Nigrospora oryzae, Cladosporium cladosporioides, Arthrinium

phaeospermum

[6]

Romania Aspergillus flavus, A.parasiticus, A.candidus, A.niger, Penicillium

griseofulvum, P.variabile, Fusarium culmorum, F.graminearum,

F.oxysporum

[7]

India Aspergillus flavus, A.candidus, A.versicolor, Eurotium repens,

A.sulphureus, Fusarium sp., Alternaria sp., Curvularia sp.

[4]

USA Diaporthe phaseolorum var. sojae, Fusarium sp., Alternaria alternata,

Alternaria sp., Fusarium sp., Curvularia sp., Cladosporium sp., Fusarium

equiseti, F.oxysporum, F.solani

[8-10]

Croatia Fusarium sporotrichides, F.verticillioides, F.equiseti, F.semitecium,

F.pseudograminearum, F.chlamydosporum, F.sambucinum

[11]

Argentina Aspergillus flavus, A.niger, A.candidus, A.fumigatus, Fusarium

verticillioides, F.equiseti, F.semitecium, F.graminearum, Penicillium

funiculosum, P.griseofulvum, P.canenscens, Erotium sp. Cladosporium

sp., Alternaria alternata, A.infectoria, A.oregonensis

[12, 13]

Rice Ecuador Aspergillus flavus, A.ochraceus, Fusarium verticillioides, F.oxysporum,

F.proliferatum, F.semitectum, F.solani, Penicillium janthinellum,

Epicoccum nigrum, Curvularia lunata, Nigrospora oryzae, Rhizopus

stolonifer, Bipolaris oryzae

[6]

Wheat Argentina Aspergillus flavus, A.niger, A.oryzae, Fusarium verticillioides, Penicillium

funiculosum, P.oxalicum

[12]

Germany Aspergillus candidus, A.flavus, A.versicolor, Eurotium sp., Penicillium

auriantogriseum, P.verrucosum, P.viridicatum, Alternaria sp.

[14]

Poland Alternaria tenuis, Aspergillus aculeatus, A.parasiticus, Fusarium

moniliforme, F.verticillioides, Penicillium verrucosum, P.viridicatum

P.crustosum

[15]

Croatia Fusarium graminearum, F.poae, F.avenaceum, F.verticillioides [11]

Maize Ecuador Aspergillus flavus, A.parasiticus, Fusarium graminearum,

F.verticillioides, Mucor racemosus Rhizopus stolonifer, Acremonium

strictum, Alternaria alternata, Cladosporium sp.

[6]

Poland Aspergillus aculeatus, Aspergillus parasiticus, Fusarium moniliforme,

F.verticillioides

[15]

Argentina Fusarium verticillioides, F.proliferatum, F.subglutinans, F.dlamini,

F.nygamai, Alternaria alternata, Penicillium funiculosum, P.citrinum,

Aspergillus flavus

[16, 17]
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moniliforme, F.verticillioides, Penicillium verrucosum, P.viridicatum

P.crustosum

[15]

Croatia Fusarium graminearum, F.poae, F.avenaceum, F.verticillioides [11]

Maize Ecuador Aspergillus flavus, A.parasiticus, Fusarium graminearum,

F.verticillioides, Mucor racemosus Rhizopus stolonifer, Acremonium

strictum, Alternaria alternata, Cladosporium sp.

[6]

Poland Aspergillus aculeatus, Aspergillus parasiticus, Fusarium moniliforme,

F.verticillioides

[15]
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Aspergillus flavus

[16, 17]
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Commodities Country Fungal species Ref

Croatia Fusarium verticillioides, F.graminearum [11]

Oats Poland Cladosporium sp., Aspergillus sp., Penicillium sp. [18]

Breakfast cereals Poland Aspergillus versicolor, A.flavus, A.sydowi, A.niger, A.ochraceus,

Fusarium graminearum, Penicillium chrysogenum, Eurotium repens

[19]

Wheat flour Germany Aspergillus candidus, A.flavus, A.niger, Eurotium sp. Penicillium

auriantogriseum, P.brevicompactum, P.citrinum, P.griseofulvum,

P.verrucosum, Cladosporium cladosporioides

[14]

Table 1. Fungal species dominated in cereals and cereal products

Fusarium graminearum is associated with cereals and soybean growing in warmer areas such
as South and North America or China, and F.culmorum in cooler areas such as Finland,
France, Poland or Germany. Mechanical damage of kernels by birds or insects, e.g. Europe‐
an corn borer and sap beetles, predisposes corn to infections caused by Fusarium and other
“field fungi”. Fusarium moniliforme and F.proliferatum are the most common fungi associated
with maize. It was found that the levels of contamination with Fusarium sp. were significant‐
ly greater on the conventional than the transgenic cultivars in 2000, but in 1999 the differ‐
ence between the cultivars was not statistically significant. In case of Alternaria, a greater
frequency of contamination in transgenic varieties was observed. The authors concluded
that the isolation frequency can vary by years and is more dependent on the environmental
and cultural practices than on varieties [9]. The isolation frequencies of fungi from seeds and
pods of soybean cultivars varied annually, in part due to some differences in environmental
conditions (rainfall) [8].

Fusarium species occur worldwide in a variety of climates and on many plant species as epi‐
phytes, parasites, or pathogens. Fusarium-induced diseases of soybean have been attributed
to different species: Fusarium oxysporum (fusarium blight, wilt and root rot), Fusarium semite‐
ctum (pod and collar rot), F.solani (sudden death syndrome) [21, 22]. Fusarium infections are
spread by air-borne conidia on the heads or by a systemic infection. The species belonging to
Fusarium genera are of particular interest due to the formation of a wide range of secondary
metabolites, many of which are toxic to humans or animals. Infections by Fusarium spp.
were determined by [11] in different crops. The contamination expressed as the percentage
of seeds with Fusarium colonies ranged from 5% to 69% for wheat, from 25% to 100% for
maize, from 4% to 17% for soybean. The dominant species were F.graminearum on wheat
(27% of isolates), F.verticillioides on maize (83 % of isolates), and F.sporotrichioides on soybean
(34 % of isolates) [11]. This study suggested that the risk of contamination with Fusarium
toxins is higher for maize and wheat than for soybean.

The mycological state of grain can be considered as good when the number of CFU is with‐
in the range 103-105 per gram [23]. In our research, the contamination of feed components
such as barley, maize and wheat was in the range from 102 to 104 CFU/g, depending on the
crop, region and mills [15]. It was found that wheat from organic farms was contaminated
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with fungi by 70.5% more and barley by 24.8% less as compared to the crops from conven‐
tional farms [24]. Similarly, the total number of fungi in Polish ecological oat products was
about a hundred times higher than in conventional ones. In samples of ecological origin,
the mean value of fungi was 1.1×104 CFU/g, whereas for conventional grains it was 5.0×102

CFU/g [18].

The results obtained by [14] showed that the most common moulds isolated from whole
wheat and wheat flour belong to the Aspergillus  and Penicillium  genera. From the whole
wheat flour,  83.7% of Aspergillus  followed by Penicillium  (7.6%), Eurotium  (2.9%) and Al‐
ternaria  (2.5%) species were isolated. The white flour contained 77.3% of Aspergillus,  15%
of  Penicillium  and  4.1%  of  Cladosporium  genera.  Aspergillus  candidus  was  the  dominant
species. Among all the isolated fungal species, 93.2% belonged to the group of toxigenic
fungi.  Several  toxin-producing Aspergillus  species  were reported to dominate on cereals,
especially  A.flavus,  A.candidus,  A.niger,  A.versicolor,  A.penicillioides,  and  Eurotium  sp.  at
lower  water  activity  [25].  Among  Aspergillus  species  isolated  from  Ecuadorian  soybean
seeds, Aspergillus flavus and A.ochraceus were the most prevalent ones. The most frequent
Fusarium  species  were  F.verticillioides  and  F.semitecium.  All  the  examined  samples  were
contaminated with these species [6]. The presence of mycobiota in raw materials and fin‐
ished  fattening  pig  feed  was  determined  in  eastern  Argentina.  All  samples  of  soybean
seeds were contaminated with fungi  in  the  range from 10 to  9.0×102  CFU/g,  depending
on the sampling period. The most prevalent species in soybean and wheat bran were As‐
pergillus flavus and Fusarium verticillioides [12].

The fungal microflora changes during post-harvest drying and storage. The field fungi are
adapted to growth at high water activity and they die during drying and storage, to be re‐
placed by storage fungi that are capable of growing at lower aw. For most grains, moisture
content in the range from 10% to 14% is recommended, depending on the grain type and
desired storage life [1].

A wide range of microorganisms have been isolated from storage grains, including psychro‐
tolerant, mesophilic, thermophilic, xerophilic and hydrophilic species. The extremely xero‐
philic species are Eurotium spp. and Aspergillus restrictus, the moderate xerophilic ones
include A.candidus and A.flavus, and the slighty xerophilic one is A.fumigatus. An example of
psychrotolerant species belonging to Penicillium genera is P.aurantiogriseum and P.verruco‐
sum, mesophilic species can be represented by P.corylophilum, and thermophilic species by
Talaromyces thermophilus. Among the hydrophiles, the most common are Fusarium and Acre‐
monium species [25]. The minimum aw for conidial formation is influenced by temperature,
for instance, P.aurianogriseum produces conidia to a minimum of 0.86 aw at 30oC, but to 0.83
aw at 23oC. Many species belonging to Aspergillus and Penicillium genera are highly adapted
to the rapid colonisation of substrates of reduced water activity. Modifying several factors in
grain storage may facilitate safe storage. Stores should be monitored for relative humidity,
temperature and airflow efficiency. Moisture migration may occur during storage and create
damp pockets. In addition to this, insect infestations may cause heating and the generation
of moisture. Aeration with cool air may help to protect the stored commodities against fun‐
gal development.
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pods of soybean cultivars varied annually, in part due to some differences in environmental
conditions (rainfall) [8].
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phytes, parasites, or pathogens. Fusarium-induced diseases of soybean have been attributed
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(27% of isolates), F.verticillioides on maize (83 % of isolates), and F.sporotrichioides on soybean
(34 % of isolates) [11]. This study suggested that the risk of contamination with Fusarium
toxins is higher for maize and wheat than for soybean.

The mycological state of grain can be considered as good when the number of CFU is with‐
in the range 103-105 per gram [23]. In our research, the contamination of feed components
such as barley, maize and wheat was in the range from 102 to 104 CFU/g, depending on the
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with fungi by 70.5% more and barley by 24.8% less as compared to the crops from conven‐
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contaminated with these species [6]. The presence of mycobiota in raw materials and fin‐
ished  fattening  pig  feed  was  determined  in  eastern  Argentina.  All  samples  of  soybean
seeds were contaminated with fungi  in  the  range from 10 to  9.0×102  CFU/g,  depending
on the sampling period. The most prevalent species in soybean and wheat bran were As‐
pergillus flavus and Fusarium verticillioides [12].

The fungal microflora changes during post-harvest drying and storage. The field fungi are
adapted to growth at high water activity and they die during drying and storage, to be re‐
placed by storage fungi that are capable of growing at lower aw. For most grains, moisture
content in the range from 10% to 14% is recommended, depending on the grain type and
desired storage life [1].

A wide range of microorganisms have been isolated from storage grains, including psychro‐
tolerant, mesophilic, thermophilic, xerophilic and hydrophilic species. The extremely xero‐
philic species are Eurotium spp. and Aspergillus restrictus, the moderate xerophilic ones
include A.candidus and A.flavus, and the slighty xerophilic one is A.fumigatus. An example of
psychrotolerant species belonging to Penicillium genera is P.aurantiogriseum and P.verruco‐
sum, mesophilic species can be represented by P.corylophilum, and thermophilic species by
Talaromyces thermophilus. Among the hydrophiles, the most common are Fusarium and Acre‐
monium species [25]. The minimum aw for conidial formation is influenced by temperature,
for instance, P.aurianogriseum produces conidia to a minimum of 0.86 aw at 30oC, but to 0.83
aw at 23oC. Many species belonging to Aspergillus and Penicillium genera are highly adapted
to the rapid colonisation of substrates of reduced water activity. Modifying several factors in
grain storage may facilitate safe storage. Stores should be monitored for relative humidity,
temperature and airflow efficiency. Moisture migration may occur during storage and create
damp pockets. In addition to this, insect infestations may cause heating and the generation
of moisture. Aeration with cool air may help to protect the stored commodities against fun‐
gal development.

Mycotoxins in Cereal and Soybean-Based Food and Feed
http://dx.doi.org/10.5772/54470

189



2. Conditions affecting mycotoxin production

Cereals in the field are exposed to fungi from the soil, birds, animals, insects, organic fertil‐
izers, and from other plants in the field. Mechanical damage of raw material or food due to
insects and pests is a disturbing problem mainly in tropical regions, particularly as food
contaminants are present in the field more abundantly than in the storage. Many different
insects, e.g. European corn borer and sap beetles have the capability of promoting infections
of various crops with mycotoxigenic fungi [25].

Mycotoxin production is determined by genetic capability related to strain and environmen‐
tal factors including the substrate and its nutritious content. Toxin production is dependent
on physical (temperature, moisture, light), chemical (pH value, nutrients, oxygen content,
preservatives), and biological factors (competitive microbiota). Each fungus requires special
conditions for its growth and other conditions for its toxin production.

2.1. Physical factors

The most important factor governing colonisation of grains and mycotoxin production is the
availability of water which on the field comes mainly with rainfall. The second important fac‐
tor is temperature. The moisture and temperature effects on mycotoxin production often dif‐
fer from those on germination and growth. Table 2 presents the moisture and temperature
requirements of most common toxigenic fungi for their growth and mycotoxin production.

It was found that optimal temperature for F.graminearum growth on soybean contained in
the range 15-20oC (in isothermal temperature) and 15/25oC (in cycling temperature). The op‐
timal  temperature  for  mycotoxin  production  on  soybean  was  20oC  for  deoxynivalenol
(DON) and 15oC for zearalenone (ZEA). After 15 days of incubation, the maximum levels 39
ppm and 1040 ppm for ZEA and DON, respectively, were detected. Fumonisins were pro‐
duced by Fusarium graminearum only the on culture medium at 30oC; on soybean no fumoni‐
sins were detected [31].

Most fungi need at least 1-2% of O2 for their growth. The influence of high carbon dioxide
and low oxygen concentrations on the growth and mycotoxin production by the foodborne
fungal species was investigated by [32]. Three groups of species were distinguished: first,
which did not grow in 20% CO2 <0.5% O2 (Penicillium commune, Eurotium chevalieri and Xero‐
myces bisporus); second, which grew in 20% CO2 <0.5% O2, but not 40% CO2 <0.5% O2 (Peni‐
cillium roqueforti and Aspergillus flavus); and third, which grew in 20%, 40% and 60% CO2

<0.5% O2 (Mucor plumbeus, Fusarium oxysporum, F.moniliforme, Byssochlamys fulva and B.ni‐
vea). The production of aflatoxin, patulin, and roquefortine C was greatly reduced under all
of the atmospheres tested. For example,  aflatoxin was not produced by A. flavus  during
growth under 20% CO2 for 30 days. Patulin was produced by B.nivea in the atmospheres of
20% and 40% CO2, but only at low levels [32].

2.2. Chemical factors

Nutritional factors such as carbonohydrate and nitrogen sources and microelements (cop‐
per, zinc, cobalt) affect mycotoxin production, but the mechanisms of this impact are still
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unclear. A relationship between mycotoxin production and sporulation has been document‐
ed in several toxigenic fungi. For example, chemical substances that inhibit sporulation of
Aspergillus  parasiticus  have  also  been  shown  to  inhibit  the  production  of  aflatoxin  [33].
Chemical preservatives such as organic acids (sorbic, propionic, acetic, benzoic) or fungi‐
cides have been used to restrict the growth of mycotoxigenic fungi. It was found that pro‐
pionic  acid  at  the  concentration  of  up  to  0.05%  inhibited  the  growth  and  ochratoxin
production by Penicillium auriantogriseum. A more effective result in higher temperature was
observed [34]. Inhibiting fungal growth and toxigenic properties by organic acids is connect‐
ed with lowering the pH value. It was found that ammonium and sodium bicarbonate at the
concentration of 2% fully inhibited the development of the cultures of Aspergillus ochraceus,
Fusarium graminearum and Penicillium griseofulvum inoculated into corn. The production of
ochratoxin A by Aspergillus ochraceus was reduced from 26 ppm in untreated corn to 0.26
ppm in bicarbonate-treated corn samples [35].

2.3. Biological factors

The simultaneous presence of different microorganisms, such as bacteria or other fungi,
could disturb fungal growth and the production of mycotoxins. For instance, Alternaria and
Fusarium are antagonistic, and Alternaria was less abundant in grain with a high incidence
rate of F.culmorum. Epicoccum is a strong antagonist too [25].

Species

For growth For mycotoxin production

Ref.Temperature [oC] Minimal a w Temperature [oC] Minimal a w

Range Optimum Range Range Optimum Range

Alternaria alternata 0 – 35 20 – 25 0.88 5-30 20-25 0.95-1.0 AOH

0.90 TeA

[25, 26,

28]

Fusarium culmorum <0 – 31 21 0.89 11-30 25-26 Nd [25]

Fusarium graminearum Nd 24 – 26 0.89 Nd 24-26 Nd [25]

Fusarium sporotrichoides -2 – 35 22 – 28 0.88 6-20 Nd Nd [25]

Penicillium verrucosum 0-31 20 0.81-0.83 4-31 20 0.86 [28, 29]

Penicillium expansum -6 – 35 25 – 26 0.82 – 0.85 0-31 25 0.95 [25]

Aspergillus ochraceus 8-37 24-30 0.76-0.83 12-37 25-31 0.85 OTA

0.88 PA

[28, 29]

Aspergillus parasiticus 10-43 32-33 0.84 12-40 25-30 0.87 [28, 29]

Aspergillus flavus 6 – 45 35 – 37 0.78 12-40 30 0.82 [25]

Aspergillus versicolor 4 – 39 25 – 30 0.75 15-30 23 – 29 "/>0.76 [25, 30]

OTA – ochratoxin A; PA – penicillic acid AOH – alternariol, TeA – tenuazonic acid, ND – no data

Table 2. Environmental requirements for growth and mycotoxin production
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At 30oC, the ochratoxin production by Aspergillus ochraceus was inhibited by A.candidus,
A.flavus, and A.niger in 0.995 aw. At 18oC and 0.995 aw, the interaction between Aspergillus
ochraceus and Alternaria alternata resulted in a significant stimulation of ochratoxin A pro‐
duction [36]. Therefore, several microorganisms were reported as effective biocontrol agents
against several fungal plant pathogens [37]. It was determined that Trichoderma harzianum
produces a lytic enzyme, chitinase, which manifests antifungal activity against a wide range
of fungal strains. It was found that non-toxigenic T.harzianum isolates significantly reduce
the production of six types of A trichothecenes in cereals [38].

According to [39], soybean is not a favourable medium for ZEA production since it possess‐
es some features that limit the production of this toxin by Fusarium isolates. Similarly, the
production of aflatoxin B1 by Aspergillus flavus was suppressed by soybean phytoalexin –
glyceollin [40].

3. Main mycotoxins

The worldwide contamination of foods and feeds with mycotoxins is a significant problem.
It was estimated that 25% of the world’s crops may be contaminated with these metabolites.
Mycotoxigenic fungi involved with the human food chain belong mainly to three genera As‐
pergillus, Penicillium and Fusarium. The toxins produced by Alternaria have recently been of
particular interest. The biochemistry, physiology and genetics of mycotoxigenic fungi have
been discussed in several review articles [28, 41, 42].

Mycotoxins diffuse into grain and can be found in all grind fractions and, due to their ther‐
mo-resistant properties, also in products subjected to thermal processing [43].

The characteristics of major toxins that contaminate foods and feeds in the EU, described
from the economic and toxicological point of view, are presented below.

3.1. Aflatoxins (AFs)

Aflatoxins are difuranocumarin derivatives. The main naturally produced aflatoxins based on
their natural fluorescence (blue or green) are called B1, B2, G1, and G2. Aflatoxin M1 is a monohy‐
droxylated derivative of AFB1 which is formed and excreted in the milk of lactating animals.
AFs are very slightly soluble in water (10–30 μg/mL); insoluble in non-polar solvents; freely
soluble in moderately polar organic solvents (e.g. chloroform and methanol) and extremely
soluble in dimethyl sulfoxide. They are unstable under the influence of ultraviolet light in the
presence of oxygen, to extremes of pH (< 3, > 10) and to oxidizing agents [44].

Aflatoxins are produced only by a closely related group of aspergilli: Aspergillus flavus,
A.parasiticus, and A.nomius strains [45]. These species are very widespread in the tropical
and subtropical regions of the world. Other species such as A.bombycis, A.ochraceoroseus, and
A.pseudotamari are also aflatoxin-producing species, but they are found less frequently [46,
47]. Aflatoxins constitute a problem concerning many commodities (nuts, spices), however,
in terms of grain they are primarily problematic in case of maize. This is because only maize
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can be colonised by A.flavus and related species in the field. Out of the other grains, rice is an
important dietary source of aflatoxins in tropical and subtropical areas. In regions with
moderate climate, the problem is connected with imported commodities or the local crops
that are wet or stored in improper conditions [45]. The carcinogenicity, mutagenicity and
acute toxicology of AFB1 have been well documented. The IARC determined it to be a hu‐
man carcinogen (group 1A).

3.2. Ochratoxin A (OTA)

Ochratoxin A is a chlorinated isocumarin derivative, which contains a chlorinated isocoumar‐
in moiety linked through a carboxyl group to L-phenylalanine via an amide bond. It is colour‐
less, crystalline, and soluble in polar organic solvents compounds. This toxin is more stable in
the environment than AFs. The studies of [45] reported that thermal destruction of OTA oc‐
curs after exceeding 250oC. OTA is produced by Penicillium species such as P.verrucosum, P.au‐
riantiogriseum, P.nordicum, P.palitans, P. commune, P.variabile and by Aspergillus species e.g.
A.ochraceus, A.melleus, A.ostanius, as well as the aspergilli species of section Nigri. In moderate
climates, the main producers of OTA are Penicillium species, while Aspergillus species domi‐
nate in tropical and subtropical climates. Ochratoxin A is often found with citrinin produced
by Penicillium aurantiogriseum, P.citrinum, and P.expansum [48]. Significant human exposure
comes from the consumption of grape juice, wine, coffee, spices, dried fruits and cereal-based
products, e.g. whole-grain breads, and in addition to this from products of animal origin, e.g.
pork and pig blood-based products. The Scientific Panel on Contaminants in the Food Chain of
the European Food Safety Authority (EFSA) has derived an OTA tolerable weekly intake
(TWI) on the level of 120ng/kg b.w. The IARC [49] determined it to be a possible human carci‐
nogen (group 2B). Ochratoxins are the cause of urinary tract cancers and kidney damage. In ru‐
minants, ochratoxin A is divided to non-toxic ochratoxin alfa and phenylalanine [44].

3.3. Citrinin

Citrinin is a polyketide nephrotoxin produced by several species of the genera Aspergillus,
Penicillium and Monascus. Some of the citrinin-producing fungi are also able to produce
ochratoxin A or patulin. Citrinin is insoluble in cold water, but soluble in aqueous sodium
hydroxide, sodium carbonate, or sodium acetate; in methanol, acetonitrile, ethanol, and
most other polar organic solvents. Thermal decomposition of citrinin occurs at >175 °C un‐
der dry conditions, and at > 100 °C in the presence of water. The known decomposition
products include citrinin H2 which did not show significant cytotoxicity, whereas the de‐
composition product citrinin H1 showed an increase in cytotoxicity as compared to the pa‐
rent compound [50].The most commonly contaminated commodities are barley, oats, and
corn, but contamination can also occur in case of other products of plant origin e.g. beans,
fruits, fruit and vegetable juices, herbs and spices, and also in spoiled dairy products [50].

3.4. Fumonisins (Fs)

Fumonisins are a group of diester compounds with different tricarboxylic acids and polyhy‐
dric alcohols and primary amine moiety. There are several fumonisins, but only fumonisins
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mo-resistant properties, also in products subjected to thermal processing [43].

The characteristics of major toxins that contaminate foods and feeds in the EU, described
from the economic and toxicological point of view, are presented below.

3.1. Aflatoxins (AFs)

Aflatoxins are difuranocumarin derivatives. The main naturally produced aflatoxins based on
their natural fluorescence (blue or green) are called B1, B2, G1, and G2. Aflatoxin M1 is a monohy‐
droxylated derivative of AFB1 which is formed and excreted in the milk of lactating animals.
AFs are very slightly soluble in water (10–30 μg/mL); insoluble in non-polar solvents; freely
soluble in moderately polar organic solvents (e.g. chloroform and methanol) and extremely
soluble in dimethyl sulfoxide. They are unstable under the influence of ultraviolet light in the
presence of oxygen, to extremes of pH (< 3, > 10) and to oxidizing agents [44].

Aflatoxins are produced only by a closely related group of aspergilli: Aspergillus flavus,
A.parasiticus, and A.nomius strains [45]. These species are very widespread in the tropical
and subtropical regions of the world. Other species such as A.bombycis, A.ochraceoroseus, and
A.pseudotamari are also aflatoxin-producing species, but they are found less frequently [46,
47]. Aflatoxins constitute a problem concerning many commodities (nuts, spices), however,
in terms of grain they are primarily problematic in case of maize. This is because only maize
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that are wet or stored in improper conditions [45]. The carcinogenicity, mutagenicity and
acute toxicology of AFB1 have been well documented. The IARC determined it to be a hu‐
man carcinogen (group 1A).

3.2. Ochratoxin A (OTA)

Ochratoxin A is a chlorinated isocumarin derivative, which contains a chlorinated isocoumar‐
in moiety linked through a carboxyl group to L-phenylalanine via an amide bond. It is colour‐
less, crystalline, and soluble in polar organic solvents compounds. This toxin is more stable in
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nate in tropical and subtropical climates. Ochratoxin A is often found with citrinin produced
by Penicillium aurantiogriseum, P.citrinum, and P.expansum [48]. Significant human exposure
comes from the consumption of grape juice, wine, coffee, spices, dried fruits and cereal-based
products, e.g. whole-grain breads, and in addition to this from products of animal origin, e.g.
pork and pig blood-based products. The Scientific Panel on Contaminants in the Food Chain of
the European Food Safety Authority (EFSA) has derived an OTA tolerable weekly intake
(TWI) on the level of 120ng/kg b.w. The IARC [49] determined it to be a possible human carci‐
nogen (group 2B). Ochratoxins are the cause of urinary tract cancers and kidney damage. In ru‐
minants, ochratoxin A is divided to non-toxic ochratoxin alfa and phenylalanine [44].

3.3. Citrinin

Citrinin is a polyketide nephrotoxin produced by several species of the genera Aspergillus,
Penicillium and Monascus. Some of the citrinin-producing fungi are also able to produce
ochratoxin A or patulin. Citrinin is insoluble in cold water, but soluble in aqueous sodium
hydroxide, sodium carbonate, or sodium acetate; in methanol, acetonitrile, ethanol, and
most other polar organic solvents. Thermal decomposition of citrinin occurs at >175 °C un‐
der dry conditions, and at > 100 °C in the presence of water. The known decomposition
products include citrinin H2 which did not show significant cytotoxicity, whereas the de‐
composition product citrinin H1 showed an increase in cytotoxicity as compared to the pa‐
rent compound [50].The most commonly contaminated commodities are barley, oats, and
corn, but contamination can also occur in case of other products of plant origin e.g. beans,
fruits, fruit and vegetable juices, herbs and spices, and also in spoiled dairy products [50].

3.4. Fumonisins (Fs)

Fumonisins are a group of diester compounds with different tricarboxylic acids and polyhy‐
dric alcohols and primary amine moiety. There are several fumonisins, but only fumonisins
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B1 (FB1) and B2 (FB2) have been found in significant amounts. Some technological processes
hydrolyze the tricarboxylic acid chain in fumonisin B1. The product of this reaction is more
toxic than fumonisin [51].

FB1 is produced by fungi from Fusarium genera, especially by F.moniliforme and F.prolifera‐
tum. The study of [11] suggests that the risk of contamination with Fusarium toxins is higher
for maize and wheat than for soybean and pea. High concentrations of fumonisins are asso‐
ciated with hot and dry weather, followed by the periods of high humidity. Studies on fu‐
monisin residues in milk, meat and eggs are incomplete [52, 53]. Human exposure
assessments on fumonisin B1 have rarely been reported. The mean daily intake in Switzer‐
land is estimated to be 0.03 μg/kg bw/day. In the Netherlands the exposure estimates ranged
from 0.006 to 7.1 μg/kg bw/day. In South Africa, the estimates ranged from 14 to 440 μg/kg
bw/day, showing that the exposure to FB1 is considerably higher than in the other countries
in which exposure assessments were performed [54]. It was concluded that for Fs there was
inadequate evidence in humans for carcinogenicity. Therefore, the IARC classified Fusarium
monilliforme toxins, including fumonisins, as potential carcinogens to humans (group 2B).

3.5. Zearalenone

Zearalenone is a macrocyclic lactone with high binding affinity to oestrogen receptors. ZEA
is produced mainly by Fusarium graminearum and F.sporotrichoides in the field and during
storage of commodities such as maize, barley, sorghum, and soybean. The IARC has evalu‐
ated the carcinogenicity of zearalenone and found it to be a possible human carcinogen
(group 2B). Residues of zearalenone in meat, milk and eggs do not appear to be a practical
problem [53, 54].

3.6. Trichotecenes

Trichothecenes constitute a group of 50 mycotoxins produced by Fusarium, Cephalosporium
and Stachybotrys genera in different commodities. There are including T-2 toxins, deoxyniva‐
lenol, nivalenol, and diacetoxyscirpenol. Beside trochothecenes, deoxynivalenol (DON, wo‐
mitoxin) is probably the most widely distributed in cereal and soybean foods and feeds. In
contaminated cereals, DON derivatives such as 3-acetyl DON and 15-acetyl DON can occur
in significant amounts (10 – 20%) with DON. DON is produced by closely related Fusarium
graminearum, F.culmorum and F.crokwellense species [55].

T-2 toxin produced mainly by F.sporotrichoides and F.poae is primarily associated with mould
millet, wheat, rye, oats, and buckwheat. This toxin can be transmitted from dairy cattle feed
to milk [56].

3.7. Alternaria toxins

Alternaria species, besides Fusarium, is the most isolated fungi from soybean and other cere‐
als. Several species are known producers of toxic metabolites called Alternaria mycotoxins.
The most important Alternaria mycotoxins include alternariol (AOH), alternariol monometh‐
yl ether (AME), altertoxins I, II, and III (ATX-I, -II, III), tenuazonic acid (TeA), and altenuene
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(ALT). They belong to three structural classes: dibenzopyrone derivatives, perylene deriva‐
tives, and tetramic acid derivatives. Alternariol and related metabolites (AME and ALT) are
produced by Alternaria alternate, A.brassicae, A.citri, A.cucumerina, A.dauci, A.kikuchiana, A.sol‐
ani, A.tenuissima, and A.tomato. These strains are known as plant, especially fruit and vegeta‐
ble pathogens. In cereals, soybean and oilseeds, AOH, AME and ALT are produced mainly
by Alternaria alternata, A.tennuisima, and A.infectoria. AOH has been reported to possess cyto‐
toxic, genotoxic, mutagenic, carcinogenic, and oestrogenic properties [27]. Tenuazonic acid
(TeA) is a mycotoxin and phytotoxin produced primarily by Alternaria alternata and other
phytopatogenic Alternaria species. The overview of the chemical characterisation, producers,
toxicity, analysis and occurrence in foodstuffs was summarised by [27].

3.8. Sterigmatocystin

Sterigmatocystin (STC) is a precursor of the aflatoxins produced mainly by many Aspergillus
species such as A.versicolor, A.chevalieri, A.ruber, A.aureolatus, A.quadrilineatus, A.sydowi, Euro‐
tium amstelodami, and less often by Penicillium, Bipolaris, Chaetomium, and Emericella genera
[30]. Sterigmatocystin was reported as a fungal metabolite in mouldy wheat, rice, barley, ra‐
peseed, peanut, corn, and cheeses or salami. The STC producers, occurrence and toxic prop‐
erties were reviewed by [30, 57].

4. Contamination level in cereal and soybean-based food and feed
products

Food security strategy in the European Union (EU) includes the Rapid Alert System for
Food and Feed. The RASFF was established by the European Parliament and Council Regu‐
lation No. 178/2002 laying down the general principles and requirements of food law, estab‐
lishing the European Food Safety Authority and specifying the procedures in matters
concerning food safety [58].

In 2002 – 2011, the number of notifications to the RASFF system due to mycotoxin contami‐
nation of food was respectively: 302, 803, 880, 996, 878, 760, 933, 669, 688, 631 notifications
identifying the presence of aflatoxin B1 (AFB1) and the amount of AFB1, B2, G1, G2, AFM1,
ochratoxin A (OTA), fumonisins B1 and B2 (FB1, FB2), patulin, deoxynivalenol (DON) and
zearalenone (ZEA) in such groups of foods, as nuts and milk, oilseeds, cereal, dried fruit,
fruit, cocoa, coffee, herbs and spices, wine, milk, products for children. Approximately 95%
of the notifications concerned foodstuffs contaminated with aflatoxins. During this period,
the number of notifications regarding mycotoxin contamination of grains did not exceed
15% of the total number of notifications. The data in Figure 1 show that in 2002-2011 aflatox‐
ins, ochratoxin A and fumonisins were the main contaminants isolated from cereals [59].

In the research of [60], ninety-fife cereal samples from retail shops and local markets of dif‐
ferent locations in Pakistan were examined in terms of the presence of aflatoxins. The results
showed the percentage of aflatoxin contamination samples in the commodities such as in:
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B1 (FB1) and B2 (FB2) have been found in significant amounts. Some technological processes
hydrolyze the tricarboxylic acid chain in fumonisin B1. The product of this reaction is more
toxic than fumonisin [51].

FB1 is produced by fungi from Fusarium genera, especially by F.moniliforme and F.prolifera‐
tum. The study of [11] suggests that the risk of contamination with Fusarium toxins is higher
for maize and wheat than for soybean and pea. High concentrations of fumonisins are asso‐
ciated with hot and dry weather, followed by the periods of high humidity. Studies on fu‐
monisin residues in milk, meat and eggs are incomplete [52, 53]. Human exposure
assessments on fumonisin B1 have rarely been reported. The mean daily intake in Switzer‐
land is estimated to be 0.03 μg/kg bw/day. In the Netherlands the exposure estimates ranged
from 0.006 to 7.1 μg/kg bw/day. In South Africa, the estimates ranged from 14 to 440 μg/kg
bw/day, showing that the exposure to FB1 is considerably higher than in the other countries
in which exposure assessments were performed [54]. It was concluded that for Fs there was
inadequate evidence in humans for carcinogenicity. Therefore, the IARC classified Fusarium
monilliforme toxins, including fumonisins, as potential carcinogens to humans (group 2B).

3.5. Zearalenone

Zearalenone is a macrocyclic lactone with high binding affinity to oestrogen receptors. ZEA
is produced mainly by Fusarium graminearum and F.sporotrichoides in the field and during
storage of commodities such as maize, barley, sorghum, and soybean. The IARC has evalu‐
ated the carcinogenicity of zearalenone and found it to be a possible human carcinogen
(group 2B). Residues of zearalenone in meat, milk and eggs do not appear to be a practical
problem [53, 54].

3.6. Trichotecenes

Trichothecenes constitute a group of 50 mycotoxins produced by Fusarium, Cephalosporium
and Stachybotrys genera in different commodities. There are including T-2 toxins, deoxyniva‐
lenol, nivalenol, and diacetoxyscirpenol. Beside trochothecenes, deoxynivalenol (DON, wo‐
mitoxin) is probably the most widely distributed in cereal and soybean foods and feeds. In
contaminated cereals, DON derivatives such as 3-acetyl DON and 15-acetyl DON can occur
in significant amounts (10 – 20%) with DON. DON is produced by closely related Fusarium
graminearum, F.culmorum and F.crokwellense species [55].

T-2 toxin produced mainly by F.sporotrichoides and F.poae is primarily associated with mould
millet, wheat, rye, oats, and buckwheat. This toxin can be transmitted from dairy cattle feed
to milk [56].

3.7. Alternaria toxins

Alternaria species, besides Fusarium, is the most isolated fungi from soybean and other cere‐
als. Several species are known producers of toxic metabolites called Alternaria mycotoxins.
The most important Alternaria mycotoxins include alternariol (AOH), alternariol monometh‐
yl ether (AME), altertoxins I, II, and III (ATX-I, -II, III), tenuazonic acid (TeA), and altenuene
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(ALT). They belong to three structural classes: dibenzopyrone derivatives, perylene deriva‐
tives, and tetramic acid derivatives. Alternariol and related metabolites (AME and ALT) are
produced by Alternaria alternate, A.brassicae, A.citri, A.cucumerina, A.dauci, A.kikuchiana, A.sol‐
ani, A.tenuissima, and A.tomato. These strains are known as plant, especially fruit and vegeta‐
ble pathogens. In cereals, soybean and oilseeds, AOH, AME and ALT are produced mainly
by Alternaria alternata, A.tennuisima, and A.infectoria. AOH has been reported to possess cyto‐
toxic, genotoxic, mutagenic, carcinogenic, and oestrogenic properties [27]. Tenuazonic acid
(TeA) is a mycotoxin and phytotoxin produced primarily by Alternaria alternata and other
phytopatogenic Alternaria species. The overview of the chemical characterisation, producers,
toxicity, analysis and occurrence in foodstuffs was summarised by [27].

3.8. Sterigmatocystin

Sterigmatocystin (STC) is a precursor of the aflatoxins produced mainly by many Aspergillus
species such as A.versicolor, A.chevalieri, A.ruber, A.aureolatus, A.quadrilineatus, A.sydowi, Euro‐
tium amstelodami, and less often by Penicillium, Bipolaris, Chaetomium, and Emericella genera
[30]. Sterigmatocystin was reported as a fungal metabolite in mouldy wheat, rice, barley, ra‐
peseed, peanut, corn, and cheeses or salami. The STC producers, occurrence and toxic prop‐
erties were reviewed by [30, 57].

4. Contamination level in cereal and soybean-based food and feed
products

Food security strategy in the European Union (EU) includes the Rapid Alert System for
Food and Feed. The RASFF was established by the European Parliament and Council Regu‐
lation No. 178/2002 laying down the general principles and requirements of food law, estab‐
lishing the European Food Safety Authority and specifying the procedures in matters
concerning food safety [58].

In 2002 – 2011, the number of notifications to the RASFF system due to mycotoxin contami‐
nation of food was respectively: 302, 803, 880, 996, 878, 760, 933, 669, 688, 631 notifications
identifying the presence of aflatoxin B1 (AFB1) and the amount of AFB1, B2, G1, G2, AFM1,
ochratoxin A (OTA), fumonisins B1 and B2 (FB1, FB2), patulin, deoxynivalenol (DON) and
zearalenone (ZEA) in such groups of foods, as nuts and milk, oilseeds, cereal, dried fruit,
fruit, cocoa, coffee, herbs and spices, wine, milk, products for children. Approximately 95%
of the notifications concerned foodstuffs contaminated with aflatoxins. During this period,
the number of notifications regarding mycotoxin contamination of grains did not exceed
15% of the total number of notifications. The data in Figure 1 show that in 2002-2011 aflatox‐
ins, ochratoxin A and fumonisins were the main contaminants isolated from cereals [59].

In the research of [60], ninety-fife cereal samples from retail shops and local markets of dif‐
ferent locations in Pakistan were examined in terms of the presence of aflatoxins. The results
showed the percentage of aflatoxin contamination samples in the commodities such as in:
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rice (25%), broken rice (15%), wheat (20%), maize (40%), barley (20%) and sorghum (30%),
while in soybean (15%). The highest contamination levels of aflatoxins were found in one
wheat sample (15.5 ppb), one maize sample (13.0 ppb) and one barley sample (12.6 μg/kg).
In the research of [61], seventeen samples of wheat grain from Morocco were tested for OTA
and DON contamination. The results show that only two samples (11.76%) out of 17 were
contaminated with OTA, at the mean concentration of 29.4 ppb. However, seven samples
(41.17%) were contaminated with DON at the mean concentration of 65.9 ppb.

The aim of our own research [15] was mycotoxic analysis of grains included in the standard
mixtures used in feed formulations. Eighteen samples were tested containing seeds evenly
divided into three types: barley, wheat and corn. The tested seeds were from randomly se‐
lected Polish mills: the central, western, eastern and south ones (Figure 2). The aflatoxins
content in 51% of the screened barley samples and in 34% of the screened wheat and maize
samples did not exceed the limit set in the European Union Regulation, i.e. 4 ppb [62]. In
reference to the grain origin, it was established that grains from the central and western
parts of Poland exhibited the highest extent of AFs contamination. To compare, the AFs level
in wheat grains from various regions of Turkey was very low, ranging from 10.4 to 634.5

Mycotoxin Produced species Commodities

Aflatoxins Aspergillus flavus, A.parasiticus, A.nomius, A.bombycis,

A.ochraceoroseus, A.pseudotamari

Nuts, spices,

Cereals, maize, soybean, rice

Ochratoxin A Penicillium verrucosum, P.auriantiogriseum,

P.nordicum, P.palitans, P.commune, P.variabile,

Aspergillus ochraceus, A.melleus, A.niger,

A.carbonarius, A.sclerotiorum, A.sulphureus

Cereals, fruits, spices, coffee,

Food of animal origin

Citrinin Penicillium citrinum, P.verrucosum, P.viridicatum,

Monascus purpureus

Oats, rice, corn, beans, fruits, fruit and

vegetable juices, herbs and spices

Sterigmatocystin Aspergillus versicolor, A.nidulans, A.chevalieri, A.ruber,

A.aureolatus, A.quadrilineatus, Eurotium amstelodami

Cereals, cheese

Zearalenone Fusarium graminearum, F.sporotrichoides, F.culmorum,

F.cerealis, F.equiseti, F.incarnatum

Maize, soybean, cereals

Deoksynivalenol Fusarium graminearum, F.culmorum, F.crokwellense Maize, soybean, cereals

Fumonisins Fusarium proliferatum, F.verticillioides, Maize, soybean, cereals

Alternariol, alternariol

monomethyl ether

Alternaria alternata, A.brassicae, A.capsici-anui, A.citri,

A.cucumerina, A.dauci, A.kikuchiana, A.solani,

A.tenuissima, A.tomato, A.longipes, A.infectoria,

A.oregonensis

Vegetables, fruit, cereals, soybean

Tenuazonic acid Alternaria alternata, A.capsici-anui, A.citri, A.japonica,

A.kikuchiana, A.mali, A.solani, A.oryzae, A.porri,

A.radicina, A.tenuissima, A.tomato, A.longipes

Vegetables, fruit, cereals, soybean

Table 3. Mycotoxigenic fungi and mycotoxins
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ng/kg [63], whereas in the samples of barley, wheat, and oat grains from Sweden it was con‐
tained between 50 and 400 ppb [64].

notifications regarding mycotoxin contamination of grains did not exceed 15% of the total number of notifications. The data in 
Figure 1 show that in 2002-2011 aflatoxins, ochratoxin A and fumonisins were the main contaminants isolated from cereals [59]. 

 

Figure 1. The number of notifications received by RASFF on mycotoxins in cereals in 2002-2011 

In the research of [60], ninety-fife cereal samples from retail shops and local markets of different locations in Pakistan were 
examined in terms of the presence of aflatoxins. The results showed the percentage of aflatoxin contamination samples in the 
commodities such as in: rice (25%), broken rice (15%), wheat (20%), maize (40%), barley (20%) and sorghum (30%), while in 
soybean (15%). The highest contamination levels of aflatoxins were found in one wheat sample (15.5 ppb), one maize sample (13.0 
ppb) and one barley sample (12.6 μg/kg). In the research of [61], seventeen samples of wheat grain from Morocco were tested for 
OTA and DON contamination. The results show that only two samples (11.76%) out of 17 were contaminated with OTA, at the 
mean concentration of 29.4 ppb. However, seven samples (41.17%) were contaminated with DON at the mean concentration of 65.9 
ppb. 

The aim of our own research [15] was mycotoxic analysis of grains included in the standard mixtures used in feed formulations. 
Eighteen samples were tested containing seeds evenly divided into three types: barley, wheat and corn. The tested seeds were from 
randomly selected Polish mills: the central, western, eastern and south ones (Figure 2). The aflatoxins content in 51% of the 
screened barley samples and in 34% of the screened wheat and maize samples did not exceed the limit set in the European Union 
Regulation, i.e. 4 ppb [62]. In reference to the grain origin, it was established that grains from the central and western parts of 
Poland exhibited the highest extent of AFs contamination. To compare, the AFs level in wheat grains from various regions of 
Turkey was very low, ranging from 10.4 to 634.5 ng/kg [63], whereas in the samples of barley, wheat, and oat grains from Sweden it 
was contained between 50 and 400 ppb [64].  

 

Figure 2. Level of contamination with aflatoxins in grains coming from different regions of Poland 

0

5

10

15

20

25

30

35

40

45

50

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

year

nu
m

be
r 

of
 n

ot
ifi

ca
tio

ns

aflatoxins deoxynivalenol fumonisins ochratoxin A zearalenone

0

4

8

12

16

20

24

28

Mill 1 Mill 2 Mill 3 Mill 4 Mill 5 Mill 6

Central Poland Western Poland Eastern Poland Polish Noon
pp

b

barley wheat corn

Figure 2. Level of contamination with aflatoxins in grains coming from different regions of Poland

notifications regarding mycotoxin contamination of grains did not exceed 15% of the total number of notifications. The data in 
Figure 1 show that in 2002-2011 aflatoxins, ochratoxin A and fumonisins were the main contaminants isolated from cereals [59]. 

 

Figure 1. The number of notifications received by RASFF on mycotoxins in cereals in 2002-2011 

In the research of [60], ninety-fife cereal samples from retail shops and local markets of different locations in Pakistan were 
examined in terms of the presence of aflatoxins. The results showed the percentage of aflatoxin contamination samples in the 
commodities such as in: rice (25%), broken rice (15%), wheat (20%), maize (40%), barley (20%) and sorghum (30%), while in 
soybean (15%). The highest contamination levels of aflatoxins were found in one wheat sample (15.5 ppb), one maize sample (13.0 
ppb) and one barley sample (12.6 μg/kg). In the research of [61], seventeen samples of wheat grain from Morocco were tested for 
OTA and DON contamination. The results show that only two samples (11.76%) out of 17 were contaminated with OTA, at the 
mean concentration of 29.4 ppb. However, seven samples (41.17%) were contaminated with DON at the mean concentration of 65.9 
ppb. 

The aim of our own research [15] was mycotoxic analysis of grains included in the standard mixtures used in feed formulations. 
Eighteen samples were tested containing seeds evenly divided into three types: barley, wheat and corn. The tested seeds were from 
randomly selected Polish mills: the central, western, eastern and south ones (Figure 2). The aflatoxins content in 51% of the 
screened barley samples and in 34% of the screened wheat and maize samples did not exceed the limit set in the European Union 
Regulation, i.e. 4 ppb [62]. In reference to the grain origin, it was established that grains from the central and western parts of 
Poland exhibited the highest extent of AFs contamination. To compare, the AFs level in wheat grains from various regions of 
Turkey was very low, ranging from 10.4 to 634.5 ng/kg [63], whereas in the samples of barley, wheat, and oat grains from Sweden it 
was contained between 50 and 400 ppb [64].  

 

Figure 2. Level of contamination with aflatoxins in grains coming from different regions of Poland 

0

5

10

15

20

25

30

35

40

45

50

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

year

nu
m

be
r 

of
 n

ot
ifi

ca
tio

ns

aflatoxins deoxynivalenol fumonisins ochratoxin A zearalenone

0

4

8

12

16

20

24

28

Mill 1 Mill 2 Mill 3 Mill 4 Mill 5 Mill 6

Central Poland Western Poland Eastern Poland Polish Noon

pp
b

barley wheat corn

Figure 1. The number of notifications received by RASFF on mycotoxins in cereals in 2002-2011

Mycotoxins in Cereal and Soybean-Based Food and Feed
http://dx.doi.org/10.5772/54470

197



rice (25%), broken rice (15%), wheat (20%), maize (40%), barley (20%) and sorghum (30%),
while in soybean (15%). The highest contamination levels of aflatoxins were found in one
wheat sample (15.5 ppb), one maize sample (13.0 ppb) and one barley sample (12.6 μg/kg).
In the research of [61], seventeen samples of wheat grain from Morocco were tested for OTA
and DON contamination. The results show that only two samples (11.76%) out of 17 were
contaminated with OTA, at the mean concentration of 29.4 ppb. However, seven samples
(41.17%) were contaminated with DON at the mean concentration of 65.9 ppb.

The aim of our own research [15] was mycotoxic analysis of grains included in the standard
mixtures used in feed formulations. Eighteen samples were tested containing seeds evenly
divided into three types: barley, wheat and corn. The tested seeds were from randomly se‐
lected Polish mills: the central, western, eastern and south ones (Figure 2). The aflatoxins
content in 51% of the screened barley samples and in 34% of the screened wheat and maize
samples did not exceed the limit set in the European Union Regulation, i.e. 4 ppb [62]. In
reference to the grain origin, it was established that grains from the central and western
parts of Poland exhibited the highest extent of AFs contamination. To compare, the AFs level
in wheat grains from various regions of Turkey was very low, ranging from 10.4 to 634.5

Mycotoxin Produced species Commodities

Aflatoxins Aspergillus flavus, A.parasiticus, A.nomius, A.bombycis,

A.ochraceoroseus, A.pseudotamari

Nuts, spices,

Cereals, maize, soybean, rice

Ochratoxin A Penicillium verrucosum, P.auriantiogriseum,

P.nordicum, P.palitans, P.commune, P.variabile,

Aspergillus ochraceus, A.melleus, A.niger,

A.carbonarius, A.sclerotiorum, A.sulphureus

Cereals, fruits, spices, coffee,

Food of animal origin

Citrinin Penicillium citrinum, P.verrucosum, P.viridicatum,

Monascus purpureus

Oats, rice, corn, beans, fruits, fruit and

vegetable juices, herbs and spices

Sterigmatocystin Aspergillus versicolor, A.nidulans, A.chevalieri, A.ruber,

A.aureolatus, A.quadrilineatus, Eurotium amstelodami

Cereals, cheese

Zearalenone Fusarium graminearum, F.sporotrichoides, F.culmorum,

F.cerealis, F.equiseti, F.incarnatum

Maize, soybean, cereals

Deoksynivalenol Fusarium graminearum, F.culmorum, F.crokwellense Maize, soybean, cereals

Fumonisins Fusarium proliferatum, F.verticillioides, Maize, soybean, cereals

Alternariol, alternariol

monomethyl ether

Alternaria alternata, A.brassicae, A.capsici-anui, A.citri,

A.cucumerina, A.dauci, A.kikuchiana, A.solani,

A.tenuissima, A.tomato, A.longipes, A.infectoria,

A.oregonensis

Vegetables, fruit, cereals, soybean

Tenuazonic acid Alternaria alternata, A.capsici-anui, A.citri, A.japonica,

A.kikuchiana, A.mali, A.solani, A.oryzae, A.porri,

A.radicina, A.tenuissima, A.tomato, A.longipes

Vegetables, fruit, cereals, soybean

Table 3. Mycotoxigenic fungi and mycotoxins
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ng/kg [63], whereas in the samples of barley, wheat, and oat grains from Sweden it was con‐
tained between 50 and 400 ppb [64].
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Figure 1 show that in 2002-2011 aflatoxins, ochratoxin A and fumonisins were the main contaminants isolated from cereals [59]. 
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The OTA level in the examined grains collected from mills in central, eastern and southern
Poland was low and ranged from 0.5 to 2.5 ppb (Figure 3). Therefore, it did not exceed the
permissible limit set by the European Union (Commission Regulation No. 105/2010), i.e. 5
ppb [65]. Only in barley coming from a mill located in western Poland, the OTA level ex‐
ceeded the limits fivefold. The extent of OTA contamination of barley, wheat, and maize
grain from various regions of Mexico was also low and recorded 0.17 ppb, 0.42 ppb, and
1.08 ppb, respectively. Only 1 out of 20 examined maize grains showed the OTA level of 7.22
[66]. To compare, the OTA concentration in barley and wheat grain from the UK equalled
from 1 to 33 ppb [67]. In the research of [68], among others, the levels of AFs and OTA in 532
grain and feed samples from Poland from 2002 and 2003 were determined. The average my‐
cotoxin concentration levels were similar and quite low, i.e. AFs - 0.3 ppb and OTA - 1.1 ppb
in grains and feeds from 2002, and respectively, AFs 3.1 and 1.0 ppb and OTA 0.5 and 0.7
OTA in samples from 2003. The authors of the study stressed that in 2002 and 2003 the har‐
vesting seasons were hot and dry, which might have resulted in the low extent of fungi con‐
tamination of the examined grain. Although the extent of mycotoxin contamination of grain
in the quoted studies varies, their authors concur that it is a serious issue whose scale de‐
pends on the microclimate during arable farming and the subsequent phases, i.e. grain stor‐
age. It was reported that no mycotoxins were found in barley samples stored for 20 weeks at
15% seed humidity, whereas the samples of wheat stored for the same period of time at 19%
humidity recorded relatively high concentration levels: OTA - 24 ppb, citrinin - 38 ppb, and
sterigmatocystin even up to 411 ppb [69].

The aim of our research was the assessment of cereal products available in trade and meant
for direct consumption as for contamination with selected mycotoxins. The research includ‐
ed corn flakes, corn flakes with nuts and honey, various kinds of breakfast cereal products
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and muesli containing dried fruit, nuts as well as cereal and coconut flakes (15 samples).
None of the products was contaminated with AB1 on the level exceeding the acceptable lim‐
its (2 ppb). The presence of ochratoxin A exceeding the amount of 3 ppb was discovered in
four samples (two kinds of corn flakes, exotic muesli and traditional muesli). The contami‐
nation with that toxin equalled 4.5 ppb on average. According to the current regulation, con‐
tamination of breakfast flakes with deoxynivalenol DON should not exceed 500 ppb. Four
samples (containing corn) exceeded this limit by 50%. In case of one sample, DON contami‐
nation was very high, almost three times higher than the acceptable level [19].

Mycotoxin contamination of soybean is not considered a significant problem as compared to
commodities such as corn, cottonseed, peanuts, barley and other grains. In the early surveys
conducted by the U.S. Department of Agriculture (USDA), 1046 soybean samples collected
from different regions of the United States were examined for aflatoxins contamination.
Aflatoxin presence was confirmed at low levels (7-14 ppb) in only two of the tested samples
[70]. In the research of [71], fifty-five samples of soybean meals were analysed for the con‐
tent of aflatoxins, deoxynivalenol (DON), zearalenone (ZEA) and ochratoxin A (OTA). Re‐
garding aflatoxins, only AFB1 was detected in 32 out of the 51 non-suspicious samples, but
the maximal concentration found was only 0.41 ppb. ZEA was detected in 23 out of the 51
samples with a maximum concentration of 18 ppb. DON could be detected only in one sus‐
picious sample in a low concentration of 104 ppb. OTA was found in 5 samples, with the
greatest concentration being only 1 ppb.

The research of [72] tested 122 soybean samples that came from Asia and the Pacific region.
Aflatoxin was found in only in 2% (maximum of 13 ppb, median 9 ppb), zearalenone in 17%
(maximum 1078 ppb, median 57 ppb), ochratoxin in 13% (maximum 11 ppb, median 7 ppb),
and DON and fumonisins each in 7% of the analyzed samples (DON: maximum 1347ppb,
median 264 ppb; fumonisins: maximum 331 ppb, median 154 ppb). In maize and maize
products, the levels of fumonisins varied from 0.07 to 38.5 ppm in Latin America, from 0.004
to 330 ppm in North America, from 0.02 to 8.85 ppm in Africa, and from 0.01 to 153 ppm in
Asia. The data available for Europe varied from 0.007 to 250 ppm in maize, and from 0.008
to 16 ppm in maize products. [54].

5. Influence of mycotoxins on human and animal organisms

Effects of mycotoxins on human and animal health are now increasingly recognised. Myco‐
toxins enter human and animal dietary systems mainly through ingestion, but increasing
evidence also points to inhalation as another entry route. Mycotoxins exhibit a wide array of
biological effects and individual mycotoxins can be [73]:

• carcinogenic - aflatoxins, ochratoxins, fumonisins, and possibly patulin;

• mutagenic - aflatoxins and sterigmatocystin;

• hematopoietic - aflatoxins and trichothecenes. Hemotopoiesis refers to the production of
all types of blood cells from the primitive cells stem cells in the bone marrow. The dys‐
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The OTA level in the examined grains collected from mills in central, eastern and southern
Poland was low and ranged from 0.5 to 2.5 ppb (Figure 3). Therefore, it did not exceed the
permissible limit set by the European Union (Commission Regulation No. 105/2010), i.e. 5
ppb [65]. Only in barley coming from a mill located in western Poland, the OTA level ex‐
ceeded the limits fivefold. The extent of OTA contamination of barley, wheat, and maize
grain from various regions of Mexico was also low and recorded 0.17 ppb, 0.42 ppb, and
1.08 ppb, respectively. Only 1 out of 20 examined maize grains showed the OTA level of 7.22
[66]. To compare, the OTA concentration in barley and wheat grain from the UK equalled
from 1 to 33 ppb [67]. In the research of [68], among others, the levels of AFs and OTA in 532
grain and feed samples from Poland from 2002 and 2003 were determined. The average my‐
cotoxin concentration levels were similar and quite low, i.e. AFs - 0.3 ppb and OTA - 1.1 ppb
in grains and feeds from 2002, and respectively, AFs 3.1 and 1.0 ppb and OTA 0.5 and 0.7
OTA in samples from 2003. The authors of the study stressed that in 2002 and 2003 the har‐
vesting seasons were hot and dry, which might have resulted in the low extent of fungi con‐
tamination of the examined grain. Although the extent of mycotoxin contamination of grain
in the quoted studies varies, their authors concur that it is a serious issue whose scale de‐
pends on the microclimate during arable farming and the subsequent phases, i.e. grain stor‐
age. It was reported that no mycotoxins were found in barley samples stored for 20 weeks at
15% seed humidity, whereas the samples of wheat stored for the same period of time at 19%
humidity recorded relatively high concentration levels: OTA - 24 ppb, citrinin - 38 ppb, and
sterigmatocystin even up to 411 ppb [69].

The aim of our research was the assessment of cereal products available in trade and meant
for direct consumption as for contamination with selected mycotoxins. The research includ‐
ed corn flakes, corn flakes with nuts and honey, various kinds of breakfast cereal products
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and muesli containing dried fruit, nuts as well as cereal and coconut flakes (15 samples).
None of the products was contaminated with AB1 on the level exceeding the acceptable lim‐
its (2 ppb). The presence of ochratoxin A exceeding the amount of 3 ppb was discovered in
four samples (two kinds of corn flakes, exotic muesli and traditional muesli). The contami‐
nation with that toxin equalled 4.5 ppb on average. According to the current regulation, con‐
tamination of breakfast flakes with deoxynivalenol DON should not exceed 500 ppb. Four
samples (containing corn) exceeded this limit by 50%. In case of one sample, DON contami‐
nation was very high, almost three times higher than the acceptable level [19].

Mycotoxin contamination of soybean is not considered a significant problem as compared to
commodities such as corn, cottonseed, peanuts, barley and other grains. In the early surveys
conducted by the U.S. Department of Agriculture (USDA), 1046 soybean samples collected
from different regions of the United States were examined for aflatoxins contamination.
Aflatoxin presence was confirmed at low levels (7-14 ppb) in only two of the tested samples
[70]. In the research of [71], fifty-five samples of soybean meals were analysed for the con‐
tent of aflatoxins, deoxynivalenol (DON), zearalenone (ZEA) and ochratoxin A (OTA). Re‐
garding aflatoxins, only AFB1 was detected in 32 out of the 51 non-suspicious samples, but
the maximal concentration found was only 0.41 ppb. ZEA was detected in 23 out of the 51
samples with a maximum concentration of 18 ppb. DON could be detected only in one sus‐
picious sample in a low concentration of 104 ppb. OTA was found in 5 samples, with the
greatest concentration being only 1 ppb.

The research of [72] tested 122 soybean samples that came from Asia and the Pacific region.
Aflatoxin was found in only in 2% (maximum of 13 ppb, median 9 ppb), zearalenone in 17%
(maximum 1078 ppb, median 57 ppb), ochratoxin in 13% (maximum 11 ppb, median 7 ppb),
and DON and fumonisins each in 7% of the analyzed samples (DON: maximum 1347ppb,
median 264 ppb; fumonisins: maximum 331 ppb, median 154 ppb). In maize and maize
products, the levels of fumonisins varied from 0.07 to 38.5 ppm in Latin America, from 0.004
to 330 ppm in North America, from 0.02 to 8.85 ppm in Africa, and from 0.01 to 153 ppm in
Asia. The data available for Europe varied from 0.007 to 250 ppm in maize, and from 0.008
to 16 ppm in maize products. [54].

5. Influence of mycotoxins on human and animal organisms

Effects of mycotoxins on human and animal health are now increasingly recognised. Myco‐
toxins enter human and animal dietary systems mainly through ingestion, but increasing
evidence also points to inhalation as another entry route. Mycotoxins exhibit a wide array of
biological effects and individual mycotoxins can be [73]:

• carcinogenic - aflatoxins, ochratoxins, fumonisins, and possibly patulin;

• mutagenic - aflatoxins and sterigmatocystin;

• hematopoietic - aflatoxins and trichothecenes. Hemotopoiesis refers to the production of
all types of blood cells from the primitive cells stem cells in the bone marrow. The dys‐
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function of hematopoiesis leads firstly to the decrease in the number of neutrophils, thus
perturbing the animal’s immune system and subsequently to the decrease in red blood
cells, which leads to anemia;

• hepatotoxic - aflatoxins, ochratoxins, fumonisins. All of them induce significant liver
damage when given to animals;

• nephrotoxigenic - ochratoxins, citrinin, trichothecenes, and fumonisins;

• teratogenic - aflatoxin B1, ochratoxin A, T-2 toxin, sterigmatocystin, and zearalenone;

• oestrogenic - zearalenone;

• neurotoxic - ergot alkaloids, fumonisins, deoksynivalenol. The effects of mycotoxins are
best evidenced by vomiting and taste aversion produced by DON, seizures, focal malata
and liquefaction of the brain tissue, possibly mediated by sphingolipid synthesis under
the influence of fumonisins, staggering and trembling produced by many tremorgenic
penitrem mycotoxins seizures and other neural effects of ergot alkaloids and parasympa‐
thomimetic activity resulting from the effects of the metabolite slaframine for selected re‐
ceptors in the nervous system

• immunosupresive - several mycotoxins. The predominant mycotoxins in this regard are
aflatoxins, trichothecenes, and ochratoxin A. However, several other mycotoxins such as
fumonisins, zearalenone, patulin, citrinin, and fescue and ergot alkaloids have been
shown to produce some effects on the immune system.

Table 4 presents the groups of mycotoxins which are most harmful to human and animal
organisms, together with the chosen disease symptoms they cause.

5.1. Negative effects of mycotoxins on humans

Mycotoxicoses can be divided into acute and chronic. Acute toxicity usually has a rapid on‐
set and obvious toxic response, chronic exposure is characterized by chronic doses over a
long period of time and may lead to cancer and other effects that are generally irreversible.
The symptoms of mycotoxicosis depend on the type, amount and duration of exposure, age,
health and sex of the exposed individual, and many poorly understood synergistic effects
involving genetics, dietary status, and interaction with other toxic contaminants. Thus, the
severity of mycotoxin poisoning can be compounded by factors such as vitamin deficiency,
caloric deprivation, alcohol abuse, and infectious disease status. Mycotoxicosis is difficult to
diagnose because doctors do not have experience with this disease and its symptoms are so
wide that it mimics many other conditions [74, 75].

Aflatoxicosis is toxic hepatitis leading to jaundice and, in severe cases, death. AFB1 has been
extensively linked to human primary liver cancer and was classified by the International
Agency for Research on Cancer (IARC) as a human carcinogen (Group 1A - carcinogens)
[49]. Although acute aflatoxicosis in humans is rare, several outbreaks have been reported.
In 2004, one of the largest aflatoxicosis outbreaks in Kenya, resulting in 317 cases and 125
deaths was observed. Contaminated corn was responsible for the outbreak, and officials
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found the level of aflatoxin B1 as high as 4400 ppb [76]. Research in Gambian children and
adults reported a strong association between aflatoxin exposure and impaired immunocom‐
petence suggesting that the consumption of aflatoxin reduces resistance to infections in hu‐
man populations [77, 78]. In 1974, an epidemic of hepatitis in India affected 400 people
resulting in 100 deaths. The death was due to consumption of corn that was contaminated
with A. flavus containing up to 15000 ppb of aflatoxins [79].

Ochratoxin A was the cause of epithelial tumours of the upper urinary tract in the Balkans
[80, 81]. The condition is known as Balkan endemic nephropathy. Despite the seriousness of
the problem, the study did not explain the mechanism of action and the size of OTA carcino‐
genicity in humans [82]. Ochratoxin has been detected in blood in 6-18% of the human pop‐
ulation in some areas where Balkan endemic nephropathy is prevalent. Ochratoxin A has
also been found in human blood samples from outside the Balkan Peninsula. In some sur‐
vey, over 50% of the tested samples were contaminated. A highly significant correlation was
observed between Balkan nephropathy and urinary tract cancers, particularly tumours of
the renal pelvis and ureter. However, no data have been published that establishes a direct
causal role of ochratoxin A in the etiology of these tumours [81].

Mycotoxin Toxicity class according to

International Agency for Research

on Cancer (IARC)

Symptoms and diseases

Aflatoxins I * aflatoxicosis, primary liver cancer, lung neoplasm, lung

cancer, failure of the immune system, vomiting, depression,

hepatitis, anorexia, jaundice, vascular coagulation

Ochratoxins II B ** renal diseases, nephropathy, anorexia, vomiting, intestinal

haemorrhage, tonsillitis, dehydration

Fumonisins II B ** diseases of the nervous system, cerebral softening,

pulmonary oedema, liver cancers, kidney diseases,

oesophagus cancers, anorexia, depression, ataxia, blindness,

hysteria, vomiting,

hypotension

Zearalenone - reproduction disruptions, abortions, pathological changes in

the reproductive system

Trichothecenes - nausea, vomiting, haemorrhages, anorexia, alimentary toxic

aleukia, failure of the immune

system, infants’ lung bleeding, increased thirst, skin rash

*The agent (mixture) is carcinogenic to humans. The exposure circumstance entails exposures that are carcinogenic to
humans

**The agent (mixture) is possibly carcinogenic to humans. The exposure circumstance entails exposures that are possi‐
bly carcinogenic to humans.

Table 4. The list of adverse effects of the chosen mycotoxins.
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function of hematopoiesis leads firstly to the decrease in the number of neutrophils, thus
perturbing the animal’s immune system and subsequently to the decrease in red blood
cells, which leads to anemia;

• hepatotoxic - aflatoxins, ochratoxins, fumonisins. All of them induce significant liver
damage when given to animals;

• nephrotoxigenic - ochratoxins, citrinin, trichothecenes, and fumonisins;

• teratogenic - aflatoxin B1, ochratoxin A, T-2 toxin, sterigmatocystin, and zearalenone;

• oestrogenic - zearalenone;

• neurotoxic - ergot alkaloids, fumonisins, deoksynivalenol. The effects of mycotoxins are
best evidenced by vomiting and taste aversion produced by DON, seizures, focal malata
and liquefaction of the brain tissue, possibly mediated by sphingolipid synthesis under
the influence of fumonisins, staggering and trembling produced by many tremorgenic
penitrem mycotoxins seizures and other neural effects of ergot alkaloids and parasympa‐
thomimetic activity resulting from the effects of the metabolite slaframine for selected re‐
ceptors in the nervous system

• immunosupresive - several mycotoxins. The predominant mycotoxins in this regard are
aflatoxins, trichothecenes, and ochratoxin A. However, several other mycotoxins such as
fumonisins, zearalenone, patulin, citrinin, and fescue and ergot alkaloids have been
shown to produce some effects on the immune system.

Table 4 presents the groups of mycotoxins which are most harmful to human and animal
organisms, together with the chosen disease symptoms they cause.

5.1. Negative effects of mycotoxins on humans

Mycotoxicoses can be divided into acute and chronic. Acute toxicity usually has a rapid on‐
set and obvious toxic response, chronic exposure is characterized by chronic doses over a
long period of time and may lead to cancer and other effects that are generally irreversible.
The symptoms of mycotoxicosis depend on the type, amount and duration of exposure, age,
health and sex of the exposed individual, and many poorly understood synergistic effects
involving genetics, dietary status, and interaction with other toxic contaminants. Thus, the
severity of mycotoxin poisoning can be compounded by factors such as vitamin deficiency,
caloric deprivation, alcohol abuse, and infectious disease status. Mycotoxicosis is difficult to
diagnose because doctors do not have experience with this disease and its symptoms are so
wide that it mimics many other conditions [74, 75].

Aflatoxicosis is toxic hepatitis leading to jaundice and, in severe cases, death. AFB1 has been
extensively linked to human primary liver cancer and was classified by the International
Agency for Research on Cancer (IARC) as a human carcinogen (Group 1A - carcinogens)
[49]. Although acute aflatoxicosis in humans is rare, several outbreaks have been reported.
In 2004, one of the largest aflatoxicosis outbreaks in Kenya, resulting in 317 cases and 125
deaths was observed. Contaminated corn was responsible for the outbreak, and officials
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found the level of aflatoxin B1 as high as 4400 ppb [76]. Research in Gambian children and
adults reported a strong association between aflatoxin exposure and impaired immunocom‐
petence suggesting that the consumption of aflatoxin reduces resistance to infections in hu‐
man populations [77, 78]. In 1974, an epidemic of hepatitis in India affected 400 people
resulting in 100 deaths. The death was due to consumption of corn that was contaminated
with A. flavus containing up to 15000 ppb of aflatoxins [79].

Ochratoxin A was the cause of epithelial tumours of the upper urinary tract in the Balkans
[80, 81]. The condition is known as Balkan endemic nephropathy. Despite the seriousness of
the problem, the study did not explain the mechanism of action and the size of OTA carcino‐
genicity in humans [82]. Ochratoxin has been detected in blood in 6-18% of the human pop‐
ulation in some areas where Balkan endemic nephropathy is prevalent. Ochratoxin A has
also been found in human blood samples from outside the Balkan Peninsula. In some sur‐
vey, over 50% of the tested samples were contaminated. A highly significant correlation was
observed between Balkan nephropathy and urinary tract cancers, particularly tumours of
the renal pelvis and ureter. However, no data have been published that establishes a direct
causal role of ochratoxin A in the etiology of these tumours [81].

Mycotoxin Toxicity class according to

International Agency for Research

on Cancer (IARC)

Symptoms and diseases

Aflatoxins I * aflatoxicosis, primary liver cancer, lung neoplasm, lung

cancer, failure of the immune system, vomiting, depression,

hepatitis, anorexia, jaundice, vascular coagulation

Ochratoxins II B ** renal diseases, nephropathy, anorexia, vomiting, intestinal

haemorrhage, tonsillitis, dehydration

Fumonisins II B ** diseases of the nervous system, cerebral softening,

pulmonary oedema, liver cancers, kidney diseases,

oesophagus cancers, anorexia, depression, ataxia, blindness,

hysteria, vomiting,

hypotension

Zearalenone - reproduction disruptions, abortions, pathological changes in

the reproductive system

Trichothecenes - nausea, vomiting, haemorrhages, anorexia, alimentary toxic

aleukia, failure of the immune

system, infants’ lung bleeding, increased thirst, skin rash

*The agent (mixture) is carcinogenic to humans. The exposure circumstance entails exposures that are carcinogenic to
humans

**The agent (mixture) is possibly carcinogenic to humans. The exposure circumstance entails exposures that are possi‐
bly carcinogenic to humans.

Table 4. The list of adverse effects of the chosen mycotoxins.
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Fumonisin B1 was classified by the IARC as a group 2B carcinogen (possibly carcinogenic for
humans) [44]. Fumonisins, which inhibit the absorption of folic acid through the foliate re‐
ceptor, have also been implicated in the high incidence of neural tube defects in the rural
population known to consume contaminated corn, such as the former Transkei region of
South Africa and some areas of Northern China [75, 83].

Trichothecenes have been proposed as potential biological warfare agents. In the years
1975-1981, T-2 toxin was implicated as a chemical agent "yellow rain" used against the Lao
Peoples Democratic Republic. A study conducted from 1978 to 1981 in Cambodia revealed
the presence of T-2 toxin, DON, ZEA, and nivalenol in water and leaf samples taken from
the affected areas [75, 84]. Clinical symptoms proceeding to death included vomiting, diar‐
rhoea, bleeding, and difficulty with breathing, pain, blisters, headache, fatigue and dizzi‐
ness. There also occurred necrosis of the mucosa of the stomach as well as the small
intestine, lungs and liver [85]. One disease outbreak was recorded in China and was associ‐
ated with the consumption of scabby wheat containing 1000-40000 ppb of DON. The disease
is characterized by gastrointestinal symptoms. Also, in India there took place a reported in‐
fection associated with the consumption of bread made from contaminated wheat (DON
350-8300 ppb, acetyldeoxynivalenol 640-2490 ppb, NIV 30-100 ppb and T-2 toxin 500-800
ppb). The disease is characterized by gastrointestinal symptoms and throat irritation, which
developed within 15 minutes to one hour after ingestion of the contaminated bread [81].

5.2. Negative effects of mycotoxins on animal

Animals may show varied symptoms upon contact with mycotoxins, depending on the ge‐
netic factors (species, breed, and strain), physiological factors (age, nutrition) and environ‐
mental factors (climatic conditions, rearing and management). The natural contamination
with mycotoxins in animal feed usually does not occur at the levels that may cause acute or
overt mycotoxicosis, such as hepatitis, bleeding, nephritis and necrosis of the oral and enter‐
ic epithelium, and even death. It is often difficult to observe and diagnose the symptoms of
the disease, but it certainly is the most common form of mycotoxicosis in farm animals, af‐
fecting such parameters as productivity, growth and reproductive performance, feed effi‐
ciency, milk and egg production.

The negative effects of mycotoxins on the performance of poultry have been shown in nu‐
merous studies. For example, feeding the broilers with feed containing an AFs mixture (79%
AFB1, 16% AFG1, AFB2 4% and 1% AFG2) in the concentration of 3.5 ppm decreased their
body weight and increased their liver and kidney weight [75, 86]. Feeding OTA (0.3-1 ppm)
to broilers reduced glycogenolysis and dose-dependent accumulation of glycogen in the liv‐
er. These negative metabolic reactions were attributed to inhibition of cyclic adenosine 3',5'-
monophosphate-dependent protein kinase, and were reflected in reduced efficiency of feed
utilization and teratogenic malformations [75].

Fusarium mycotoxins proved to be harmful to poultry. In addition to reduced feed intake
and weight gain, sore mouth, cheeks and plaque formation was observed after 7-day-old
chicks were exposed to T-2 toxin (4 or 16 ppm) [75, 87]. Pigs are among the most sensitive
species to mycotoxins. In the study by [88], pigs in response to AFs (2 ppm), OTA (2 ppm),
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or both were evaluated. Compared to the control group, the body weight gains were re‐
duced by 26, 24 and 52% for animals consuming diets containing AFs, OTA, or both, respec‐
tively. Additional symptoms in pig ochratoxicosis were anorexia, fainting, uncoordinated
movements, and increased water consumption and urination. Pigs also are susceptible to
other mycotoxins, such as fumonsins and ergot alkaloids. Fumonisin B1, for example, has
been shown to cause pulmonary oedema and heart and respiratory dysfunction. The symp‐
toms of swine pulmonary oedema included dyspnoea, cyanosis, and death [89, 90]. Myco‐
toxic porcine nephropathy is a serious disease, often associated with pigs consuming feed
contaminated with OTA, especially in Scandinavian region. In addition to the enlarged and
pale kidneys (with vascular lesions and white spots), morphological changes include a prox‐
imal tubular injury, epithelial atrophy, fibrosis and hyalinization of renal glomerular [80,
81]. Negative effects of ZEA on pigs’ reproductive function have also been demonstrated
[91]. Oestrogenic effects of ZEA on gilts and sows include oedematous uterus and ovarian
cysts, increased maturation of follicles, more numerous litters or decreased fertility [92].

Aflatoxins affect the quality of the milk produced by dairy cows and result in a carry-over of
AFM1 with AFB1-contaminated feed. Ten ruminally-canulated Holstein cows received AFB1

(13 mg per cow daily) through a hole in the rumen for 7 days. The AFM1 levels in the milk of
the treated cows ranged from 1.05 to 10.58 ng/L. The carry-over rate was higher in early lac‐
tation (2-4 weeks) compared to late lactation (34 -36 weeks) [75, 93]. The T-2 toxin causes ne‐
crosis of the lymphoid tissues. Bovine infertility and natural abortion in the last trimester of
pregnancy also result from consumption of feed contaminated with T-2 toxin. Calves con‐
suming T-2 toxin in the amount of 10-50 mg/kg of feed showed abomasal ulcers and slough‐
ing of papillae in the rumen [75, 94, 95].

6. Current EU regulations concerning mycotoxins

Since the discovery of aflatoxins in the 1960s, regulations have been established in many
countries to protect consumers from harmful mycotoxins that can contaminate foods. Maxi‐
mum levels of mycotoxins have been established by the European Commission after consul‐
tations with the Scientific Committee for Food, based on the analysis of scientific data
collected by EFSA and the Codex Alimentarius.

These data include [73, 96]:

• toxicological properties of mycotoxins,

• mycotoxin dietary exposure,

• distribution of concentrations of mycotoxins in raw materials or a product batch

• availability of analytical methods,

• regulations in other countries with which trade contacts exist.

The first two factors provide the information necessary for risk assessment and exposure as‐
sessment, respectively. Risk assessment is the scientific evaluation of the likelihood of

Mycotoxins in Cereal and Soybean-Based Food and Feed
http://dx.doi.org/10.5772/54470

203



Fumonisin B1 was classified by the IARC as a group 2B carcinogen (possibly carcinogenic for
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ceptor, have also been implicated in the high incidence of neural tube defects in the rural
population known to consume contaminated corn, such as the former Transkei region of
South Africa and some areas of Northern China [75, 83].

Trichothecenes have been proposed as potential biological warfare agents. In the years
1975-1981, T-2 toxin was implicated as a chemical agent "yellow rain" used against the Lao
Peoples Democratic Republic. A study conducted from 1978 to 1981 in Cambodia revealed
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is characterized by gastrointestinal symptoms. Also, in India there took place a reported in‐
fection associated with the consumption of bread made from contaminated wheat (DON
350-8300 ppb, acetyldeoxynivalenol 640-2490 ppb, NIV 30-100 ppb and T-2 toxin 500-800
ppb). The disease is characterized by gastrointestinal symptoms and throat irritation, which
developed within 15 minutes to one hour after ingestion of the contaminated bread [81].

5.2. Negative effects of mycotoxins on animal

Animals may show varied symptoms upon contact with mycotoxins, depending on the ge‐
netic factors (species, breed, and strain), physiological factors (age, nutrition) and environ‐
mental factors (climatic conditions, rearing and management). The natural contamination
with mycotoxins in animal feed usually does not occur at the levels that may cause acute or
overt mycotoxicosis, such as hepatitis, bleeding, nephritis and necrosis of the oral and enter‐
ic epithelium, and even death. It is often difficult to observe and diagnose the symptoms of
the disease, but it certainly is the most common form of mycotoxicosis in farm animals, af‐
fecting such parameters as productivity, growth and reproductive performance, feed effi‐
ciency, milk and egg production.

The negative effects of mycotoxins on the performance of poultry have been shown in nu‐
merous studies. For example, feeding the broilers with feed containing an AFs mixture (79%
AFB1, 16% AFG1, AFB2 4% and 1% AFG2) in the concentration of 3.5 ppm decreased their
body weight and increased their liver and kidney weight [75, 86]. Feeding OTA (0.3-1 ppm)
to broilers reduced glycogenolysis and dose-dependent accumulation of glycogen in the liv‐
er. These negative metabolic reactions were attributed to inhibition of cyclic adenosine 3',5'-
monophosphate-dependent protein kinase, and were reflected in reduced efficiency of feed
utilization and teratogenic malformations [75].

Fusarium mycotoxins proved to be harmful to poultry. In addition to reduced feed intake
and weight gain, sore mouth, cheeks and plaque formation was observed after 7-day-old
chicks were exposed to T-2 toxin (4 or 16 ppm) [75, 87]. Pigs are among the most sensitive
species to mycotoxins. In the study by [88], pigs in response to AFs (2 ppm), OTA (2 ppm),
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or both were evaluated. Compared to the control group, the body weight gains were re‐
duced by 26, 24 and 52% for animals consuming diets containing AFs, OTA, or both, respec‐
tively. Additional symptoms in pig ochratoxicosis were anorexia, fainting, uncoordinated
movements, and increased water consumption and urination. Pigs also are susceptible to
other mycotoxins, such as fumonsins and ergot alkaloids. Fumonisin B1, for example, has
been shown to cause pulmonary oedema and heart and respiratory dysfunction. The symp‐
toms of swine pulmonary oedema included dyspnoea, cyanosis, and death [89, 90]. Myco‐
toxic porcine nephropathy is a serious disease, often associated with pigs consuming feed
contaminated with OTA, especially in Scandinavian region. In addition to the enlarged and
pale kidneys (with vascular lesions and white spots), morphological changes include a prox‐
imal tubular injury, epithelial atrophy, fibrosis and hyalinization of renal glomerular [80,
81]. Negative effects of ZEA on pigs’ reproductive function have also been demonstrated
[91]. Oestrogenic effects of ZEA on gilts and sows include oedematous uterus and ovarian
cysts, increased maturation of follicles, more numerous litters or decreased fertility [92].

Aflatoxins affect the quality of the milk produced by dairy cows and result in a carry-over of
AFM1 with AFB1-contaminated feed. Ten ruminally-canulated Holstein cows received AFB1

(13 mg per cow daily) through a hole in the rumen for 7 days. The AFM1 levels in the milk of
the treated cows ranged from 1.05 to 10.58 ng/L. The carry-over rate was higher in early lac‐
tation (2-4 weeks) compared to late lactation (34 -36 weeks) [75, 93]. The T-2 toxin causes ne‐
crosis of the lymphoid tissues. Bovine infertility and natural abortion in the last trimester of
pregnancy also result from consumption of feed contaminated with T-2 toxin. Calves con‐
suming T-2 toxin in the amount of 10-50 mg/kg of feed showed abomasal ulcers and slough‐
ing of papillae in the rumen [75, 94, 95].

6. Current EU regulations concerning mycotoxins

Since the discovery of aflatoxins in the 1960s, regulations have been established in many
countries to protect consumers from harmful mycotoxins that can contaminate foods. Maxi‐
mum levels of mycotoxins have been established by the European Commission after consul‐
tations with the Scientific Committee for Food, based on the analysis of scientific data
collected by EFSA and the Codex Alimentarius.

These data include [73, 96]:

• toxicological properties of mycotoxins,

• mycotoxin dietary exposure,

• distribution of concentrations of mycotoxins in raw materials or a product batch

• availability of analytical methods,

• regulations in other countries with which trade contacts exist.

The first two factors provide the information necessary for risk assessment and exposure as‐
sessment, respectively. Risk assessment is the scientific evaluation of the likelihood of
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known or potential adverse health effects resulting from human exposure to food-borne
hazards. It is a fundamental scientific basis for the notification of regulations. The third and
fourth factors are important factors in enabling the practical enforcement of mycotoxins,
through appropriate procedures as regards sampling and analysis. The last factor is the only
one economic in nature, but it is equally important in decision-making to establish reasona‐
ble rules and restrictions for mycotoxins in foods and feeds [96].

According to the Commission Regulations, the maximum levels should be set at a strict lev‐
el, which is reasonably achievable by following good agricultural and manufacturing practi‐
ces and taking into account the risk related to the consumption of food. Health protection of
infants and young children requires establishing the lowest maximum levels, which is ach‐
ievable through the selection of raw materials used for the manufacturing of foods for this
vulnerable group of consumers. Development of international trade, progress in research fo‐
cused on mycotoxin food contamination and their toxicological properties cause changes in
the mycotoxin-related legislationacross the European Union. The Commission Regulation
466/2001 [97] setting the maximum levels for certain contaminants in foodstuffs has been
substantially amended many times. Te current maximum levels for mycotoxins in food are
specified by the Commission Regulation EU 1881/2006 and the Commission Regulation EU
105/2010 as regards OTA, the Commission Regulation EU 165/2010 as regards aflatoxins,
and the Commission Regulation EU 1126/2007 as regards Fusarium toxins [62, 65, 98, 99].
There have also been established maximum levels for aflatoxins, ochratoxin A, patulin, and
Fusarium toxin (fumonisin, deoxynivalenol, zearalenone) in different products: nuts, cereals,
dried fruit, unprocessed cereals, processed cereal-based food, coffee, wine, spices, and liquo‐
rices [62, 65, 97-99].

The number of countries that have regulations concerning mycotoxins is continuously in‐
creasing, and at least 100 countries are known to have founded specific limits for different
combinations of mycotoxins and commodities, often accompanied by the prescribed or rec‐
ommended procedures for sampling and analysis [100]. Specific regulations for food in dif‐
ferent world regions were summarized by [101].

As for feeds, the legal situation is somewhat different and only aflatoxin B1 is regulated by
the Directive 2002/32/EC on undesirable substances in animal food amended by the Com‐
mission Directive (EC) 100/2003 [102, 103]. For other mycotoxins, such as deoxynivalenol,
zearalenone, ochratoxin A and fumonisin B1 and B2 - only non-binding recommendation val‐
ues in the Commission Recommendation 2006/57/EC [104] are determined for feeds (Table
6). This results from the fact that with the exception of aflatoxin-contaminated feed which
either directly or indirectly affects human health, there is only a slight transfer to animal
products [104, 105].

Table 5 presents the current maximum levels of mycotoxin content as regards cereals and
cereal-based foods and feeds.

Mycotoxins in agricultural commodities are distributed heterogeneously. Therefore, sam‐
pling plays a crucial role in making the estimation of the levels of mycotoxin presence more
precise. In order to obtain representative samples, sampling procedures, and particularly
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homogenisation, for different matrix types have been regulated. The EU Commission Regu‐
lation (EC) 401/2006 established the methods of sampling and analysis for the official control
of mycotoxins in foodstuffs [106]. Official sampling plans for aflatoxins in dry figs, ground‐
nuts, peanuts, oilseeds, apricot kernels and tree nuts and for ochratoxins in coffee and liquo‐
rice root are provided in the Commission Regulation (EU) No 178/2010 [107 ]. The sampling
frequency and the method of sampling for cereals and cereal products for lots >50 tonnes
and <50 tonnes, as well as for retail packed products were presented. Moreover, the proce‐
dures of subdivision of lots into sublots depending on the product and lot weight were also
summarised [106, 107].

According to the current regulations where no specific methods for the determination of
mycotoxin levels in food are required by the EU regulations, laboratories may select any
method provided that they meet the relevant criteria presented in [106, 107]. These criteria
are different in relation to individual mycotoxins, and the limit of detection, precision, and
recovery  depends  on  the  concentration  range.  The  analytical  results  must  be  submitted
corrected or uncorrected for recovery and the level of recovery expressed in % must be re‐
ported too.

The main analytical procedures for the determination of the major mycotoxins from com‐
plex biological matrices consist of the following steps: sampling, extraction, purification, de‐
tection, quantification, and finally confirmation. The current development in mycotoxin
estimation was reviewed by [108-110].

Regulation Matrix Maximum levels [ppb]

AFB1 OTA DON ZEA F

FOOD

Commission
Regulation (EU)
165/2010

All cereals and all products derived from cereals 2.0 - - - -

Maize and rice 5.0 - - - -

Processed cereal-based foods for infants and
young children

0.10 - - - -

Commission
Regulation (EC)
1126/2007

Unprocessed cereals - - 1250 100 -

Unprocessed durum wheat and oats - - 1750 - -

Pasta (dry) - - 750 - -

Bread (including small bakery wares), pastries,
biscuits, cereal snacks and breakfast cereals

- - 500 50 -

Maize-based breakfast cereals and maize-based
snacks

- - - - 800

Unprocessed maize with the exception of
unprocessed maize intended to be processed by
wet milling

- - 1750 350 4000

Cereals intended for direct human
consumption, cereal flour, bran and germ as an
end product marketed for direct human
consumption

- - 750 75 -
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known or potential adverse health effects resulting from human exposure to food-borne
hazards. It is a fundamental scientific basis for the notification of regulations. The third and
fourth factors are important factors in enabling the practical enforcement of mycotoxins,
through appropriate procedures as regards sampling and analysis. The last factor is the only
one economic in nature, but it is equally important in decision-making to establish reasona‐
ble rules and restrictions for mycotoxins in foods and feeds [96].

According to the Commission Regulations, the maximum levels should be set at a strict lev‐
el, which is reasonably achievable by following good agricultural and manufacturing practi‐
ces and taking into account the risk related to the consumption of food. Health protection of
infants and young children requires establishing the lowest maximum levels, which is ach‐
ievable through the selection of raw materials used for the manufacturing of foods for this
vulnerable group of consumers. Development of international trade, progress in research fo‐
cused on mycotoxin food contamination and their toxicological properties cause changes in
the mycotoxin-related legislationacross the European Union. The Commission Regulation
466/2001 [97] setting the maximum levels for certain contaminants in foodstuffs has been
substantially amended many times. Te current maximum levels for mycotoxins in food are
specified by the Commission Regulation EU 1881/2006 and the Commission Regulation EU
105/2010 as regards OTA, the Commission Regulation EU 165/2010 as regards aflatoxins,
and the Commission Regulation EU 1126/2007 as regards Fusarium toxins [62, 65, 98, 99].
There have also been established maximum levels for aflatoxins, ochratoxin A, patulin, and
Fusarium toxin (fumonisin, deoxynivalenol, zearalenone) in different products: nuts, cereals,
dried fruit, unprocessed cereals, processed cereal-based food, coffee, wine, spices, and liquo‐
rices [62, 65, 97-99].

The number of countries that have regulations concerning mycotoxins is continuously in‐
creasing, and at least 100 countries are known to have founded specific limits for different
combinations of mycotoxins and commodities, often accompanied by the prescribed or rec‐
ommended procedures for sampling and analysis [100]. Specific regulations for food in dif‐
ferent world regions were summarized by [101].

As for feeds, the legal situation is somewhat different and only aflatoxin B1 is regulated by
the Directive 2002/32/EC on undesirable substances in animal food amended by the Com‐
mission Directive (EC) 100/2003 [102, 103]. For other mycotoxins, such as deoxynivalenol,
zearalenone, ochratoxin A and fumonisin B1 and B2 - only non-binding recommendation val‐
ues in the Commission Recommendation 2006/57/EC [104] are determined for feeds (Table
6). This results from the fact that with the exception of aflatoxin-contaminated feed which
either directly or indirectly affects human health, there is only a slight transfer to animal
products [104, 105].

Table 5 presents the current maximum levels of mycotoxin content as regards cereals and
cereal-based foods and feeds.

Mycotoxins in agricultural commodities are distributed heterogeneously. Therefore, sam‐
pling plays a crucial role in making the estimation of the levels of mycotoxin presence more
precise. In order to obtain representative samples, sampling procedures, and particularly
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homogenisation, for different matrix types have been regulated. The EU Commission Regu‐
lation (EC) 401/2006 established the methods of sampling and analysis for the official control
of mycotoxins in foodstuffs [106]. Official sampling plans for aflatoxins in dry figs, ground‐
nuts, peanuts, oilseeds, apricot kernels and tree nuts and for ochratoxins in coffee and liquo‐
rice root are provided in the Commission Regulation (EU) No 178/2010 [107 ]. The sampling
frequency and the method of sampling for cereals and cereal products for lots >50 tonnes
and <50 tonnes, as well as for retail packed products were presented. Moreover, the proce‐
dures of subdivision of lots into sublots depending on the product and lot weight were also
summarised [106, 107].

According to the current regulations where no specific methods for the determination of
mycotoxin levels in food are required by the EU regulations, laboratories may select any
method provided that they meet the relevant criteria presented in [106, 107]. These criteria
are different in relation to individual mycotoxins, and the limit of detection, precision, and
recovery  depends  on  the  concentration  range.  The  analytical  results  must  be  submitted
corrected or uncorrected for recovery and the level of recovery expressed in % must be re‐
ported too.

The main analytical procedures for the determination of the major mycotoxins from com‐
plex biological matrices consist of the following steps: sampling, extraction, purification, de‐
tection, quantification, and finally confirmation. The current development in mycotoxin
estimation was reviewed by [108-110].

Regulation Matrix Maximum levels [ppb]

AFB1 OTA DON ZEA F

FOOD

Commission
Regulation (EU)
165/2010

All cereals and all products derived from cereals 2.0 - - - -

Maize and rice 5.0 - - - -

Processed cereal-based foods for infants and
young children

0.10 - - - -

Commission
Regulation (EC)
1126/2007

Unprocessed cereals - - 1250 100 -

Unprocessed durum wheat and oats - - 1750 - -

Pasta (dry) - - 750 - -

Bread (including small bakery wares), pastries,
biscuits, cereal snacks and breakfast cereals

- - 500 50 -

Maize-based breakfast cereals and maize-based
snacks

- - - - 800

Unprocessed maize with the exception of
unprocessed maize intended to be processed by
wet milling

- - 1750 350 4000

Cereals intended for direct human
consumption, cereal flour, bran and germ as an
end product marketed for direct human
consumption

- - 750 75 -
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Regulation Matrix Maximum levels [ppb]

AFB1 OTA DON ZEA F

Milling fractions of maize and milling products
with particle size "/> 500 micron not used for
direct human consumption

- - 750 200 1400

Milling fractions of maize and maize milling
products with particle size ≤ 500 micron not
used for direct human consumption

- - 1250 300 2000

Processed cereal-based foods for infants and
young children

- - 200 20 200

Processed maize-based foods for infants and
young children

- - - 20 -

Commission
Regulation (EC)
1881/2006

Unprocessed cereals - 5.0 - - -

All products derived from unprocessed cereals,
including processed cereal products and cereals
intended for direct human consumption

- 3.0 - - -

Processed cereal-based foods for infants and
young children

- 0.50 - - -

FEED

Commission
Recommendation
(EC) 576/2006

Cereals and cereal products with the exception
of maize by-products

- 250 8000 2000 -

Maize by-products - - 12000 3000 -

Complementary and complete feedingstuffs for
pigs

- 50 900 250 -

Complementary and complete feedingstuffs for
calves, lambs and kids

- - 2000 500 -

Complementary and complete feedingstuffs for
poultry

- 100 - - -

Commission Directive
(EC) 100/2003

All feed materials 20 - - - -

Complete feedingstuffs for dairy animals 5 - - - -

Complete feedingstuffs for calves and lambs 10 - - - -

Complete feedingstuffs for pigs, poultry, cattle,
sheep and goats

20 - - - -

(-) limit not established; AFB1 – aflatoxin B1; OTA – ochratoxin A; ZEA – zearalenone; DON – deoxynivalenol; F – fumoni‐
sins

Table 5. Legislation on mycotoxins as regards cereals and cereal-based foods and feeds

7. Prevention strategies of exposure to mycotoxins

Several codes of practice have been developed by Codex Alimentarius for the prevention
and reduction of mycotoxins in cereals, peanuts, apple products, and other raw materials. In
order for this practice to be effective, it will be necessary for the producers in each country to
consider the general principles given in the Code, taking into account their local crops, cli‐
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mate, and agronomic practices, before attempting to implement the provisions specified in
the Code. The recommendations for the reduction of various mycotoxins in cereals are div‐
ided into two parts: recommended practices based on Good Agricultural Practice (GAP) and
Good Manufacturing Practice (GMP); a complementary management system to consider in
the future is the use of Hazard Analysis Critical Control Point (HACCP) [111].

Recommendations to be taken into account before the harvest in order to reduce the risk of
mould contamination and mycotoxin production include [112]:

• use certified seed or ensure it is free from fungal infections;

• avoid drought stress – irrigate if possible;

• sow the seed as early as possible, so that crop matures early;

• when practising minimum or zero tillage, remove crop residues;

• weed regularly;

• control insect and bird pests;

• rotate crops;

• avoid nutrient stress – apply the appropriate amount of organic or inorganic fertiliser;

• plant resistant varieties where these are available

The main mycotoxin hazards associated with pre-harvest in Europe are the toxins that are
produced by fungi belonging to the genus Fusarium in the growing crops. It is important to
note that although Fusarium infection is generally considered to be a pre-harvest problem, it
is certainly possible for poor drying practices to lead to crops’ susceptibility in storage and
mycotoxin contamination [113]. This part of the book will discuss some pre-harvest strat‐
egies appropriate to reduce the prevalence of fungi belonging to the genus Fusarium and
their mycotoxins.

7.1. Resistance

There are inherent differences in the susceptibility of cereal species to Fusarium infections.
The differences between crop species appear to vary between countries. This is probably
due to the differences in the genetic pool within each country’s breeding program and the
diverse environmental and agronomic conditions in which crops are cultivated [114, 115]. It
was observed that oats had higher levels of DON than barley and wheat in Norway from
1996 to 1999, whereas the DON levels in wheat, barley and oats were similar when grown
under the same field conditions in Western Canada in 2001 [116].

7.2. Field management

Crop rotation

Numerous studies have shown that fumonisins or DON contamination in wheat is affected
by the previous crop. It was shown that a higher incidence of Fs occurred in wheat after
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Regulation Matrix Maximum levels [ppb]
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Cereals and cereal products with the exception
of maize by-products
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Complementary and complete feedingstuffs for
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- - 2000 500 -

Complementary and complete feedingstuffs for
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- 100 - - -

Commission Directive
(EC) 100/2003

All feed materials 20 - - - -

Complete feedingstuffs for dairy animals 5 - - - -

Complete feedingstuffs for calves and lambs 10 - - - -

Complete feedingstuffs for pigs, poultry, cattle,
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20 - - - -

(-) limit not established; AFB1 – aflatoxin B1; OTA – ochratoxin A; ZEA – zearalenone; DON – deoxynivalenol; F – fumoni‐
sins
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7. Prevention strategies of exposure to mycotoxins

Several codes of practice have been developed by Codex Alimentarius for the prevention
and reduction of mycotoxins in cereals, peanuts, apple products, and other raw materials. In
order for this practice to be effective, it will be necessary for the producers in each country to
consider the general principles given in the Code, taking into account their local crops, cli‐
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mate, and agronomic practices, before attempting to implement the provisions specified in
the Code. The recommendations for the reduction of various mycotoxins in cereals are div‐
ided into two parts: recommended practices based on Good Agricultural Practice (GAP) and
Good Manufacturing Practice (GMP); a complementary management system to consider in
the future is the use of Hazard Analysis Critical Control Point (HACCP) [111].

Recommendations to be taken into account before the harvest in order to reduce the risk of
mould contamination and mycotoxin production include [112]:

• use certified seed or ensure it is free from fungal infections;

• avoid drought stress – irrigate if possible;

• sow the seed as early as possible, so that crop matures early;

• when practising minimum or zero tillage, remove crop residues;

• weed regularly;

• control insect and bird pests;

• rotate crops;

• avoid nutrient stress – apply the appropriate amount of organic or inorganic fertiliser;

• plant resistant varieties where these are available

The main mycotoxin hazards associated with pre-harvest in Europe are the toxins that are
produced by fungi belonging to the genus Fusarium in the growing crops. It is important to
note that although Fusarium infection is generally considered to be a pre-harvest problem, it
is certainly possible for poor drying practices to lead to crops’ susceptibility in storage and
mycotoxin contamination [113]. This part of the book will discuss some pre-harvest strat‐
egies appropriate to reduce the prevalence of fungi belonging to the genus Fusarium and
their mycotoxins.

7.1. Resistance

There are inherent differences in the susceptibility of cereal species to Fusarium infections.
The differences between crop species appear to vary between countries. This is probably
due to the differences in the genetic pool within each country’s breeding program and the
diverse environmental and agronomic conditions in which crops are cultivated [114, 115]. It
was observed that oats had higher levels of DON than barley and wheat in Norway from
1996 to 1999, whereas the DON levels in wheat, barley and oats were similar when grown
under the same field conditions in Western Canada in 2001 [116].

7.2. Field management

Crop rotation

Numerous studies have shown that fumonisins or DON contamination in wheat is affected
by the previous crop. It was shown that a higher incidence of Fs occurred in wheat after
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maize and, in particular, in wheat after a succession of two maize crops and in wheat fol‐
lowing grain maize compared to silage maize. In Ontario, Canada, in 1983, the fields where
maize was the previous crop had a significantly higher incidence of fumonisins than the
fields where the previous crop was a small grain cereal or soybean [117]. In a repeated
study, the following year, the fields where maize was the previous crop had a 10-fold DON
content than the fields following a crop other than maize [118]. The research of [119] found
higher levels of fumonisins in wheat following wheat rather than wheat following fallow.

An observational study performed using commercial fields in Canada [120] identified signif‐
icantly lower DON content in wheat following soybean or wheat, compared to wheat fol‐
lowing maize. In New Zealand, an observational study determined that higher levels of
DON occurred in wheat grown after maize (mean = 600 ppb) and after grass (mean = 250
ppb), compared to small grain cereals (mean = 90 ppb) and other crops (mean = 70 ppb). The
highest levels were recorded in wheat-maize rotations [121].

Codex recommends that crops such as potatoes, other vegetables, clover and alfalfa that
are not  hosts  to  Fusarium  species  should be used in rotation to reduce the inoculum in
the field [122].

7.3. Soil cultivation

Soil cultivation can be divided into ploughing, where the top 10-30 cm of soil are inverted; min‐
imum tillage, where the crop debris is mixed with the top 10-20 cm of soil; and no till, where
seed is directly drilled into the previous crop stubble with minimum disturbance to the soil
structure [111]. In the 1990s, a large observational study of Fs and DON was conducted in Ger‐
many (n=1600). The DON concentration of wheat crops after maize was ten-times higher in the
field that was min-tilled compared to the ploughed one [123]. In wheat the DON concentra‐
tion after min-till was 1300 ppb, after no-till it was 700 ppb and after ploughing it was 500 ppb
[120]. Studies in France have determined that crop debris management can have a large im‐
pact on the DON concentration at harvest, particularly after maize. The highest DON concen‐
tration was found after no-till, followed by min-till, whereas the lowest DON levels were
recorded after ploughing. The reduction in DON has been linked to the reduction in crop resi‐
due on the soil surface [124]. Large replicated field trials in Germany identified that there was a
significant interaction between the previous crop and the cultivation technique [125]. Follow‐
ing sugar beet, there was no significant difference in the DON concentration between wheat
plots receiving different methods of cultivation; however, following a wheat crop without
straw removal, direct drilled wheat had a significantly higher DON level compared to wheat
from plots which were either ploughed or min-tilled [125].

In  accordance  with  the  guidelines  contained in  the  Codex  Alimentarius,  soil  should  be
tested to determine if there is need to apply a fertilizer and/or soil conditioners to assure
adequate soil pH and plant nutrition to avoid plant stress, especially during seed devel‐
opment [122].

Research of [126] showed that supplementary nitrogen and a plant growth regulator in‐
creased, by up to 125%, the incidence of infection by Fusarium species in the seed of wheat,
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barley and triticale. Similarly, in the studies of [127], a significant increase in fumonisins and
deoxynivalenol contamination in the grain of wheat and kernels was observed with increas‐
ing N fertilizer from 0 to 80 kg/ha. That research concluded that in practical crop husbandry,
Fs cannot be sufficiently controlled by only manipulating the N input [111]. The study of
[128] showed that the use of six different combinations of agricultural practices (sowing
time, plant density, N fertilization and European corn borer (ECB) control with insecticide)
can effectively lead to good control of fumonisins and deoxynivalenol in maize kernels.

7.4. Use of chemical and biological agents

In accordance with the guidelines contained in the Codex Alimentarius [122], farmers
should minimize insect damage and fungal infections of the crop by proper use of registered
insecticides, fungicides and other appropriate practices within an integrated pest manage‐
ment program.

Some studies have been conducted to examine the effectiveness of the fungicides which are
applied during flowering can reduce Fusarium infections and subsequent DON in the har‐
vested grains. The results of [129] provided that azoles, tebuconazole, metconazole and pro‐
thioconazole significantly reduced the Fusarium disease symptoms and Fusarium mycotoxin
concentrations. The greatest reduction in the DON concentration occurred with prothioco‐
nazole (10-fold). Azoxystrobin had little impact on the mycotoxin concentration in the har‐
vested grain infected by Fusarium species, but could increasing the mycotoxin concentration
in grains when F. nivale was the predominant species present [130, 131]. Fungicide mixtures
of azoxystrobin and azole resulted in a lower reduction of DON, compared to azole alone
[120, 132]. A number of trials in Germany have indicated that some strobilurin fungicides
applied before anthesis can also result in increased DON compared to unsprayed plots
[133]. Reductions in DON observed in field experiments using fungicides against natural in‐
fections of Fusarium are lower and inconsistent [134]. This is probably due to the fact that
during a natural infection, the infection occurs over a longer period of time.

Alternatively, a limited number of biocompetitive microorganisms have been shown useful
for the management of Fusarium infections [111]. Research has demonstrated the successful
use of bacteria in biocontrol of mycotoxigenic fungi. One bacterium, Enterobacter cloacae was
discovered as an endophytic symbiont of corn [135]. Corn plants with roots endophytically
colonized by these bacteria were observed to be fungus-free and in vitro control of F.verticil‐
lioides and other fungi with this bacterium was demonstrated. An endophytic bacterium, Ba‐
cillus subtilis showed promising for reducing the mycotoxin contamination with
F.verticillioides during the endophytic growth phase [136]. Yeast antagonists such as Crypto‐
coccus nodaensis were isolated from wheat anthers. The antagonists reduced Fusarium head
blight severity by up to 93% in greenhouse and by 56% in field trials when sprayed onto
flowering wheat heads [137]. The most successful antagonists reduced the DON content of
grain more than 10-fold in greenhouse studies [138].

Actions to be taken during harvest in order to reduce the risk of mould contamination and
mycotoxin production include [112]:
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maize and, in particular, in wheat after a succession of two maize crops and in wheat fol‐
lowing grain maize compared to silage maize. In Ontario, Canada, in 1983, the fields where
maize was the previous crop had a significantly higher incidence of fumonisins than the
fields where the previous crop was a small grain cereal or soybean [117]. In a repeated
study, the following year, the fields where maize was the previous crop had a 10-fold DON
content than the fields following a crop other than maize [118]. The research of [119] found
higher levels of fumonisins in wheat following wheat rather than wheat following fallow.

An observational study performed using commercial fields in Canada [120] identified signif‐
icantly lower DON content in wheat following soybean or wheat, compared to wheat fol‐
lowing maize. In New Zealand, an observational study determined that higher levels of
DON occurred in wheat grown after maize (mean = 600 ppb) and after grass (mean = 250
ppb), compared to small grain cereals (mean = 90 ppb) and other crops (mean = 70 ppb). The
highest levels were recorded in wheat-maize rotations [121].

Codex recommends that crops such as potatoes, other vegetables, clover and alfalfa that
are not  hosts  to  Fusarium  species  should be used in rotation to reduce the inoculum in
the field [122].

7.3. Soil cultivation

Soil cultivation can be divided into ploughing, where the top 10-30 cm of soil are inverted; min‐
imum tillage, where the crop debris is mixed with the top 10-20 cm of soil; and no till, where
seed is directly drilled into the previous crop stubble with minimum disturbance to the soil
structure [111]. In the 1990s, a large observational study of Fs and DON was conducted in Ger‐
many (n=1600). The DON concentration of wheat crops after maize was ten-times higher in the
field that was min-tilled compared to the ploughed one [123]. In wheat the DON concentra‐
tion after min-till was 1300 ppb, after no-till it was 700 ppb and after ploughing it was 500 ppb
[120]. Studies in France have determined that crop debris management can have a large im‐
pact on the DON concentration at harvest, particularly after maize. The highest DON concen‐
tration was found after no-till, followed by min-till, whereas the lowest DON levels were
recorded after ploughing. The reduction in DON has been linked to the reduction in crop resi‐
due on the soil surface [124]. Large replicated field trials in Germany identified that there was a
significant interaction between the previous crop and the cultivation technique [125]. Follow‐
ing sugar beet, there was no significant difference in the DON concentration between wheat
plots receiving different methods of cultivation; however, following a wheat crop without
straw removal, direct drilled wheat had a significantly higher DON level compared to wheat
from plots which were either ploughed or min-tilled [125].

In  accordance  with  the  guidelines  contained in  the  Codex  Alimentarius,  soil  should  be
tested to determine if there is need to apply a fertilizer and/or soil conditioners to assure
adequate soil pH and plant nutrition to avoid plant stress, especially during seed devel‐
opment [122].

Research of [126] showed that supplementary nitrogen and a plant growth regulator in‐
creased, by up to 125%, the incidence of infection by Fusarium species in the seed of wheat,
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barley and triticale. Similarly, in the studies of [127], a significant increase in fumonisins and
deoxynivalenol contamination in the grain of wheat and kernels was observed with increas‐
ing N fertilizer from 0 to 80 kg/ha. That research concluded that in practical crop husbandry,
Fs cannot be sufficiently controlled by only manipulating the N input [111]. The study of
[128] showed that the use of six different combinations of agricultural practices (sowing
time, plant density, N fertilization and European corn borer (ECB) control with insecticide)
can effectively lead to good control of fumonisins and deoxynivalenol in maize kernels.

7.4. Use of chemical and biological agents

In accordance with the guidelines contained in the Codex Alimentarius [122], farmers
should minimize insect damage and fungal infections of the crop by proper use of registered
insecticides, fungicides and other appropriate practices within an integrated pest manage‐
ment program.

Some studies have been conducted to examine the effectiveness of the fungicides which are
applied during flowering can reduce Fusarium infections and subsequent DON in the har‐
vested grains. The results of [129] provided that azoles, tebuconazole, metconazole and pro‐
thioconazole significantly reduced the Fusarium disease symptoms and Fusarium mycotoxin
concentrations. The greatest reduction in the DON concentration occurred with prothioco‐
nazole (10-fold). Azoxystrobin had little impact on the mycotoxin concentration in the har‐
vested grain infected by Fusarium species, but could increasing the mycotoxin concentration
in grains when F. nivale was the predominant species present [130, 131]. Fungicide mixtures
of azoxystrobin and azole resulted in a lower reduction of DON, compared to azole alone
[120, 132]. A number of trials in Germany have indicated that some strobilurin fungicides
applied before anthesis can also result in increased DON compared to unsprayed plots
[133]. Reductions in DON observed in field experiments using fungicides against natural in‐
fections of Fusarium are lower and inconsistent [134]. This is probably due to the fact that
during a natural infection, the infection occurs over a longer period of time.

Alternatively, a limited number of biocompetitive microorganisms have been shown useful
for the management of Fusarium infections [111]. Research has demonstrated the successful
use of bacteria in biocontrol of mycotoxigenic fungi. One bacterium, Enterobacter cloacae was
discovered as an endophytic symbiont of corn [135]. Corn plants with roots endophytically
colonized by these bacteria were observed to be fungus-free and in vitro control of F.verticil‐
lioides and other fungi with this bacterium was demonstrated. An endophytic bacterium, Ba‐
cillus subtilis showed promising for reducing the mycotoxin contamination with
F.verticillioides during the endophytic growth phase [136]. Yeast antagonists such as Crypto‐
coccus nodaensis were isolated from wheat anthers. The antagonists reduced Fusarium head
blight severity by up to 93% in greenhouse and by 56% in field trials when sprayed onto
flowering wheat heads [137]. The most successful antagonists reduced the DON content of
grain more than 10-fold in greenhouse studies [138].

Actions to be taken during harvest in order to reduce the risk of mould contamination and
mycotoxin production include [112]:
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• harvest as quickly as possible

• avoid field drying

• transport the crop to the homestead as soon as possible

• if lack of labour force or time prevents removal from the field, then dry the crops on plat‐
forms raised above ground (if climate is hot and the drying crop can be left to stay on the
field on a platform or cut and tied into stooks) to dry

• bundles of stover should also be placed on platforms to dry and not left lying on the soil

The post-harvest strategies include improving the drying and storage conditions together
with the use of chemical, physical or biological methods.

8. Methods of removing mycotoxins from cereals

When mycotoxin prevention is not satisfactory, some decontamination methods are needed.
The use of detoxification methods is allowed only in the case of feed and feed components.
Foodstuffs containing contaminants exceeding the maximum levels should not be placed on
the market either as such, in the form of a mixture with other foodstuffs or used as an ingre‐
dient in other foods. Food contaminated with mycotoxins is not safe for consumers and no
decontamination methods can be used.

According to FAO [111, 139, 140] the feed decontamination process must:

• destroy, inactivate or remove mycotoxins

• not produce toxic, carcinogenic or mutagenic residues in decontaminated final products

• not decrease the nutritive value and organoleptic properties

• destroy all fungal morphological forms

• not significantly increase the cost of production

There are  some physical  methods of  decontamination of  feed components  such as  sort‐
ing grains,  washing procedures,  gamma radiation and UV treatment and also extraction
with  organic  solvents.  These  methods  are  summarized  by  [140].  Physical  removal  of
damaged, mouldy or discoloured kernels significantly decreased the concentration of AF
in peanuts. Sorting is not effective for maize and cottonseed. Washing with water or so‐
dium carbonate solutions could decrease the concentration of DON, ZEA and fumonisins
in wheat and maize.

High temperature is not used for decontamination of agricultural products, due to thermo‐
stability of mycotoxins. Different types of radiation were tested for mycotoxin detoxifica‐
tion, but the results were not effective enough.

Chemical compounds such as organic acids, ammonium, sodium hydroxide, hydrogen per‐
oxide, ozone, chloride and bisulphite were tested for their efficacy in mycotoxin decontami‐
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nation [141, 142]. Chemical decontamination is very effective, but these methods are
expensive and affect the feedstuff quality. Among the chemical methods, only peroxide and
ammonia are mostly used for aflatoxin removal from feed. Ammoniation works by irreversi‐
bly converting AFB1 to less toxic products such as AFD1 [143]. Data show that treatment of
maize contaminated with 1000 or 2000 ppb aflatoxins with 1% of aqueous ammonia for 48 h
removed 98% of the aflatoxins. There was no significant change in the dietary intake, body
weight gain, and feed conversion ratio in chickens fed with ammonia-treated aflatoxin-con‐
taminated maize, whereas these parameters were suppressed in birds fed with aflatoxin-
containing diet [142]. Atmospheric ammoniation of corn does not appear to be an effective
method for the detoxification of F.moniliforme–contaminated material. In the research of
[144], the levels of fumonisin B1 in naturally contaminated corn were reduced by about 45%
due to the ammonia treatment. Despite this, the toxicity of the culture material in rats was
not altered by ammoniation.

A recent and promising approach to protect animals against the harmful effects of mycotox‐
in-contaminated feed is the use of mycotoxin binders (MB). They are added to the diet in
order to reduce the absorption of mycotoxins from the gastrointestinal tract and their distri‐
bution to blood and target organs. These feed additives may act either by binding mycotox‐
ins to their surface (adsorption), or by degrading or transforming them into less toxic
metabolites (biotransformation). Various inorganic adsorbents, such as hydrated sodium
calcium aluminosilicate, zeolites, bentonites, clays, and activated carbons, have been used as
mycotoxin binders. The use of mycotoxin binders is discussed in some review articles
[145-147]. The best aflatoxin adsorbent seems to be HSCAS (hydrated sodium calcium alu‐
minosilicate), which rapidly and preferentially binds aflatoxins in the gastrointestinal tract
[148-150]. The prevention of aflatoxicosis in broiler folders was examined by [150]. HSCAS
and activated charcoal were incorporated into the diets for broilers containing purified afla‐
toxin B1 (7.5 ppm), or natural aflatoxin produced by Aspergillus parasiticus on rice (5 ppm).
The authors showed that HSCAS significantly decreased the growth-inhibitory effects of
AFB1 or AFs on the growing chicks, namely by 50 to 67%. The authors suggest that HSCAS
can modulate the toxicity of aflatoxins in chickens; however, adding activated charcoal to
the diet did not appear to have protective properties against mycotoxicosis [150].

Physical and chemical methods have a lot of disadvantages; in many cases they do not meet
the FAO requirements. Therefore, the use of other methods is considered. Biological meth‐
ods, involving decontamination with microorganisms or enzymes, give promising results.
Recently, an increase in the research connected with mycotoxin detoxification by microor‐
ganisms has been observed. Several studies have shown that some bacteria, moulds and
yeasts such as Flavobacterium auriantiacum, Corynebacterium rubrum, lactic acid bacteria (Lac‐
tobacillus acidophilus, L.rhamnosus, L.bulgaricus), Aspergillus niger, Rhizopus nigricans, Candida
sp., Kluyveromyces sp., etc. are able to conduct detoxification of mycotoxins (Tab. 6). Unfortu‐
nately, few of these findings have practical application.

Already in 1966, a review of microorganisms was conducted by [151] as for their capability
of degrading aflatoxins. It was found that yeasts, actinomycetes and algae did not show this
trait, but some moulds, such as Aspergillus niger, A. parasiticus, A. terreus, A. luchuensis, and
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• harvest as quickly as possible

• avoid field drying

• transport the crop to the homestead as soon as possible
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• not decrease the nutritive value and organoleptic properties

• destroy all fungal morphological forms

• not significantly increase the cost of production

There are  some physical  methods of  decontamination of  feed components  such as  sort‐
ing grains,  washing procedures,  gamma radiation and UV treatment and also extraction
with  organic  solvents.  These  methods  are  summarized  by  [140].  Physical  removal  of
damaged, mouldy or discoloured kernels significantly decreased the concentration of AF
in peanuts. Sorting is not effective for maize and cottonseed. Washing with water or so‐
dium carbonate solutions could decrease the concentration of DON, ZEA and fumonisins
in wheat and maize.

High temperature is not used for decontamination of agricultural products, due to thermo‐
stability of mycotoxins. Different types of radiation were tested for mycotoxin detoxifica‐
tion, but the results were not effective enough.

Chemical compounds such as organic acids, ammonium, sodium hydroxide, hydrogen per‐
oxide, ozone, chloride and bisulphite were tested for their efficacy in mycotoxin decontami‐
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nation [141, 142]. Chemical decontamination is very effective, but these methods are
expensive and affect the feedstuff quality. Among the chemical methods, only peroxide and
ammonia are mostly used for aflatoxin removal from feed. Ammoniation works by irreversi‐
bly converting AFB1 to less toxic products such as AFD1 [143]. Data show that treatment of
maize contaminated with 1000 or 2000 ppb aflatoxins with 1% of aqueous ammonia for 48 h
removed 98% of the aflatoxins. There was no significant change in the dietary intake, body
weight gain, and feed conversion ratio in chickens fed with ammonia-treated aflatoxin-con‐
taminated maize, whereas these parameters were suppressed in birds fed with aflatoxin-
containing diet [142]. Atmospheric ammoniation of corn does not appear to be an effective
method for the detoxification of F.moniliforme–contaminated material. In the research of
[144], the levels of fumonisin B1 in naturally contaminated corn were reduced by about 45%
due to the ammonia treatment. Despite this, the toxicity of the culture material in rats was
not altered by ammoniation.

A recent and promising approach to protect animals against the harmful effects of mycotox‐
in-contaminated feed is the use of mycotoxin binders (MB). They are added to the diet in
order to reduce the absorption of mycotoxins from the gastrointestinal tract and their distri‐
bution to blood and target organs. These feed additives may act either by binding mycotox‐
ins to their surface (adsorption), or by degrading or transforming them into less toxic
metabolites (biotransformation). Various inorganic adsorbents, such as hydrated sodium
calcium aluminosilicate, zeolites, bentonites, clays, and activated carbons, have been used as
mycotoxin binders. The use of mycotoxin binders is discussed in some review articles
[145-147]. The best aflatoxin adsorbent seems to be HSCAS (hydrated sodium calcium alu‐
minosilicate), which rapidly and preferentially binds aflatoxins in the gastrointestinal tract
[148-150]. The prevention of aflatoxicosis in broiler folders was examined by [150]. HSCAS
and activated charcoal were incorporated into the diets for broilers containing purified afla‐
toxin B1 (7.5 ppm), or natural aflatoxin produced by Aspergillus parasiticus on rice (5 ppm).
The authors showed that HSCAS significantly decreased the growth-inhibitory effects of
AFB1 or AFs on the growing chicks, namely by 50 to 67%. The authors suggest that HSCAS
can modulate the toxicity of aflatoxins in chickens; however, adding activated charcoal to
the diet did not appear to have protective properties against mycotoxicosis [150].

Physical and chemical methods have a lot of disadvantages; in many cases they do not meet
the FAO requirements. Therefore, the use of other methods is considered. Biological meth‐
ods, involving decontamination with microorganisms or enzymes, give promising results.
Recently, an increase in the research connected with mycotoxin detoxification by microor‐
ganisms has been observed. Several studies have shown that some bacteria, moulds and
yeasts such as Flavobacterium auriantiacum, Corynebacterium rubrum, lactic acid bacteria (Lac‐
tobacillus acidophilus, L.rhamnosus, L.bulgaricus), Aspergillus niger, Rhizopus nigricans, Candida
sp., Kluyveromyces sp., etc. are able to conduct detoxification of mycotoxins (Tab. 6). Unfortu‐
nately, few of these findings have practical application.

Already in 1966, a review of microorganisms was conducted by [151] as for their capability
of degrading aflatoxins. It was found that yeasts, actinomycetes and algae did not show this
trait, but some moulds, such as Aspergillus niger, A. parasiticus, A. terreus, A. luchuensis, and
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Penicillium reistrickii, partially transformed aflatoxin B1 to a new product. Among them, only
the bacteria Flavobacterium aurantiacum (now Nocardia corynebacterioides) is able to remove
aflatoxin, both from the media and from the natural environments such as milk, oil, cocoa
butter and grain. It was shown that to obtain the apparent loss of the toxin, it was necessary
to use the bacterial population with the density of more than 1010 CFU/ml [154, 188].

Mycotoxin Microorganism References

Aflatoxin B1 Flavobacterium aurantiacum (Nocardia corynebacterioides),

Lactobacillus acidophilus, L.johnsonii, L.salivarius, L.crispatus, L.gasseri,

L.rhamnosus, Lactococcus lactis, Bifidobacterium longum, B.lactis,

Mycobacterium luoranthenivorans, Rhodococcus erythropolis, Bacillus

megaterium, Corynebacterium rubrum, Kluyveromyces marxianus,

Saccharomyces cerevisiae, Aspergillus niger, A. terreus, A.luchuensis,

Penicillium reistrickii, Trichoderma viride

[151-165]

Ochratoxin A Lactococcus salivarius subsp. thermophilus, Lactobacillus delbrueckii

subsp. Bulgaricus, L. acidophilus, Bifidobacterium animalis, B. bifidum,

Lactobacillus plantarum, L. brevis, L. sanfranciscensis, L.acidophilus,

Acinetobacter calcoaceticus, Rhodococcus erythropolis, Oenococcus

oeni, Saccharomyces cerevisiae, Kluyveromyces marxianus, Rhodotorula

rubra, Phaffia rhodozyna, Xanthophyllomyces dendrorhous,

Metschnikowia pulcherrima, Pichia guilliermondii, Trichosporon

mycotoxinivorans, Rhizopus sp., Aureobasidium pullulans, Aspergillus

niger, A.carbonarius, A. fumigatus, A. versicolor

[166-183]

Fumonisin B1 Lactobacillus rhamnosus, Lactococcus lactis, Leuconostoc mesenteroides,

Saccharomyces cerevisiae, Kluyveromyces marxianus, Rhodotorula rubra

[176, 184]

Trichotecenes Ruminant bacteria, chicken intestinal microflora,

Saccharomyces cerevisiae, Kluyveromyces marxianus, Rhodotorula rubra

[176, 185, 186]

Zearalenone Soil bacteria, Propionibacterium fraudenreichii, Rhizopus sp.,

Trichosporon mycotoxinivorans

[179, 183, 187]

Table 6. Decontamination abilities of microorganisms

It was observed that cultures of toxinogenic Aspergillus flavus and Aspergillus parasiticus were
able to reduce aflatoxin contamination. Aflatoxins were degraded by the strains that pro‐
duce them, but only after the fragmentation of the mycelium. The cause of this phenomenon
was absorption into the cell wall of mycelium [165]. In the research of [176], 10 yeast strains
of the Saccharomyces, Kluyveromyces and Rhodotorula genera were studied for their ability to
perform biodegradation of fumonisin B1, ochratoxin A and trichothecenes. Significant differ‐
ences were demonstrated between the strains, but there were no preferences as to the types
of mycotoxins. Fumonisins were removed by the majority of the strains in 100%, the remov‐
al rate for deoxynivalenol ranged from 63 to 100%, and for ochratoxin A from 69 to 100%.
The possibility of using moulds to remove ochratoxin A was studied by [179, 182]. The au‐
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thors selected two out of 70 isolates of the Aspergillus species - Aspergillus fumigatus and As‐
pergillus niger, which transformed ochratoxin A to ochratoxin α and phenylalanine within 7
days of incubation on both liquid and solid media.

In vitro studies conducted by [186] demonstrated the degradation of 12 trichothecene myco‐
toxins conducted by bacteria isolated from the digestive tract of chickens. The transforma‐
tion of the toxin led to their partial or total deacylation and de-epoxidation. Similarly, it was
shown, that the strains of anaerobic bacteria - isolated from the rumen, Gram positive, pre-
classified to the genus Eubacterium - are able to perform the transformation of type A tricho‐
thecenes to non-toxic forms [185].

The above-presented examples of microbial activity aimed at removal of mycotoxins are
mainly of scientific nature, allowing for a better understanding of the strains, their proper‐
ties and the mechanisms of the processes. Their limited practical application made that re‐
search turned in the direction of such organisms, which can be used in biotechnological
processes during production, such as fermented food production, where the raw material
may be contaminated with mycotoxins. The most important among them are lactic acid bac‐
teria and yeasts Saccharomyces cerevisiae [163].

Literature data indicate the existence of strains of lactic acid bacteria with different abilities
to remove mycotoxins, as demonstrated both in in vitro and in vivo studies conducted by
various authors with the use of some strains of probiotic Lactobacillus rhamnosus, Lactobacillus
acidophilus, Bifidobacterium bifidum, B. longum, and Streptococcus spp., Lactococcus salivarius,
Lactobacillus delbrueckii subsp. bulgaricus [155, 156, 158, 160, 169, 189, 190]. According to [191],
the decontamination process is very fast; after 4h the toxin concentration was reduced from
50 to 77%. It was observed that heat-inactivated cells were more effective than living cells,
which results from the changes in the surface properties of cells, which occur under high
temperature [191]. The capacity to reduce the content of ochratoxin A in milk by lactic acid
bacteria belonging to the species Lactococcus salivarius, Lactobacillus delbrueckii subsp. bulgari‐
cus and Bifidobacterium bifidum was confirmed in [167]. The content of patulin in the medium
decreased in the level from 10 to 82% under the influence of bacteria belonging to the genus
Lactobacillus and Bifidobacterium. The decontamination process depends on the inoculum
density, pH and the concentration of toxins. Among the studied strains, L.acidophilus, re‐
moves up to 96% of the toxin added to the medium in an amount of 1ppm [166].

Our in vivo experiments indicate that the use of probiotics as feed additives limited the ef‐
fects of mycotoxins in animals, as well as reduced the accumulation of toxins in the tissues,
thus reducing the contamination of food of animal origin with the toxins [192]. It was shown
that Lactobacillus rhamnosus bacteria limited by 75% the adsorption of aflatoxin B1 in the di‐
gestive tract of chickens [189].

The second group of organisms with a potential application in detoxification is constituted by
Saccharomyces cerevisiae yeasts. Our own research demonstrated that these organisms are capa‐
ble of eliminating ochratoxin A from the plant raw material during fermentation and chroma‐
tographic analysis did not show any products of OTA metabolism, which proves that it was
not the case of biodegradation. The amount of ochratoxin A removed by bakery yeasts after 24-
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Penicillium reistrickii, partially transformed aflatoxin B1 to a new product. Among them, only
the bacteria Flavobacterium aurantiacum (now Nocardia corynebacterioides) is able to remove
aflatoxin, both from the media and from the natural environments such as milk, oil, cocoa
butter and grain. It was shown that to obtain the apparent loss of the toxin, it was necessary
to use the bacterial population with the density of more than 1010 CFU/ml [154, 188].

Mycotoxin Microorganism References

Aflatoxin B1 Flavobacterium aurantiacum (Nocardia corynebacterioides),

Lactobacillus acidophilus, L.johnsonii, L.salivarius, L.crispatus, L.gasseri,

L.rhamnosus, Lactococcus lactis, Bifidobacterium longum, B.lactis,

Mycobacterium luoranthenivorans, Rhodococcus erythropolis, Bacillus

megaterium, Corynebacterium rubrum, Kluyveromyces marxianus,

Saccharomyces cerevisiae, Aspergillus niger, A. terreus, A.luchuensis,

Penicillium reistrickii, Trichoderma viride

[151-165]

Ochratoxin A Lactococcus salivarius subsp. thermophilus, Lactobacillus delbrueckii

subsp. Bulgaricus, L. acidophilus, Bifidobacterium animalis, B. bifidum,

Lactobacillus plantarum, L. brevis, L. sanfranciscensis, L.acidophilus,

Acinetobacter calcoaceticus, Rhodococcus erythropolis, Oenococcus

oeni, Saccharomyces cerevisiae, Kluyveromyces marxianus, Rhodotorula

rubra, Phaffia rhodozyna, Xanthophyllomyces dendrorhous,

Metschnikowia pulcherrima, Pichia guilliermondii, Trichosporon

mycotoxinivorans, Rhizopus sp., Aureobasidium pullulans, Aspergillus

niger, A.carbonarius, A. fumigatus, A. versicolor

[166-183]

Fumonisin B1 Lactobacillus rhamnosus, Lactococcus lactis, Leuconostoc mesenteroides,

Saccharomyces cerevisiae, Kluyveromyces marxianus, Rhodotorula rubra

[176, 184]

Trichotecenes Ruminant bacteria, chicken intestinal microflora,

Saccharomyces cerevisiae, Kluyveromyces marxianus, Rhodotorula rubra

[176, 185, 186]

Zearalenone Soil bacteria, Propionibacterium fraudenreichii, Rhizopus sp.,

Trichosporon mycotoxinivorans

[179, 183, 187]

Table 6. Decontamination abilities of microorganisms

It was observed that cultures of toxinogenic Aspergillus flavus and Aspergillus parasiticus were
able to reduce aflatoxin contamination. Aflatoxins were degraded by the strains that pro‐
duce them, but only after the fragmentation of the mycelium. The cause of this phenomenon
was absorption into the cell wall of mycelium [165]. In the research of [176], 10 yeast strains
of the Saccharomyces, Kluyveromyces and Rhodotorula genera were studied for their ability to
perform biodegradation of fumonisin B1, ochratoxin A and trichothecenes. Significant differ‐
ences were demonstrated between the strains, but there were no preferences as to the types
of mycotoxins. Fumonisins were removed by the majority of the strains in 100%, the remov‐
al rate for deoxynivalenol ranged from 63 to 100%, and for ochratoxin A from 69 to 100%.
The possibility of using moulds to remove ochratoxin A was studied by [179, 182]. The au‐
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thors selected two out of 70 isolates of the Aspergillus species - Aspergillus fumigatus and As‐
pergillus niger, which transformed ochratoxin A to ochratoxin α and phenylalanine within 7
days of incubation on both liquid and solid media.

In vitro studies conducted by [186] demonstrated the degradation of 12 trichothecene myco‐
toxins conducted by bacteria isolated from the digestive tract of chickens. The transforma‐
tion of the toxin led to their partial or total deacylation and de-epoxidation. Similarly, it was
shown, that the strains of anaerobic bacteria - isolated from the rumen, Gram positive, pre-
classified to the genus Eubacterium - are able to perform the transformation of type A tricho‐
thecenes to non-toxic forms [185].

The above-presented examples of microbial activity aimed at removal of mycotoxins are
mainly of scientific nature, allowing for a better understanding of the strains, their proper‐
ties and the mechanisms of the processes. Their limited practical application made that re‐
search turned in the direction of such organisms, which can be used in biotechnological
processes during production, such as fermented food production, where the raw material
may be contaminated with mycotoxins. The most important among them are lactic acid bac‐
teria and yeasts Saccharomyces cerevisiae [163].

Literature data indicate the existence of strains of lactic acid bacteria with different abilities
to remove mycotoxins, as demonstrated both in in vitro and in vivo studies conducted by
various authors with the use of some strains of probiotic Lactobacillus rhamnosus, Lactobacillus
acidophilus, Bifidobacterium bifidum, B. longum, and Streptococcus spp., Lactococcus salivarius,
Lactobacillus delbrueckii subsp. bulgaricus [155, 156, 158, 160, 169, 189, 190]. According to [191],
the decontamination process is very fast; after 4h the toxin concentration was reduced from
50 to 77%. It was observed that heat-inactivated cells were more effective than living cells,
which results from the changes in the surface properties of cells, which occur under high
temperature [191]. The capacity to reduce the content of ochratoxin A in milk by lactic acid
bacteria belonging to the species Lactococcus salivarius, Lactobacillus delbrueckii subsp. bulgari‐
cus and Bifidobacterium bifidum was confirmed in [167]. The content of patulin in the medium
decreased in the level from 10 to 82% under the influence of bacteria belonging to the genus
Lactobacillus and Bifidobacterium. The decontamination process depends on the inoculum
density, pH and the concentration of toxins. Among the studied strains, L.acidophilus, re‐
moves up to 96% of the toxin added to the medium in an amount of 1ppm [166].

Our in vivo experiments indicate that the use of probiotics as feed additives limited the ef‐
fects of mycotoxins in animals, as well as reduced the accumulation of toxins in the tissues,
thus reducing the contamination of food of animal origin with the toxins [192]. It was shown
that Lactobacillus rhamnosus bacteria limited by 75% the adsorption of aflatoxin B1 in the di‐
gestive tract of chickens [189].

The second group of organisms with a potential application in detoxification is constituted by
Saccharomyces cerevisiae yeasts. Our own research demonstrated that these organisms are capa‐
ble of eliminating ochratoxin A from the plant raw material during fermentation and chroma‐
tographic analysis did not show any products of OTA metabolism, which proves that it was
not the case of biodegradation. The amount of ochratoxin A removed by bakery yeasts after 24-
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hour contact equalled from 29% to 75% for 5 mg d.m/ml and 50 mg d.m./ml, respectively. The
process of adsorption proved to be very fast; immediately after mixing the cells with the toxin
its amount significantly decreased, and lengthening the contact up to 24 hours did not bring
further notable changes. The presence of physiologically active cells is not necessary in order to
remove the toxin; the dead biomass also removed OTA from the buffer and the amount of the
toxin removed was much bigger than in the case of the active biomass. In the case of the 5
mg/ml density, 54% of the toxin was adsorbed, i.e. twice more than in the case of the active bio‐
mass [171]. The reason for OTA removal was adsorption of the toxin to the yeast cell wall. This
mechanism was independent of the type of toxin, as demonstrated in relation to aflatoxin B1,
zearalenone and T-2 toxin and patulin. The compounds of the cell wall that are involved in the
binding process are probably β-D-glucan and its esterified form [193, 194]. Yeasts and their cell
wall components are also used as feed additives for animals, and as adsorbents, which effec‐
tively limits mycotoxicosis in farm animals [195, 196].

The potential application of yeasts as adsorbents for foods and feeds depends on the stabili‐
ty of the toxin binding to the cells in the conditions of the gastrointestinal tract. According to
[194], zearalenone adsorption is most effective at a pH close to neutral and acidic, and there‐
fore those which prevail in some regions of the gastrointestinal tract. The result of the use of
yeasts to remove ochratoxin A is detoxification of the environment, as demonstrated in the
cytotoxicity and genotoxicity tests using pig kidney cell lines [197]. Some yeasts also exhibit
features of probiotic activity, which is an additional argument for the use of these organisms

The  use  of  microorganisms  or  their  cell  components  for  decontamination  of  foods  and
feeds  has  raised  high  hopes,  but  also  the  controversy  from the  perspective  of  the  con‐
sumer. There are no legal regulations devoted to this issue, and the data referring to the
stability  of  the  microorganism-toxin  connection  in  the  gastrointestinal  tract,  as  well  as
toxicological data are still incomplete. The only group of microorganisms, which in addi‐
tion to other advantageous features of health promotion has the ability to remove toxins,
is  probably that  of  probiotic  lactic  acid bacteria.  Also,  Saccharomyces  cerevisiae  yeast  and
its  cell  wall  component -  glucan can be used for this  purpose.  These factors can be ap‐
plied both as human dietary supplements and ingredients in animal nutrition, as well as
during biotechnological processes.
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hour contact equalled from 29% to 75% for 5 mg d.m/ml and 50 mg d.m./ml, respectively. The
process of adsorption proved to be very fast; immediately after mixing the cells with the toxin
its amount significantly decreased, and lengthening the contact up to 24 hours did not bring
further notable changes. The presence of physiologically active cells is not necessary in order to
remove the toxin; the dead biomass also removed OTA from the buffer and the amount of the
toxin removed was much bigger than in the case of the active biomass. In the case of the 5
mg/ml density, 54% of the toxin was adsorbed, i.e. twice more than in the case of the active bio‐
mass [171]. The reason for OTA removal was adsorption of the toxin to the yeast cell wall. This
mechanism was independent of the type of toxin, as demonstrated in relation to aflatoxin B1,
zearalenone and T-2 toxin and patulin. The compounds of the cell wall that are involved in the
binding process are probably β-D-glucan and its esterified form [193, 194]. Yeasts and their cell
wall components are also used as feed additives for animals, and as adsorbents, which effec‐
tively limits mycotoxicosis in farm animals [195, 196].

The potential application of yeasts as adsorbents for foods and feeds depends on the stabili‐
ty of the toxin binding to the cells in the conditions of the gastrointestinal tract. According to
[194], zearalenone adsorption is most effective at a pH close to neutral and acidic, and there‐
fore those which prevail in some regions of the gastrointestinal tract. The result of the use of
yeasts to remove ochratoxin A is detoxification of the environment, as demonstrated in the
cytotoxicity and genotoxicity tests using pig kidney cell lines [197]. Some yeasts also exhibit
features of probiotic activity, which is an additional argument for the use of these organisms

The  use  of  microorganisms  or  their  cell  components  for  decontamination  of  foods  and
feeds  has  raised  high  hopes,  but  also  the  controversy  from the  perspective  of  the  con‐
sumer. There are no legal regulations devoted to this issue, and the data referring to the
stability  of  the  microorganism-toxin  connection  in  the  gastrointestinal  tract,  as  well  as
toxicological data are still incomplete. The only group of microorganisms, which in addi‐
tion to other advantageous features of health promotion has the ability to remove toxins,
is  probably that  of  probiotic  lactic  acid bacteria.  Also,  Saccharomyces  cerevisiae  yeast  and
its  cell  wall  component -  glucan can be used for this  purpose.  These factors can be ap‐
plied both as human dietary supplements and ingredients in animal nutrition, as well as
during biotechnological processes.
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1. Introduction

In most developing countries, agriculture is the driving force for broad-based economic
growth and low agricultural productivity is a major cause of poverty, food insecurity, and
malnutrition. However, food production per unit of land is limited by many factors, includ‐
ing fertilizer, water, genetic potential of the crop and the organisms that feed on or compete
with food plants. Despite the plant-protection measures adopted to protect the principal
crops, 42.1% of attainable production is lost as result of attack by pests [1]. Therefore, accel‐
erated public investments are needed to facilitate agricultural growth through high-yielding
varieties with adequate resistance to biotic and abiotic stresses, environment-friendly pro‐
duction technologies, availability of reasonably priced inputs in time, dissemination of infor‐
mation, improved infrastructure and markets, and education in basic health care.

Soybean (Glycine max (L.) Merrill) is one of the most important and widely grown oil seed
crops in the world. Successful production in soybean cropping systems is hampered due to
the incidence of several insect pests such as Etiella zinkienella Treitschke, Tetranychus urticae
Koch, Thrips tabaci Lindeman, Spodoptera exigua (Hübner) and Helicoverpa armigera (Hübner)
[2-9]. Among these pests, H. armigera represents a significant challenge to soybean produc‐
tion in different soybean-growing areas around the world. Helicoverpa armigera is an impor‐
tant pest of many crops in many parts of the world and is reported to attack more than 60
plant species belonging to more than 47 families (such as soybean, cotton, sorghum, maize,
sunflower, groundnuts, cowpea, tomato and green pepper) [10-12]. This noctuid pest is dis‐
tributed eastwards from southern Europe and Africa through the Indian subcontinent to
Southeast Asia, and thence to China, Japan, Australia and the Pacific Islands [13]. The pest
status of this species can be derived from its four life history characteristics (polyphagy,
high mobility, high fecundity and a facultative diapause) that enable it to survive in unsta‐
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ble habitats and adapt to seasonal changes. Direct damage of the larvae of this noctuid pest
to flowering and fruiting structures together with extensive insecticide spraying resulted in
low crop yield and high costs of production [14].

Different methods have been applied to control H. armigera in order to improve the quality
and quantity of soybean production in cropping systems of this oil seed crop. However, syn‐
thetic insecticides including organophosphates, synthetic pyrethroids and biorational com‐
pounds are the main method for H. armigera control in different parts of the world. This
wide use of pesticides is of environmental concern and has repeatedly led to the develop‐
ment of pesticide resistance in this pest. Furthermore, the deleterious effects of insecticides
on nontarget organisms including natural enemies are among the major causes of pest out‐
breaks. It is therefore necessary to develop a novel strategy to manage population of H. armi‐
gera and reduce the hazardous of synthetic chemicals.

The common trend towards reducing reliance on synthetic insecticides for control of insect
pests in agriculture, forestry, and human health has renewed worldwide interest in integrat‐
ed pest management (IPM) programmes. IPM is the component of sustainable agriculture
with the most robust ecological foundation [15]. IPM not only contributes to the sustainabili‐
ty of agriculture, it also serves as a model for the practical application of ecological theory
and provides a paradigm for the development of other agricultural system components. The
concept of IPM is becoming a practicable and acceptable approach among the entomologists
in recent past all over the world and focuses on the history, concepts, and the integration of
available control methods into integrated programmes. However, this approach advocates
an integration of all possible or at least some of the known natural means of control with or
without insecticides so that the best pest management in terms of economics and mainte‐
nance of pest population below economic injury level (EIL) is achieved.

Fundamental of effective IPM programmes is the development of appropriate pest manage‐
ment strategies and tactics that best interface with cropping system-pest situations. Depend‐
ing on the type of pest, however, some of the primary management strategies could be
selected. In the case of H. armigera, several management tactics should be considered to im‐
plement a comprehensive integrated management. Potential of some of the control tactics to
reduce population density of H. armigera in different cropping systems were evaluated by
several researchers and attempts have been made to develop integrated management ap‐
proach for H. armigera using host plant resistance [2, 4, 6, 11] including transgenic Bt crops
[16], biological control (predators and parasitoids) [17], interference methods including sex
pheromones [18], biopesticides (especially commercial formulations of Bacillus thuringiensis)
[19], cultural practices (including appropriate crop rotations, trap crops, planting date and
habitat complexity) [20] and selective insecticides [21]. Likewise there remains a need for on‐
going research to develop a suite of control tactics and integrate them into IPM systems for
sustainable management of H. armigera in cropping systems. Keeping this in view, integra‐
tion of these methods based on the ecological data especially thermal requirements of this
pest and its crucial role in forecasting programme of H. armigera could lead a successful inte‐
grated management for this pest in soybean cropping systems.
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As discussed above, integrated management is typically problematic in cropping systems, es‐
pecially in the case of H. armigera on soybean. However, our intent in this section is not to devel‐
op an exhaustive review of all resources that may possibly contribute to more effective pest
management for the future, but to select several topic areas that will make essential contribu‐
tions to sustainable soybean cropping systems. Although the past research focused on devel‐
oping various pest  management  tactics  that  would be packaged into an integrated pest
management strategy, we have selected several types of resources for our discussions, realiz‐
ing that there are other resources can be used in developing IPM programmes. Furthermore, to
generate a comprehensive management programme, we present our perspectives on future re‐
search needs and directions for sustainable management of this pest in soybean cropping sys‐
tems such as tri-trophic interactions [22], importance of modeling of insect population [23],
crucial role of forecasting and monitoring programmes in IPM [24], interactions among differ‐
ent management tactics in IPM [25] and significance of biotechnology and genetically modified
plants in IPM. Therefore, considering the importance of H. armigera in successful production of
soybean, this review intends to provide an appropriate document to the scientific community
for sustainable management of H. armigera in soybean cropping systems.

2. History of terminology and definition of IPM

Although many IPM programmes were initiated in the late 1960s and early 1970s in several
parts of the world, it was only in the late 1970s that IPM gained momentum [26]. Through‐
out the late 19th and early 20th centuries, in the absence of powerful pesticides, crop protec‐
tion specialists relied on knowledge of pest biology and cultural practices to produce multi
tactical control strategies that, in some instances, were precursors of modern IPM systems
[27]. That stance changed in the early 1940s with the advent of organosynthetic insecticides
when protection specialists began to focus on testing chemicals, to the detriment of studying
pest biology and non-insecticidal methods of control [15]. The period from the late 1940s
through the mid-1960s has been called the dark ages of pest control. By the late 1950s, how‐
ever, warnings about the risks of the preponderance of insecticides in pest control began to
be heard. The publication of the book “Silent Spring” by Rachael Carson in 1962 ignited
widespread debate on the real and potential hazards of pesticides. This still ongoing dia‐
logue includes scientists in many disciplines, environmentalists, and policy makers. Howev‐
er, “Silent Spring” contributed much to the development of alternatives to pesticides for
pest management purposes, augmented global interests in developing cropping systems
that limit crop pests, and added much to the environmental movement [26]. In fact, wide‐
spread concerns about the detrimental impact of pesticides on the environment and related
health issues were responsible in large part for the development of the concept of IPM.

The seed of the idea of integrated control appears in a paper by Hoskins et al. [28]. Conceiva‐
bly, “integrated control” was uttered by entomologists long before formally appearing in a
publication. However, it was the series of papers starting with Smith and Allen [29] that es‐
tablished integrated control as a new trend in economic entomology. Towards the end of the
1960s, integrated control was well entrenched both in the scientific literature and in the prac‐
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tice of pest control, although by then “pest management” as a sibling concept was gaining
popularity [30]. However, in subsequent publications, integrated control was more narrow‐
ly defined as “applied pest control which combines and integrates biological and chemical
control”, a definition that stood through much of the late 1950s and the early 1960s but be‐
gan to change again in the early 1960s as the concept of pest management gained acceptance
among crop protection specialists [15, 26].

The concept of “protective population management”, later shortened to “pest management”,
gained considerable exposure at the twelfth International Congress of Entomology, London
[31]. The Australian ecologists who coined the expression contended that “control”, as in pest
control, subsumes the effect of elements that act independently of human interference. Popula‐
tions are naturally controlled by biotic and abiotic factors, even if at levels intolerable to hu‐
mans. Management, on the other hand, implies human interference. Although the concept of
pest management rapidly captured the attention of the scientific community, in 1966 Geier
seemed to minimize the semantic argument that favored “pest management” by stating that
the term had no other value than that of a convenient label coined to convey the idea of intelli‐
gent manipulation of nature for humans’ lasting benefit, as in “wildlife management” [32].

Not until 1972, however, were “integrated pest management” and its acronym IPM incorporat‐
ed into the English literature and accepted by the scientific community. In creating the synthe‐
sis between “integrated control” and “pest management”, no obvious attempt was made to
advance a new paradigm. Much of the debate had been exhausted during the 1960s and by then
there was substantial agreement that: (a) “integration” meant the harmonious use of multiple
methods to control single pests as well as the impacts of multiple pests; (b) “pests” were any or‐
ganism detrimental to humans, including invertebrate and vertebrate animals, pathogens, and
weeds; (c) “management” referred to a set of decision rules based on ecological principles and
economic/social considerations and (d) “IPM” was a multidisciplinary endeavor.

The search for a perfect definition of IPM has endured since integrated control was first de‐
fined. A survey recorded 65 definitions of integrated control, pest management, or integrat‐
ed pest management [26]. Unfortunately, most of them perpetuate the perception of an
entomological bias in IPM because of the emphasis on pest populations and economic injury
levels, of which the former is not always applicable to plant pathogens, and the latter is usu‐
ally attached to the notion of an action threshold often incompatible with pathogen epidemi‐
ology or many weed management systems [33]. Furthermore, most definitions stress the use
of combination of multiple control methods, ignoring informed inaction that in some cases
can be a better IPM option for arthropod pest management [15]. It was, however, in 1972
that the term ‘integrated pest management’ was accepted by the scientific community, after
the publication of a report under the above title by the Council on Environmental Quality
[34]. Much of the debate had already taken place during the 1960s and by then there was
substantial agreement on the following issues [15]: (a) the appropriate selection of pest con‐
trol methods, used singly or in combination; (b) the economic benefits to growers and to so‐
ciety; (c) the benefits to the environment; (d) the decision rules that guide the selection of the
control action and (e) the need to consider impacts of multiple pests.
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Several authors have come close to meeting the criteria for a good definition, but a consen‐
sus is yet to be reached. Accordingly, some of the IPM definitions were listed in Table 1. A
broader definition was adopted by the FAO Panel of Experts [35]: “Integrated Pest Control
is a pest management system that, in the context of the associated environment and the pop‐
ulation dynamics of the pest species, utilizes all suitable techniques and methods in as com‐
patible a manner as possible and maintains the pest population at levels below those
causing economic injury.” This definition has been cited frequently and has served as a tem‐
plate for others. However, based on an analysis of definitions spanning the past 35 years, the
following is offered in an attempt to synthesize what seems to be the current thought: “IPM
is a decision support system for the selection and use of pest control tactics, singly or harmo‐
niously coordinated into a management strategy, based on cost/benefit analyses that take in‐
to account the interests of and impacts on producers, society, and the environment” [15].

Definition Reference

IPM refers to an ecological approach in pest management in which all available necessary

techniques are consolidated in a unified programme, so that pest populations can be managed in

such a manner that economic damage is avoided and adverse side effects are minimized.

[36]

IPM is a multidisciplinary ecological approach to the management of pest populations, which

utilizes a variety of control tactics compatibly in a single coordinated pest-management system. In

its operation, integrated pest control is a multi-tactical approach that encourages the fullest use of

natural mortality factors, complemented, when necessary, by artificial means of pest management.

[37]

IPM is a pest population management system utilizes all suitable techniques in a compatible

manner to reduce pest populations and maintain them at levels below those causing economic

injury.

[38]

IPM is a systematic approach to crop protection that uses increased information and improved

decision-making paradigms to reduce purchased inputs and improve economic, social and

environment conditions on the farm and in society.

[39]

IPM is a comprehensive approach to pest control that uses combined means to reduce the status of

pests to tolerable levels while maintaining a quality environment.

[40]

IPM is an intelligent selection and use of pest-control tactics that will ensure favourable economic,

ecological and sociological consequences.

[41]

IPM is a sustainable approach that combines the use of prevention, avoidance, monitoring and

suppression strategies in a way that minimizes economic, health and environmental risks.

[42]

IPM is a decision support system for the selection and use of pest control tactics, singly or

harmoniously coordinated into a management strategy, based on cost/benefit analyses that take

into account the interests of and impacts on producers, society, and the environment.

[15]

IPM is a dynamic and constantly evolving approach to crop protection in which all the suitable

management tactics and available surveillance and forecasting information are utilized to develop a

holistic management programme as part of a sustainable crop production technology.

[43]

IPM is a systemic approach in which interacting components (mainly control measures) act together

to maximize the advantages (mainly producing a profitable crop yield) and minimize the

disadvantages (mainly causing risk to human and environment) of pest control programmes.

[The authors of

this chapter]

Table 1. Some of the proposed definitions for IPM
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ed pest management [26]. Unfortunately, most of them perpetuate the perception of an
entomological bias in IPM because of the emphasis on pest populations and economic injury
levels, of which the former is not always applicable to plant pathogens, and the latter is usu‐
ally attached to the notion of an action threshold often incompatible with pathogen epidemi‐
ology or many weed management systems [33]. Furthermore, most definitions stress the use
of combination of multiple control methods, ignoring informed inaction that in some cases
can be a better IPM option for arthropod pest management [15]. It was, however, in 1972
that the term ‘integrated pest management’ was accepted by the scientific community, after
the publication of a report under the above title by the Council on Environmental Quality
[34]. Much of the debate had already taken place during the 1960s and by then there was
substantial agreement on the following issues [15]: (a) the appropriate selection of pest con‐
trol methods, used singly or in combination; (b) the economic benefits to growers and to so‐
ciety; (c) the benefits to the environment; (d) the decision rules that guide the selection of the
control action and (e) the need to consider impacts of multiple pests.
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3. Systems in agriculture and the situation of IPM as a sub-system

Spedding [44] defined a system as a group of interacting components, operating together
for a  common purpose,  capable of  reaching as a  whole to external  stimuli.  A system is
unaffected by its own output and has a specified boundary based on the inclusion of all
significant feedbacks. However, four types of systems are generally acknowledged in ag‐
riculture  including  ecosystem,  agroecosystem,  farming  systems  and  cropping  systems
(Figure 1).  In this hierarchy, a system may consist of several sub-systems. IPM is a sub-
system of  cropping system and considered as  the  operating system used by farmers  to
manage population of crop pests. This sub-system has a degree of independence and can
be studied in  isolation of  the cropping system.  It  has  its  own inputs  and has the same
output as the main system (i.  e.  yield)  but relates to only some of  the components and
therefore, to only some of the inputs [45].

Figure 1. A hierarchy of systems in agriculture
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IPM  systems  have  a  goal  of  providing  the  farmer  with  an  economic  and  appropriate
means of controlling crop pest. The aim should be to devise an IPM system which is suf‐
ficiently  robust  to  maintain  control  over  a  prolonged  period  of  time  [46].  However,  to
achieve an IPM system a number of  attributes  will  require  including:  (a)  provide effec‐
tive  control  of  pest;  (b)  be  economically  viable;  (c)  simplicity  and  flexibility;  (d)  utilize
compatible control measure; (e) sustainability and (f) minimum harmful effect on the en‐
vironment, producer and consumer.

First and foremost the IPM system must be effective. For the farmer this means that this sys‐
tem should be at least as good as the conventional control methods. The system should be
economic. No farmer will adopt and sustain use of uneconomic pest management practices.
On the other hand, an IPM system must be designed to be as simple as possible, utilizing the
minimum number of control measures compatible with maintaining pest populations at ap‐
propriate levels. The individual control measures should of course be compatible and opti‐
mize natural mortality factors. It is important during design of an IPM system to consider
the level of control which is required and the best mix of control measures that will achieve
this with minimal antagonism. Finally, the IPM system should be sustainable, have mini‐
mum impact on the environment and present no hazard to the farmer, their families or the
consumers of the crop products [45].

4. Decision making in IPM

Following widespread concerns about the adverse effects of insecticides it became clear that
calendar spraying was not the appropriate approach to pest control. In fact, determining
whether an insect control measure (usually an insecticide) is “needed” is one of the basic
principles of any IPM programme. “Need” can be defined in a number of ways, but most
growers associate the need for an insecticide with economics. In other words, most growers
ask some form of these questions: “How many insects cause how much damage?”, “Are the
damage levels all significant?” and “Will the value of yield protection with an insecticide
offset the cost of control?” Therefore, researchers from different agricultural disciplines
came to realize that a decision rule or threshold should answer such questions and that pest
control must be viewed as a decision making process (Figure 2).

Pest management is a combination of processes that include obtaining the information, deci‐
sion making and taking action [41]. In assessing, evaluating and choosing a particular pest
control option, farmer’s perception of the problem and of potential solutions is the most im‐
portant factor (Figure 2). Decision making in pest management, like other economic prob‐
lems in agriculture, involves allocating scarce resources to meet food demand of a growing
population. In this process, agricultural producers have to make choices regarding the use
of several inputs including labor, insecticides, herbicides, fungicides, and consulting expens‐
es related to the level and intensity of pest infestation and the timing of treatment. However,
decision making process for pest control takes place in many levels at the fields. These vari‐
ous layers of decision making affect the whole strategy of pest control in a given cropping
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vironment, producer and consumer.

First and foremost the IPM system must be effective. For the farmer this means that this sys‐
tem should be at least as good as the conventional control methods. The system should be
economic. No farmer will adopt and sustain use of uneconomic pest management practices.
On the other hand, an IPM system must be designed to be as simple as possible, utilizing the
minimum number of control measures compatible with maintaining pest populations at ap‐
propriate levels. The individual control measures should of course be compatible and opti‐
mize natural mortality factors. It is important during design of an IPM system to consider
the level of control which is required and the best mix of control measures that will achieve
this with minimal antagonism. Finally, the IPM system should be sustainable, have mini‐
mum impact on the environment and present no hazard to the farmer, their families or the
consumers of the crop products [45].

4. Decision making in IPM

Following widespread concerns about the adverse effects of insecticides it became clear that
calendar spraying was not the appropriate approach to pest control. In fact, determining
whether an insect control measure (usually an insecticide) is “needed” is one of the basic
principles of any IPM programme. “Need” can be defined in a number of ways, but most
growers associate the need for an insecticide with economics. In other words, most growers
ask some form of these questions: “How many insects cause how much damage?”, “Are the
damage levels all significant?” and “Will the value of yield protection with an insecticide
offset the cost of control?” Therefore, researchers from different agricultural disciplines
came to realize that a decision rule or threshold should answer such questions and that pest
control must be viewed as a decision making process (Figure 2).

Pest management is a combination of processes that include obtaining the information, deci‐
sion making and taking action [41]. In assessing, evaluating and choosing a particular pest
control option, farmer’s perception of the problem and of potential solutions is the most im‐
portant factor (Figure 2). Decision making in pest management, like other economic prob‐
lems in agriculture, involves allocating scarce resources to meet food demand of a growing
population. In this process, agricultural producers have to make choices regarding the use
of several inputs including labor, insecticides, herbicides, fungicides, and consulting expens‐
es related to the level and intensity of pest infestation and the timing of treatment. However,
decision making process for pest control takes place in many levels at the fields. These vari‐
ous layers of decision making affect the whole strategy of pest control in a given cropping
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system, region or country as well as the set of approaches and measures that are chosen to
implement pest control programmes.

Figure 2. The process of decision making in IPM. (after Reichelderfer et al. [47]) 1. The way in which control options
are assessed will depend on the farmer’s objectives. Subsistence farmers may select for a guaranteed food supply,
while commercial farmers are more concerned with profit. 2. The number of options that a farmer can feasibly use will
depend on the constraints set by the resources available. 3. Compare the cost-effectiveness of alternative practices.

5. Crucial role of economic thresholds for implementation of IPM
programmes

In most situations it is not necessary, desirable, or even possible to eradicate a pest from an
area. On the other hand, the presence of an acceptable level of pests in a field can help to
slow or prevent development of pesticide resistance and maintain populations of natural en‐
emies that slow or prevent pest population build-up. Therefore, the concepts of economic
injury level (EIL) and economic threshold (ET [sometimes called an action threshold]) were
developed (Figure 3). EIL and ET constitute two basic elements of the IPM [48]. Economic
injury level was defined as the lowest population density that will cause economic damage
[49]. The EIL is the most essential of the decision rules in IPM. In addition, the economic in‐
jury level provides an objective basis for decision making in pest management and the back‐
bone for the management of pests in an agricultural system is the concept of EIL [48].
Ideally, an EIL is a scientifically determined ratio based on results of replicated research tri‐
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als over a range of environments. In practice, economic injury levels tend to be less rigorous‐
ly defined, but instead are nominal or empirical thresholds based on grower experience or
generalized pest-crop response data from research trials. Although not truly comprehensive,
such informal EILs in combination with regular monitoring efforts and knowledge of pest
biology and life history provide valuable tools for planning and implementing an effective
IPM programme. However, because growers will generally want to act before a population
reaches EIL, IPM programmes use the economic threshold (Figure 3). The concept of eco‐
nomic threshold implies that if the pest population and the resulting damage are low
enough, it does not pay to take control measures. In practice, the term economic threshold
has been used to denote the pest population level at which economic loss begins to occur
and indicate the pest population level at which pest control should be initiated [50].

Figure 3. Graph showing the relationship between the economic threshold (ET) and economic injury level (EIL). The
arrows indicate when a pest control action is taken.

5.1. EIL and ET for H. armigera on different crops

Economic injury level and economic threshold of H. armigera on some crops was estimated
by several researchers (Table 2). In the case of H. armigera on soybean, these thresholds are
poorly defined and a little information in this regard is available. However, economic
thresholds; especially economic injury level; are dynamic and can be varied from year to
year or even from field to field within a year depending on crop variety, market conditions,
development stages of plant, available management options, crop value and management
costs (Table 2).
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nomic threshold implies that if the pest population and the resulting damage are low
enough, it does not pay to take control measures. In practice, the term economic threshold
has been used to denote the pest population level at which economic loss begins to occur
and indicate the pest population level at which pest control should be initiated [50].

Figure 3. Graph showing the relationship between the economic threshold (ET) and economic injury level (EIL). The
arrows indicate when a pest control action is taken.

5.1. EIL and ET for H. armigera on different crops

Economic injury level and economic threshold of H. armigera on some crops was estimated
by several researchers (Table 2). In the case of H. armigera on soybean, these thresholds are
poorly defined and a little information in this regard is available. However, economic
thresholds; especially economic injury level; are dynamic and can be varied from year to
year or even from field to field within a year depending on crop variety, market conditions,
development stages of plant, available management options, crop value and management
costs (Table 2).
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Crop Economic threshold (ET) Economic Injury Level (EIL) References

Chickpea - > 4 larvae / m2 [51]

Chickpea - 1.0 larva / m row [52]

Chickpea 1.0 larva / m row - [53]

Chickpea - 1 larva / 10 plants [54]

Chickpea - 0.6 larva / plant [55]

Chickpea 1.77 - 2.00 larvae / m row - [56]

Chickpea - 1.0 larva / m row [57]

Chickpea 0.81 larva / m row 1.1 larva / m row [58]

Pigeon pea - 0.78-0.80 larvae / plant [59]

Tomato 1.0 larva / plant - [60]

Cotton - 19.86 larvae / 100 plants [61]

Mung bean 1-3 larvae / m2 - [62]

Peanuts 4 larvae / m2 - [62]

Soybean - 8 larvae / m2 [63]

Table 2. Economic threshold (ET) and Economic injury level (EIL) of Helicoverpa armigera on different crops.

6. Monitoring activity in integrated management of H. armigera

In an IPM programme, pest managers use regular inspections, called monitoring, to collect
the information they need to make appropriate decisions. A central idea in IPM is that a
treatment is only used when pest numbers justify it, not as a routine measure. Keeping this
in view, in IPM programmes, chemical control is applied only after visual inspection or
monitoring devices indicate the presence of pests in that specific area, the pest numbers
have exceeded the economic threshold (ET) and adequate control cannot be achieved with
non-chemical methods within a reasonable time and cost. Therefore, it was considered that
monitoring could reduce spraying costs by withholding a spray until a given threshold is
reached [64].

For many years, light traps have been used to monitor Helicoverpa moth populations. Hart‐
stack et al. [65] developed a model for estimating the number of moths per hectare from
these light-trap catches, to evaluate the possible use of light traps for controlling Helicoverpa
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spp. Walden [66] presented the first comprehensive report on seasonal occurrence and
abundance of the Helicoverpa zea (Boddie), based on light trap collections. Beckham [67] used
light traps to index the populations of Helicoverpa spp. and reported that a significantly low‐
er percentage of the Helicoverpa virescens (Fabricius) populations responded to black-light
lamps in traps than did H. zea.

In the last few years, pheromone traps (containing virgin females or synthetic pheromones)
have replaced light traps as moth-monitoring devices. These traps provide the pest manager
with a convenient and effective tool for monitoring adult moth [68]. However, pheromone
traps are highly efficient, simple to construct, inexpensive, and portable (requiring no pow‐
er). Furthermore, only the single species for which the trap is baited is attracted and caught,
making identification and counting quick and easy. As an added bonus, pheromone traps
also detect spring emergence of moths 2 or 3 weeks earlier than light traps, which should
give more precision to forecasts.

Several group of researchers made the comparison of indexing populations of Helicoverpa
spp. in light traps versus pheromone traps. There results revealed that light trap catches
may index seasonal fluctuation of populations more accurately than pheromone traps, how‐
ever, pheromone traps are more sensitive to low populations early in the season and decline
in efficiency with high populations late in the season [69].

There has been a considerable improvement into synthesis of the pheromones of Helicoverpa
spp. in recent years. However, preliminary studies have already revealed that the catches in
pheromone traps do not correlate very well with light-trap catches and field counts of the
pest in all circumstances. In fact, trap catch data do not provide a quantitative threshold for
intervention because a relationship between catch number and subsequent crop damage has
proved to be lacking in most cases [70].

Egg count provides a better quantitative threshold for monitoring activity of H. armigera but
egg desiccation, egg infertility or egg parasitism (biasing data) together with skill needed for
field scouting, too often promote weak correlations between egg number and larval damage
[71]. On the other hand, fruit inspection in the field has proved to be a valuable tool when
develop against a number of fruit damaging pest species including H. armigera [72]. The ma‐
jor advantage of thresholds based on fruit inspection is that the short time between plant
scouting for larval injury and fruit damage greatly increases correlation between both of
these variables. Moreover, damaged fruit-count-based decision making may also be easily
learned and carried out by growers [70].

Finally, we must now determine whether these pheromone traps are going to be of practical
value in Helicoverpa management. For this, there is first a need to standardize trap design,
pheromone dosage and release rates from the chosen substrate, and siting of the traps. As
the next step, catches in these traps should be compared with other measures of Helicoverpa
populations (light traps and actual counts of Helicoverpa eggs/larvae on the host plants in the
same area). However, data from pheromone traps have already been shown to be valuable
in some studies in the USA, where the data have been used in prediction models and have
given useful information on the timing of infestations [64].
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Table 2. Economic threshold (ET) and Economic injury level (EIL) of Helicoverpa armigera on different crops.

6. Monitoring activity in integrated management of H. armigera

In an IPM programme, pest managers use regular inspections, called monitoring, to collect
the information they need to make appropriate decisions. A central idea in IPM is that a
treatment is only used when pest numbers justify it, not as a routine measure. Keeping this
in view, in IPM programmes, chemical control is applied only after visual inspection or
monitoring devices indicate the presence of pests in that specific area, the pest numbers
have exceeded the economic threshold (ET) and adequate control cannot be achieved with
non-chemical methods within a reasonable time and cost. Therefore, it was considered that
monitoring could reduce spraying costs by withholding a spray until a given threshold is
reached [64].

For many years, light traps have been used to monitor Helicoverpa moth populations. Hart‐
stack et al. [65] developed a model for estimating the number of moths per hectare from
these light-trap catches, to evaluate the possible use of light traps for controlling Helicoverpa
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spp. Walden [66] presented the first comprehensive report on seasonal occurrence and
abundance of the Helicoverpa zea (Boddie), based on light trap collections. Beckham [67] used
light traps to index the populations of Helicoverpa spp. and reported that a significantly low‐
er percentage of the Helicoverpa virescens (Fabricius) populations responded to black-light
lamps in traps than did H. zea.

In the last few years, pheromone traps (containing virgin females or synthetic pheromones)
have replaced light traps as moth-monitoring devices. These traps provide the pest manager
with a convenient and effective tool for monitoring adult moth [68]. However, pheromone
traps are highly efficient, simple to construct, inexpensive, and portable (requiring no pow‐
er). Furthermore, only the single species for which the trap is baited is attracted and caught,
making identification and counting quick and easy. As an added bonus, pheromone traps
also detect spring emergence of moths 2 or 3 weeks earlier than light traps, which should
give more precision to forecasts.

Several group of researchers made the comparison of indexing populations of Helicoverpa
spp. in light traps versus pheromone traps. There results revealed that light trap catches
may index seasonal fluctuation of populations more accurately than pheromone traps, how‐
ever, pheromone traps are more sensitive to low populations early in the season and decline
in efficiency with high populations late in the season [69].

There has been a considerable improvement into synthesis of the pheromones of Helicoverpa
spp. in recent years. However, preliminary studies have already revealed that the catches in
pheromone traps do not correlate very well with light-trap catches and field counts of the
pest in all circumstances. In fact, trap catch data do not provide a quantitative threshold for
intervention because a relationship between catch number and subsequent crop damage has
proved to be lacking in most cases [70].

Egg count provides a better quantitative threshold for monitoring activity of H. armigera but
egg desiccation, egg infertility or egg parasitism (biasing data) together with skill needed for
field scouting, too often promote weak correlations between egg number and larval damage
[71]. On the other hand, fruit inspection in the field has proved to be a valuable tool when
develop against a number of fruit damaging pest species including H. armigera [72]. The ma‐
jor advantage of thresholds based on fruit inspection is that the short time between plant
scouting for larval injury and fruit damage greatly increases correlation between both of
these variables. Moreover, damaged fruit-count-based decision making may also be easily
learned and carried out by growers [70].

Finally, we must now determine whether these pheromone traps are going to be of practical
value in Helicoverpa management. For this, there is first a need to standardize trap design,
pheromone dosage and release rates from the chosen substrate, and siting of the traps. As
the next step, catches in these traps should be compared with other measures of Helicoverpa
populations (light traps and actual counts of Helicoverpa eggs/larvae on the host plants in the
same area). However, data from pheromone traps have already been shown to be valuable
in some studies in the USA, where the data have been used in prediction models and have
given useful information on the timing of infestations [64].
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7. Importance of thermal modeling in successful implementation of
integrated management of H. armigera

For decades, models have been an integral part of IPM. For instance, the use of models
has  helped  pest  managers  decide  how  the  agroecosystem  should  be  changed  to  favor
economy and conservation and not to favor pests. Moreover, models have allowed scien‐
tists  to  conduct  simulated  experiments  when  the  conduct  of  those  experiments  would
not have been possible. Furthermore, models have been used whenever scientists wanted
to explore as well as understand the complexities of agroecosystems [26, 73, 74]. Howev‐
er,  among the different types of  models developed for implication of  IPM programmes,
forecasting models (especially thermal models) have a highlighted situation. Understand‐
ing  the  factors  governing  the  pest  development  and implementing  this  knowledge  into
forecast  models  enable  effective  timing  of  interventions  and increases  efficacy  and suc‐
cess of  control  measures [74].  For a pest  manager,  being able to predict  abundance and
distribution of  a  pest  species,  and its  timing and level,  is  crucial  to both strategic  plan‐
ning and tactical  decision making.  Thermal  models,  based on insect  physiological  time‐
scales,  have been relatively successful  at  predicting the timing of  population peaks and
are useful for timing sampling and control measures.

Temperature is a critical abiotic factor influencing the dynamics of insect pests and their
natural  enemies [75-77].  Temperature has a  direct  influence on the key life  processes of
survivorship,  development,  reproduction,  and  movement  of  poikilotherms  and  hence
their population dynamics [78].  The importance of predicting the seasonal occurrence of
insects  has  led to  the  formulation of  many mathematical  models  that  describe  develop‐
mental rates as a function of temperature [79]. Thermal models have been developed for
insect  pests  to  predict  emergence  of  adults  from the  overwintering generation,  eclosion
of eggs, larval and pupal development, and generation time. These models, all based on
a linear relationship between temperature and developmental rate,  have been used with
varying degrees  of  success  to  time pesticide  application for  pest  control  [80].  However,
linear  approximation  enables  the  estimation  of  lower  temperature  thresholds  (Tmin)  and
thermal  constants  (K)  within  a  limited  temperature  range  and  to  describe  the  develop‐
mental  rate  more  realistically  and  over  a  wider  temperature  range,  several  nonlinear
models  have  been  applied  [74,  76].  These  nonlinear  models  provide  value  estimates  of
lower and upper temperature thresholds and optimal temperature for development of a
given stage.

Several studies have been conducted on the effects of temperature on developmental time of
H. armigera reared on host plant materials or artificial diets [81, 82]. In a recent study by Mir‐
onidis and Savopoulou-Soultani [83], a comprehensive analysis of survivorship and devel‐
opment rates at all life stages of H. armigera reared under constant and corresponding
alternating temperatures regimes was performed (some of the most important results are
listed in Tables 3 and 4).
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Stage Temperature Lower temperature threshold

(Tmin°C)

Thermal constant a

(K DD)

Egg Constant 11.95 39.68

Alternating 5.53 57.47

Larva Constant 10.52 238.09

Alternating 2.17 416.16

Pupa Constant 10.17 192.30

Alternating 1.06 285.71

Total immature stages Constant 9.57 476.19

Alternating 2.23 769.23

a Cumulative degree-day (DD) required for stage development

Table 3. Lower temperature threshold and thermal constant of different life stages of Helicoverpa armigera (after
Mironidis and Savopoulou-Soultani [83]).

The results obtained by Mironidis and Savopoulou-Soultani [83] revealed that over a wide con‐
stant thermal range (15-27.5°C) total survivorship is stable and apparently not affected by tem‐
perature.  Below 15°C,  survivorship decreased rapidly,  reached zero  at  12.5°C.  At  higher
temperatures, survivorship also decreased very quickly above 28°C and fell to zero at 40°C. Fur‐
thermore, their results showed that H. armigera, when reared at constant temperatures, could
not develop from egg to adult stage (capable of egg production) out of the temperature range of
17.5-32.5°C. Nevertheless, alternating temperatures allowed H. armigera to complete its life cy‐
cle over a much wider range, 10-35°C, compared with constant temperatures.

Stage Temperature Lower temperature

threshold

(Tmin°C)

Optimal

temperature

(Topt°C)

Upper temperature

threshold

(Tmax°C)

Egg Constant 10.58 34.84 39.99

Alternating 2.33 39.26 40.56

Larva Constant 11.17 34.22 39.11

Alternating 1.55 39.35 40.95

Pupa Constant 12.31 35.37 40.00

Alternating 1.01 41.92 43.54

Total immature stages Constant 9.42 34.61 39.81

Alternating 1.85 42.35 42.92

Table 4. Lower temperature threshold, optimal temperature and upper temperature threshold of different life stages
of Helicoverpa armigera obtained by nonlinear Lactin model (after Mironidis and Savopoulou-Soultani [83]).
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models  have  been  applied  [74,  76].  These  nonlinear  models  provide  value  estimates  of
lower and upper temperature thresholds and optimal temperature for development of a
given stage.

Several studies have been conducted on the effects of temperature on developmental time of
H. armigera reared on host plant materials or artificial diets [81, 82]. In a recent study by Mir‐
onidis and Savopoulou-Soultani [83], a comprehensive analysis of survivorship and devel‐
opment rates at all life stages of H. armigera reared under constant and corresponding
alternating temperatures regimes was performed (some of the most important results are
listed in Tables 3 and 4).
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In another study, temperature-dependent development of H. armigera  was studied in the
laboratory  conditions  at  eight  constant  temperatures  (15,  17.5,  20,  22.5,  25,  30,  32.5  and
35°C)  [Adigozali  and  Fathipour,  unpublished  data].  In  this  study,  two  linear  (Ordinary
linear and Ikemoto and Takai) and 9 nonlinear (Briere-1, Briere-2, Lactin-1, Lactin-2, Pol‐
ynomial, Kontodimas-16, Analytis-1, Analytis-2 and Analytis-3) models were fitted to de‐
scribe  development  rate  of  H.  armigera  as  a  function  of  temperature.  The  lower
temperature threshold and thermal constant of different life stages of H. armigera estimat‐
ed by linear models are listed in Table 5. The obtained results revealed that both models
have acceptable accuracy in prediction of  Tmin  and K  for  different life  stages of  H. armi‐
gera [Adigozali and Fathipour, unpublished data].

Stage Model Lower temperature threshold

(Tmin°C)

Thermal constant

(K DD)

Egg Ordinary linear 8.61 47.85

Ikemoto and Takai 9.52 44.60

Larva Ordinary linear 6.07 367.65

Ikemoto and Takai 7.18 343.00

Pre-pupa Ordinary linear 11.70 42.55

Ikemoto and Takai 10.80 46.70

Pupa Ordinary linear 14.29 132.28

Ikemoto and Takai 13.20 150.00

Total immature stages Ordinary linear 10.39 561.78

Ikemoto and Takai 10.30 566.00

Table 5. Lower temperature threshold and thermal constant of different life stages of Helicoverpa armigera estimated
by Ordinary linear and Ikemoto and Takai models.

According to results obtained by Adigozali and Fathipour [unpublished data], of the nonlin‐
ear models fitted, the Lactin-2, Lactin-2, Polynomial, Polynomial and Briere-2 models were
found to be the best for modeling development rate of egg, larva, pre-pupa, pupa and total
immature stages of H. armigera, respectively (Table 6). However, estimated values for crucial
temperatures of different life stages of H. armigera by Adigozali and Fathipour [unpublished
data] conflict with those reported by Mironidis and Savopoulou-Soultani [83] (Tables 3-6).
Some possible reasons for these disagreements are: physiological difference depending on
the food quality, genetic difference as a result of laboratory rearing and techniques/equip‐
ment of the experiments. In general, the results obtained from constant temperature experi‐
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ments are often not applicable directly to the field where pests are subjected to diurnal
variation of temperature and such information need to be validated under fluctuating tem‐
peratures before using for predictive purpose in the field. Finally, such data provide funda‐
mental information describing development of H. armigera, when this information to be
used in association with other ecological data may be valuable in integrated management of
this noctuid pest in soybean cropping systems.

Stage Model Optimal temperature

(Topt°C)

Upper temperature threshold

(Tmax°C)

Egg Lactin-2 33.00 41.98

Larvae Lactin-2 34.50 35.38

Pre-pupa Polynimial 29.00 -

Pupa Polynimial 32.50 -

Total immature stages Briere-2 34.00 35.00

Table 6. Lower temperature threshold, optimal temperature and upper temperature threshold of different life stages
of Helicoverpa armigera obtained by nonlinear models.

8. Strategies for integrated management of H. armigera

8.1. Chemical control

Historically pest management on many crops has relied largely on synthetic pesticides and
in intensive cropping systems, pesticides are main components of pest management pro‐
grammes that represents a significant part of production costs [84]. However, chemical con‐
trol is still the most reliable and economic way of protecting crops from pests. Beside, over
reliance on chemical pesticides without regarding to complexities of the agroecosystem is
not sustainable and has resulted in many problems like environment pollution, secondary
pest outbreak, pest resurgence, pest resistance to pesticides and hazardous to human health.
Furthermore, over dependence on chemical pesticides has also resulted in increased plant
protection, thus leading to high cost of production.

Insecticide treatments, whether or not included in IPM programmes, are currently indis‐
pensable for the control of H. armigera  in almost all  cropping systems around the world
[85],  so,  this  pest  species  has  been  subjected  to  heavy  selection  pressure.  Some  of  the
synthetic  insecticides currently used for controlling this  pest  are indoxacarb,  methoxyfe‐
nozide, emamectin benzoate, novaluron, chlorfenapyr, imidacloprid, fluvalinate, endosul‐
fan,  spinosad,  abamectin,  deltamethrin,  cypermethrin,  lambda-cyhalothrin,  carbaryl,
methomyl,  profenofos,  thiodicarb and chlorpyrifos  [21,  85-87].  Because of  indiscriminate
use  of  these  chemicals  to  minimize  the  damage caused by H. armigera,  however,  it  has
developed high levels of resistance to conventional insecticides such as synthetic pyreth‐
roids, organophosphates and carbamates [88].
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8.1.1. Sustainable use of insecticides and obtaining maximum benefits from their application

However, selection for resistance to pesticides will occur whenever they are used [87]. After
a pest species develops resistance to a particular pesticide, how do you control it? One meth‐
od is to use a different pesticide, especially one in a different chemical class or family of pes‐
ticides that has a different mode of action against the pest. Of course, the ability to use other
pesticides in order to avoid or delay the development of resistance in pest populations de‐
pends on the availability of an adequate supply of pesticides with differing modes of action.
This method is perhaps not the best solution, but it allows a pest to be controlled until other
management strategies can be developed and brought to bear against the pest [21]. Howev‐
er, suggestions will now be made as to how the maximum benefit can be obtained from the
unique properties of the insecticides.

a. Given the decreasing susceptibility of older caterpillars than early ones, it is important
to use the insecticides early. Not only young larvae of H. armigera are more susceptible,
but first and second instars are also more exposed than later instars [89].

b. To decide whether the infestation by a pest has reached the economic threshold and an
insecticide is required, more attention should be devoted to monitoring programmes.
On crops where Helicoverpa is the main target, synthetic insecticides should not be used
until these pests have reached the economic threshold [90].

c. It is best to be used selective insecticides, a practice that will help to conserve beneficial
insects. They can assist in delaying the onset and reducing the intensity of mid-season
Helicoverpa attack [91].

d. If infestation is high and the growth of the plants rapid, spray applications should be
made at short intervals to protect the new growth, which may from otherwise be at‐
tacked by larvae repelled treated older foliage. Furthermore, short interval strategy will
give better spray distribution and increase the chance of obtaining direct spray im‐
pingement on adults, larvae, and eggs [90].

e. For crops in which higher economic thresholds are acceptable, integration of synthetic
insecticide and beneficial insects becomes a practical possibility. The integration of
chemical and biological control is often critical to the success of an IPM programme for
arthropod pests [92, 93]. To combine the use of natural enemies with insecticides appli‐
cation, the chemical residues must be minimally toxic to the natural enemies to prevent
its population being killed and the target pests increasing again [94]. Toxicological stud‐
ies that only evaluate the lethal effects may underestimate the negative effects of insecti‐
cides on natural enemies and hence, sublethal effects should be assessed to estimate the
total effect of insecticides on biological performance of natural enemies [95]. However,
even though several studies showed that sublethal effects of insecticides can affect effi‐
ciency of natural enemies [96, 97], such effects on these organisms are rarely taken into
account when IPM programmes are established and only mortality tests are considered
when a choice between several insecticides must be made. Accordingly, to achieve max‐
imum benefit from insecticides application and to reduce the selective pressure and de‐
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velopment of insecticide resistance, insecticide at low concentrations may be used in
combination with biological control.

8.2. Biological control

The most interesting component of IPM for many people is biological control. It is also the
most complicated as there is a diverse range of species and types of predators, parasitoids
and pathogens. The value of biological control agents in integrated pest management is be‐
coming more apparent as researches are conducted. Natural enemies clearly play an impor‐
tant role in integrated management of Helicoverpa spp., particularly in low value crops
where they may remove the need for any chemical intervention. Likewise in high value
crops (such as cotton and tomato) beneficial species provide considerable benefit but are un‐
able to provide adequate control alone, especially in situations where migratory influxes of
Helicoverpa result in significant infestations [14]. However, although parasitoids and preda‐
tors cannot be relied upon for complete control of H. armigera in unsprayed area, knowledge
about their role in cropping systems where H. armigera is an important pest is an essential
component in the development of integrated management.

Before using a natural enemy in a biological control programme, it is essential to know
about its efficiency. However, study of demographic parameters and foraging behaviors of
natural enemies is the reliable criteria for assessment of their efficiency. Among the demo‐
graphic parameters, intrinsic rate of increase (rm) is a key parameter in the prediction of pop‐
ulation growth potential and has been widely used to evaluate efficiency of natural enemies
[22, 76, 98, 99]. In addition to demographic parameters, another important aspect for assess‐
ing the efficiency of natural enemies is the study of their foraging behaviors including func‐
tional, numerical and aggregation responses, mutual interference, preference and switching
[100-110]. Such information is essential to interpret how the natural enemies live, how they
influence the population dynamics of their hosts/preys, and how they influence the struc‐
ture of the insect communities in which they exist [111].

8.2.1. Parasitoids

The most common parasitoids that contribute to mortality of Helicoverpa  spp. are shown
in  Table  7.  Studies  on  the  effects  of  parasitoids  in  biological  control  of  H.  armigera  fo‐
cused  on  monitoring  parasitism  of  eggs  and  larvae.  In  Botswana,  parasitism  of  larvae
collected from different crops averaged up to 50% on sorghum, 28% on sunflower,  49%
on cowpeas and 76% on cotton [112]. These results showed that parasitoids had a crucial
role  in  management  of  H.  armigera.  However,  this  level  of  parasitism  is  higher  when
compared to the results from East Africa where the level of parasitism was generally low
(<5%) or absent [113]. Surveys made of the parasitoid of Helicoverpa  spp. in cotton fields
of Texas by Shepard and Sterling [114] showed that larval parasitoids accounted for ap‐
proximately 7% regulation of Helicoverpa spp. Such investigations highlight importance of
parasitoids  in  integrated  management  of  H.  armigera  in  different  cropping  systems
around the world.
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Order Family Parasitoid species References

Hymenoptera Trichogrammatidae Trichogramma pretiosum Riley [115]

Trichogramma exiguum Pinto and Platner [114]

Trichogramma australicum Girault [116]

Trichogramma pretiosum Riley [117]

Braconidae Microplitis croceipes (Cresson) [115]

Habrobracon brevicornis Wesm. [118]

Habrobracon hebetor Say [17]

Cardiochiles nigriceps Vierick [114]

Chelonus insularis Cresson [119]

Apanteles marginiventris (Cresson) [114]

Meteorus sp. [120]

Apanteles ruficrus Hal. [120]

Apanteles kazak Telenga [121]

Microplitis demolitor Wilkinson [120]

Microplitis rufiventris Kok., [118]

Chelonus inanitus (L.), [118]

Chelonus versalis Wilkn [112]

Ichneumonidae Campoletis sonorensis Cameron [123]

Netelia sp. [120]

Hyposoter didymator (Thunb.) [123]

Heteropelma scaposum (Morley) [120]

Barylypa humeralis Brauns [118]

Campoletis chlorideae Uchida [124, 125]

Pristomerus spp. [112]

Charops spp. [112]

Scelionidae Telonomus spp. [112]

Diptera Tachinidae Archytas marmoratus (Townsend) [114]

Eucelatoria bryani Sabrosky [114]

Lespesia archippivora (Riley) [126]

Winthemia sp. [120]

Chaetophthalmus dorsalis (Malloch) [127]

Palexorista laxa (Curran) [124]

Exorista fallax Mg., [124]

Goriophthalmus halli Mesnil [124]

Palexorista sp. [112]

Paradrino halli Curran [112]

Table 7. The most common parasitoids of Helicoverpa spp.
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8.2.2. Predators

The most important predators of Helicoverpa spp. are listed in Table 8. In some cropping sys‐
tems these predators have considerable impact on population of Helicoverpa spp. These bio‐
logical control agents have been reported as major factors in mortalities of H. armigera in
cotton agroecosystems in South Africa and in smallholder crops in Kenya. In South Africa
the average daily predation rates of 37% and 30% of H. armigera eggs and larvae, respective‐
ly were found in absence of insecticides [128]. Regarding this considerable potential, some of
these predators could be candidated for implementation of biological control programmes.
Accordingly, the species of Sycanus indagator (Stal) was imported from India to the USA. In
another programme, Pristhesancus papuensis Stal was introduced from Australia to the USA
and its efficiency was evaluated in laboratory [120].

Order Family Predator species References

Coleoptera Coccinelliadae Scymnus moreletti Sic [118]

Exochomus flavipes (Thunberg) [128]

Cheilomenes propinqua (Mulsant) [128]

Hippodamia varigata Goeze [128]

Coccinella sp. [118]

Carabidae Calosoma spp. [129]

Staphilinidae - [128]

Hymenoptera Formicidae Pheidole spp. [128]

Myrmicaria spp. [128]

Dorylus spp. [128]

Hemiptera Miridae Campylomma sp. [128]

Anthocoridae Orius thripoborus (Hesse) [113]

Cardiastethus exiguous (Poppius) [113]

Orius albidipenrzis (Reuter), [113]

Orius tantillus (Motschulsky) [113]

Blaptostethus sp. [113]

Cardiastethus sp. [113]

Reduviidae Sycanus indagator (Stal) [130]

Reduviidae Pristhesancus papuensis Stal [120]

Pentatomidae Podisus maculiventris (Say) [131]

Nabidae Nabis spp. [129]

Lygaeidae Geocoris punctipes (Say) [131]

Neuroptera Chrysopidae Chrysoperla carnea (Stephens) [132]

Table 8. Important predators of Helicoverpa spp.
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8.2.3. Pathogens

Naturally occurring entomopathogens are important regulatory factors in insect popula‐
tions. The application of microorganisms for control of insect pests was proposed by notable
early pioneers in invertebrate pathology such as Agostino Bassi, Louis Pasteur and Elie
Metchnikoff [133]. However, it was not until the development of the bacterium Bacillus thur‐
ingiensis Berliner (Bt) that the use of microbes for the control of insects became widespread.
Today a variety of entomopathogens (bacteria, viruses, fungi, protozoa, and nematodes) are
used for the control of insect pests [134]. However, when environmental benefits of these
pathogens including safety for humans and other nontarget organisms, reduction of pesti‐
cide residues in food and environment, increased activity of most other natural enemies and
increased biodiversity in managed ecosystems are taken into account, their advantages are
numerous. There are also some disadvantages, mostly linked with their persistence, speed
of kill, specificity (too broad or too narrow host range) and cost relative to conventional
chemical insecticides. However, their increased utilization will require (a) increased patho‐
gen virulence and speed of kill; (b) improved pathogen performance under challenging en‐
vironmental conditions; (c) greater efficiency in their production; (d) improvements in
formulation that enable ease of application, increased environmental persistence, and longer
shelf life; (e) better understanding of how they will fit into integrated systems and their in‐
teraction with the environment and other IPM components and (f) acceptance by growers
and the general public [134].

The critical need for safe and effective alternatives to chemical insecticides in integrated
management of H. armigera has stimulated considerable interest in using pathogens as bio‐
logical control agents. A list of some isolated microorganisms from Helicoverpa spp. is pre‐
sented in Table 9. Among these microorganisms, nuclear polyhedrosis virus (NPV) and B.
thuringiensis have a considerable effect on population of H. armigera. Potential of these
pathogens in management programmes of H. armigera were evaluated by several research‐
ers. Roome [135] tested a commercial preparation of NPV against H. armigera. The results
showed that NPV was as effective as a standard insecticide in reducing yield loss on sor‐
ghum due to damage by H. armigera. In addition, the long survival of NPV on sorghum (80
days) indicated that a single application of NPV was adequate to protect the crop for a
growing season. In another study, Moore et al. [136] showed that NPV has potential in man‐
agement of H. armigera on citrus trees. Recent work by Jeyarani et al. [137] revealed that NPV
has an acceptable efficiency in control of H. armigera on cotton and chickpea.

Pathogenicity of B. thuringiensis for management of H. armigera population was investigated
by several researchers [19, 144]. They showed that larvae ingest enough quantities of B. thur‐
ingiensis toxins to die, or at least to reduce its weight and development, depending on the
toxin and conditions of the experiment. In a recent study, sublethal effects of B. thuringiensis
on biological performance of H. armigera were investigated [Sedaratian and Fathipour, un‐
published data]. According to results obtained, values recorded for duration of total imma‐
ture stages increased from 31.87 days in control to 37.17 days in LC25. Furthermore, female
longevity decreased from 13.14 days to 7.23 days. Fecundity was also negatively affected in
female moths developed from treated neonates, with the rate of egg hatchability reaching
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zero. The results obtained also revealed that the sublethal effects of B. thuringiensis could
carry over to the next generation. The intrinsic and finite rates of increase (rm and λ, respec‐
tively) were significantly lower in insects treated with sublethal concentrations compared to
control. Consequent with the reduce rate of development observed for H. armigera treated
with B. thuringiensis, the doubling time (DT) were significantly higher in insects exposed to
any concentration tested compared to control (Table 10). However, according to results ob‐
tained, B. thuringiensis could play a critical role in integrated management of H. armigera.

Group Family Pathogen species References

Bacteria Enterobacteriaceae Pantoea agglomerans (Ewing and Fife) [138]

Bacillaceae Bacillus thuringiensis Berliner [19]

Fungi Cordycipitaceae Beauveria bassiana (Balsamo) [139]

Clavicipitaceae Metarhizium anisopliae (Metsch.) [140]

Moniliaceae Nomuraea rileyi (Farlow) Samson [141]

Viruses Baculoviridae Nuclear Polyhedrosis Virus [142]

Nematoda Heterorhabditidae Heterorhabditis bacteriophora Poinar [143]

Steinernematidae Steinernema carpocapsae (Weiser) [143]

Steinernema feltiae (Filipjev) [143]

Table 9. Some of the isolated microorganisms from Helicoverpa spp.

Generation Parameter Treatments

Control LC 5 LC 10 LC 15 LC 20 LC 25

Parental Total immature

stages

31.87±0.38

c

34.81±0.24

b

35.63±0.52

b

34.74±0.31

b

36.17±0.42

ab

37.17±0.43

a

Female

longevity

13.14±0.40

a

11.69±0.48

ab

10.28±0.86

bc

10.06±0.67

bc

9.27±0.44

c

7.23±0.44

d

Total fecundity 789.52±42.68

a

665.13±52.46

b

601.00±45.72

b

532.53±33.70

b

376.00±21.95

c

98.46±12.33

d

Offspring rm (day-1) 0.19±0.00

a

0.18±0.00

a

0.16±0.00

b

0.14±0.00

c

0.13±0.00

d

-*

λ (day-1) 1.21±0.00

a

1.20±0.00

a

1.1±0.00

b

1.16±0.01

c

1.14±0.00

d

-

DT (day) 3.59±0.05

d

3.75±0.05

d

4.29±0.08

c

4.78±0.08

b

5.33±0.16

a

-

Means in a row followed by the same letters are not significantly different (P <0.05) (S.N.K.)

* In this treatment hatch rate reaching zero.

Table 10. Sublethal effects of Bacillus thuringiensis on biological performance of Helicoverpa armigera in two
subsequent generations.
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* In this treatment hatch rate reaching zero.

Table 10. Sublethal effects of Bacillus thuringiensis on biological performance of Helicoverpa armigera in two
subsequent generations.
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The reliance on the entomopathogens for management of H. armigera, however, is risky
since the different factors that govern epizootics. Accordingly, in most cases no single micro‐
bial control agent will provide sustainable control of this pest. Nevertheless, as components
of an integrated management programme, entomopathogens can provide significant and se‐
lective control [134]. In the not too distant future we envision a broader appreciation for the
attributes of entomopathogens and expect to see synergistic combinations of microbial con‐
trol agents with other technologies that will enhance the effectiveness and sustainability of
integrated management of H. armigera.

8.3. Cultural control

Cultural control is the deliberate manipulation of the cropping or soil system environment
to make it less favorable for pests or making it more favorable for their natural enemies.
Many procedures such as tillage, host plant resistance, planting, irrigation, fertilizer applica‐
tions, destruction of crop residues, use of trap crops, crop rotation, etc. can be employed to
achieve cultural control. Early workers used cultural practices as the mainstay of their insect
control efforts. Newsom [145] pointed out that the rediscovery of the importance of cultural
control tactics has provided highly effective components of pest management systems. Al‐
though some cultural practices have a noticeable potential in integrated management, use of
some cultural controls is not universally beneficial. For example, providing nectar sources
for beneficial insects may also provide nectar sources for pests.

8.3.1. Uncultivated marginal areas and abundance of natural enemies

Monoculture in modern agriculture, especially in annual crops, often discriminates against
natural enemies and favors development of explosive pest populations. According to Fye
[146], management of naturally occurring populations of insect predators may depend on
knowledge of the succession of winter weeds and crops that provide natural hosts for food
and shelter. The results obtained by Whitcomb and Bell [147] revealed that very few preda‐
tors move directly from overwintering sites to field and pass one or two generations on
weeds in the uncultivated marginal areas. In a 2-year study on the abundance of predators
of Helicoverpa spp. in the various habitats in the Delta of Mississippi, predator populations in
all the marginal areas were observed to be much higher than in the more homogeneous
areas such as soybean fields.

8.3.2. Intercropping and its effect on natural enemies

Dispersal from target area often reduces the effectiveness of natural enemies especially in
augmentation programmes. To minimize this shortcoming, provision of supplemental re‐
sources such as food to maintain, arrest or stimulate the released natural enemy could pro‐
vide mechanisms for managing parasitoids and predators [148]. Accordingly, some
environmental manipulation could affect efficiency of a natural enemy during biological
control programmes of Helicoverpa spp. Roome [149] suggested that increasing plant diversi‐
ty in cropping systems by intercropping crops carrying nectars could enhance effectiveness
of natural enemies. When different host plants of H. armigera are interplanted, population of
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H. armigera and its natural enemies on a crop are influenced by neighboring crops, both di‐
rectly and indirectly. Direct influences include preference for one crop over the other by ovi‐
positing moths and the movement of larvae and natural enemies between interplanted
crops. Indirect influences arise when H. armigera infestation on one crop is influenced by the
population build-up or mortality level on neighboring crops [113].

8.3.3. Ploughing and early planting effects on Helicoverpa populations

An alternative and often complementary strategy for management of H. armigera is the con‐
trol of overwintering pupae through the practice of pupae busting which has been used in
several cropping areas. Ploughing in late maturing crops in winter increase the mortality of
any pupae formed in cropland by exposing them to heat and predation. The other cultural
control method is early planting which avoids the seasonal peaks of population thereby
avoiding very heavy larval infestations and reducing the overwintering population [150].

8.3.4. Trap crops and management of H. armigera

The recent resurgence of interest in trap cropping as an IPM tool is the result of concerns
about potential negative effects of pesticides. Prior to the introduction of modern synthetic
insecticides, trap cropping was a common method of pest control for several cropping sys‐
tems [150]. Trap crops have been defined as “plant stands that are, per se or via manipula‐
tion, deployed to attract, divert, intercept and retain targeted insects or the pathogens they
vector in order to reduce damage to the main crop” [151, 152]. Trap cropping is essentially a
method of concentrating a pest population into a manageable area by providing the pest
with an area of a preferred host crop and when strategically planned and managed, can be
utilized at different times throughout the year to help manage a range of pests. For example,
spring trap crops are designed to attract H. armigera as they emerge from overwintering pu‐
pae. A trap crop, strategically timed to flower in the spring, can help to reduce the early sea‐
son buildup of H. armigera in a district. Spring trap cropping, in conjunction with good
Helicoverpa control in crops and pupae busting in autumn, is designed to reduce the size of
the local Helicoverpa population. On the other hand, summer trap cropping has quite a dif‐
ferent aim from that of spring trap cropping. A summer trap crop aims to draw Helicoverpa
away from a main crop and concentrate them in another crop. Once concentrated into the
trap crop, the Helicoverpa larvae can be controlled. Finally, in addition to diverting insect
pests away from the main crop, trap crops can also reduce insect pest populations by en‐
hancing populations of natural enemies within the field. For example, a sorghum trap crop
used to manage H. armigera, also increases rates of parasitism by Trichogramma chilonis Ishii
[153]. However, to avoid creating a nursery for H. armigera, the trap crop must be destroyed
prior to the pupation of the first large H. armigera larvae. Furthermore, to protect the trap
crop from large infestations of Helicoverpa spp. spraying may be required.

8.3.4.1. Trap crops and push-pull strategy in integrated management of H. armigera

The term push-pull was first applied as a strategy for IPM by Pyke et al.  in Australia in
1987  [154].  They  investigated  the  use  of  repellent  and  attractive  stimuli,  to  manipulate

Integrated Management of Helicoverpa armigera in Soybean Cropping Systems
http://dx.doi.org/10.5772/54522

253



The reliance on the entomopathogens for management of H. armigera, however, is risky
since the different factors that govern epizootics. Accordingly, in most cases no single micro‐
bial control agent will provide sustainable control of this pest. Nevertheless, as components
of an integrated management programme, entomopathogens can provide significant and se‐
lective control [134]. In the not too distant future we envision a broader appreciation for the
attributes of entomopathogens and expect to see synergistic combinations of microbial con‐
trol agents with other technologies that will enhance the effectiveness and sustainability of
integrated management of H. armigera.

8.3. Cultural control

Cultural control is the deliberate manipulation of the cropping or soil system environment
to make it less favorable for pests or making it more favorable for their natural enemies.
Many procedures such as tillage, host plant resistance, planting, irrigation, fertilizer applica‐
tions, destruction of crop residues, use of trap crops, crop rotation, etc. can be employed to
achieve cultural control. Early workers used cultural practices as the mainstay of their insect
control efforts. Newsom [145] pointed out that the rediscovery of the importance of cultural
control tactics has provided highly effective components of pest management systems. Al‐
though some cultural practices have a noticeable potential in integrated management, use of
some cultural controls is not universally beneficial. For example, providing nectar sources
for beneficial insects may also provide nectar sources for pests.

8.3.1. Uncultivated marginal areas and abundance of natural enemies

Monoculture in modern agriculture, especially in annual crops, often discriminates against
natural enemies and favors development of explosive pest populations. According to Fye
[146], management of naturally occurring populations of insect predators may depend on
knowledge of the succession of winter weeds and crops that provide natural hosts for food
and shelter. The results obtained by Whitcomb and Bell [147] revealed that very few preda‐
tors move directly from overwintering sites to field and pass one or two generations on
weeds in the uncultivated marginal areas. In a 2-year study on the abundance of predators
of Helicoverpa spp. in the various habitats in the Delta of Mississippi, predator populations in
all the marginal areas were observed to be much higher than in the more homogeneous
areas such as soybean fields.

8.3.2. Intercropping and its effect on natural enemies

Dispersal from target area often reduces the effectiveness of natural enemies especially in
augmentation programmes. To minimize this shortcoming, provision of supplemental re‐
sources such as food to maintain, arrest or stimulate the released natural enemy could pro‐
vide mechanisms for managing parasitoids and predators [148]. Accordingly, some
environmental manipulation could affect efficiency of a natural enemy during biological
control programmes of Helicoverpa spp. Roome [149] suggested that increasing plant diversi‐
ty in cropping systems by intercropping crops carrying nectars could enhance effectiveness
of natural enemies. When different host plants of H. armigera are interplanted, population of
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H. armigera and its natural enemies on a crop are influenced by neighboring crops, both di‐
rectly and indirectly. Direct influences include preference for one crop over the other by ovi‐
positing moths and the movement of larvae and natural enemies between interplanted
crops. Indirect influences arise when H. armigera infestation on one crop is influenced by the
population build-up or mortality level on neighboring crops [113].

8.3.3. Ploughing and early planting effects on Helicoverpa populations

An alternative and often complementary strategy for management of H. armigera is the con‐
trol of overwintering pupae through the practice of pupae busting which has been used in
several cropping areas. Ploughing in late maturing crops in winter increase the mortality of
any pupae formed in cropland by exposing them to heat and predation. The other cultural
control method is early planting which avoids the seasonal peaks of population thereby
avoiding very heavy larval infestations and reducing the overwintering population [150].

8.3.4. Trap crops and management of H. armigera

The recent resurgence of interest in trap cropping as an IPM tool is the result of concerns
about potential negative effects of pesticides. Prior to the introduction of modern synthetic
insecticides, trap cropping was a common method of pest control for several cropping sys‐
tems [150]. Trap crops have been defined as “plant stands that are, per se or via manipula‐
tion, deployed to attract, divert, intercept and retain targeted insects or the pathogens they
vector in order to reduce damage to the main crop” [151, 152]. Trap cropping is essentially a
method of concentrating a pest population into a manageable area by providing the pest
with an area of a preferred host crop and when strategically planned and managed, can be
utilized at different times throughout the year to help manage a range of pests. For example,
spring trap crops are designed to attract H. armigera as they emerge from overwintering pu‐
pae. A trap crop, strategically timed to flower in the spring, can help to reduce the early sea‐
son buildup of H. armigera in a district. Spring trap cropping, in conjunction with good
Helicoverpa control in crops and pupae busting in autumn, is designed to reduce the size of
the local Helicoverpa population. On the other hand, summer trap cropping has quite a dif‐
ferent aim from that of spring trap cropping. A summer trap crop aims to draw Helicoverpa
away from a main crop and concentrate them in another crop. Once concentrated into the
trap crop, the Helicoverpa larvae can be controlled. Finally, in addition to diverting insect
pests away from the main crop, trap crops can also reduce insect pest populations by en‐
hancing populations of natural enemies within the field. For example, a sorghum trap crop
used to manage H. armigera, also increases rates of parasitism by Trichogramma chilonis Ishii
[153]. However, to avoid creating a nursery for H. armigera, the trap crop must be destroyed
prior to the pupation of the first large H. armigera larvae. Furthermore, to protect the trap
crop from large infestations of Helicoverpa spp. spraying may be required.

8.3.4.1. Trap crops and push-pull strategy in integrated management of H. armigera

The term push-pull was first applied as a strategy for IPM by Pyke et al.  in Australia in
1987  [154].  They  investigated  the  use  of  repellent  and  attractive  stimuli,  to  manipulate
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the distribution of  Helicoverpa  spp.  in cotton fields.  Push-pull  strategies involve the “be‐
havioral  manipulation  of  insect  pests  and  their  natural  enemies  via  the  integration  of
stimuli  that  act  to  make  the  protected  resource  unattractive  or  unsuitable  to  the  pests
(push)  while  luring  them  toward  an  attractive  source  (pull)  from  where  the  pests  are
subsequently  removed”.  The  strategy  is  a  useful  tool  for  integrated  pest  management
programmes reducing pesticide input [155].

In plant-based systems, naturally generated plant stimuli can be exploited using vegetation
diversification, including trap cropping and these crops have a crucial role as one of the
most important stimuli for pull components. The host plant stimuli responsible for making a
particular plant growth stage, cultivar, or species naturally more attractive to pests than the
plants to be protected can be delivered as pull components by trap crops [155]. However,
the relative attractiveness of the trap crop compared with the main crop, the ratio of the
main crop given to the trap crop, its spatial arrangement (i.e., planted as a perimeter or in‐
tercropped trap crop), and the colonization habits of the pest are crucial to success and re‐
quire a thorough understanding of the behavior of the pest [156].

In the case of Helicoverpa spp. on cotton in Australia, the potential of combining the applica‐
tion of neem seed extracts to the main crop (push) with an attractive trap crop, either pi‐
geonpea or maize (pull), to protect cotton crops from H. armigera and H. punctigera has been
investigated [153]. Trap crops, particularly pigeonpea, reduced the number of eggs on cot‐
ton plants in target areas. In trials, the push-pull strategy was significantly more effective
than the individual components alone. The potential of this strategy was supported by a re‐
cent study in India. Neem, combined with a pigeonpea or okra trap crop, was an effective
strategy against H. armigera [157].

8.3.5. Host plant resistance

Plants that are inherently less damaged or infested by insect pests in comparable environ‐
ments are considered resistant [158]. Host plant resistance (HPR) is recognized as the most
effective component of IPM and has been considered to replace broad spectrum insecticides.
A resistant host plant provides the basic foundation on which structures of IPM for different
pests can be built [159]. The advantage that farmers gain in using cultural control with sus‐
ceptible cultivars would certainly be enhanced when combined with the resistant cultivars.
Adkisson and Dyck [160] stated that resistant cultivars are highly desirable in a cultural con‐
trol systems designed to maintain pest numbers below the economic injury level (EIL) while
preserving the natural enemies. Besides, even low level of resistance is important because of
reduction of the need for other control measures in the crop production systems. Further‐
more, with low value crops, where chemical control is not economical, the use of HPR may
be the only economic solution to a pest problem [46]. However, the most advantageous fea‐
tures of HPR are the following: (a) cheapest technology; (b) easiest to introduce; (c) is specify
to one or several pests; (d) cumulative effectiveness makes high level of resistance unneces‐
sary; (e) is persistence; (f) can easily be adopted into normal farm operations; (g) is compati‐
ble with other control tactics in IPM such as chemical, biological and cultural control; (H)
reducing the costs to the growers and (I) it is not detrimental to the environment [160, 161].
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Generally, the phenomena of resistance are based on heritable traits. However, some traits
fluctuate widely in different environmental conditions. Accordingly, plant resistance may be
classified as genetic, implying the traits that are under the primary control of genetic factors;
or ecological, implying the traits that are under the primary control of environmental fac‐
tors. Host plants with genetic resistance to insect pest are very pleasure in IPM programmes
[159]. This type of resistance is subdivided into two categories including induced and con‐
stitutive resistance. If biotic and abiotic environmental factors reduces insect fitness or nega‐
tively affects host selection processes, the effect is called induced resistance. On the other
hand, constitutive resistance involves inherited characters whose expression, although influ‐
enced by the environment, is not triggered by environmental factors [41]. However, genetic
resistance to insect pest could be results of three distinct mechanisms including antixenosis,
antibiosis and tolerance. Antixenosis is the resistance mechanism employed by plant to de‐
ter or reduce colonization by insect. Antibiosis is the resistance mechanism that operates af‐
ter the insect have colonized and started utilizing the plant. This mechanism could affect
growth, development, reproduction and survivorship of insect pests and therefore, is the
most important mechanism for IPM purposes. Tolerance is a characteristic of some plants
that enable them to withstand or recover from insect damage [159].

Plant resistance to insect pests can be inherited in two distinct ways including vertical (mon‐
ogenic) and horizontal (polygenic) resistance. Vertical resistance is generally controlled by a
single gene, referred as R-gene. These R-genes can be remarkably effective in suppression of
pest populations and can confer complete resistance. However, each R-gene confers resist‐
ance to only one insect pest and thus, depending on the pest species in specific area a culti‐
var may appear strongly resistant or completely susceptible. Horizontal resistance is also
known as polygenic resistance due to this type of resistance is controlled by many genes.
Unlike vertical resistance, horizontal resistance generally does not completely prevent a
plant from becoming damaged. For insect pests, this type of resistance may slow the infec‐
tion process so much that the pest does not grow well or spread to other plants. However,
because of the large number of genes involved, it is much more difficult to breed cultivars
with horizontal resistance to insect pests [162].

8.3.5.1. Plant resistance to H. armigera

To evaluate plant resistance to H. armigera several researchers evaluate population growth
parameters of this pest on different host plants. Table 11 presents the main finding of several
studies regarding to population growth parameters of this noctuid pest on different crop
plants. However, information about population growth parameters of H. armigera on differ‐
ent host plants could reveal the suitability of one crop for this noctuid pest than other host
plants.

In the case of H. armigera on different soybean cultivars, resistance of some cultivars to this
noctuid pest was evaluated under laboratory conditions [6]. Results obtained by these re‐
searchers showed that various soybean cultivars differed greatly in suitability as diets for H.
armigera when measured in terms of development, survivorship, life table parameters and
nutritional indices. Fathipour and Naseri [11] presented detailed information regarding
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the distribution of  Helicoverpa  spp.  in cotton fields.  Push-pull  strategies involve the “be‐
havioral  manipulation  of  insect  pests  and  their  natural  enemies  via  the  integration  of
stimuli  that  act  to  make  the  protected  resource  unattractive  or  unsuitable  to  the  pests
(push)  while  luring  them  toward  an  attractive  source  (pull)  from  where  the  pests  are
subsequently  removed”.  The  strategy  is  a  useful  tool  for  integrated  pest  management
programmes reducing pesticide input [155].

In plant-based systems, naturally generated plant stimuli can be exploited using vegetation
diversification, including trap cropping and these crops have a crucial role as one of the
most important stimuli for pull components. The host plant stimuli responsible for making a
particular plant growth stage, cultivar, or species naturally more attractive to pests than the
plants to be protected can be delivered as pull components by trap crops [155]. However,
the relative attractiveness of the trap crop compared with the main crop, the ratio of the
main crop given to the trap crop, its spatial arrangement (i.e., planted as a perimeter or in‐
tercropped trap crop), and the colonization habits of the pest are crucial to success and re‐
quire a thorough understanding of the behavior of the pest [156].

In the case of Helicoverpa spp. on cotton in Australia, the potential of combining the applica‐
tion of neem seed extracts to the main crop (push) with an attractive trap crop, either pi‐
geonpea or maize (pull), to protect cotton crops from H. armigera and H. punctigera has been
investigated [153]. Trap crops, particularly pigeonpea, reduced the number of eggs on cot‐
ton plants in target areas. In trials, the push-pull strategy was significantly more effective
than the individual components alone. The potential of this strategy was supported by a re‐
cent study in India. Neem, combined with a pigeonpea or okra trap crop, was an effective
strategy against H. armigera [157].

8.3.5. Host plant resistance

Plants that are inherently less damaged or infested by insect pests in comparable environ‐
ments are considered resistant [158]. Host plant resistance (HPR) is recognized as the most
effective component of IPM and has been considered to replace broad spectrum insecticides.
A resistant host plant provides the basic foundation on which structures of IPM for different
pests can be built [159]. The advantage that farmers gain in using cultural control with sus‐
ceptible cultivars would certainly be enhanced when combined with the resistant cultivars.
Adkisson and Dyck [160] stated that resistant cultivars are highly desirable in a cultural con‐
trol systems designed to maintain pest numbers below the economic injury level (EIL) while
preserving the natural enemies. Besides, even low level of resistance is important because of
reduction of the need for other control measures in the crop production systems. Further‐
more, with low value crops, where chemical control is not economical, the use of HPR may
be the only economic solution to a pest problem [46]. However, the most advantageous fea‐
tures of HPR are the following: (a) cheapest technology; (b) easiest to introduce; (c) is specify
to one or several pests; (d) cumulative effectiveness makes high level of resistance unneces‐
sary; (e) is persistence; (f) can easily be adopted into normal farm operations; (g) is compati‐
ble with other control tactics in IPM such as chemical, biological and cultural control; (H)
reducing the costs to the growers and (I) it is not detrimental to the environment [160, 161].
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Generally, the phenomena of resistance are based on heritable traits. However, some traits
fluctuate widely in different environmental conditions. Accordingly, plant resistance may be
classified as genetic, implying the traits that are under the primary control of genetic factors;
or ecological, implying the traits that are under the primary control of environmental fac‐
tors. Host plants with genetic resistance to insect pest are very pleasure in IPM programmes
[159]. This type of resistance is subdivided into two categories including induced and con‐
stitutive resistance. If biotic and abiotic environmental factors reduces insect fitness or nega‐
tively affects host selection processes, the effect is called induced resistance. On the other
hand, constitutive resistance involves inherited characters whose expression, although influ‐
enced by the environment, is not triggered by environmental factors [41]. However, genetic
resistance to insect pest could be results of three distinct mechanisms including antixenosis,
antibiosis and tolerance. Antixenosis is the resistance mechanism employed by plant to de‐
ter or reduce colonization by insect. Antibiosis is the resistance mechanism that operates af‐
ter the insect have colonized and started utilizing the plant. This mechanism could affect
growth, development, reproduction and survivorship of insect pests and therefore, is the
most important mechanism for IPM purposes. Tolerance is a characteristic of some plants
that enable them to withstand or recover from insect damage [159].

Plant resistance to insect pests can be inherited in two distinct ways including vertical (mon‐
ogenic) and horizontal (polygenic) resistance. Vertical resistance is generally controlled by a
single gene, referred as R-gene. These R-genes can be remarkably effective in suppression of
pest populations and can confer complete resistance. However, each R-gene confers resist‐
ance to only one insect pest and thus, depending on the pest species in specific area a culti‐
var may appear strongly resistant or completely susceptible. Horizontal resistance is also
known as polygenic resistance due to this type of resistance is controlled by many genes.
Unlike vertical resistance, horizontal resistance generally does not completely prevent a
plant from becoming damaged. For insect pests, this type of resistance may slow the infec‐
tion process so much that the pest does not grow well or spread to other plants. However,
because of the large number of genes involved, it is much more difficult to breed cultivars
with horizontal resistance to insect pests [162].

8.3.5.1. Plant resistance to H. armigera

To evaluate plant resistance to H. armigera several researchers evaluate population growth
parameters of this pest on different host plants. Table 11 presents the main finding of several
studies regarding to population growth parameters of this noctuid pest on different crop
plants. However, information about population growth parameters of H. armigera on differ‐
ent host plants could reveal the suitability of one crop for this noctuid pest than other host
plants.

In the case of H. armigera on different soybean cultivars, resistance of some cultivars to this
noctuid pest was evaluated under laboratory conditions [6]. Results obtained by these re‐
searchers showed that various soybean cultivars differed greatly in suitability as diets for H.
armigera when measured in terms of development, survivorship, life table parameters and
nutritional indices. Fathipour and Naseri [11] presented detailed information regarding

Integrated Management of Helicoverpa armigera in Soybean Cropping Systems
http://dx.doi.org/10.5772/54522

255



evaluation of soybean resistance to H. armigera in a book chapter entitled “ Soybean cultivars
affecting performance of Helicoverpa armigera (Lepidoptera: Noctuidae) ”. This chapter is
now freely available on the INTECH website at http://www.intechopen.com/articles/show/
title/soybean-cultivars-affecting-performance-of-helicoverpa-armigera-lepidoptera-noctui‐
dae-. However, a review of literature showed that a little information regarding resistance
evaluation in field conditions is available and hence, for sustainable management of H. armi‐
gera in soybean cropping systems more attention should be devoted to fill this gap.

Crop Experimental conditions R 0 (female

offspring)

rm

(day-1)

T

(day)

DT

(day)

References

Temperature

°C

Diet type

Canola (10) a 25 artificial b 157.4 - 331.5 0.153 - 0.179 31.10 - 36.10 3.80 - 4.50 [12]

Chickpea 25 artificial 359.67 0.161 33.28 4.27 [c]

Chickpea (4) 25 artificial 59.49 - 195.00 0.140 - 0.205 24.11 - 30.36 3.40 - 4.88 [d]

Common bean 27 leaf and fruit 19.50 - - - [163]

Corn 25 artificial 203.14 0.130 40.56 5.29 [84]

Corn 25 artificial 147.40 0.126 37.90 5.62 [c]

Corn 27 leaf and fruit 44.50 - - - [163]

Corn cob 50.1 0.0853 46.6 - [164]

Cotton 27 leaf and fruit 117.60 - - - [163]

Cowpea 25 artificial 228.5 0.131 34.88 5.28 [e]

Cowpea 25 artificial 365.66 0.180 31.62 3.92 [c]

Cowpea 25 artificial 250.60 0.178 30.38 3.85 [d]

Hot pepper 27 leaf and fruit 5.10 - - - [163]

Navy bean 25 artificial 294.28 0.164 32.31 4.14 [c]

Pearl millet - - 374.01 0.142 - - [165]

Soybean 25 artificial 239.69 0.161 33.28 4.23 [c]

Soybean (10) 25 artificial 16.00 - 270.00 0.084 - 0.114 36.72 - 45.28 6.08 - 8.10 [6]

Soybean (13) 25 leaf and pod 89.35 - 354.92 0.132 - 0.185 28.85 - 36.61 3.75 - 5.23 [166]

Sunflower - - 143.77 0.113 - 6.11 [167]

Tobacco 27 leaf 11.70 - - - [163]

Tomato 27 leaf and fruit 9.5 - - - [163]

Tomato (10) 25 leaf and fruit 1.36 - 62.32 0.008 - 0.137 30.26 - 37.34 5.06 - 27.41 [f]

a Digits in parentheses show number of tested cultivars.

b Artificial diet based on the seed of host plant.

[c] Baghery and Fathipour, unpublished data; [d] Fallahnejad-Mojarrad and Fathipour, unpublished data; [e] Adigozali
and Fathipour, unpublished data; [f] Safuraie and Fathipour, unpublished data.

Table 11. Effects of different host plants on some population growth parameters of Helicoverpa armigera
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8.3.5.2. Integration of HPR with other control measures and possible interactions

Several studies have been performed to investigate the possible interactions of host plant re‐
sistance to insect with other control measures. Results obtained revealed both incompatibility
and compatibility of HPR in an integrated programme. However, in IPM programmes there
can be three types of interactions between different control measures including additive, syn‐
ergistic, and antagonistic. Additive interaction means the combined effect of two control meas‐
ures is equal to the sum of the effect of the two measures taken separately. In synergistic
interaction, the effect of two control measures taken together is greater than the sum of their
separate effect. Finally, antagonistic interaction means that the effect of two control measures is
actually less than the sum of their effects taken independently of each other. However, despite
importance of such information in IPM, a little knowledge in this field is available.

8.3.5.2.1. HPR and biological control

Plant resistance and biological control are the key components of IPM for field crops and
generally considered to be compatible. Insects feeding on HPR commonly experience retard‐
ed growth and an extended developmental period. Under field conditions, such poorly de‐
veloped insect herbivores are more vulnerable to natural enemies for a longer period and
the probability of their mortality is higher. Insect herbivores that develop slowly on resistant
cultivars are more effectively regulated by the predators than those developed robustly on
the susceptible cultivars. This is because the predator has to consume more small-sized prey
to become satiated [168]. Wiseman et al. [169] found that populations of Orius insidiosus
(Say), a predator on H. zea larvae, were higher on the resistant corn hybrids than on the sus‐
ceptible ones, an indication of the compatibility of HPR and the predator.

Figure 4. Influence of a low level of plant resistance to pest attack on the effectiveness of natural enemies. ○, without
predator; ●, with predator. Predator activity fails to exert economic control of insect pests on susceptible plants (A),
whereas the same degree of predator activity exert economic control of the insect pest on plants with some degree of
resistance (B) (after van Emden and Wearing [170]).
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evaluation of soybean resistance to H. armigera in a book chapter entitled “ Soybean cultivars
affecting performance of Helicoverpa armigera (Lepidoptera: Noctuidae) ”. This chapter is
now freely available on the INTECH website at http://www.intechopen.com/articles/show/
title/soybean-cultivars-affecting-performance-of-helicoverpa-armigera-lepidoptera-noctui‐
dae-. However, a review of literature showed that a little information regarding resistance
evaluation in field conditions is available and hence, for sustainable management of H. armi‐
gera in soybean cropping systems more attention should be devoted to fill this gap.

Crop Experimental conditions R 0 (female

offspring)

rm

(day-1)

T

(day)

DT

(day)

References

Temperature

°C

Diet type

Canola (10) a 25 artificial b 157.4 - 331.5 0.153 - 0.179 31.10 - 36.10 3.80 - 4.50 [12]

Chickpea 25 artificial 359.67 0.161 33.28 4.27 [c]

Chickpea (4) 25 artificial 59.49 - 195.00 0.140 - 0.205 24.11 - 30.36 3.40 - 4.88 [d]

Common bean 27 leaf and fruit 19.50 - - - [163]

Corn 25 artificial 203.14 0.130 40.56 5.29 [84]

Corn 25 artificial 147.40 0.126 37.90 5.62 [c]

Corn 27 leaf and fruit 44.50 - - - [163]

Corn cob 50.1 0.0853 46.6 - [164]

Cotton 27 leaf and fruit 117.60 - - - [163]

Cowpea 25 artificial 228.5 0.131 34.88 5.28 [e]

Cowpea 25 artificial 365.66 0.180 31.62 3.92 [c]

Cowpea 25 artificial 250.60 0.178 30.38 3.85 [d]

Hot pepper 27 leaf and fruit 5.10 - - - [163]

Navy bean 25 artificial 294.28 0.164 32.31 4.14 [c]

Pearl millet - - 374.01 0.142 - - [165]

Soybean 25 artificial 239.69 0.161 33.28 4.23 [c]
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Tomato 27 leaf and fruit 9.5 - - - [163]

Tomato (10) 25 leaf and fruit 1.36 - 62.32 0.008 - 0.137 30.26 - 37.34 5.06 - 27.41 [f]

a Digits in parentheses show number of tested cultivars.

b Artificial diet based on the seed of host plant.

[c] Baghery and Fathipour, unpublished data; [d] Fallahnejad-Mojarrad and Fathipour, unpublished data; [e] Adigozali
and Fathipour, unpublished data; [f] Safuraie and Fathipour, unpublished data.

Table 11. Effects of different host plants on some population growth parameters of Helicoverpa armigera
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8.3.5.2. Integration of HPR with other control measures and possible interactions

Several studies have been performed to investigate the possible interactions of host plant re‐
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ures is equal to the sum of the effect of the two measures taken separately. In synergistic
interaction, the effect of two control measures taken together is greater than the sum of their
separate effect. Finally, antagonistic interaction means that the effect of two control measures is
actually less than the sum of their effects taken independently of each other. However, despite
importance of such information in IPM, a little knowledge in this field is available.
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ed growth and an extended developmental period. Under field conditions, such poorly de‐
veloped insect herbivores are more vulnerable to natural enemies for a longer period and
the probability of their mortality is higher. Insect herbivores that develop slowly on resistant
cultivars are more effectively regulated by the predators than those developed robustly on
the susceptible cultivars. This is because the predator has to consume more small-sized prey
to become satiated [168]. Wiseman et al. [169] found that populations of Orius insidiosus
(Say), a predator on H. zea larvae, were higher on the resistant corn hybrids than on the sus‐
ceptible ones, an indication of the compatibility of HPR and the predator.

Figure 4. Influence of a low level of plant resistance to pest attack on the effectiveness of natural enemies. ○, without
predator; ●, with predator. Predator activity fails to exert economic control of insect pests on susceptible plants (A),
whereas the same degree of predator activity exert economic control of the insect pest on plants with some degree of
resistance (B) (after van Emden and Wearing [170]).
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van Emden and Wearing [170] developed a simple model on the interaction of HPR with
natural enemies. On the basis of this model, the reduced rate of multiplication of aphids on
moderator resistant cultivars should magnify the plant resistance in the presence of natural
enemies (Figure 4). Danks et al. [123] stated that a number of predators and parasitoids at‐
tack early instars of Helicoverpa sp. on soybean and tobacco but generally do not attack big‐
ger larvae. But because of moderately resistance of host plants, the larvae remain in early
instars for longer period and are more likely to be parasitized. However, such interactions
are valuable phenomenon in the development of practical IPM.

However, there are instances of deleterious interactions between HPR and biological control
which could be more important in the IPM. Sometimes, plant morphological traits and plant
defense chemicals had adverse effects on the natural enemies. For example, certain geno‐
types of tobacco with glandular trichomes have been shown to severely limit the parasitiza‐
tion of the eggs of Manduca sexta (Linnaeus) by Trichogramma minutum Riley [171]. Resistant
eggplant cultivars to Tetranychus urticae Koch adversely affected biological performance of
Typhlodromus bagdasarjani Wainstein and Arutunjan [22]. These researchers stated that anti‐
biotic compounds in resistant cultivars are also toxic for T. bagdasarjani and concentrated
compounds in the T. urticae reduced effectiveness of this predator. Barbour et al. [172] found
that methylketone adversely affected the egg predators of H. zea that fed on the foliage of
wild tomato. However, plant breeders can sometimes manipulate plant traits to promote the
effectiveness of natural enemies [159]. For example, a reduction in trichomes density of cu‐
cumber leaves significantly increase effectiveness of Encarsia formosa Gahan on the green‐
house whitefly [173].

8.3.5.2.2. HPR and insect pathogens

Schultz [174] hypothesized that the effectiveness of insect pathogens may be reduced or im‐
proved, depending upon plant chemistry and variability of plant resistance. Interactions
among HPR, herbivores and their pathogens can alter pathogenicity of B. thuringiensis on M.
sexta [175]. Furthermore, insect susceptibility to the entomopathogenic fungus can also be af‐
fected by HPR. Felton and Duffey [176] reported the possible incompatibility of resistant
cultivars of tomato with NPV control of H. zea. These researchers revealed that chlorogenic
acid in resistant cultivars of tomato is oxidized by foliar phenol oxidases and generated
components binds to the occlusion bodies of NPV, thereby decreasing its pathogenicity
against H. zea.

8.3.5.2.3. HPR and chemical control

There is usually a beneficial interaction between HPR and chemical control.  Because the
toxicity  of  an insecticide  is  a  function of  insect  bodyweight,  it  is  expected that  a  lower
concentration is needed to control insect feeding on a resistant cultivar than those feed‐
ing on a susceptible ones [177].  van Emden [178] pointed out that there is  a potentially
useful  interaction  in  the  possibility  of  using  reduced  dosses  of  insecticide  on  resistant
cultivar,  when spray is  needed. This theory relies on the selectivity of the insecticide in
favor  of  natural  enemies  as  dose  rate  is  reduced  (Figure  5).  However,  it  appears  that
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even in the presence of  small  levels  of  plant  resistance,  insecticide concentration can be
reduced to one-third of that required on a susceptible cultivar [178]. This reduced use of
pesticide  not  only  benefits  the  agroecosystems  and  natural  enemies  but  also  results  in
lower  pesticide  residues  in  the  human  food  chain.  Accordingly,  Wiseman  et  al.  [179]
showed that even one low-dose application of insecticide to the resistant hybrid of corn
gave an H. zea  control  equal to that achieved with seven applications to the susceptible
hybrid.  Fathipour et  al.  [25]  compared the chemical  control  of  Eurygaster  integriceps  Put.
on resistant and susceptible cultivars of wheat. The results obtained by these researchers
revealed that  the sensitivity of  4th and 5th instar  nymphs and new adults  of  E. integri‐
ceps  to  insecticide Fenitrothion was enhanced on resistant  cultivar  compared with those
on susceptible  cultivar.  Accordingly,  the  LC50  of  insecticide on susceptible  and resistant
cultivars  for  4th  instar  nymphs was  42.16  and 33.48,  for  5th  instar  nymphs was  147.03
and 114.01 and for new adults was 303.35 and 227.88 ppm, respectively.

Figure 5. Effect of plant resistance on the selectivity of an insecticide. A: susceptible cultivar; B: resistant cultivar where
dose for the herbivore can be reduced by one third; C: dose mortality curve for carnivore; H: dose mortality curve for
herbivore; DC: dose scale for carnivore; DH: dose scale for herbivore (after van Emden, [178]).

However, in addition to negative effects on insect bodyweight, repellent chemicals or mor‐
phological traits of resistant cultivars may be effective in reduction of insecticide spray. Re‐
pellency is to be effective in limiting pest damage to treated crops and it may also keep the
pests away from their suitable resources and therefore cause indirect mortality or lower fe‐
cundity. Furthermore, repellency is equivalent to using low doses of insecticides along with
the repellent properties of the host plant [159].

8.4. Semiochemicals and their possible use in suppression of H. armigera populations

Many insects and other arthropods rely on chemical messages to communicate with each
other or to find suitable hosts. Chemical messages that trigger various behavioral responses
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tack early instars of Helicoverpa sp. on soybean and tobacco but generally do not attack big‐
ger larvae. But because of moderately resistance of host plants, the larvae remain in early
instars for longer period and are more likely to be parasitized. However, such interactions
are valuable phenomenon in the development of practical IPM.
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types of tobacco with glandular trichomes have been shown to severely limit the parasitiza‐
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Typhlodromus bagdasarjani Wainstein and Arutunjan [22]. These researchers stated that anti‐
biotic compounds in resistant cultivars are also toxic for T. bagdasarjani and concentrated
compounds in the T. urticae reduced effectiveness of this predator. Barbour et al. [172] found
that methylketone adversely affected the egg predators of H. zea that fed on the foliage of
wild tomato. However, plant breeders can sometimes manipulate plant traits to promote the
effectiveness of natural enemies [159]. For example, a reduction in trichomes density of cu‐
cumber leaves significantly increase effectiveness of Encarsia formosa Gahan on the green‐
house whitefly [173].

8.3.5.2.2. HPR and insect pathogens

Schultz [174] hypothesized that the effectiveness of insect pathogens may be reduced or im‐
proved, depending upon plant chemistry and variability of plant resistance. Interactions
among HPR, herbivores and their pathogens can alter pathogenicity of B. thuringiensis on M.
sexta [175]. Furthermore, insect susceptibility to the entomopathogenic fungus can also be af‐
fected by HPR. Felton and Duffey [176] reported the possible incompatibility of resistant
cultivars of tomato with NPV control of H. zea. These researchers revealed that chlorogenic
acid in resistant cultivars of tomato is oxidized by foliar phenol oxidases and generated
components binds to the occlusion bodies of NPV, thereby decreasing its pathogenicity
against H. zea.

8.3.5.2.3. HPR and chemical control

There is usually a beneficial interaction between HPR and chemical control.  Because the
toxicity  of  an insecticide  is  a  function of  insect  bodyweight,  it  is  expected that  a  lower
concentration is needed to control insect feeding on a resistant cultivar than those feed‐
ing on a susceptible ones [177].  van Emden [178] pointed out that there is  a potentially
useful  interaction  in  the  possibility  of  using  reduced  dosses  of  insecticide  on  resistant
cultivar,  when spray is  needed. This theory relies on the selectivity of the insecticide in
favor  of  natural  enemies  as  dose  rate  is  reduced  (Figure  5).  However,  it  appears  that
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even in the presence of  small  levels  of  plant  resistance,  insecticide concentration can be
reduced to one-third of that required on a susceptible cultivar [178]. This reduced use of
pesticide  not  only  benefits  the  agroecosystems  and  natural  enemies  but  also  results  in
lower  pesticide  residues  in  the  human  food  chain.  Accordingly,  Wiseman  et  al.  [179]
showed that even one low-dose application of insecticide to the resistant hybrid of corn
gave an H. zea  control  equal to that achieved with seven applications to the susceptible
hybrid.  Fathipour et  al.  [25]  compared the chemical  control  of  Eurygaster  integriceps  Put.
on resistant and susceptible cultivars of wheat. The results obtained by these researchers
revealed that  the sensitivity of  4th and 5th instar  nymphs and new adults  of  E. integri‐
ceps  to  insecticide Fenitrothion was enhanced on resistant  cultivar  compared with those
on susceptible  cultivar.  Accordingly,  the  LC50  of  insecticide on susceptible  and resistant
cultivars  for  4th  instar  nymphs was  42.16  and 33.48,  for  5th  instar  nymphs was  147.03
and 114.01 and for new adults was 303.35 and 227.88 ppm, respectively.

Figure 5. Effect of plant resistance on the selectivity of an insecticide. A: susceptible cultivar; B: resistant cultivar where
dose for the herbivore can be reduced by one third; C: dose mortality curve for carnivore; H: dose mortality curve for
herbivore; DC: dose scale for carnivore; DH: dose scale for herbivore (after van Emden, [178]).

However, in addition to negative effects on insect bodyweight, repellent chemicals or mor‐
phological traits of resistant cultivars may be effective in reduction of insecticide spray. Re‐
pellency is to be effective in limiting pest damage to treated crops and it may also keep the
pests away from their suitable resources and therefore cause indirect mortality or lower fe‐
cundity. Furthermore, repellency is equivalent to using low doses of insecticides along with
the repellent properties of the host plant [159].

8.4. Semiochemicals and their possible use in suppression of H. armigera populations

Many insects and other arthropods rely on chemical messages to communicate with each
other or to find suitable hosts. Chemical messages that trigger various behavioral responses
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are collectively referred to as semiochemicals. Generally, semiochemicals is subdivided into
two distinct groups including pheromones and allelochemicals (Table 12). The term phero‐
mone is used to describe compounds that operate intraspecifically, while allelochemical is
the general term for an interspecific effector [26]. However, the realization that behaviors
critical to insect survival were strongly influenced by semiochemicals rapidly led to propos‐
als for using these agents as practical tools for pest suppression [180].
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Pheromones a Sex ph. A volatile chemical substance produced by one sex of an insect which

produces some specific reaction in the opposite sex.

Aggregation ph. Also known as arrestants. These are chemicals that cause insects to

aggregate or congregate.

Alarm ph. A substance produced by an insect to repel and disperse other insects

in the area.

Trail ph. A substance laid down in the form of a trail by one insect and

followed by another member of the same species.

Host-marking ph. A substance placed inside/outside of the host body at the time of

oviposition to distinguish unparasitized from parasitized hosts.

Caste-regulating ph. A substance used by social insects to control the development of

individuals in a colony.

Allelochemicals b Allomone A substance produced by a living organism that evokes in receiver a

behavioral or physiological reaction that is adaptively favorable to the

sender.

Kairomone A substance produced by a living organism that evokes in receiver a

behavioral or physiological reaction that is adaptively favorable to the

receiver.

Synomone A substance produced by an organism that evokes in the receiver a

behavioral or physiological reaction that is adaptively favorable to

both sender and receiver.

Antimone A substance produced by an organism that evokes in the receiver a

behavioral or physiological reaction that activates a repellent response

to the sender and is unfavorable to both sender and receiver.

Apneumone A substance emitted by a nonliving material that evokes a behavioral

or physiological reaction that is adaptively favorable to a receiving

organism but detrimental to an organism of another species that may

be found in or on the nonliving material.

a classified according to function

b classified according to the advantage to receiver or sender

Table 12. Classification of behavior-modifying chemicals (semiochemicals)
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As discussed in previous section (see section 6) and in addition to using the pheromones
of Helicoverpa spp. for essential monitoring of infested areas, these compounds have been
shown to be useful for suppression of Helicoverpa infestation. Attractant-baited lures form
the basis for three direct control measures: (1) mass trapping of male, (2) attract-and-kill
strategy and (3) mating disruption via permeating the atmosphere of crop environments
with sex pheromones. Potential of synthesized pheromones for mass trapping of H. armi‐
gera  was investigated by several researchers. According to Pawar et al.  [181], H. armigera
will readily respond to synthesized pheromones and traps are capable of capturing hun‐
dreds of male moths per trap per night.  The same results were reported by Reddy and
Manjunath  [18].  Attract-and-kill  is  a  promising new strategy that  involves  an  attractant
such as a pheromone and a toxicant. Unlike mating disruption, which functions by con‐
fusing the insect, this strategy attracts the insect to a pesticide laden gel matrix and kills
them.  This  strategy has  been successfully  used on several  lepidopteran species  [18]  but
no information is available in the case of Helicoverpa  spp. However, the most developed
tactic is mating disruption. This approach entails releasing large amounts of synthetic sex
pheromone into the atmosphere of a crop to interfere with mate-finding, thereby control‐
ling  the  pest  by  curtailing  the  reproductive  phase  of  its  life  cycle.  Mating  disruption
through the use of some synthesized pheromone such as (Z)-9-tetradecen-1-ol for air per‐
meation  is  a  potentially  valuable  development  in  integrated  management  of  Helicoverpa
spp. It has been shown to be very effective with H.  zea and H. virescens  and should cer‐
tainly be pursued for the same purpose with H. armigera [182].

9. Biotechnology in IPM

Recent advantage in biotechnology, particularly cellular and molecular biology have opened
new avenues for developing resistant cultivars. From this diagnostic perspective, molecular
techniques are likely to play an important role in identification, quantification and genetic
monitoring of pest populations [183]. The diagnostic information is a necessary prerequisite
for implementing rational control strategy. Appropriate molecular techniques can be em‐
ployed to study the species composition of the pest population and to identify strains, races
or biotypes of the same species.

Another important application of molecular diagnostic techniques is for monitoring both
the presence and frequency of genes of particular interest. For example, genes for resist‐
ance to a  specific  class  of  pesticides and their  frequency in particular  region can be as‐
sessed.  Such  information  is  very  useful  for  designing  and  implementing  rational  pest
management strategies [159].

The most important application of biotechnology in IPM is the introduction of novel genes
for resistance into crop cultivars through genetic engineering. HPR is a highly effective man‐
agement option, but cultivated germplasm has only low to moderate resistance levels to
some key pests. Furthermore, some sources of resistance have poor agronomic characteris‐
tics. On the other hand, development of cultivars with enhanced resistance will strengthen

Integrated Management of Helicoverpa armigera in Soybean Cropping Systems
http://dx.doi.org/10.5772/54522

261



are collectively referred to as semiochemicals. Generally, semiochemicals is subdivided into
two distinct groups including pheromones and allelochemicals (Table 12). The term phero‐
mone is used to describe compounds that operate intraspecifically, while allelochemical is
the general term for an interspecific effector [26]. However, the realization that behaviors
critical to insect survival were strongly influenced by semiochemicals rapidly led to propos‐
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As discussed in previous section (see section 6) and in addition to using the pheromones
of Helicoverpa spp. for essential monitoring of infested areas, these compounds have been
shown to be useful for suppression of Helicoverpa infestation. Attractant-baited lures form
the basis for three direct control measures: (1) mass trapping of male, (2) attract-and-kill
strategy and (3) mating disruption via permeating the atmosphere of crop environments
with sex pheromones. Potential of synthesized pheromones for mass trapping of H. armi‐
gera  was investigated by several researchers. According to Pawar et al.  [181], H. armigera
will readily respond to synthesized pheromones and traps are capable of capturing hun‐
dreds of male moths per trap per night.  The same results were reported by Reddy and
Manjunath  [18].  Attract-and-kill  is  a  promising new strategy that  involves  an  attractant
such as a pheromone and a toxicant. Unlike mating disruption, which functions by con‐
fusing the insect, this strategy attracts the insect to a pesticide laden gel matrix and kills
them.  This  strategy has  been successfully  used on several  lepidopteran species  [18]  but
no information is available in the case of Helicoverpa  spp. However, the most developed
tactic is mating disruption. This approach entails releasing large amounts of synthetic sex
pheromone into the atmosphere of a crop to interfere with mate-finding, thereby control‐
ling  the  pest  by  curtailing  the  reproductive  phase  of  its  life  cycle.  Mating  disruption
through the use of some synthesized pheromone such as (Z)-9-tetradecen-1-ol for air per‐
meation  is  a  potentially  valuable  development  in  integrated  management  of  Helicoverpa
spp. It has been shown to be very effective with H.  zea and H. virescens  and should cer‐
tainly be pursued for the same purpose with H. armigera [182].

9. Biotechnology in IPM

Recent advantage in biotechnology, particularly cellular and molecular biology have opened
new avenues for developing resistant cultivars. From this diagnostic perspective, molecular
techniques are likely to play an important role in identification, quantification and genetic
monitoring of pest populations [183]. The diagnostic information is a necessary prerequisite
for implementing rational control strategy. Appropriate molecular techniques can be em‐
ployed to study the species composition of the pest population and to identify strains, races
or biotypes of the same species.

Another important application of molecular diagnostic techniques is for monitoring both
the presence and frequency of genes of particular interest. For example, genes for resist‐
ance to a  specific  class  of  pesticides and their  frequency in particular  region can be as‐
sessed.  Such  information  is  very  useful  for  designing  and  implementing  rational  pest
management strategies [159].

The most important application of biotechnology in IPM is the introduction of novel genes
for resistance into crop cultivars through genetic engineering. HPR is a highly effective man‐
agement option, but cultivated germplasm has only low to moderate resistance levels to
some key pests. Furthermore, some sources of resistance have poor agronomic characteris‐
tics. On the other hand, development of cultivars with enhanced resistance will strengthen
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the control of H. armigera in different cropping systems. Therefore, we need to make a con‐
certed effort to transfer pest resistance into genotypes with desirable agronomic and grain
characteristics. Recent achievements of genetics and molecular biology have been widely
implemented into breeding new crop cultivars and brought in many various traits absent
from parent species and cultivars. Furthermore, new progress in biotechnology makes it fea‐
sible to transfer genes from totally unrelated organisms, breaking species barriers not possi‐
ble by conventional genetic enhancement. Today, transgenic plants expressing insecticidal
proteins from the bacterium B. thuringiensis, are revolutionizing agriculture. Bacillus thurin‐
giensis has become a major insecticide because genes that produce B. thuringiensis toxins
have been engineered into major crops grown on 11.4 million ha worldwide (including soy‐
bean, cotton, peanut, tomato, tobacco, corn and canola). These crops have shown positive
economic benefits to growers and reduced the use of other insecticides. Genetically engi‐
neered cottons expressing delta-endotoxin genes from B. thuringiensis offer great potential to
dramatically reduce pesticide dependence for control of Helicoverpa spp. and consequently
offer real opportunities as a component of sustainable and environmentally acceptable IPM
systems [16]. Certainly, for sustainable management of H. armigera in soybean cropping sys‐
tems, such soybean resistant cultivars could play pivotal role. Therefore, to achieve this goal,
much works should be conducted in breeding new soybean cultivars expressing Bt toxins
against H. armigera.

The potential ecological and human health consequences of Bt crops, including effects on
nontarget organisms, food safety, and the development of resistant insect populations, are
being compared for Bt plants and alternative insect management strategies. However, Bt
plants were deployed with the expectation that the risks would be lower than current or al‐
ternative technologies and that the benefits would be greater. Based on the data to date,
these expectations seem valid [16]. The major challenge to sustainable use of transgenic Bt
crops is the risk that target pests may evolve resistance to the B. thuringiensis toxins. Helico‐
verpa armigera is a particular resistance risk having consistently developed resistance to syn‐
thetic pesticides in the past [21]. For this reason a pre-emptive resistance management
strategy was implemented to accompany the commercial release of transgenic cultivars. The
strategy, based on the use of structured refuges to maintain susceptible individuals in the
population, seeks to take advantage of the polyphagy and local mobility of H. armigera to
achieve resistance management by utilizing gene flow to counter selection in transgenic
crops. However, refuge crops cannot be treated with Bt sprays, and must be in close proxim‐
ity to the transgenic crops (within 2 km) to maximize the chance of random mating among
sub-populations [184].

10. Tritrophic interactions and its manipulation for IPM

Plant quality can affect herbivore fitness directly (as food of herbivores) and indirectly (by
affecting foraging cues for natural enemies) [12, 23]. Until recently, there has been a tenden‐
cy by those involved in IPM to be principally concerned with effects on herbivores or inter‐
actions between just two trophic levels [185]. However, interest in the importance of
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interactions among the three or four trophic levels (Figure 6) that characterize most natural
systems and agroecosystems has been increased rapidly during the last two decades [26].

Figure 6. Simple diagram of multitrophic interactions representing some important causal relationships among the
trophic levels mediated by some important insect fitness parameters

It is interesting that many traditional cultural practices exert their effects through complex
multitrophic interactions, but it is exactly this complexity that makes such systems difficult
to assess experimentally or validate conclusively across a broad range of environments. For
example, it has been demonstrated that toxic secondary compounds in an herbivore diet
may affect development, survivorship, morphology and size of its natural enemies. This ef‐
fect of poor-quality plants can thus indirectly lead to poor-quality natural enemies [186].

As knowledge of interactions across multitrophic systems both in nature and in agroecosys‐
tems expands, researchers and pest management practitioners are beginning to find ways of
manipulating interactions across different trophic levels in order to develop more sustaina‐
ble approaches to pest management. Accordingly, population ecologists are actively debat‐
ing the relative importance of bottom-up (resource-driven) and top-down (natural enemy-
driven) processes in the regulation of herbivores populations [22, 187, 188]. However, there
are a number of key areas where manipulation of host plant-pest-natural enemy interactions
could provide substantial benefits in pest management systems (manipulation of host plant
quality, allelochemicals and crop diversification and genetic manipulation of insect) [26].

For many years, there was a widely held view that HPR should be seen as an integral com‐
ponent of IPM programmes, but it has been demonstrated that HPR is by no means always
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compatible with biological control [178]. The significant and growing evidence from funda‐
mental research in allelochemically mediated interactions hold substantial promise with re‐
gard to the development of novel IPM techniques. Allelochemicals mediated interactions in
insect-host plant relationship have been recognized as the most important factors in the suc‐
cessful establishment of an insect species on a crop [189]. Furthermore, allelochemicals pro‐
duced by plants also have considerable influence on the prey/host selection behavior of
natural enemies, so that plants, herbivores, and natural enemies are interconnected through
the well-knit array of chemicals. The host plant volatiles play a key role in attracting/repel‐
ling or retaining the natural enemies, thereby causing considerable changes in pest popula‐
tions on different plant cultivars [190]. Hare [191] cited 16 studies where interactions
between resistant cultivars and natural enemies (parasitoids) were studied and the out‐
comes show a spectrum of interactions, ranging from synergistic, to additive, to none appa‐
rent through to disruptive or antagonistic. Negative interactions can occur due to the
presence of secondary chemicals that are ingested or sequestered by natural enemies feed‐
ing on hosts present on resistant or partially resistant plants [192]. For example, specific tox‐
ic components in partially resistant soybean plants can be particularly problematic in this
regard [193]. In addition to allelochemicals, morphological traits of host plants such as tri‐
chome density and color complexion can affect insect fitness and effectiveness of its natural
enemies. It was observed that plant cultivars were sufficiently differing in their trichome
density and color complexion which were considered as main resource of variations in rate
of parasitism on different plant cultivars. Cotton cultivars with low density of hairs on the
upper leaf surface and high hair density on the lower leaf surface help in reduction of pest
incidence [194]. The rates of parasitism were negatively associated with trichome density as
revealed by Mohite and Uthamasamy [195]. In another study, Asifulla et al. [196] noticed
higher parasitism by T. chilonis on H. armigera eggs in glabrous cotton species compared to
hairy types.

In conclusion, as a novel strategy for IPM programmes, well understanding of multitrophic
interactions is critical to develop the sustainable, less pesticide-dependent or pesticide-free
pest management programmes [197]. In the interest of agricultural sustainability, tritrophic
manipulation, as a distinct approach to biological or cultural control, is probably to be pri‐
oritized increasingly by both researchers and those responsible for the development and
practical implementation of pest management programmes. This process will be facilitated
if improvements in the understanding of crop-pest-natural enemy evolution and their inter‐
actions are achieved [26, 197]. Information in this regard are essential in finding out what
role the plant play in supporting the action of natural enemies and how this role could be
manipulated reserving the natural enemies.

11. Conclusion

Helicoverpa armigera represents a significant challenge to soybean cropping systems in many
parts of the world and remain the target for concentrated management with synthetic insecti‐
cides. However, the extensive use of insecticides for combating H. armigera populations is of
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environmental concern and has repeatedly led to the development of resistance in this pest as
well as the deleterious effects on nontarget organisms and environment. The common trend to‐
wards reducing reliance on chemicals for control of insect pests in agriculture renewed world‐
wide interest in integrated pest management (IPM) programmes and it seems that in most
areas the aim must be integrated management, particularly on crops such as soybean where H.
armigera is part of a diverse pest complex. Accordingly, in this chapter we attempt to introduce
basic elements for implementation of sustainable management of H. armigera. For this, we re‐
viewed the main findings of different researchers and in some cases present our data. Howev‐
er, our findings revealed that for successful management of H. armigera, more attention should
be devoted to some basic information such as monitoring efforts, forecasting activities and eco‐
nomic thresholds. In addition, more studies are needed to evaluate potential of novel control
measures including selective insecticides and sublethal doses, HPR and genetically modified
soybean cultivars and microbial pathogens (especially commercial formulations of B. thurin‐
giensis and NPV) for control of this noctuid pest. However, for future outlook of integrated
management of H. armigera in soybean cropping systems, the development and use of resistant
cultivars will play a crucial role. In other words, more works should be conducted to evaluate
resistance of soybean cultivars to H. armigera in field conditions. Moreover, a further need is to
evaluate tritrophic interactions among the soybean cultivars, H. armigera and its natural ene‐
mies and new studies should be included to evaluate such interactions. However, the informa‐
tion gathered in the current chapter could be valuable for integrated management of H.
armigera in soybean cropping systems.
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