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Weed populations in agriculture are a major cause of yield loss. Conventionally, crop 
rotation and tillage practices limit the number of weed flora. Several chemical herbicides 
are being applied to control weed growth, but the long-term use of those chemicals does 

not effectively control weeds, due to the development of resistant germplasms, which 
cause hazardous effects in living organisms. The global interest in organic farming 
endorses the alternative way of weed control against chemical herbicides. Recently, 

biological agents have been added to integrated weed management strategies. Several 
studies reveal that plant extracts, bacteria, fungi and their products effectively control 

weed seed germination and growth. The aim of this book is to discuss the current 
understanding of bioherbicides and strategies to weed control.
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Preface

Weed populations in agriculture are a major cause of yield loss. Conventionally, crop rota‐
tion and tillage practices limit the number of weed flora. Biological agents are used as bio‐
herbicides against weeds, which are an alternative to chemical herbicides. Several studies
reveal that plant extracts, bacteria, fungi and their products effectively control weed seed
germination and growth.

Biological Approaches for Controlling Weeds is intended to offer current knowledge on biological
methods to control weed populations. It includes six chapters. The introductory chapter
presents the hazardous effects of chemical herbicides and the need of biological agents to
control weed populations. Chapter 2 describes the overall biological approach of weed con‐
trol, including principles and procedures for biological weed control, success rate of biologi‐
cal agents and making the choice of which agents to use. The conventional way of weed
control by using the tillage system is explained in Chapter 3. It shows the importance of till‐
age types, seed bed preparation and weed removal. Chapter 4 reveals that a genetic differ‐
ence between weed competition and allelopathy is evidenced with canola populations. Plant
extracts and their essential oils suppress weed growth and their phytotoxic activities are fo‐
cused on in Chapter 5. In Chapter 6, the role of mycoherbicides on weed control, production
of fungal spores, propagules, mass cultivation, storage and their utilization are discussed.

The information provided in this book will be useful for researchers, students and farmers
to understand the importance of bioherbicides. All the authors are gratefully acknowledged
for their efforts in writing the chapters.

Dr. Ramalingam Radhakrishnan
Assistant Professor

Department of Microbiology
Karpagam Academy of Higher Education

Eachanari, Coimbatore, India
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Introductory Chapter: Need of Bioherbicide for Weed 
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1. Introduction

Food production is affected by climatic changes and environmental pollutions. The growth
and yield of crop plants are significantly declined due to the effect of weed (a plant considered
unwanted in a particular location) growth in farming fields. Weeds are strong competitors
against crops to the absorption of water and nutrition from the soil, and also occupy more
soil area, which result to suppress the crop growth [1, 2]. The integrated approach of weed
control management (including tillage, mechanical way of weed removal, and crop rotation)
can able to effectively decrease the weed growth [3–5]. The application of chemical-based her-
bicides, that is, 2,4-dichlorophenoxyacetic acid (2,4-D), glyphosate, and dicamba suppress the
germination and growth of weeds, but the prolonged application of those chemicals could not
effectively control the weeds and causes to develop the resistant weed germplasms and also
pollutes the environment [6]. In addition, Kim et al. [7] reported that 32% of food products in
Korea are unsuitable for consumption due to higher accumulation of pesticides. Recently, sev-
eral biological organisms or their extracts are utilized to integrate weed control strategies [8].

2. Importance of bioherbicides

Bioherbicides are either living organisms or the natural metabolites that have the ability to con-
trol weed populations without harming the environment [9, 10]. The numbers of bacterial and
fungal species demonstrate their host-specific or nonspecific bioherbicide activities against sus-
ceptible weed populations [9]. In 1980, the commercial form of bioherbicide was first introduced
in the USA, Canada, Ukraine, and Europe [8, 10, 11]. The microbial agents such as Alternaria,
Bacillus, Chondrostereum, Colletotrichum, Curvularia, Dactylaria, Diaporthe, Drechslera, Enterobacter,

© 2018 The Author(s). Licensee IntechOpen. This chapter is 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.
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Epicoccum, Exserohilum, Fusarium, Gloeocercospora, Microsphaeropsis, Mycoleptodiscus, Myrothecium, 
Phoma, Phomopsis, Plectosporium, Pseudolagarobasidium, Pseudomonas, Puccinia, Pyricularia, Pythium, 
Sclerotinia, Serratia, Stagonospora, Streptomycetes, Trichoderma, Verticillium, and Xanthomonas spe-
cies and also several plant extracts have been recorded as bioherbicides [12].

Even though numerous plant products and microbes have been successfully showing the 
positive results against weeds in field trialed, only a few (one plant extract, three bacteria, 
and nine fungi) of them are commercially available in current markets [8]. Hoagland [13] 
demonstrated that the crop plants especially tomato produces allelochemicals such as toma-
tine and tomatidine, which prevent the growth of weeds and pathogenic fungi. Recently, the 
researchers are interested to know the bioherbicide compounds by extracting DNA fragments 
obtained from the soil and cloning the genes in vectors to produce phytotoxic compounds 
[14]. The mode of action of bioherbicide is not well elucidated, but a few studies revealed that 
the toxic metabolites from the microbes or plant-based products prevent the population of 
weeds by affecting cell division, pigment synthesis, nutrient uptake, plant growth promoting 
regulators, antioxidants, stress-mediated hormones, and other metabolites [13]. In organic 
farming, the bioherbicide approach is used to avoid herbicide resistance and increase crop 
yield [15]. In this book, the importance of bioherbicides and integrated management of weed 
control with tillage, mulching, and other eco-friendly methods are enlightened.
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Additional information is available at the end of the chapter

Abstract

Exotic plants in new ecosystems where they may be of no economic importance and
where their original biological enemies may be absent become weeds, difficult to manage
by crop farmers. They limit the productivity of the lands and hence affect crop develop-
ment and yield. Efforts towards reducing reliance on herbicides and other methods for
environmental, health, economic and sustainability reasons have led to increasing interest
in the biological approach to controlling these weeds. This work therefore presents an
overview of the biological approach to weed control with focus on the basic concepts,
underlying principles, procedures and current practices, cases and causes of failure and
successes. Specifically, this chapter has discussed the underlying principles, general pro-
cedures, reasons for relatively slow popularity and adoption of biological weed control,
examples of successful biological control of weeds with introduced insects and pathogens,
when is weed biological control successful?, things to consider when making the choice of
agents to be introduced to control weeds and steps to identifying and introducing biolog-
ical control agents.

Keywords: biological weed control, overview, weed control methods, biocontrol agents

1. Introduction

Sharp increase in international trades and travels over past decades has led to invasive plants
becoming a global problem. Plant invasions cause serious threat to the existence of endangered
species and the integrity of ecosystems, which cost national economies tens of billions of
dollars every year [1–3]. Weeds have been noted by organic horticulture producers as one of
the most expensive, time consuming and troublesome activities in production [4]. Weeds are
the most significant of the economic and environmental crop loss factors and much of the
weedicides applied all over the world are targeted at them. Invasive weeds cause enormous
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distribution, and eproduction in any medium, provided the original work is properly cited.
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environmental damage [5]. Also according to [6] weeds disrupt the ecology and the function-
ing of rangeland plant communities and decrease the quality of services and commodities
obtainable from this diverse and important natural resource. In the developing countries,
weeding accounts for up to 60% of the total pre-harvest labor input and this is usually by use
of simple hand tools [7]. Weeds are generally defined as plants growing where they are not
wanted. Popular methods of weed control such as mechanical and chemical are known to be:
expensive, energy and labor intensive, require repeated applications, and are unsuitable for
managing wide spread plant invasions in ecologically fragile conservation areas or low-value
habitats, such as range lands and many aquatic systems. Also mechanical methods cause soil
disturbance that may eventually lead to erosion; chemical herbicides cause environmental
pollution that pose dangers to human health and wildlife, and certain weed species have
developed resistance to some chemical herbicides [1, 8]. Biological approach to weed control
dates back from 1795 when Dactylopius ceylonicus was introduced to control drooping prickly
pear (Opuntia vulgaris Miller) over a large area of land; and since then biological control of
weeds have been mainly through the classical strategy of introducing natural enemies from
areas of co-evolution [9–14].

Biological control agents usually target their specific natural enemy weeds. Recently due to
certain favorable environmental [15], health, economic and sustainability reasons; foreign and
native organisms that attack weeds are being evaluated for use as biological control agents that
may be used to complement conventional methods especially where some weeds have devel-
oped resistance to chemical control. Wheeler et al. [16] reported that their international team
discovered and tested numerous new species of potential biological control agents that could
attack different plant tissues such as defoliators, sap-suckers, stem borers, and leaf- and stem-
gall formers. Many successful biological weed control programs in many parts of the world
have demonstrated the potency of this approach and support the concept that natural enemies
can contribute to the reduction of plant growth and reproduction [17, 18]. Wapshere et al. [19]
classified biological approach to weed control as follows: the classical or inoculative method
which is based on the introduction of host-specific exotic natural enemies adapted to exotic
weeds; the inundative or augmentative method which is based on the mass production
and release of native natural enemies usually against native weeds; the conservative method
which is based on reducing numbers of native parasites, predators and diseases of native
phytophages that feed on native plants; and the broad-spectrum method which is based on
the artificial manipulation of the natural enemy population so that the level of attack on the
weed is restricted to achieve the desired level of control. According to McFadyen [5] classical
method is the predominant method in weed biocontrol. He further explained that classical
method involves the introduction and release of agents in form of exotic insects, mites or
pathogens to give permanent control, while inundative involves the releases of predators, use
of bioherbicides and other integrated pest management which usually are not as widely used
as the classical method. Also there are three different techniques for applied biocontrol: (i)
conservation—protection or maintenance of existing populations of biocontrol agents; (ii)
augmentation—regular action to increase populations of biocontrol agents, either by periodic
releases or by environmental manipulation; and (iii) classical biocontrol—the importation and
release of exotic biocontrol agents, with the expectation that the agents will become established
and further releases will not be necessary.

Biological Approaches for Controlling Weeds6

Louda andMasters [6] stated that despite the positive impact of chemical herbicides in agricultural
productivity, complete reliance on chemical control has caused severe problems such as high cost
per unit area, decreasing effectiveness, negative impact on plant diversity and increased environ-
mental contamination. He therefore pointed out that the use of biological factors that naturally
limit weed populations is one promising alternative. Menaria [20] discussed bioherbicides as an
eco-friendly approach to weed management. He explained that the use of chemical herbicides
leaves some chemical residues in food commodities which directly or indirectly affect human
health. According to him this situation led to the search for alternative methods that are environ-
mentally friendly, and biocontrol has been found a suitable alternative. Green [21] reviewed the
potential for control using bioherbicides of four important forestweed species in theUK; including
bracken, bramble, Japanese knotweed and rhododendron. They concluded that rhododendron is
a suitable target weed for control using wood-rotting fungus as a bioherbicide stump treatment;
and this is an approach already developed for weedy hardwood species in South Africa, Canada
and Netherlands. Clewley et al. [22] analyzed factors associated with control programs (invasive
region, native region, plant growth form, target longevity, control agent guild, taxonomy and
study duration) in order to identify patterns of control success. They found out that biological
control agents significantly reduced plant size (28 � 4%), plant mass (37 � 4%), flower and seed
production (35� 13 and 42� 9%, respectively) and target plant density (56� 7%).

2. Underlying principles and procedures for biological weed control

2.1. Underlying principles

The underlying principle behind biological approach to weed control is based on some research
works that reported that exotic plants become invasive because they have escaped from the
insect herbivores and other natural enemies that limit their multiplication and distribution in
their native regions [23–25]; however some other factors may contribute to the tendency for
particular plant species to become invasive [26–28]. Therefore biological control involves using
specific natural enemies that can diminish the development and reproduction of their prey
organism and put some limitations to them [29]. McFadyen [5] stated that the predominant
approach to classical biological weed control involves the importation, colonization, and estab-
lishment of exotic natural enemies (predators, parasites, and pathogens) to diminish and main-
tain exotic pest populations to densities that are economically insignificant [30, 31].

2.2. General procedures

Some authors have outlined general procedures to be followed when embarking on classical
biological weed control programs as follows: (i) evaluate the ecology, economic impact
of the weed and potential conflicts of interest; (ii) survey the organisms that are already
attacking the weed in the new habitat in order to distinguish accidentally introduced agents
and so eliminate such from future evaluation; (iii) carry out literature search and other forms
of survey to identify natural enemies attacking the weed in its native region; (iv) screen
the possible biological control agents in the foreign country to determine host range and
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specificity, and to remove nonspecific agents from further consideration; (v) carry out further
tests of promising candidates in quarantine after introduction to ensure host specificity and
eliminate predators, parasites, and pathogens that may have been introduced with them; (vi)
embark on mass rearing of host-specific agents; (vii) release the host-specific agents; (viii) carry
out post-release evaluation to determine establishment and effectiveness of agents; and (ix)
redistribute agents to other areas where control is required [5, 32–34]. Wapshere et al. [19]
presented a summary of steps normally followed when introducing a biological control agent
in a classical biological control weed program as in Table 1.

3. Reasons for relatively slow popularity and adoption of biological weed
control

Recent research activities and weed control practices around the world have shown that the
old idea derived from untested opinions; that biological approach to weed control is usually
very slow, unpredictable, expensive and mostly unsuccessful is totally not true. Apart from the
high initial costs, biological approach to weed control has been known to be relatively cheaper

Steps Details

1. Initiation Data on taxonomy, biology, ecology, economics, native and introduced distributions,
known natural enemies, etc., are compiled by initiating scientist or group. An extensive
literature review is conducted on the proposed target weed and its relatives, plus
known natural enemies. Conflicts of interest identified and resolved if possible

2. Target weed approval Data in (step 1) submitted to appropriate State and Federal groups for comment;
additional data may be required

3. Foreign exploration and
domestic surveys

If project approved in (step 2), the center of evolution of the genus of the target weed (if
known) and other suitable areas, are searched for natural enemies, particularly where
these are eco-climatically similar to the area of introduction. At the same time, the weed
should be investigated in the country of introduction for attacking enemies, related
plants, etc.

4. Weed ecology and agent host
specificity

Ecology of the target weed, its close relatives and its natural enemies is studied in the
native area, and the most damaging and apparently selective agents are subjected to
several years of host-specificity testing

5. Agent approval A report on each agent is submitted to appropriate State and Federal bodies to obtain
importation and release permits

6. Importation and quarantine
clearance

Each agent is imported to the country of introduction where it is reared through at least
one generation in quarantine to rid it of its parasites and diseases

7. Rearing and release After a pure culture of the agent is obtained in (step 6), it is normally mass-reared and
released in the field in cages or free at field sites

8. Evaluation and monitoring Agent is monitored at field sites to determine establishment and degree of stress on
target weed, or to determine reasons why the agent did not become established or
efficacious

9. Redistribution To aid spontaneous self-dissemination, agent is distributed to other areas in the target
weed’s distribution, if needed

Table 1. Summary of steps normally followed when introducing a biological control agent in a classical/inoculative
biological control weed program.
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when compared to other methods; however certain factors have slowed down the rate of
adoption. These factors include: long time of establishment-usually 20 years or more to ensure
success, inadequate or no records of the extent of pre-biological control weed infestations that
should serve as a guide for a new biocontrol program, discouraging story of poorly
implemented weed bio-control programs. A lot of success stories however have been docu-
mented [35]. Lack of information about previous successfully implemented biological control
of weeds often lead to untested theories becoming established dogma and this negatively
influence the decisions to or not apply it [36]. For instance Mcfadyen [35] stated that it was
believed that biological control of trees is difficult, but many examples of trees controlled by
insects have been reported [37, 38]. Also classical biological control has been viewed as
unsuitable for weeds of annual crops or other frequently disturbed environments [39, 40],
however there are many examples of successful control of crop weeds [41, 42].

Some researchers have reported that there are evidences showing that some agents introduced
for exotic weed control have attacked non target, native plants [43, 44]; and this situation has
raised concerns among biological control workers and weed scientists as well as the govern-
ments [5, 43, 45, 46]. Opposition to biological approach to control of weeds has also contributed
to slowing down the rate of adoption and practice; this is because some researchers and weed
control scientists believe that it is difficult to estimate the cost or the feasibility of biocontrol [47].
Based on a study carried out in South Africa, it was reported that some of the weed biocontrol
projects have provided practical solutions to problems e.g. the development of Stumpout for the
treatment of wattle stumps and the use of C. gloeosporioides for the control of H. sericea. However
other projects have been less successful and have resulted in the rejection of potential agents for
various reasons and these include C. albofundus on A. mearnsii, X. campestris on M. aquaticum and
G. nitens on R. cuneifolius [48]. Vurro and Evans [49] identified legislative hurdles, technological
and commercial constraints as limitations to the adoption of biological weed control in Europe.
Olckers [50] stated that limited budgets in many countries have also helped to slow than the rate
of adoption and practice of biological approach to weed control.

4. Examples of successful biological control of weeds with introduced
insects and pathogens

One thousand one hundred and forty-four individuals (mostly entomologists and plant
pathologists) have ever attended the International Symposia on Biological Control of Weeds
(ISBCWs); and out of these, 450–550 weed biological control experts have been actively
involved in research and development efforts over the last 50 years mainly from USA, Canada,
Australia, South Africa and New Zealand [51]. McFadyen [5] reported that biological appro-
ach to weed control has a long history and a good success rate of 94. A comprehensive list of
agents and their target weeds have been documented by Winston et al. [52]. Culliney [1]
presented potential benefits estimated for some proposed or initiated biological control pro-
grams targeting invasive weeds. Frequently cited examples of successful approach to biologi-
cal weed control are the prickly pear cacti (Opuntia; spp.) in Australia, eradicated by an
imported moth (Cactoblastis cactorum) and rangeland in California, Oregon, Washington, and
British Columbia controlled by St. John’s wortHypericum perforatum (millepertuis perforé) [53].

Overview of Biological Methods of Weed Control
http://dx.doi.org/10.5772/intechopen.76219

9



specificity, and to remove nonspecific agents from further consideration; (v) carry out further
tests of promising candidates in quarantine after introduction to ensure host specificity and
eliminate predators, parasites, and pathogens that may have been introduced with them; (vi)
embark on mass rearing of host-specific agents; (vii) release the host-specific agents; (viii) carry
out post-release evaluation to determine establishment and effectiveness of agents; and (ix)
redistribute agents to other areas where control is required [5, 32–34]. Wapshere et al. [19]
presented a summary of steps normally followed when introducing a biological control agent
in a classical biological control weed program as in Table 1.

3. Reasons for relatively slow popularity and adoption of biological weed
control

Recent research activities and weed control practices around the world have shown that the
old idea derived from untested opinions; that biological approach to weed control is usually
very slow, unpredictable, expensive and mostly unsuccessful is totally not true. Apart from the
high initial costs, biological approach to weed control has been known to be relatively cheaper

Steps Details

1. Initiation Data on taxonomy, biology, ecology, economics, native and introduced distributions,
known natural enemies, etc., are compiled by initiating scientist or group. An extensive
literature review is conducted on the proposed target weed and its relatives, plus
known natural enemies. Conflicts of interest identified and resolved if possible

2. Target weed approval Data in (step 1) submitted to appropriate State and Federal groups for comment;
additional data may be required

3. Foreign exploration and
domestic surveys

If project approved in (step 2), the center of evolution of the genus of the target weed (if
known) and other suitable areas, are searched for natural enemies, particularly where
these are eco-climatically similar to the area of introduction. At the same time, the weed
should be investigated in the country of introduction for attacking enemies, related
plants, etc.

4. Weed ecology and agent host
specificity

Ecology of the target weed, its close relatives and its natural enemies is studied in the
native area, and the most damaging and apparently selective agents are subjected to
several years of host-specificity testing

5. Agent approval A report on each agent is submitted to appropriate State and Federal bodies to obtain
importation and release permits

6. Importation and quarantine
clearance

Each agent is imported to the country of introduction where it is reared through at least
one generation in quarantine to rid it of its parasites and diseases

7. Rearing and release After a pure culture of the agent is obtained in (step 6), it is normally mass-reared and
released in the field in cages or free at field sites

8. Evaluation and monitoring Agent is monitored at field sites to determine establishment and degree of stress on
target weed, or to determine reasons why the agent did not become established or
efficacious

9. Redistribution To aid spontaneous self-dissemination, agent is distributed to other areas in the target
weed’s distribution, if needed

Table 1. Summary of steps normally followed when introducing a biological control agent in a classical/inoculative
biological control weed program.

Biological Approaches for Controlling Weeds8

when compared to other methods; however certain factors have slowed down the rate of
adoption. These factors include: long time of establishment-usually 20 years or more to ensure
success, inadequate or no records of the extent of pre-biological control weed infestations that
should serve as a guide for a new biocontrol program, discouraging story of poorly
implemented weed bio-control programs. A lot of success stories however have been docu-
mented [35]. Lack of information about previous successfully implemented biological control
of weeds often lead to untested theories becoming established dogma and this negatively
influence the decisions to or not apply it [36]. For instance Mcfadyen [35] stated that it was
believed that biological control of trees is difficult, but many examples of trees controlled by
insects have been reported [37, 38]. Also classical biological control has been viewed as
unsuitable for weeds of annual crops or other frequently disturbed environments [39, 40],
however there are many examples of successful control of crop weeds [41, 42].

Some researchers have reported that there are evidences showing that some agents introduced
for exotic weed control have attacked non target, native plants [43, 44]; and this situation has
raised concerns among biological control workers and weed scientists as well as the govern-
ments [5, 43, 45, 46]. Opposition to biological approach to control of weeds has also contributed
to slowing down the rate of adoption and practice; this is because some researchers and weed
control scientists believe that it is difficult to estimate the cost or the feasibility of biocontrol [47].
Based on a study carried out in South Africa, it was reported that some of the weed biocontrol
projects have provided practical solutions to problems e.g. the development of Stumpout for the
treatment of wattle stumps and the use of C. gloeosporioides for the control of H. sericea. However
other projects have been less successful and have resulted in the rejection of potential agents for
various reasons and these include C. albofundus on A. mearnsii, X. campestris on M. aquaticum and
G. nitens on R. cuneifolius [48]. Vurro and Evans [49] identified legislative hurdles, technological
and commercial constraints as limitations to the adoption of biological weed control in Europe.
Olckers [50] stated that limited budgets in many countries have also helped to slow than the rate
of adoption and practice of biological approach to weed control.

4. Examples of successful biological control of weeds with introduced
insects and pathogens

One thousand one hundred and forty-four individuals (mostly entomologists and plant
pathologists) have ever attended the International Symposia on Biological Control of Weeds
(ISBCWs); and out of these, 450–550 weed biological control experts have been actively
involved in research and development efforts over the last 50 years mainly from USA, Canada,
Australia, South Africa and New Zealand [51]. McFadyen [5] reported that biological appro-
ach to weed control has a long history and a good success rate of 94. A comprehensive list of
agents and their target weeds have been documented by Winston et al. [52]. Culliney [1]
presented potential benefits estimated for some proposed or initiated biological control pro-
grams targeting invasive weeds. Frequently cited examples of successful approach to biologi-
cal weed control are the prickly pear cacti (Opuntia; spp.) in Australia, eradicated by an
imported moth (Cactoblastis cactorum) and rangeland in California, Oregon, Washington, and
British Columbia controlled by St. John’s wortHypericum perforatum (millepertuis perforé) [53].

Overview of Biological Methods of Weed Control
http://dx.doi.org/10.5772/intechopen.76219

9



Mcfadyen [35] presented a list of 41 weds which have successfully been controlled using
introduced insects and pathogens and another three weeds also controlled by introduced fungi
applied as mycoherbicides. He further stated that many of these successes have been repeated
in other countries and continents. Julien [11] presented a list of both successful and failed cases
of biological weed control; this included the introduction of 225 organisms against 111 weed
species, and 178 insects and 6 mites. Palmer et al. [54] reported that 43 new arthropod or
pathogen agents were released in 19 projects; and that effective biological control was achieved
in several projects with the outstanding successes being the control of rubber vine, Cryptostegia
grandiflora, and bridal creeper, Asparagus asparagoides.

4.1. When is weed biological control successful?

Information collated on weed impacts before the initiation of a biological control program is
necessary to provide baseline data and devise performance criteria with which the program
can subsequently be evaluated [55]. For avoidance of confusion on when a biological control
could be viewed as successful or not, Hoffmann [56] stated that an implementation of a
particular biological control will be termed successful when: complete-when no other control
method is required or used, at least in areas where the agent(s) is established; substantial-
where other methods are needed but the effort required is reduced (e.g. less herbicide or less
frequent application); and negligible-where despite damage inflicted by agents, control of the
weed is still dependent on other control measures. Complete control does not imply total
eradication of the weed; rather it means that control measures are not required anymore
specifically against the target weed, and that crop or pasture yield losses will not be attributed
mainly to this weed [26, 41]. Substantial control involves situations where control may be
complete in some seasons and/or over part of the weed’s range, as well as cases where the
control achieved is widespread and economically significant but the weed is still a major
problem. It is therefore concluded that successful implementation of biological approach to
weed control is the successful control of the weed, and not necessarily the successful establish-
ment of individual agents released against the weed [35]. Successful biological control depends
on three factors: the extent to which each individual agent can limit the targeted plant; the
ecology of the agent as it affects its ability to populate and spread easily in the new environ-
ment; and the ecology of the weed, which determines if the total damage that can be caused by
the agent can significantly reduce its population [57]. Because agents always need some
surviving predator plants to complete their life cycle, biological control will not usually totally
eradicate their target weeds. In essence a successful biological control program reduces the
potency and population of the target weed and usually in conjunction with other control
methods as part of an overall integrated weed management scheme which is recommended.

5. Things to consider when making the choice of agents to be introduced to
control weeds

Gassmann [58] reported that selection of potential agents in the last decades has been mainly
based on the population biology of the weed, impact studies of agents on the plant and the
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combined effect of herbivory and plant competition. Palmer et al. [54] stated that agent
selection is highly dependent on the type of weed, its reproductive system, on the ecological,
abiotic and management context in which that weed occurs, and on the acceptable goals and
impact thresholds required of a biological control program. Generally, factors to be consid-
ered in selecting agents include the following: the agent must target a particular plant
species, must have high level of predation and parasitism on the host plant and its entire
population, must be prolific, must be able to thrive in all habitats and climates where the
weed exists and should be able to spread easily and widely, must be a strong colonizer, the
overall cost of introducing the agent must be cheaper compared to other control methods,
the technology that will be involved in introducing and managing the agent must be as
simple as possible, must as much as possible maintain natural biodiversity, sufficient num-
ber of individuals must be released, plant phenology (effect of periodic plant life cycle
events) must be favorable [59]. To be considered a good candidate for biological control, a
weed should be non-native, present in numbers and densities greater than in its native range
and numerous enough to cause environmental or economic damage, the weed should also
be present over a broad geographic range, have few or no redeeming or beneficial qualities,
have taxonomic characteristics sufficiently distinct from those of economically important
and native plant. Furthermore, the weed should occur in relatively undisturbed areas to
allow for the establishment of biological control agents, cultivation, mowing and other
disturbances can have a destructive effect on many arthropod biocontrol agents. Inundative
biocontrol agents such as bacteria and fungi are less sensitive to these types of disturbances
so may be used in cropland.

5.1. Steps to identifying and introducing biological control agents

The study of insect attributes and fitness traits, the influence of plant resources on insect
performance, and the construction of comparative life-tables, are the first steps towards an
improvement of the success rate of biological weed control [58]. Generally, steps to identifying
and introducing biological control agents include: (i) identify target weeds; (ii) identify control
agents and determine the level of specialization; (iii) apply controlled release of the agents; (iv)
apply full release and determine optimal release sites; (v) for the case of classical methods,
monitor release sites; (vi) apply redistribution for the case of classical methods (vii) and
maintain control agent populations.

6. Conclusion

The following conclusions are drawn from this study:

i. In recent times, biological and integrated weed control is gaining popularity over the
traditional methods of mechanical and chemical because the latter have been noted to be
more expensive, energy and labor intensive and require repeated applications.

ii. Mechanical methods cause soil disturbance and possible erosion while chemical herbi-
cides lead to pollution of the environment and the aftermath
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frequent application); and negligible-where despite damage inflicted by agents, control of the
weed is still dependent on other control measures. Complete control does not imply total
eradication of the weed; rather it means that control measures are not required anymore
specifically against the target weed, and that crop or pasture yield losses will not be attributed
mainly to this weed [26, 41]. Substantial control involves situations where control may be
complete in some seasons and/or over part of the weed’s range, as well as cases where the
control achieved is widespread and economically significant but the weed is still a major
problem. It is therefore concluded that successful implementation of biological approach to
weed control is the successful control of the weed, and not necessarily the successful establish-
ment of individual agents released against the weed [35]. Successful biological control depends
on three factors: the extent to which each individual agent can limit the targeted plant; the
ecology of the agent as it affects its ability to populate and spread easily in the new environ-
ment; and the ecology of the weed, which determines if the total damage that can be caused by
the agent can significantly reduce its population [57]. Because agents always need some
surviving predator plants to complete their life cycle, biological control will not usually totally
eradicate their target weeds. In essence a successful biological control program reduces the
potency and population of the target weed and usually in conjunction with other control
methods as part of an overall integrated weed management scheme which is recommended.

5. Things to consider when making the choice of agents to be introduced to
control weeds

Gassmann [58] reported that selection of potential agents in the last decades has been mainly
based on the population biology of the weed, impact studies of agents on the plant and the
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combined effect of herbivory and plant competition. Palmer et al. [54] stated that agent
selection is highly dependent on the type of weed, its reproductive system, on the ecological,
abiotic and management context in which that weed occurs, and on the acceptable goals and
impact thresholds required of a biological control program. Generally, factors to be consid-
ered in selecting agents include the following: the agent must target a particular plant
species, must have high level of predation and parasitism on the host plant and its entire
population, must be prolific, must be able to thrive in all habitats and climates where the
weed exists and should be able to spread easily and widely, must be a strong colonizer, the
overall cost of introducing the agent must be cheaper compared to other control methods,
the technology that will be involved in introducing and managing the agent must be as
simple as possible, must as much as possible maintain natural biodiversity, sufficient num-
ber of individuals must be released, plant phenology (effect of periodic plant life cycle
events) must be favorable [59]. To be considered a good candidate for biological control, a
weed should be non-native, present in numbers and densities greater than in its native range
and numerous enough to cause environmental or economic damage, the weed should also
be present over a broad geographic range, have few or no redeeming or beneficial qualities,
have taxonomic characteristics sufficiently distinct from those of economically important
and native plant. Furthermore, the weed should occur in relatively undisturbed areas to
allow for the establishment of biological control agents, cultivation, mowing and other
disturbances can have a destructive effect on many arthropod biocontrol agents. Inundative
biocontrol agents such as bacteria and fungi are less sensitive to these types of disturbances
so may be used in cropland.

5.1. Steps to identifying and introducing biological control agents

The study of insect attributes and fitness traits, the influence of plant resources on insect
performance, and the construction of comparative life-tables, are the first steps towards an
improvement of the success rate of biological weed control [58]. Generally, steps to identifying
and introducing biological control agents include: (i) identify target weeds; (ii) identify control
agents and determine the level of specialization; (iii) apply controlled release of the agents; (iv)
apply full release and determine optimal release sites; (v) for the case of classical methods,
monitor release sites; (vi) apply redistribution for the case of classical methods (vii) and
maintain control agent populations.

6. Conclusion

The following conclusions are drawn from this study:

i. In recent times, biological and integrated weed control is gaining popularity over the
traditional methods of mechanical and chemical because the latter have been noted to be
more expensive, energy and labor intensive and require repeated applications.

ii. Mechanical methods cause soil disturbance and possible erosion while chemical herbi-
cides lead to pollution of the environment and the aftermath
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iii. Some weed species have developed resistance to some chemical herbicides and biological
control readily comes as a viable alternative

iv. Classical method of biological weed control has been the most popular and widely
adopted and practiced; it involves the introduction and release of agents in form of exotic
insects, mites or pathogens to give permanent control

v. Inundative method of biological weed control involves the releases of predators, use of
bioherbicides and other integrated pest management which usually are not as widely
used as the classical method.

vi. Biological weed control is presently widely adopted in the USA, Canada, Australia, South
Africa and New Zealand.

vii. The biological approach to weed control holds great prospects for sustainable, environ-
mentally friendly and economically viable control of exotic weeds and should be
explored further through research, development and legislation.
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Abstract

The tillage systems and performance of the operations have an important impact on the 
weed control. The primary goal for the tillage is to establish the best possible conditions 
for the crop establishment and growth under the given conditions as soil texture, mois-
ture and so on. In addition, the tillage system also strongly influences the weed pressure 
and conditions for weed control. As tillage requires a substantial amount of fuel, and 
affects the leak of nitrogen and CO2 from the soil, there is a big motivation in optimizing 
the tillage operations due to the local conditions in the field. A big challenge is how to 
sense the local conditions and information that are needed to optimize the tillage system 
for local treatment and intensity. This chapter focuses on how to optimize the tillage 
operations in a local adaptive approach aiming at the best possible weed control.

Keywords: tillage, weed control, adaptive, soil fertility

1. Introduction

This chapter describes how the tillage operations contribute to the weed control. It is impor-
tant to understand that the weed pressure, both perennials and annual germinating species, 
depends on the common conditions controlled by the cropping system, involving the crop 
rotation, the soil fertility, nutrient strategy, tillage, and direct control methods as weed har-
rowing and hoeing. The different actions that contribute to weed control can be considered 
like filters that favor some plant traits and filter out others. The challenge then is to design the 
growing system like a system of filters such that all weed species are controlled such that they 
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Abstract

The tillage systems and performance of the operations have an important impact on the 
weed control. The primary goal for the tillage is to establish the best possible conditions 
for the crop establishment and growth under the given conditions as soil texture, mois-
ture and so on. In addition, the tillage system also strongly influences the weed pressure 
and conditions for weed control. As tillage requires a substantial amount of fuel, and 
affects the leak of nitrogen and CO2 from the soil, there is a big motivation in optimizing 
the tillage operations due to the local conditions in the field. A big challenge is how to 
sense the local conditions and information that are needed to optimize the tillage system 
for local treatment and intensity. This chapter focuses on how to optimize the tillage 
operations in a local adaptive approach aiming at the best possible weed control.

Keywords: tillage, weed control, adaptive, soil fertility

1. Introduction

This chapter describes how the tillage operations contribute to the weed control. It is impor-
tant to understand that the weed pressure, both perennials and annual germinating species, 
depends on the common conditions controlled by the cropping system, involving the crop 
rotation, the soil fertility, nutrient strategy, tillage, and direct control methods as weed har-
rowing and hoeing. The different actions that contribute to weed control can be considered 
like filters that favor some plant traits and filter out others. The challenge then is to design the 
growing system like a system of filters such that all weed species are controlled such that they 
do not grow unrestrained [1, 2]. By all means, diversity is important in the growing system. 
As a part of this, it is important that the crop rotation includes different crops, seeded in both 

© 2018 The Author(s). Licensee IntechOpen. This chapter is 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.



spring and autumn. It is important to have in mind that fast-germinating and established 
crops are highly competitive and contribute substantially to weed control [3]. Another specific 
element is the benefit of cutting perennial forage grass in the rotation three times or more per 
year to control quack grass and other root-emerging weeds. With respect to the direct control 
methods, it is important that the crop rotation allows for space to perform dedicated quack 
grass control after harvest. The presence of row crops allows one to perform the control by 
hoeing during the growing season. This potentially gives a good weed control but can also 
cause substantial problems if the operation fails.

The tillage operations are, in general, divided to be part of the primary tillage or the prepa-
ration of the seedbed. The primary tillage is aimed to obtain a good turnover of the plant 
residuals and to maintain a healthy soil structure. In this multi-oriented context, the demands 
for the tillage operations can be different if it is related to optimizing the soil fertility or the 
weed control. An example here is the performance of the moldboard plowing. Aiming for 
an effective control of perennial weeds demands that the plants are cowered deep in the soil 
or that they are dried out in a starvation strategy. Whereas the requirements related to the 
soil fertility can with good conditions be fulfilled by more superficial treatments. In fact, an 
unnecessary intensive tillage strategy will cause harm to the soil fertility [4, 5]. Therefore, in 
the operative planning, it is very important to be aware of the actual field conditions for the 
specific year, and thereby also the infield variations.

The performance of the operations for seedbed preparation and seeding also affect the weed 
germination and the weed control. The goal of this operation is to do the final leveling of the 
soil surface and to establish the right structure for the soil aggregates to form the best possible 
conditions for the seeds to germinate and establish growth. If the time schedule allows, it can 
be beneficial to perform a weed harrowing prior to the seeding to reduce the density of the first 
generation of germinating weeds. In the seeding operation, it is off course important to estab-
lish the best possible conditions for the seed. A quick and fast germination and establishment of 
the crop is important to optimize the competitiveness against the weed. In addition, a uniform 
seeding depth is important for the subsequent weed control, in a way that this enables room 
for weed harrowing prior to the crop seeds that break through the soil surface [6, 7]. A uniform 
seeding depth causes a uniform germination and propagation of the crop plants, and thereby 
the best possible conditions for the following weed control by weed harrowing or hoeing.

All this together makes good sense to involve the principles of precision agriculture, also 
to support the effectiveness of the contribution to the weed control. This can be site-specific 
primary tillage, site-specific seedbed preparation, fixed tracking and controlled traffic, imple-
ment control in general, and row control of the hoeing process.

2. Primary tillage

The primary tillage aims at maintaining or improving the soil structure and soil fertility. In 
addition, the strategy and operational execution of tillage greatly affect the weed. The soil 
structures enable the drainage and water absorption. The porosity for drainage and the water 
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capacity of the upper soil layer is controlled by the microbes and the content of organic mat-
ter. This is maintained by the incorporation of fresh organic matter with smooth tillage opera-
tions. At the same time, at stable conditions, the planning and performance of the primary 
tillage must ensure that no increase in the occurrence of the root-emerging weeds occurs. To 
control root-emerging weeds, the plant must be covered in the soil layer the deeper the better. 
Normally a depth of approx. 20 cm is recommended. This conflicts with the preferred condi-
tions for the turnover of plant residuals and is supported by the presence of a smooth mix into 
the soil having access to the oxygen from the air and soil moisture getting into contact with 
the soil fungal and fauna that catalyze the process. Jacobs et al. [8] test has shown that the best 
conditions for the turnover of plant residuals are placements in the upper soil layer—0–5 cm. 
In practical the working depth of approx. 20 cm for the primary tillage is used. The experi-
ence is that this gives a good balanced result, just that the operator must be aware, that the 
working depth must be as shallow as possible. Deeper working depth increases the effect due 
to weed control but reduces the access to oxygen. Tillage operations may not be overdone in 
intensity as the operations are highly energy consuming. Also, that the tillage is not only posi-
tive. Unnecessary tillage damages the soil structure, this both due to the workability in the 
seed bed preparation, and the porosity. The challenge for the tillage operations is to support 
the dynamics of the growing system, not the operation itself.

If it occurs from the monitoring of the fields, that it is necessary to apply a dedicated treatment 
to reduce the occurrence of root emerging weeds this can be done in more ways. One obvi-
ous method is to increase the working depth for the primary tillage operation, and to make 
sure, that all the residuals are effectively covered deeply under the soil layer. Another more 
dedicated method is to make space in the crop rotation; this allows for a series of operations 
in the period after harvest. Here there are in principal two different methods: “drying” and 
“starving”. Convenient conditions allow additionally to cultivate just prior to a period with 
temperatures below 0°C.

2.1. The type of operation

In Scandinavian countries, as in many other countries, the primary implements used for the 
primary tillage has been the moldboard plow and the stubble cultivator. Often, the stubble 
cultivator is used for a shallow operation immediately after harvest to stop the growth and 
cut the roots of weed plants and to catalyze the contact from the microbiological life to the 
residues. Hereafter, the strategy is different and highly dependent on the crop rotation and 
local conditions. If there is a need for a dedicated treatment to reduce the occurrence of peren-
nial weeds, it is generally after harvest that a series of repeated stubble cultivations can be 
performed [4]. Danish tests show that repeated stubble cultivations in the autumn can reduce 
the density of perennial weeds up to 90%. Similar results can be seen in a test in Norway and 
Germany [9, 10]. Under wet conditions in Norway, it has been observed that the best results 
are obtained by applying the treatment in spring prior to moldboard plowing and seeding. 
By this method, the time for seeding becomes too late and too costly in yield reduction. In the 
autumn, as the temperatures are getting lower, the plowing operation is performed. Here, 
the growth is stopped, and the turnover of the residuals are continued, now integrated into 
the soil and sowed in some depth.
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capacity of the upper soil layer is controlled by the microbes and the content of organic mat-
ter. This is maintained by the incorporation of fresh organic matter with smooth tillage opera-
tions. At the same time, at stable conditions, the planning and performance of the primary 
tillage must ensure that no increase in the occurrence of the root-emerging weeds occurs. To 
control root-emerging weeds, the plant must be covered in the soil layer the deeper the better. 
Normally a depth of approx. 20 cm is recommended. This conflicts with the preferred condi-
tions for the turnover of plant residuals and is supported by the presence of a smooth mix into 
the soil having access to the oxygen from the air and soil moisture getting into contact with 
the soil fungal and fauna that catalyze the process. Jacobs et al. [8] test has shown that the best 
conditions for the turnover of plant residuals are placements in the upper soil layer—0–5 cm. 
In practical the working depth of approx. 20 cm for the primary tillage is used. The experi-
ence is that this gives a good balanced result, just that the operator must be aware, that the 
working depth must be as shallow as possible. Deeper working depth increases the effect due 
to weed control but reduces the access to oxygen. Tillage operations may not be overdone in 
intensity as the operations are highly energy consuming. Also, that the tillage is not only posi-
tive. Unnecessary tillage damages the soil structure, this both due to the workability in the 
seed bed preparation, and the porosity. The challenge for the tillage operations is to support 
the dynamics of the growing system, not the operation itself.

If it occurs from the monitoring of the fields, that it is necessary to apply a dedicated treatment 
to reduce the occurrence of root emerging weeds this can be done in more ways. One obvi-
ous method is to increase the working depth for the primary tillage operation, and to make 
sure, that all the residuals are effectively covered deeply under the soil layer. Another more 
dedicated method is to make space in the crop rotation; this allows for a series of operations 
in the period after harvest. Here there are in principal two different methods: “drying” and 
“starving”. Convenient conditions allow additionally to cultivate just prior to a period with 
temperatures below 0°C.

2.1. The type of operation

In Scandinavian countries, as in many other countries, the primary implements used for the 
primary tillage has been the moldboard plow and the stubble cultivator. Often, the stubble 
cultivator is used for a shallow operation immediately after harvest to stop the growth and 
cut the roots of weed plants and to catalyze the contact from the microbiological life to the 
residues. Hereafter, the strategy is different and highly dependent on the crop rotation and 
local conditions. If there is a need for a dedicated treatment to reduce the occurrence of peren-
nial weeds, it is generally after harvest that a series of repeated stubble cultivations can be 
performed [4]. Danish tests show that repeated stubble cultivations in the autumn can reduce 
the density of perennial weeds up to 90%. Similar results can be seen in a test in Norway and 
Germany [9, 10]. Under wet conditions in Norway, it has been observed that the best results 
are obtained by applying the treatment in spring prior to moldboard plowing and seeding. 
By this method, the time for seeding becomes too late and too costly in yield reduction. In the 
autumn, as the temperatures are getting lower, the plowing operation is performed. Here, 
the growth is stopped, and the turnover of the residuals are continued, now integrated into 
the soil and sowed in some depth.
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In areas having problems with erosion and where the farmers want to perform a strategy that 
is highly focused on soil fertility, deeper cultivation with chisel plows are used instead of the 
moldboard plowing. Under nonchemical conditions, success rate for this strategy to work is 
hard to come by. One major challenge is keeping a check on the development of the weed spe-
cies in a way that it damages the yield and growth conditions for the crops. Although more 
tests have shown that the most important factor in weed control is the soil fertility and the 
composition of the crop rotation [11–13], It is shown that when the crops are healthy and the 
yield is high, it can be acceptable that there is some presence of weed the tests also shows that 
it is possible to control the weed not to develop uncontrolled. Although the earlier mentioned 
tests have shown that tillage, especially stubble cultivation or hoeing can be helpful in practi-
cal use to control the weed.

2.2. Data and precision agriculture in primary tillage

The system of precision agriculture has been developed during the last three decades. The 
focus has primarily been on fertilizing and pesticide applications. There has been limited 
focus on the tillage no matter that there are big potentials both due to savings in cost and 
energy and in the optimization of the operations. The problem is that the controlling param-
eters such as “soil fertility” are almost impossible to measure by commercially available sen-
sors or sensor systems. In addition, it is quite difficult to transform to a mathematical model.

Though there are potentially gains both in a planning and graduated intensity over the field 
that can be performed by use of existing technology. For example, the plowing depth can be 
controlled by both semi-automated means and automatically [14]. From an overall point of 
view, the precision-based application can be performed at least due to tree challenges that 
normally occur locally and delimited on the field:

1. Emerging problems with root-emerging weeds

2. Dense soil with low capacity of water accessible for the crop

3. Compacted soil with reduced efficiency in the drainage

The abovementioned effects can be mapped by manual inspection. In recent years, the use of 
drones for these types of inspections is developed for commercial use [15, 16]. Since the last 
approx. 2 decades, the global positioning system (GPS) positioning, the tractor computers, 
and auto guidance have been commercially developed and are now installed on more than 
50% of new tractors. Having the digital application map, it is therefore possible to perform 
precision-controlled tillage operations. This can be done using selected implements that allow 
for the wanted adjustments, where the precision-based operations in farm level are introduced 
in the strategy of utilizing possible benefits and build the necessary profile of knowledge and 
technology needed to be prepared to utilize the upcoming versions of the new implement pre-
pared for precision applications. One example here is the plow. Here, it is already possible to 
adjust the plowing depth within a given range using existing technology. New developments 
[14] show systems that are dedicated for depth control in the individual plowing sections. It 
is also possible to build on double plow sections in front of the main moldboard that controls 
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if plant residuals primarily are mixed in the lower layer of the plowing profile or if they are 
placed into the bottom of the profile to optimize the control of root-emerging weeds.

The dedicated strategy in relation to optimizing the soil structure by using existing technol-
ogy relies more on the operation only for the areas, where the operation is needed. In these 
situations, it is important to be aware, that the tillage operation is only a part of the solution. 
The aim here is in a gentle way to loosen the soil as a part of a plan involving more actions 
that together are aiming to revitalize the soil fertility, that beneficially also involves the intro-
duction of dedicated crops, where the roots actively contribute to soil loosening and applying 
organic matter from manure, compost, or similar.

The state-of-art research in drone technology is concerned not only with mapping the density 
of weeds but also determining the species [15, 16]. This information will be beneficial as the 
growing weed species can be used as indicators for soil fertility, and hereby there are also 
problems with drainage and water capacity. This is important due to crop growth and yield, 
but it also plays a very important role in weed management as the fertile soil generates vital 
and robust grooving crops, that compete effectively with the weed.

Due to this context, it makes sense to pay most attention to the optimization of soil fertility by 
means of the tillage system and other means.

3. Seed bed preparation and seeding

Ideally, the seed bed preparation must take place some days prior to seeding. This performs 
the task smoothly in the soil. During the days of rest prior to seeding the soil aggregates sta-
bilize, such that the soil structure after seeding has less risk to slam and potential for erosion. 
Due to weed control the seed bed preparation prior to the seeding operation has another 
advantage as it can be used as a false seed bed, initiating weed seeds to germinate, and then 
removed in the seeding operation. In the planning of crop rotation, it makes good sense to 
make space for the false seed bed operation prior to the seeding of selected spring crops. 
More tests have been performed to reduce the pool of weed seeds in the soil. Results show 
that this is almost impossible [17, 18]. The seeding operation is normally performed by the 
use of implements, that also involves some tillage in the top layer. For a good establishment 
of the crop, precise seeding depth is important. This is also an advantage for weed control, 
as it is possible then to perform a weed harrowing operation just prior to the time where 
the new seeds breakthrough the soil surface. Hereafter it is important that crops perform a 
fast and robust establishment in this that the crops benefit from fertile soil, due to access to 
fertilizers, moisture, and the soil structure. Problems with slammed soil surface restrict the 
access for oxygen into the soil and thereby inhibit the growth. For more cases, the first estab-
lishment of the crop is essential. Due to weed control, it is in this period that the competitive 
strength of the crop due to weeds is established. In the next section, it is described how the 
competitive strength for crops improves the possibility of getting good results with weed 
harrowing. More tests [19, 20] show the importance of the timing in the tillage and weed man-
agement operations. Due to competitive characteristics there can be two alternative systems 
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pared for precision applications. One example here is the plow. Here, it is already possible to 
adjust the plowing depth within a given range using existing technology. New developments 
[14] show systems that are dedicated for depth control in the individual plowing sections. It 
is also possible to build on double plow sections in front of the main moldboard that controls 

Biological Approaches for Controlling Weeds20
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ogy relies more on the operation only for the areas, where the operation is needed. In these 
situations, it is important to be aware, that the tillage operation is only a part of the solution. 
The aim here is in a gentle way to loosen the soil as a part of a plan involving more actions 
that together are aiming to revitalize the soil fertility, that beneficially also involves the intro-
duction of dedicated crops, where the roots actively contribute to soil loosening and applying 
organic matter from manure, compost, or similar.

The state-of-art research in drone technology is concerned not only with mapping the density 
of weeds but also determining the species [15, 16]. This information will be beneficial as the 
growing weed species can be used as indicators for soil fertility, and hereby there are also 
problems with drainage and water capacity. This is important due to crop growth and yield, 
but it also plays a very important role in weed management as the fertile soil generates vital 
and robust grooving crops, that compete effectively with the weed.

Due to this context, it makes sense to pay most attention to the optimization of soil fertility by 
means of the tillage system and other means.

3. Seed bed preparation and seeding

Ideally, the seed bed preparation must take place some days prior to seeding. This performs 
the task smoothly in the soil. During the days of rest prior to seeding the soil aggregates sta-
bilize, such that the soil structure after seeding has less risk to slam and potential for erosion. 
Due to weed control the seed bed preparation prior to the seeding operation has another 
advantage as it can be used as a false seed bed, initiating weed seeds to germinate, and then 
removed in the seeding operation. In the planning of crop rotation, it makes good sense to 
make space for the false seed bed operation prior to the seeding of selected spring crops. 
More tests have been performed to reduce the pool of weed seeds in the soil. Results show 
that this is almost impossible [17, 18]. The seeding operation is normally performed by the 
use of implements, that also involves some tillage in the top layer. For a good establishment 
of the crop, precise seeding depth is important. This is also an advantage for weed control, 
as it is possible then to perform a weed harrowing operation just prior to the time where 
the new seeds breakthrough the soil surface. Hereafter it is important that crops perform a 
fast and robust establishment in this that the crops benefit from fertile soil, due to access to 
fertilizers, moisture, and the soil structure. Problems with slammed soil surface restrict the 
access for oxygen into the soil and thereby inhibit the growth. For more cases, the first estab-
lishment of the crop is essential. Due to weed control, it is in this period that the competitive 
strength of the crop due to weeds is established. In the next section, it is described how the 
competitive strength for crops improves the possibility of getting good results with weed 
harrowing. More tests [19, 20] show the importance of the timing in the tillage and weed man-
agement operations. Due to competitive characteristics there can be two alternative systems 
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for seeding: one is that the seed is distributed evenly over the area to give the best coverage 
possible and thereby the best competitive strength against weeds. Danish experiences show 
good results with this system for crops such as rye and barley. If the crop is less competitive 
in general, or particularly in the early stage, another system can be favorable, to grow crops in 
rows this enable the possibility of performing weed harrowing and hoeing. In row cropping, 
the competitive strength due to weeds in the in-row area has improved substantially, as also 
the overall resistance for the crop in operations as weed harrowing is improved. The disad-
vantage of row cropping is that operations for weed control are needed in the inter-row area. 
Due to yield the crop is not that sensitive. The Danish test has shown that for row distances, 
up to approx. 18 cm for cereals, there is almost no decrease in yield. Other crops such as rape 
are even less sensitive to the open row distance.

3.1. Digital tools

Due to seeding there are commercial systems that allow for graduated seed density over the 
field. The graduation can aim for eliminating locally weak conditions for germination or if an 
improved coverage is required in the early stage. The control input for this must be given by 
the operator prior to the operation, as there are no systems available that can sense the input 
for this. Modern seeding implements are designed to operate with a constant seeding depth, 
with mechanical means that is adjusted prior to the operation in the field. Ongoing research 
aims to develop systems that by monitoring the actual working depth are adjusted by a dedi-
cated control system. In the system tested the control systems are operating individually on 
each seeding section. With such a system in operation I will make sense to expect a coming 
version designed for adaptive control of the seeding depth, for example, to ensure the access 
to moister and thereby the best possible conditions for germination.

Systems for automatic change from broad seeding to row cropping are also commercially 
available. Though not fully flexible, they are designed such that every second seeding unit 
can be closed. Whit such systems, row cropping can be established only in the areas where it 
makes sense due to reduced soil fertility or structure. For more reasons, there is a big inter-
est in establishing cover crops. This can be quiet challenging under Nordic conditions as the 
cover crops in general require early seeding for success. Here, row cropping also enables some 
good conditions under seeding in the inter-row band prior to harvest. In good conditions 
cover crops can contribute in stabilizing the growing system due to harvest of nitrogen and 
controlling weed growth. Though the capacity from cover crops to control weeds is not good 
enough as it can be used to solve problems, stubble cultivation must be brought into play.

3.2. Weed harrowing and hoeing

To avoid weed problems it is important that all means to control the weed is integrated and 
optimized together with other elements in the cropping system. The interactions and the con-
nections to the tillage operations and other factors are described in the sections earlier.

The weed harrow is normally designed with a flexible frame mounted with more sections, 
equipped with a set of long elastic tines that all are in touch with the soil surface. It is com-
mercially available to have systems, where the load on the individual sections is equally 
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 distributed by an active control system. The intensity from the tines to the soil surface is con-
trolled by the load on the section and the working angle for the tines. This working angle can 
also be controlled by a central control system that is normally controlled by the operator. The 
challenge for the operator is to adjust the settings for the harrow and the operation forward 
speed such that the damage on the crop is limited and the effect on the weeds is optimized. 
One important factor here is to make the best use of all factors to optimize the growth dif-
ference, such that the crop continuously is bigger and more established than the weed. It is 
also important that the soil is workable without a slammed and hard surface. In an optimal 
setup the first treatment is performed approx. 1 week before the seeding process to initiate 
the germination of the first generation of weed seeds. Hereafter follows a precision seeding as 
earlier described; this does reset the weeds. Then, just before the crop breaks the soil surface, 
a weed harrowing operation is again performed. Hereafter a break is needed for the crop to 
be established such that it sustains a next operation. For this operation the operator needs to 
pay the most attention to the timing and to the adjustment of the harrow as the best result is 
achieved by carrying out the operation as early as possible, without damaging the crop and 
when it is still possible to control the weed. Hereafter two more operations can be performed.

As described the weed harrow is a uniform implement that work in the full working with 
based on the preconditions that it is possible to establish a difference in the sensitivity for the 
crop and the weed to the treatment. In comparison to this is the hoe that only operates in the 
inter-row area without crops. By modern implements the guidance of the hoe can be auto-
matically controlled by a vision-based system that enables the hoe to operate quite precisely 
in relation to the row. As the competitiveness from the row of crops is bigger and closer to 
the row, it is important to perform hoeing as close as possible without absolutely damaging 
the crops. A very precise and dedicated operation can be performed by a hoe equipped with 
elements such as brushes or other tools that work close to the row. The advantage of the hoe 
is that it has very high efficiency in the inter-row area.

A normal cropping system does normally include weed harrowing for weed control. The 
overall effect and weed control can be improved by also introducing the hoe for operations 
where it can be possible operated. Compared to weed harrowing the hoe is less sensitive on 
hard surfaces and so on, which means that the effect of hoeing is more reliable. Hoeing can 
also be an important part of the strategy to bring the system back to normal for areas where 
the weed has had the chance to develop to a level that is problematic for balance in the system. 
This can be done by opening the rows to make space for the hoe operations in the problematic 
areas in the field. The hoe is very efficient in the inter-row area. For the operation close to the 
row some additional systems can be built [21] such as flexible tines or rotating fingers.

4. Discussion and conclusion

Many farmers and research activities have shown that it is possible to control the weed in 
cropping systems only by use of mechanical and agronomic means. It is essential that the 
cropping system is carefully planned and adaptively optimized in relation to the local condi-
tions and challenges. The fertile soil is key both to the growth and to the yield of the crops but 
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also in relation to create the best conditions for successful tillage operations and weed control. 
One of the core elements is if the cropping system makes space for cutting grass. A perennial 
grass for feed that is cut three times or more in the growing season contributes substantially 
to weed control and to the optimizing the soil fertility and hereby the soil structure.

Going a little into the details and interdependency of the different elements and operations 
in the cropping systems, it appears that there are many balances to be aware of and many 
optimizations to be made. Here, many new technologies can assist in positive results. In this 
matter it is important also to follow technical development. Some of the concepts that auto-
matic solutions. This must create value in the operation and the cropping system, but it also 
prepares the farmer to take in the new technical solutions when they are ready and when they 
potentially can create value in the individual cropping system.
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Abstract

Rapeseed (canola, Brassica napus L.) is the second major oilseed crop of the world and
provides a source of healthy oil for human consumption, meal for stock markets and several
other by-products. Several weed species afflict the sustainable production and quality of
canola. Various agronomic practices such as crop rotation, stubble management (e.g. burn-
ing), minimum tillage, application of herbicides and cultivation of herbicide resistant varie-
ties have been deployed to minimise yield losses. There is no doubt that herbicide-tolerant
cultivars enable management of weeds which are difficult to control otherwise. However,
widespread usage increases the risk of herbicide resistance. This is becoming a major imped-
iment in sustaining high crop productivity. Allelopathic and weed competitive varieties are
potential tools to reduce the dependence on herbicides and could be grown to suppress weed
growth in commercial canola. Genetic variation and ‘proxy’ traits involved in both crop
competition as well as allelopathy have been reported. Further research is required to link
genetic variation in weed competition and allelopathy, and genetic/genomicmarker technol-
ogies to unravel effective alleles to expand breeding activity for weed interference in canola.

Keywords: canola, allelopathy, weed competition, genetic variation, QTL mapping,
genome wide association analysis

1. Introduction

Rapeseed (canola, Brassica napus L, 2n = 4X = 38) belongs to the family Brassicaceae, which is
widely distributed across subtropical to temperate regions. It is thought to be originated as a
result of natural hybridisation event between Brassica rapa (2n = 2X = 20, genome AA) and
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Brassica oleracea (2n = 2X =18, genome CC) [1]. Rapeseed is a close relative of Arabidopsis
thaliana, a weed species widely distributed in the Northern hemisphere that diverged from
Brassica �20 million year ago [2]. Although rapeseed was domesticated approximately 400 years
ago, it has become, in recent decades, the leading oilseed crop worldwide [3], providing about
13% of the world’s edible oil supply [4]. In Australia, canola was commercially grown for the
first time in 1969 [5]. During the last four decades, the rapeseed industry has expanded expo-
nentially with the development and cultivation of canola quality varieties having less than 2%
erucic acid and less than 40 micromoles/g meal glucosinolates as well as resistance to blackleg
disease, caused by the fungus, Leptosphaeria maculans. Higher grain prices and deployment of
high yielding and herbicide tolerant hybrid varieties have further played major roles in its
expansion. Currently, canola is the third largest broad-acre crop in Australia and is grown on
more than 2.3 million ha [6] in a range of environments (i.e. <200 mm to >800 mm rainfall) [5].
Canola is usually sown in rotation with cereal crops such as wheat and barley to manage weeds
and diseases of both crop types. Research has shown that canola can increase yields of wheat by
up to15% [7].

Several weed species such as wild radish (Raphanus raphanistrum), shepherd’s purse (Capsella
bursa-pastoris), capeweed (Arctotheca calendula), Indian hedge mustard (Sisymbrium orientale),
annual ryegrass (Lolium rigidum) and Paterson’s curse (Echium plantagineum) afflict the produc-
tion of canola. Weeds compete with the canola crop for water and nutrient uptake, and for solar
radiation. This results in a reduction in the grain yield as well as in grain quality. Up to 90%
reduction in grain yield of canola has been reported under high infestation of wild radish [8].
Improved agronomic practices such as stubble burning, minimal tillage, crop rotation, and
application of herbicides provide valuable tools in managing weed populations. The option of
manual weeding is not cost-effective for broad-acre crops such as canola. Various herbicide
groups (A, B, C, D, I, K, M, and N) are currently used to control weeds in canola [9] . In addition,
crop rotations provide the opportunity to rotate herbicide groups and delay the evolution of
herbicide-resistant weed populations.

2. Development of herbicide resistant varieties

Several herbicide-tolerant canola varieties marketed as Clearfield™ (CL), Roundup Ready™
(RR), and Triazine Tolerant™ (TT) are currently cultivated to widen the herbicide spectrum for
control of weeds in canola and other crops. This strategy has played a major role in transforming
the canola industry in Australia. The first TT variety of canola, ‘Siren’, was developed in 1993.
Since then, there has been a continuous supply of open-pollinated as well as hybrid TT varieties
for commercial cultivation. Although TT varieties had a 10–15% yield penalty [10] and lower oil
content, these varieties have been popular among growers particularly where wild radish has
been a problem, accounting for 70% of the cropped area in some states of Australia. These
varieties have enabled an effective and cost effective management of common weeds, particu-
larly wild radish, and those which are resistant to Group A and B herbicides. The other herbicide
tolerant varieties, RR and CL, do not impose yield penalties.

Biological Approaches for Controlling Weeds28

Canola seems to be particularly vulnerable to competition from broad-leaf weeds as there are
limited commercial herbicide options available. The canola industry is thus becoming more
and more reliant on the herbicide tolerant varieties to provide control options for these major
weeds. Analysis of weed resistance status indicates that key canola weeds in Australia are well
known for their multiple herbicide sites of action resistances (Figure 1) and so existing herbi-
cide options are either compromised or are likely to be. In recent decades, the heavy reliance
on herbicides has led to herbicide resistance in numerous weed species such as annual ryegrass
and wild radish with major concern being the increased incidence in particular, to Group M
herbicide, glyphosate (Roundup®). Many farmers use glyphosate as a pre-planting herbicide
to provide a weed-free seedbed. The advent of Roundup Ready (RR) crop varieties has
transformed the use of glyphosate into an in-crop broad spectrum, selective herbicide. As a
result, it has become the last herbicide used in the season and so any escapes from that use help
to build glyphosate-resistant weed populations in subsequent seasons [11].

Evaluation of the herbicides with the highest number of species for which herbicide resistance
has been recorded (Figure 2) shows that of the 15 herbicides listed, eight are likely to be
utilised in canola production, including Imazamox and Imazethapyr for CL canola, glyphosate
for RR canola and atrazine and simazine for TT lines. With the development and commercial
cultivation of genetically modified (GM) canola, there is now more flexibility to control a
broad-spectrum of weeds through stacking of herbicide tolerant traits. For example, farmers
now have access to hybrid varieties which have tolerance to glyphosate and triazines, provid-
ing pre-emergence as well as in-crop selective herbicide capability. Unfortunately, this gene
stacking strategy for herbicide tolerance has further increased herbicide dependency [13] and
is likely to lead to quicker herbicide resistance which in turn unfortunately will reduce weed
control options.

Figure 1. Weed species resistance to multiple sites of actions [12].
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manual weeding is not cost-effective for broad-acre crops such as canola. Various herbicide
groups (A, B, C, D, I, K, M, and N) are currently used to control weeds in canola [9] . In addition,
crop rotations provide the opportunity to rotate herbicide groups and delay the evolution of
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control of weeds in canola and other crops. This strategy has played a major role in transforming
the canola industry in Australia. The first TT variety of canola, ‘Siren’, was developed in 1993.
Since then, there has been a continuous supply of open-pollinated as well as hybrid TT varieties
for commercial cultivation. Although TT varieties had a 10–15% yield penalty [10] and lower oil
content, these varieties have been popular among growers particularly where wild radish has
been a problem, accounting for 70% of the cropped area in some states of Australia. These
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larly wild radish, and those which are resistant to Group A and B herbicides. The other herbicide
tolerant varieties, RR and CL, do not impose yield penalties.

Biological Approaches for Controlling Weeds28

Canola seems to be particularly vulnerable to competition from broad-leaf weeds as there are
limited commercial herbicide options available. The canola industry is thus becoming more
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known for their multiple herbicide sites of action resistances (Figure 1) and so existing herbi-
cide options are either compromised or are likely to be. In recent decades, the heavy reliance
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and wild radish with major concern being the increased incidence in particular, to Group M
herbicide, glyphosate (Roundup®). Many farmers use glyphosate as a pre-planting herbicide
to provide a weed-free seedbed. The advent of Roundup Ready (RR) crop varieties has
transformed the use of glyphosate into an in-crop broad spectrum, selective herbicide. As a
result, it has become the last herbicide used in the season and so any escapes from that use help
to build glyphosate-resistant weed populations in subsequent seasons [11].
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has been recorded (Figure 2) shows that of the 15 herbicides listed, eight are likely to be
utilised in canola production, including Imazamox and Imazethapyr for CL canola, glyphosate
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broad-spectrum of weeds through stacking of herbicide tolerant traits. For example, farmers
now have access to hybrid varieties which have tolerance to glyphosate and triazines, provid-
ing pre-emergence as well as in-crop selective herbicide capability. Unfortunately, this gene
stacking strategy for herbicide tolerance has further increased herbicide dependency [13] and
is likely to lead to quicker herbicide resistance which in turn unfortunately will reduce weed
control options.
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Application of herbicides has its own limitations; the practice is expensive, there is a risk of
spray drift to neighbouring crops, and weed resistance threatens the on-going efficacy of the
herbicide armoury. An alternative approach is to breed new varieties with improved genetics
for weed interference. This interference, which is environmentally friendly, can be of two
types: high competitiveness and/or allelopathy. In either case the crop does most of the weed
management and herbicides are used in a supplementary way, if at all.

3. Alternative approaches used for weed management: Interference

Crop interference as a tactic has been explored in some crops [14, 15]. It can be defined as the
crop plants interfering with weed growth through competition for environmental resources
[16] or the crop modifying the growth environment chemically to the disadvantage of the
weed [16, 17]. These mechanisms are distinct but seem to act collectively to control weed
populations under field conditions [18]. Although allelopathy includes growth promoting,
and inhibiting effects, it is usually used to describe growth inhibiting effects [19]. Management
practices also can and should assist these processes: for example, growers can manipulate crop
sowing times and sowing rates to disadvantage the weeds relative to the crop as well as
impose practices that minimise weed seed additions to the seed bank.

3.1. Genetic variation for weed competition

Crop competition is the ability of crops to adapt to weed infestation by accessing limited
resources also sought by neighbouring weeds. Traits associated with weed competition are
generally related to morphology and phenology of both weed and crop species [20]. Several
traits related to competitive ability include plant height, tiller number, leaf angle, canopy
structure, early vigour and time to maturity [20]. A good understanding of component attri-
butes underlying those traits would provide an opportunity to improve weed competition of
crops using genetic and genomic tools.

Figure 2. Number of most common resistant species to individual active herbicides (adapted from Heap [12]). Herbicides
for use on canola are indicated in orange.

Biological Approaches for Controlling Weeds30

Morphological traits related to the interception of radiation by leaves which determine com-
petitiveness for light, including leaf size, number and leaf area index, stem elongation, upward
leaf movement [21–24] and leaf layer density [25], have not been studied in canola. These traits
are associated with shade avoidance, enabling plants to photosynthesise and grow to improve
their competitiveness [21, 22]. Height at maturity has also been reported to contribute to
competitive ability [26, 27] although a negative relationship between plant height and weed
infestation has been reported for canola [28] and wheat [27]. No such relationship has been
found in rice [18]. This trait however tends to have a negative effect on grain yield due to a
reduced harvest index.

In wheat, Coleman et al. [29] and Mokhtari et al. [30] showed the normal distribution for
phenotypic variation for competitive ability traits in populations derived from crosses between
competitive and non-competitive parents. This suggests that the competitive ability trait is
controlled by quantitative genes which have minor and moderate effects. Competitive ability
associated traits seem to have moderate to highly heritability. In bread wheat, [29] estimated
narrow-sense heritabilities for different agronomic and morphological traits associated with
weed competition to be: high for flowering date (0.99) and height stem elongation (0.91); low
for tiller number (0.34), leaf area index during stem extension (0.18–0.31) and crop dry matter
(0.18). Mokhtari et al. [30] estimated the narrow-sense heritability of percentage yield loss due
to the weed competition in F2:F3 populations of wheat: 0.25 for the population derived from
crossing two late flowering time parents and 0.57 for the population derived from crossing
between two early flowering time parents.

In rice, broad-sense heritability of weed biomass and crop grain yield under weedy conditions
was reported [31] to be high (0.64 to 0.79) for 40 upland rice cultivars grown under weed and
weed-free conditions. Another study by Zhao et al. [32] also found that broad-sense heritabil-
ity was high, being 0.88 for early vigour and 0.81 for crop height 4 weeks after seeding.
Although heritability is an indication of phenotypic variation due to genetic effects, the esti-
mation of broad and narrow-sense heritabilities for traits are influenced by population struc-
ture and environmental factors.

The genetic bases and extent of variation associated with competitive ability in Brassica crops
have received attention. In canola, plant height, leaf size, leaf number and leaf area index, stem
elongation, upward leaf movement and leaf density are considered as the most important
attributes for above ground competition for light; and plant root size and depth, relative growth
rate, biomass, root density and total root surface area are the most important traits for below
ground competition for space, soil nutrients and water [33]. However, only limited component
traits have been studied so far to determine the extent of genetic variation in Brassica species. For
example, Beckie et al. [34] compared the competitive ability of canola with yellow mustard (B.
juncea) against wild oats. Yellow mustard was superior in competitiveness to canola due to its
rapid growth and plant height resulting in early-season crop biomass accumulation. It has also
been shown that canola hybrid varieties are more competitive than open pollinated varieties due
to their faster growth and biomass accumulation [35]. Harker et al. [36] confirmed the stronger
competitive ability of hybrid canola varieties especially under cool and low growing degree day
conditions. In an Australian study, Asaduzzaman et al., (unpublished) compared the weed

Genetic Variation for Weed Competition and Allelopathy in Rapeseed (Brassica napus L.)
http://dx.doi.org/10.5772/intechopen.79599

31



Application of herbicides has its own limitations; the practice is expensive, there is a risk of
spray drift to neighbouring crops, and weed resistance threatens the on-going efficacy of the
herbicide armoury. An alternative approach is to breed new varieties with improved genetics
for weed interference. This interference, which is environmentally friendly, can be of two
types: high competitiveness and/or allelopathy. In either case the crop does most of the weed
management and herbicides are used in a supplementary way, if at all.

3. Alternative approaches used for weed management: Interference

Crop interference as a tactic has been explored in some crops [14, 15]. It can be defined as the
crop plants interfering with weed growth through competition for environmental resources
[16] or the crop modifying the growth environment chemically to the disadvantage of the
weed [16, 17]. These mechanisms are distinct but seem to act collectively to control weed
populations under field conditions [18]. Although allelopathy includes growth promoting,
and inhibiting effects, it is usually used to describe growth inhibiting effects [19]. Management
practices also can and should assist these processes: for example, growers can manipulate crop
sowing times and sowing rates to disadvantage the weeds relative to the crop as well as
impose practices that minimise weed seed additions to the seed bank.

3.1. Genetic variation for weed competition

Crop competition is the ability of crops to adapt to weed infestation by accessing limited
resources also sought by neighbouring weeds. Traits associated with weed competition are
generally related to morphology and phenology of both weed and crop species [20]. Several
traits related to competitive ability include plant height, tiller number, leaf angle, canopy
structure, early vigour and time to maturity [20]. A good understanding of component attri-
butes underlying those traits would provide an opportunity to improve weed competition of
crops using genetic and genomic tools.

Figure 2. Number of most common resistant species to individual active herbicides (adapted from Heap [12]). Herbicides
for use on canola are indicated in orange.
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Morphological traits related to the interception of radiation by leaves which determine com-
petitiveness for light, including leaf size, number and leaf area index, stem elongation, upward
leaf movement [21–24] and leaf layer density [25], have not been studied in canola. These traits
are associated with shade avoidance, enabling plants to photosynthesise and grow to improve
their competitiveness [21, 22]. Height at maturity has also been reported to contribute to
competitive ability [26, 27] although a negative relationship between plant height and weed
infestation has been reported for canola [28] and wheat [27]. No such relationship has been
found in rice [18]. This trait however tends to have a negative effect on grain yield due to a
reduced harvest index.

In wheat, Coleman et al. [29] and Mokhtari et al. [30] showed the normal distribution for
phenotypic variation for competitive ability traits in populations derived from crosses between
competitive and non-competitive parents. This suggests that the competitive ability trait is
controlled by quantitative genes which have minor and moderate effects. Competitive ability
associated traits seem to have moderate to highly heritability. In bread wheat, [29] estimated
narrow-sense heritabilities for different agronomic and morphological traits associated with
weed competition to be: high for flowering date (0.99) and height stem elongation (0.91); low
for tiller number (0.34), leaf area index during stem extension (0.18–0.31) and crop dry matter
(0.18). Mokhtari et al. [30] estimated the narrow-sense heritability of percentage yield loss due
to the weed competition in F2:F3 populations of wheat: 0.25 for the population derived from
crossing two late flowering time parents and 0.57 for the population derived from crossing
between two early flowering time parents.

In rice, broad-sense heritability of weed biomass and crop grain yield under weedy conditions
was reported [31] to be high (0.64 to 0.79) for 40 upland rice cultivars grown under weed and
weed-free conditions. Another study by Zhao et al. [32] also found that broad-sense heritabil-
ity was high, being 0.88 for early vigour and 0.81 for crop height 4 weeks after seeding.
Although heritability is an indication of phenotypic variation due to genetic effects, the esti-
mation of broad and narrow-sense heritabilities for traits are influenced by population struc-
ture and environmental factors.

The genetic bases and extent of variation associated with competitive ability in Brassica crops
have received attention. In canola, plant height, leaf size, leaf number and leaf area index, stem
elongation, upward leaf movement and leaf density are considered as the most important
attributes for above ground competition for light; and plant root size and depth, relative growth
rate, biomass, root density and total root surface area are the most important traits for below
ground competition for space, soil nutrients and water [33]. However, only limited component
traits have been studied so far to determine the extent of genetic variation in Brassica species. For
example, Beckie et al. [34] compared the competitive ability of canola with yellow mustard (B.
juncea) against wild oats. Yellow mustard was superior in competitiveness to canola due to its
rapid growth and plant height resulting in early-season crop biomass accumulation. It has also
been shown that canola hybrid varieties are more competitive than open pollinated varieties due
to their faster growth and biomass accumulation [35]. Harker et al. [36] confirmed the stronger
competitive ability of hybrid canola varieties especially under cool and low growing degree day
conditions. In an Australian study, Asaduzzaman et al., (unpublished) compared the weed
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competiveness of 16 Brassica napus genotypes representing open pollinated, F1 hybrid and TT
lines against annual ryegrass and associated weeds and showed that open pollinated and
hybrid genotypes reduced weed shoot biomass by 50% compared with less vigorous TT geno-
types. In a recent study, Shamaya et al. [37] evaluated the competitive ability of 26 canola
genotypes against annual ryegrass (Lolium rigidum) under field and glasshouse conditions to
study the phenotypic traits associated with weed competition. Under both conditions, the
canola biomass, mostly leaf biomass measured in the glasshouse only, was positively associated
with competitive ability.

3.2. Detection of QTL for weed competitiveness

Several studies have employed the Quantitative Trait Locus (QTL) mapping approach for
detecting, localising and determining the magnitude of loci affecting phenotypic variation for
weed competition in plants (Table 1). The QTL mapping approach is based on the statistical
association between phenotypic and molecular marker polymorphism data. Several molecular
markers such as Restriction Fragment Length Polymorphism (RFLP), Single Feature Polymor-
phism (SFP), Diversity Arrays Technology (DArTs), Random Amplified Polymorphic DNAs
(RAPDS), Simple Sequence Repeats/Microsatellites (SSRs), Amplified Fragment Length Poly-
morphisms (AFLPs), Cleaved Amplified Polymorphic Sequence (CAPs) and Sequence-Related
Amplified Polymorphism (SRAP) have been used extensively to genotype populations for
genetic analyses [38–44]. More recently, whole genome sequencing methods enabled to
develop new marker systems such as genotyping by sequencing based on the complexity
reduction methods including DArTseq, Single Nucleotide Polymorphisms (SNPs), restriction-
site associated DNA (RAD), RNA-Seq and sequence captures that are more suitable for high-
throughput analyses [45–50].

Two strategies based on Quantitative Trait Locus (QTL) mapping and genome-wide associa-
tion mapping (genome-wide association study, GWAS) approaches have been used to under-
stand the genetic basis of natural variation for weed interference in various crop plants such as
rice, corn, wheat, cowpea, barrel clover, peas, sorghum, sunflower and A. thaliana [51–57]. In
B. napus, QTL for various traits of agronomic importance including seed germination/plant
emergence, fractional ground cover (early vigour), plant biomass, flowering time, plant height,
plant maturity, grain yield, resistance to various biotic and abiotic stresses and seed shattering
have been mapped using traditional and GWAS [49, 58–74]. However, no QTL associated with
weed competition and/or allelopathy has been identified to date.

QTL for weed competition traits have been mapped in cereals and other crops. For example, in
wheat Coleman et al. [29] utilised the genetic linkage map based on RFLP, AFLP, SSR, known
genes and protein markers of doubled haploid (DH) populations derived from Cranbrook/
Halberd to investigate the genetic control of various traits involved in grain yield loss and
suppression of ryegrass growth. These traits included the width of the second leaf, canopy
height, light interception at early stem elongation, tiller number, days to anthesis and plant
height. Several consistent QTL for flag leaf area, flag leaf length, flag leaf width, height at stem
elongation, and tiller number were identified in the vicinity of photo-period genes (Ppd-B1 and
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Competitive ability

Species Population type Population
size

Trait Season Chromosome R2 Reference

Wheat
(Triticum
aestivum
L.)

Doubled haploid lines
derived from Cranbrook/
Halberd

161 Yield 1999 3A 12.2 Coleman
et al. [29]

3B 9.8

1000 – grain weight 1998 5A 11.0

2D 8.4

1999 5A 12.0

2B 9.9

Wheat
(Triticum
aestivum
L.)

Recombinant inbred lines
derived Opata 85/ and
synthetic W7984

108 Early Season Vigour 2005 5A 16 Reid [75]

2006 5A 22

Days to Heading 2005 5A 21

2006 5A 21

Day to Anthesis 2005 5A 20

2006 5A 17

Days to Maturity 2005 5A 13

2006 5A 19

Weed Suppression 2005 5A 14

2006 5A 15

Allelopathy

Wheat
(Triticum
aestivum
L.)

Doubled haploid lines
derived from Tasman
(strongly allelopathy)
Sunco (weakly allelopathy)

271 Reduction in annual
ryegrass using the
Equal-
Compartment-Agar-
Method [89]

2B 29 Wu et al.,
[57]

Rice
(Oryza
sativa L.)

F2 – F3 population derived
from Indica line PI312777
(strongly allelopathy)
Japonica cv Rexmont
(weakly allelopathy)

192 Reduction in lettuce
root length using
water-soluble extract
method [116]

1, 3, 5, 6, 7,
11, 12

9.4–
16.1

Ebana
et al.,
[112]

Rice
(Oryza
sativa L.)

Recombinant inbred lines
derived from crossing cv
IAC 165 (strongly
allelopathy) and cv CO39
(weakly allelopathy)

142 Reduction in
barnyard grass root
length using relay
seeding technique
method [117]

3 12 Jensen
et al.,
[113]3 7.2

8 8.5

Rice
(Oryza
sativa L.)

Doubled haploid lines
derived from Japonica
Jingxi17 (strongly
allelopathy) Indica
Zhaiyeqing 8 (weakly
allelopathy)

123 Reduction in lettuce
root length using
water-soluble extract

3 10.24 Dali et al.,
[118]

9 8.24

10 8.27

12 9.79

Rice
(Oryza
sativa L.)

Recombinant inbred lines
derived from Indica cv
AC1423 (strongly

150 Reduction in
Echinochloa crus-galli
root length using

4 11.1 Jensen
et al.,
[114]
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competiveness of 16 Brassica napus genotypes representing open pollinated, F1 hybrid and TT
lines against annual ryegrass and associated weeds and showed that open pollinated and
hybrid genotypes reduced weed shoot biomass by 50% compared with less vigorous TT geno-
types. In a recent study, Shamaya et al. [37] evaluated the competitive ability of 26 canola
genotypes against annual ryegrass (Lolium rigidum) under field and glasshouse conditions to
study the phenotypic traits associated with weed competition. Under both conditions, the
canola biomass, mostly leaf biomass measured in the glasshouse only, was positively associated
with competitive ability.

3.2. Detection of QTL for weed competitiveness

Several studies have employed the Quantitative Trait Locus (QTL) mapping approach for
detecting, localising and determining the magnitude of loci affecting phenotypic variation for
weed competition in plants (Table 1). The QTL mapping approach is based on the statistical
association between phenotypic and molecular marker polymorphism data. Several molecular
markers such as Restriction Fragment Length Polymorphism (RFLP), Single Feature Polymor-
phism (SFP), Diversity Arrays Technology (DArTs), Random Amplified Polymorphic DNAs
(RAPDS), Simple Sequence Repeats/Microsatellites (SSRs), Amplified Fragment Length Poly-
morphisms (AFLPs), Cleaved Amplified Polymorphic Sequence (CAPs) and Sequence-Related
Amplified Polymorphism (SRAP) have been used extensively to genotype populations for
genetic analyses [38–44]. More recently, whole genome sequencing methods enabled to
develop new marker systems such as genotyping by sequencing based on the complexity
reduction methods including DArTseq, Single Nucleotide Polymorphisms (SNPs), restriction-
site associated DNA (RAD), RNA-Seq and sequence captures that are more suitable for high-
throughput analyses [45–50].

Two strategies based on Quantitative Trait Locus (QTL) mapping and genome-wide associa-
tion mapping (genome-wide association study, GWAS) approaches have been used to under-
stand the genetic basis of natural variation for weed interference in various crop plants such as
rice, corn, wheat, cowpea, barrel clover, peas, sorghum, sunflower and A. thaliana [51–57]. In
B. napus, QTL for various traits of agronomic importance including seed germination/plant
emergence, fractional ground cover (early vigour), plant biomass, flowering time, plant height,
plant maturity, grain yield, resistance to various biotic and abiotic stresses and seed shattering
have been mapped using traditional and GWAS [49, 58–74]. However, no QTL associated with
weed competition and/or allelopathy has been identified to date.

QTL for weed competition traits have been mapped in cereals and other crops. For example, in
wheat Coleman et al. [29] utilised the genetic linkage map based on RFLP, AFLP, SSR, known
genes and protein markers of doubled haploid (DH) populations derived from Cranbrook/
Halberd to investigate the genetic control of various traits involved in grain yield loss and
suppression of ryegrass growth. These traits included the width of the second leaf, canopy
height, light interception at early stem elongation, tiller number, days to anthesis and plant
height. Several consistent QTL for flag leaf area, flag leaf length, flag leaf width, height at stem
elongation, and tiller number were identified in the vicinity of photo-period genes (Ppd-B1 and
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1, 3, 5, 6, 7,
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IAC 165 (strongly
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root length using
water-soluble extract

3 10.24 Dali et al.,
[118]

9 8.24

10 8.27

12 9.79

Rice
(Oryza
sativa L.)

Recombinant inbred lines
derived from Indica cv
AC1423 (strongly

150 Reduction in
Echinochloa crus-galli
root length using

4 11.1 Jensen
et al.,
[114]
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Ppd-D1) on the group 2 chromosomes. Three QTL for plant height at anthesis were detected on
chromosomes 3A, 4B and 5A. No QTL for crop yield loss in the presence of ryegrass or
ryegrass dry matter suppression was identified in this population, likely due to the complex
nature of this trait [29]. However this study reported that ryegrass dry matter was suppressed
for DH lines of wheat with greater leaf area index, more tillers, taller plant height and later
flowering. High genetic correlations between leaf area index and grain yield loss (r = �0.81) as
well as suppression of ryegrass (r = �0.91) were observed indicating that traits contributing to
early ground cover would be important for developing competitive wheat genotypes. Another
wheat study conducted in the northern region of Canada determined a cluster of QTL associ-
ated with traits implicated in weed competition [75] using 108 recombinant inbred lines
derived from a cross between Mexican wheat, Opata 85, and a synthetic wheat accession,
W7984. Early vigour, day to heading, day to anthesis, day to maturity and weed suppression
were mapped to the same region on chromosome 5A corresponding to the position of the

Competitive ability

Species Population type Population
size

Trait Season Chromosome R2 Reference

allelopathy)/cv. Aus196
(weakly allelopathy)

relay seeding
technique method
[117]

Echinochloa crus-galli
root length from
greenhouse pot set-
up

4 9.6

Echinochloa crus-galli
root biomass from
greenhouse pot set-
up

3 5.0

6 6.9

Echinochloa crus-galli
shoot length from
greenhouse pot set-
up

3 5.9

8 7.1

Echinochloa crus-galli
shoot biomass from
greenhouse pot set-
up

8 5.1

12 5.8

Rice
(Oryza
sativa L.)

Recombinant inbred lines
derived from cv. Zhong-156
(strongly allelopathy)/cv.
Gumei-2 (weakly
allelopathy)

147 Allelopathy index
determined by
secondary metabolite

11 16.5 Zhou
et al. [111]

Table 1. Genetic analysis of mapping populations for crop competitiveness and allelopathy.
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vernalisation gene Vrn-A1, suggesting that flowering time may be associated with weed sup-
pression.

In rice (Oryza sativa L), a mapping population developed from a cross between a weed-
suppressive ‘indica’ rice line and a non-weed suppressive ‘japonica’ cultivar was used to study
the genetic bases of variation for seedling germination, shoot length and dry matter weight.
Thirteen QTL were detected and each QTL explained 5–10% of the phenotypic variation of the
traits [76].

GWAS has been employed to investigate the genetic architecture of weed competition in
A. thaliana, and rice [51, 55]. For example, a set of 195 accession of A. thaliana grown with the
presence and absence of bluegrass, Poa annua, were analysed for trait (29 phenotypes related
to phenology, resource acquisition, hoot architecture, seed dispersal, fecundity, reproductive
strategy and survival)-marker association [51]. Several significant SNP associations for yield
(fruit number on basal branches) with and without weed competition were identified. This
study further identified a candidate gene, TSF (TWIN SISTER OF FT) which was associated
with flowering time, duration of flowering, climate variation, the number of primary
branches and escape strategy to competition, suggesting adaptive strategy to escape compe-
tition. However, no such study has been conducted in canola to identify genes which control
weed competition and/or allelopathy.

3.3. Genetic variation for allelopathy

Allelopathy is a mechanism whereby a plant ensures itself a competitive advantage by placing
phytotoxins into the adjacent environment [17]. Numerous allelochemicals that affect weed
species have been identified and characterised [77]. Their existence varies with species and
variety, and will almost always operate as a ‘cocktail’ of chemicals from any one source. An
et al. [78], for example, showed that the allelopathic capability of Vulpia spp. involved more
than 20 separate compounds. The role of allelopathy in suppression of weed growth has been
studied in a range of crops including wheat [57], rice [79–82], barley [83], cotton [84], and
sorghum [85].

Different laboratory based assays used to measure the allelopathy activity have been reviewed
by Wu et al. [90]. These include the ‘plant-box method’ [86], the ‘relay-seeding technique’ [87],
the ‘equal-compartment-agar-method’ or ECAM [88–90], and hydroponic methods [91, 92].
Generally, these assays involve growing of seedlings of the donor plants (e.g. crop species) in
the presence of, or followed by, weed species for a short period of time. The allelopathic crops
such as Brassica rapa, B. juncea, B. nigra, B. hirta and B. napus exude phytotoxic compounds [93–97]
which suppress the growth of the weed species depending on the tolerance of the receiver plants
to the chemicals being exuded. In the field, it is necessary to recognise that there would be an
exchange of allelopathic chemicals between crop and weed with the outcome determined by
relative potency of the allelochemicals and the tolerances of the receiving plants to the chemicals
received [98]. Allelopathic activity is measured as the reduction of weed root growth in the
presence of allelochemicals relative to that in the absence of the donor plants.
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Ppd-D1) on the group 2 chromosomes. Three QTL for plant height at anthesis were detected on
chromosomes 3A, 4B and 5A. No QTL for crop yield loss in the presence of ryegrass or
ryegrass dry matter suppression was identified in this population, likely due to the complex
nature of this trait [29]. However this study reported that ryegrass dry matter was suppressed
for DH lines of wheat with greater leaf area index, more tillers, taller plant height and later
flowering. High genetic correlations between leaf area index and grain yield loss (r = �0.81) as
well as suppression of ryegrass (r = �0.91) were observed indicating that traits contributing to
early ground cover would be important for developing competitive wheat genotypes. Another
wheat study conducted in the northern region of Canada determined a cluster of QTL associ-
ated with traits implicated in weed competition [75] using 108 recombinant inbred lines
derived from a cross between Mexican wheat, Opata 85, and a synthetic wheat accession,
W7984. Early vigour, day to heading, day to anthesis, day to maturity and weed suppression
were mapped to the same region on chromosome 5A corresponding to the position of the
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[117]

Echinochloa crus-galli
root length from
greenhouse pot set-
up

4 9.6

Echinochloa crus-galli
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greenhouse pot set-
up

3 5.0

6 6.9
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3 5.9

8 7.1
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shoot biomass from
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up

8 5.1

12 5.8

Rice
(Oryza
sativa L.)

Recombinant inbred lines
derived from cv. Zhong-156
(strongly allelopathy)/cv.
Gumei-2 (weakly
allelopathy)

147 Allelopathy index
determined by
secondary metabolite

11 16.5 Zhou
et al. [111]

Table 1. Genetic analysis of mapping populations for crop competitiveness and allelopathy.
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vernalisation gene Vrn-A1, suggesting that flowering time may be associated with weed sup-
pression.

In rice (Oryza sativa L), a mapping population developed from a cross between a weed-
suppressive ‘indica’ rice line and a non-weed suppressive ‘japonica’ cultivar was used to study
the genetic bases of variation for seedling germination, shoot length and dry matter weight.
Thirteen QTL were detected and each QTL explained 5–10% of the phenotypic variation of the
traits [76].

GWAS has been employed to investigate the genetic architecture of weed competition in
A. thaliana, and rice [51, 55]. For example, a set of 195 accession of A. thaliana grown with the
presence and absence of bluegrass, Poa annua, were analysed for trait (29 phenotypes related
to phenology, resource acquisition, hoot architecture, seed dispersal, fecundity, reproductive
strategy and survival)-marker association [51]. Several significant SNP associations for yield
(fruit number on basal branches) with and without weed competition were identified. This
study further identified a candidate gene, TSF (TWIN SISTER OF FT) which was associated
with flowering time, duration of flowering, climate variation, the number of primary
branches and escape strategy to competition, suggesting adaptive strategy to escape compe-
tition. However, no such study has been conducted in canola to identify genes which control
weed competition and/or allelopathy.

3.3. Genetic variation for allelopathy

Allelopathy is a mechanism whereby a plant ensures itself a competitive advantage by placing
phytotoxins into the adjacent environment [17]. Numerous allelochemicals that affect weed
species have been identified and characterised [77]. Their existence varies with species and
variety, and will almost always operate as a ‘cocktail’ of chemicals from any one source. An
et al. [78], for example, showed that the allelopathic capability of Vulpia spp. involved more
than 20 separate compounds. The role of allelopathy in suppression of weed growth has been
studied in a range of crops including wheat [57], rice [79–82], barley [83], cotton [84], and
sorghum [85].

Different laboratory based assays used to measure the allelopathy activity have been reviewed
by Wu et al. [90]. These include the ‘plant-box method’ [86], the ‘relay-seeding technique’ [87],
the ‘equal-compartment-agar-method’ or ECAM [88–90], and hydroponic methods [91, 92].
Generally, these assays involve growing of seedlings of the donor plants (e.g. crop species) in
the presence of, or followed by, weed species for a short period of time. The allelopathic crops
such as Brassica rapa, B. juncea, B. nigra, B. hirta and B. napus exude phytotoxic compounds [93–97]
which suppress the growth of the weed species depending on the tolerance of the receiver plants
to the chemicals being exuded. In the field, it is necessary to recognise that there would be an
exchange of allelopathic chemicals between crop and weed with the outcome determined by
relative potency of the allelochemicals and the tolerances of the receiving plants to the chemicals
received [98]. Allelopathic activity is measured as the reduction of weed root growth in the
presence of allelochemicals relative to that in the absence of the donor plants.
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One question often raised is whether the laboratory method reflects performance under field
conditions. Seal et al. [99] for rice and Asaduzzaman et al. [88] for canola both showed high
correlations between the ECAM method in the laboratory and field performance. The other
question is how field performance can be attributed to allelopathy. Unfortunately, there is no
simple measure. In some cases inspection of the roots of affected plants show symptoms of
inhibited development, such as root pruning, thickened roots and distortions not normally
seen. In most cases, it has to be assumed that if field performance matches that in the labora-
tory then allelopathy is at least part of the explanation. Root exudates can be collected and
analysed for bioactive compounds. Such compounds can be then applied to the receiver plants
to ensure that the same outcome is achieved as described in [100]. Weidenhamer [101] has
shown that it is possible to measure the presence of allelochemicals in situ in the rhizosphere
using a sorptive coated stir bar inserted into the measurement zone for subsequent analysis by
HPLC.

Phytotoxic allelochemicals have also been identified in Brassica plant residues and exudates
that are known to suppress weed infestation [19, 95, 102]. Brassica species are also well known
to synthesise glucosinolates which have shown allelopathic effects on pathogens due to the
production of isothiocyanates. This process has been coined biofumigation [103, 104].

Genetic variation for allelopathy in canola and its related species, Sinapis alba L. has been
studied [93, 105, 106]. Asaduzzaman et al. [107] investigated allelopathy among 70 diverse
accessions of canola using annual ryegrass (Lolium rigidum) as the ‘test’ weed. The range of
allelopathic impacts is shown in Figure 3. One B. napus cultivar of Australian origin, cv ‘Av-
Opal’, was strongly allelopathic both in the laboratory and in the field whereas commercial cv.
Barossa was at the other extreme in both laboratory and field. Field study showed that the
allelopathic trait is independent of plant biomass and grain yield, and no consistent relation-
ship between plant height and weed competitive ability was found among genotypes.

The greater weed suppression ability of cv. Av-Opal was confirmed in a two-year field study
against annual ryegrass and other weeds (shepherd’s purse, Indian hedge mustard and barley

Figure 3. Allelopathic effect of 70 canola genotypes on root length of annual ryegrass seedlings (lsd = 10) [107].
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grass) relative to cv. Barossa [28, 107]. Interestingly, Av-Opal was not exceptionally competi-
tive as it is of short stature and poorly adapted to adverse environmental conditions [28]. In a
subsequent study, Asaduzzaman et al. [108] investigated the biochemical basis of the allelop-
athy and detected numerous bioactive secondary metabolites including sinapyl alcohol, p-
hydroxybenzoic acid and 3,5,6,7,8-pentahydroxy flavones in the root exudates. A comparison
of the allelopathic capabilities between cv. Av-Opal and cv. Barossa is shown in Figure 4.

3.4. Detection of QTL for allelopathy

The genetic bases of allelopathy activity have been investigated in wheat [57, 110] and in rice
[111–115]. For wheat, doubled haploid lines were developed from the strongly-allelopathic
cultivar Tasman and the non-allelopathic cultivar Sunco. Significant differences were recorded
for root growth of annual ryegrass between the doubled haploid lines [89]. Analysis of RFLP,
AFLP and SSRs markers identified two major QTLs on chromosome 2B associated with wheat
allelopathy.

In rice, several QTL have been detected across the rice genome and these QTL explain 5–36.6%
of phenotypic variation in crop interference traits (Table 1). Jensen et al. [113] identified four
major QTL on chromosomes 2, 3 and 8 which accounted for 35% of total variation of the
allelopathic activity in the RIL population derived from japonica cv. IAC165 (allelopathic
parent) and indica cv CO39. Ebana et al. [116] identified a major QTL on chromosome 6
accounting for 16.1% of the phenotypic variance in an F2 population of 192 lines from indica
line PI312777/japonica line Rexmont. Jensen et al. [114] identified QTL for RLSWRL and
GHWRL on the same genomic marker interval, confirming that major genes for weed root
length may be located in this region. The most important QTL were on chromosomes 3, 5, 8

Figure 4. A comparison of a strongly allelopathic cultivar (AV-opal, left) and a weakly allelopathic cultivar (Barossa,
right) [109]. Barossa plot showing extensive growth of different weeds.
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using a sorptive coated stir bar inserted into the measurement zone for subsequent analysis by
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to synthesise glucosinolates which have shown allelopathic effects on pathogens due to the
production of isothiocyanates. This process has been coined biofumigation [103, 104].
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Opal’, was strongly allelopathic both in the laboratory and in the field whereas commercial cv.
Barossa was at the other extreme in both laboratory and field. Field study showed that the
allelopathic trait is independent of plant biomass and grain yield, and no consistent relation-
ship between plant height and weed competitive ability was found among genotypes.

The greater weed suppression ability of cv. Av-Opal was confirmed in a two-year field study
against annual ryegrass and other weeds (shepherd’s purse, Indian hedge mustard and barley
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grass) relative to cv. Barossa [28, 107]. Interestingly, Av-Opal was not exceptionally competi-
tive as it is of short stature and poorly adapted to adverse environmental conditions [28]. In a
subsequent study, Asaduzzaman et al. [108] investigated the biochemical basis of the allelop-
athy and detected numerous bioactive secondary metabolites including sinapyl alcohol, p-
hydroxybenzoic acid and 3,5,6,7,8-pentahydroxy flavones in the root exudates. A comparison
of the allelopathic capabilities between cv. Av-Opal and cv. Barossa is shown in Figure 4.

3.4. Detection of QTL for allelopathy

The genetic bases of allelopathy activity have been investigated in wheat [57, 110] and in rice
[111–115]. For wheat, doubled haploid lines were developed from the strongly-allelopathic
cultivar Tasman and the non-allelopathic cultivar Sunco. Significant differences were recorded
for root growth of annual ryegrass between the doubled haploid lines [89]. Analysis of RFLP,
AFLP and SSRs markers identified two major QTLs on chromosome 2B associated with wheat
allelopathy.

In rice, several QTL have been detected across the rice genome and these QTL explain 5–36.6%
of phenotypic variation in crop interference traits (Table 1). Jensen et al. [113] identified four
major QTL on chromosomes 2, 3 and 8 which accounted for 35% of total variation of the
allelopathic activity in the RIL population derived from japonica cv. IAC165 (allelopathic
parent) and indica cv CO39. Ebana et al. [116] identified a major QTL on chromosome 6
accounting for 16.1% of the phenotypic variance in an F2 population of 192 lines from indica
line PI312777/japonica line Rexmont. Jensen et al. [114] identified QTL for RLSWRL and
GHWRL on the same genomic marker interval, confirming that major genes for weed root
length may be located in this region. The most important QTL were on chromosomes 3, 5, 8

Figure 4. A comparison of a strongly allelopathic cultivar (AV-opal, left) and a weakly allelopathic cultivar (Barossa,
right) [109]. Barossa plot showing extensive growth of different weeds.
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and 11 [111, 116]. This indicates that allelopathy activity in cereal is controlled by quantitative
loci. The relatively low phenotypic variation for the individual QTL is explained by the
difficulty in measuring the allelopathic traits at the individual genotype level.

4. Conclusions

Herbicide resistance is a major impediment in sustaining high crop productivity. The lack of
new chemical modes of action becoming available emphasises the need for novel approaches
to control weeds. Crop competitiveness and allelopathy are potential tools to reduce the
dependence on synthetic chemical inputs and in so doing may extend the lives of key herbi-
cides. A challenge for researchers is to be able to separate competitiveness from allelopathy in
the field. For crop producers it does not really matter whether it is one or the other or both as
long it works. A further challenge for researchers is attracting funds to undertake this work to
commercial outcomes.

What are the prospects of herbicide resistance evolution occurring to allelochemicals? Of
course the risks exist but they are likely to be much lower for at least two reasons: firstly
allelopathy relies on a mix of chemicals at any one time from a single crop; and different crops
have different mixes of chemicals so that in a rotation of crops, weeds will be exposed to
chemicals of different modes of action only once or twice in a rotation cycle.

Phenotyping traits associated with allelopathic activity, such as reduction of weed growth in
the laboratory and field, with high-throughput genotyping technology such as sequencing and
mapping populations, allow researchers to detect QTL and genes associated with allelopathy
and weed competition. It is an open question whether weed competition and allelopathy are
distinct traits, but if this is the case, both traits could be pyramided in a single variety. In
addition to genetic and phenotypic information, functional ‘omic’ data, such as identification
of secondary metabolites, can be integrated in the QTL analysis leading to the detection of
genes and pathways responsible for allelopathy activity. This would enable the development
of novel alleles to expand breeding activity for weed interference in canola.
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that may present high toxicity and, consequently, be harmful to humans and animals. In 
Brazil, especially in the Amazon, small producers use this kind of technique in a rustic 
way, with brushcutters or fire. In this sense, the search for natural agents with bioherbi-
cide potential becomes necessary. Examples of these agents are the essential oils that over 
the years have been shown to be a viable alternative to weed control. Thus, this review 
aims to show the potentially phytotoxic activity of allelochemicals present in essential 
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ity soils, has been limited by the occurrence of a series of extremely aggressive and diverse 
plants, called weeds. The main consequence of crop infestation by these plants is increasing 
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capacity. These plants may also represent an additional problem for farmers either because 
they are often toxic to different animals or because they are permanent sources for the spread 
of diseases to crop plants [1]. In this context, weed management and control become crucial 
both from the point of view of crop productivity and the profitability of the farming system.

In modern agriculture, where high yields are expected, in the face of increasing demands for 
food – due to the increasing world population – the control of these plants has been made, 
basically, by the use of chemical herbicides. However, such a procedure may not be sustain-
able over time, especially because it conflicts with the interests of modern society, which is 
increasingly concerned with the quality of food and with the preservation of natural resources. 
At the same time, the reduction in the efficiency of the current products available in the mar-
ket has been observed as a consequence of the appearance of resistant plants [2, 3], leading 
to an increase in the use of herbicides or the contractions employed, which only increases the 
problem. All these factors point to the need of science to make available new and revolution-
ary methods of weed control.

A viable alternative to this challenge are the numerous chemically diverse compounds pro-
duced by plants that may offer new chemical structures capable of efficiently replace those 
already available in the market. In this line, crude extracts and isolated or associated chemical 
substances can be an excellent strategy to partially or totally replace the use of herbicides.

Over the last decades, different chemical compounds with bioherbicidal properties have 
been isolated and identified in different plants [4–7]. Among the many chemical classes with 
potential use in weed management, the secondary metabolites present in essential oils can 
be highlighted, since the different chemical classes of volatile compounds are notable for the 
wide potential of use in different activities of interest for humanity and specifically in the 
management of weeds.

2. Allelopathy history

Allelopathy is the chemical interaction between plants and other living organisms [8]. There 
are two types of interactions between plants: a phytotoxic one, which inhibits the germina-
tion of seeds and the development of the radicle and hypocotyl [9], and a stimulatory effect, 
which favors the development of the plant [10]. The chemical substances responsible for the 
allelopathic effect are called allelochemicals [11].

The allelopathy is a relatively new science, having its basic concepts established over the last 
8 decades. However, chemical interactions among plants are not exactly new, since reports 
on the subject are found in old references. [12–16]. In the 1800s, several phenomena were 
attributed to the chemical interaction among plants [17]. In the early 1900’s, [18] reported 
the presence of toxic compounds produced by plants that could be extracted from the soil. 
The first reports proving the interference promoted by chemical compounds were developed 
in the 1960’s [19], showing that the volatile compounds were affecting the dynamics among 
plants.
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3. Control of invasive plants

Currently, the chemical control method is the most used to inhibit the growth of invasive 
plants, which includes the use of synthetic herbicides, in large quantities, mainly by large 
producers, as reported by some authors [20, 21]. The use of synthetic and toxic chemical herbi-
cides in management areas promotes the death of weeds in a selective way and, consequently, 
it ends the competition among the plants, helping to increase the production of green mass in 
the pasture [22]. The increasing use of agrochemicals may represent an unsustainable practice 
because these pesticides can pollute the environment and promote the contamination of vari-
ous animal species. Also, new insecticide-resistant insects are appearing and invasive plants 
that are tolerant to modern herbicides are becoming more frequent [23].

Weed resistance to herbicides may be related to an evolutionary process; however, some 
developments of resistant weed biotypes are imposed by agriculture through selection pres-
sure caused by the intensive use of herbicides. Weed resistance to herbicides may result from 
biochemical, physiological, morphological or phenological changes of certain invasive plant 
biotypes. Many cases of resistance to herbicides result from either the alteration of the site of 
action of the herbicide or the increase of its metabolism, or the departmentalization and com-
partmentalization of the herbicide in the plant [24, 25]. This way, allelopathy can be a natural 
alternative for the control of invasive plants.

4. Volatile allelochemicals

Weeds promote two basic types of interference in agricultural crops: allelospoly and alle-
lopathy. Allelospoly is the type of interference promoted by competition for essential factors 
to the species survival, such as water, nutrients and physical space. Allelopathy involves the 
production of allelochemicals and subsequent release into the environment [26]. Almost all 
allelochemicals exist in conjugated, non-toxic forms. The toxic fragment can be released after 
exposure to stress or after tissue death [27].

The use of allelopathy for weed control may be an ecologically viable alternative [28]. Thus, 
the use of essential oils with phytotoxic potential is becoming widespread, since the allelo-
chemicals present in these oils generally have low cytotoxicity. For example, [29] evaluated 
the effect of Carum carvis essential oils rich in carvone (71.08%) and limonene (25.42%), and 
verified that this oil has a strong phytotoxic activity on seed germination and radicle elonga-
tion of Linum usitatissimum, Phalaris canariensis and Triticum aestivum.

Another example is the eucalypt essential oil that has a rich chemical composition in 1,8-cin-
eole (58.3%), α-pinene (17.3%) and α-thujene (15.5%), which significantly inhibited seed ger-
mination of Sinapis arvensis, Diplotaxis harra and Trifolium campestre, in different intensities 
according to the recipient species, demonstrating that each species has a different specificity. 
In addition, the application of post-emergence oil causes inhibition of chlorophyll production, 
leading to injuries such as chlorosis, necrosis and even complete wilting of plants [30].
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3. Control of invasive plants
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tion of Linum usitatissimum, Phalaris canariensis and Triticum aestivum.

Another example is the eucalypt essential oil that has a rich chemical composition in 1,8-cin-
eole (58.3%), α-pinene (17.3%) and α-thujene (15.5%), which significantly inhibited seed ger-
mination of Sinapis arvensis, Diplotaxis harra and Trifolium campestre, in different intensities 
according to the recipient species, demonstrating that each species has a different specificity. 
In addition, the application of post-emergence oil causes inhibition of chlorophyll production, 
leading to injuries such as chlorosis, necrosis and even complete wilting of plants [30].
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Plant species such as Origanum onites L. and Rosmarinus officinalis L. also show strong alle-
lopathic activity on species of Poaceae and invasive plants, by suppressing germination rate 
and elongation of radicle and hypocotyl [31]. The phytotoxic effects related to these two spe-
cies of aromatic plants may be related to their rich chemical composition in the oxygenated 
monoterpenes 1,8-cineole, linalool, camphor and carvacrol and the monoterpene hydrocar-
bon p-cymene [32–35], however, compounds found in lower concentrations as methyl phen-
ylpropanoids have also demonstrated good allelopathic activity [36].

In the case of essential oils for the control of invasive plants, it is usually analyzed the 
effects of individual form, attributing the phytotoxic activity to only one component [37, 38]. 
However, the effects of volatile oils can also be related to the mixture of compounds, such 
as Artemisia scoparia oil which has a mixture of compounds such as monoterpene hydrocar-
bons, oxygenated monoterpenes, sesquiterpene hydrocarbons, oxygenated sesquiterpenes, 
aliphatic compounds and other aromatic compounds [39]. The chemical composition of 
the essential oils depends on the biosynthetic path of the different classes of compounds, 
as can be observed in Figure 1, which brings the biosynthesis of some classes of volatile 
compounds.

Compounds such as eucalyptol, β-phellandrene, hexyl butanoate, p-cymene, α-ionone, (z)-3-oc-
ten-1-ol, theaspirane a, vitispirane, dihydro-(−)-neoclovene, β-caryophyllene, (e)-2-octen-1-ol, 
a-terpineol, dehydro-ar-ionene, methyl salicylate, (z)-b-damascenone, (z)-dehydro-ar-ionene, 

Figure 1. Biosynthesis of plant volatiles. Overview of biosynthetic pathways leading to the emission of plant volatile 
organic compounds. The plant precursors originate from primary metabolism. Abbreviations: DTS: Diterpene synthase; 
FPP: farnesyldiphosphate; GGPP: geranylgeranyldiphosphate; GLVs: green-leaf volatiles; GPP: geranyldiphosphate; 
IPP: isopentenyl pyrophosphate; MTS: Monoterpene synthase; STS: Sesquiterpene synthase; DAHP: 3-deoxy-D-
arabinoheptulosonate-7 phosphate; E4P: erythrose 4-phosphate; PEP: phosphoenolpyruvate; Phe: phenylalanine. This 
flowchart was adapted from [40] and [41].
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10-(tetrahydro-pyran-2-yloxy)-tricyclo[4.2.1(2,5)]decan-9-ol, (−)-caryophyllene oxide, dihydro- 
β-ionone, viridiflorol, cubenol, caryophyllene, α-bisabolol oxide-b, tetracosane and n-hexa-
decane can be found in Anisomeles indica essential oil and also present good phytotoxic activ-
ity against invasive plants [42]. As well as P. heyneanus Benth essential oils, rich in patchouli 
alcohol, α-bulnesene, α-guaiene, seichelene and α-patchulene, and P. hispidinervium C. DC 
oils, rich in safrole, terpinolene, (E)-β-ocimene, δ-3-carene and pentadecane [43].

4.1. Monoterpenes

The monoterpenes have presented good phytotoxic activity, and reports of the use of these 
compounds to control plants refer to the 1960s [44]. This activity depends on the structural 

Figure 2. Chemical structures of oxygenated and non-oxygenated monoterpenes with bioherbicidal action.
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characteristics of the molecules; for example, oxygenated monoterpenes exhibit different 
effects on germination and seedling development, and also alter cellular respiration, which 
impairs energetic metabolism [33, 34]. However, these phytotoxic effects promoted by a 
chemical species depend on its concentration, for example, Lactuca sativa essential oil com-
posed essentially of α-pinene (16.00%), 1,8-cineole (66.93%) and pimonene (10.04%) presents 
different rates of germination inhibition [45].

In general, oxygenated monoterpenes have the highest phytotoxic effects over non-oxy-
genated [46]. However, there are non-oxygenated volatile molecules such as limonene 
which also have good phytotoxic activity [47]. Some monoterpenes had high inhibitory 
activity on germination and radicle elongation, and this may be related to the anatomical 
and physiological changes in the host plants, as well as to the reduction in some organ-
elles such as mitochondria, and accumulation of lipid globules in the cytoplasm [48]. In 
Figure 2, the chemical structures of some monoterpenes with phytotoxic activity can be 
observed.

4.2. Sesquiterpenes

Bioassays have demonstrated that the sesquiterpenic allelochemicals β-cariofilene, β-copaene, 
spathulenol, germacrene B, bicyclogermacrene, globulol, viridiflorol, a-guaiene, and g-elemene 
have presented phytotoxity against various invasive plants and, in some cases, promote  inhibition 
of other plants development, when they are close to species that produce these secondary 
metabolites [49–51]. Authors compared the effects of essential oils rich in sesquiterpenes and 
others rich in monoterpenes and found that the effects presented by sesquiterpenes, in some 
cases, may be smaller in relation to the affections exhibited by monoterpenes [52]. Figure 3 
shows the chemical structures of oxygenated and non-oxygenated sesquiterpenes with phy-
totoxic action.

However, this depends largely on the presence of oxygenated and non-oxygenated, cyclic or 
acyclic molecules, because depending on the molecular conformation the allelopathic effect 
may be higher or lower [53, 54]. This justifies the results obtained by other authors [55], who 
analyzed the effects of fractions of essential oils of E. adenophorum, of the inflorescence region, 
rich in sesquiterpenes, and its root rich in monterpenes. When the oils were tested at the same 
concentration (1 μL/mL), they inhibited germination and seedling elongation at the same 
ratio.

4.3. Phenylpropanoids

Phenylpropanoids are a class of secondary metabolites that are also naturally present 
in plants, and have exhibited strong phytotoxic activity against invasive plants. In 2016, 
[9] demonstrated that eugenol is the main active ingredient of clove essential oil and is 
also the agent possibly promoting phytotoxic activity against the invasive plants Mimosa 
pudica and Senna obtusifolia. Other authors also report the potentially allelopathic activity 

Biological Approaches for Controlling Weeds54

of clove essential oil Syzygium aromaticum [56–58]. In addition to eugenol, other phenylpro-
panoids present in essential oils with phytotoxic activity are eugenyl acetate, safrole, methyl 
 eugenol, anethole, myristicin, estragole, anethole and trans-anethole [36, 59–64]. Figure 4 

Figure 3. Chemical structures of oxygenated and non-oxygenated sesquiterpenes with bioherbicidal action.
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shows the chemical structures of the phenylpropanoids with potential use for control of 
invasive plants.

5. Conclusion

For essential oils to have good phytotoxic activity, some factors such as chemical composition, 
concentration and host plants may be taken into account. Among the monoterpene allelo-
chemicals we can highlight the 1,8 cineole, among the sesquiterpenes or β-caryophyllene and 
among phenylpropanoids, eugenol. On the other hand, one of the difficulties that can appear 
for the use in large scale of essential oils is the volatility of their components.
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Abstract

Despite the urgent need for alternatives to chemicals in plant protection, biological her-
bicides are not widely used as biofungicides and bioinsecticides. The review is devoted 
to connections between fungal biology, biochemistry, their ability to survive in extreme 
environment and development of effective mycoherbicides. Advanced studies on the 
production and stabilization of mycofungicides and mycoinsecticides were analyzed too 
in order to obtain ideas for the improvement of efficacy and technology of mycoherbi-
cides in the future. The analysis of research data published within last 20 years showed 
following trends. First, more attention is paid for production both effective and stress 
tolerant propagules especially based on the submerged fungal mycelium and its modi-
fications (blastospores, chlamydospores and microsclerotia). Second, the construction of 
bioreactors, in particular, for solid-state fermentation is continuously being improved 
that allows producing highly stress tolerant fungal aerial conidia. Third, based on studies 
of biochemical mechanisms of viability of fungi in extreme environment, the approaches 
of stabilization and storage of fungal propagules were developed. However, the positive 
reply to the question, if biopesticides including mycoherbicides, will become a serious 
alternative to agrochemicals, will be possible when they demonstrate stable efficacy in 
the field conditions and safety for both environment and end users.

Keywords: biopesticides, fungi, biology, biochemistry, ecology, stress tolerance, 
mycoherbicides, mycoinsecticides, mycofungicides, production, stabilization, 
formulation

1. Introduction

With gradual increase of restrictions for use of chemical pesticides, the role of natural regula-
tors of pest organisms including weeds and invasive plants will grow up. The development 
of weed biocontrol is stimulated due to their increasing resistance to chemical herbicides and 
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slow down development of novel herbicidal active components with new mode of action [1]. 
There are a few mycoherbicides among biopesticides registered in the last years [2].

Despite biocontrol efficacy is generally lower than application of pesticides, biologicals have 
some advantages over chemicals: (1) biopesticides can be used for resistance management, 
especially since may have multiple modes of action, which would reduce the chance of resis-
tance occurring in a particular crop pest; (2) many biopesticides have no or low restricted entry 
intervals, meaning that post-application, restricted entry into the field is very low and there 
are often no limitations prior to harvest and (3) there are generally exemptions of biopesticides 
from maximum residue limits because they are considered acceptable and relatively safe [3].

More than half a century had passed since the first mycoherbicide was registered. Dispute raged, 
and still rages today, about whether “Have bioherbicides come of age?”, “What is they really 
contribution to crop protection?” or “Athletes foot or Achilles heel?” [4–9]. This is partly because 
the biological herbicides as distinct from chemical preparations are not “stand alone” products. 
There are significant differences in their origins (biological vs. chemical), modes of action (mul-
tiple vs. singular), manufacturing methods (fermentation vs. synthesis), requirements to storing 
and application conditions, etc. [10]. Efficacy of mycoherbicide strategy depends on thorough 
understanding of host-pathogen-environment interactions. The biological herbicides are more 
effective when they are incorporated into integrated weed management programs [11]. For 
example, it was demonstrated that the bioherbicide Myrothecium verrucaria (7.5 × 1012 spores/ha) 
used along with mowing allows to quickly eradicate kudzu (Pueraria montana var. lobata) [12]. 
Bioherbicidal efficacy also can be improved using bio-based formulation [13].

Currently, it highlighted 18 of the most serious weeds in agriculture and 50 troublesome ones 
in cultivated crops, pastures and waterways [11]. Mycoherbicides are mainly used to prevent 
and control the spread of such worst parasitic weeds as Orobanche, Phelipanche, Striga and 
Cuscuta [3, 14]. Most of them are invasive species. Invasive plants do not only displace the 
indigenous species, but also change soil biota over considerable territories. Therefore, the pres-
ence of particular arbuscular mycorrhizal fungi may determine the success of their invasion 
[15–19]. Herbicide contamination also can cause deleterious effects on soil biota. Therefore, it 
is supposed that mycoherbicides used along with other biological and mechanical methods 
of plant protection might make a more positive impact on restoring native plants population 
than chemicals. For example, it was shown the promotion effects of Fusarium oxysporum f. sp. 
strigae, a soil-borne biocontrol agent against Striga hermonthica, on total fungal and arbuscular 
mycorrhizal fungal taxa in rhizospheres native plants Gigaspora margarita [20, 21]. Application 
of mycoinsecticide Metarhizium anisopliae, for leafroller (Cnaphalocrocis medinalis) control 
increased the relative distribution of bacterial species (Methylobacterium, Sphingobium and 
Deinococcus) implicated in organic pollutant degradation and plant growth promotion [22].

Key features of mycoherbicides are host specificity, crop tolerance, efficacy, environmental 
fate, temperature and moisture spectrum, mode of action and toxicology [23]. It is important to 
realize that not only the choice of the strain, but also types of propagules (conidia, mycelium, 
sclerotia, etc.), production and application method is influenced by mycoherbicide features. 
Fungal propagules are influenced by a number of environmental factors (temperature, humid-
ity etc.) that affect their biocontrol efficacy. It was demonstrated that the propagules’ choice, 
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formulation and application strategy potentially reduce the dew period requirement [24, 25]. 
Another possible approach would be a manipulation with fermentation conditions up to prod-
uct infection materials with set-up parameters [7, 26]. Similarly, during fungal growth physi-
cal, chemical and nutritional conditions can be altered to manipulate endogenous reserves for 
production of propagules with improved stress tolerance to abiotic factors and virulence to 
host [7, 27–29]. Depending on production method conidia significantly differ by the content 
of compatible solutes and resistance to environmental influences. The maximum difference is 
observed when comparing conidia obtained on artificial nutrient media and in nature [28, 30].

Despite of considerable progress in technologies of production and application of mycoher-
bicides, biopesticides for control of phytophagous insects and plant pathogens have showed 
much higher commercial success. In some cases, the useful experience for development com-
mercially viable mycoinsecticides and mycofungicides can be tested for the improvement of 
potential mycoherbicides. For this reason, in this review we analyzed the approaches for pro-
ducing both mycoherbicides and other types of biopesticides based on fungi.

2. Production

2.1. Choice of propagule types

Various kinds of fungal propagules often fulfill different purposes. In nature, the typical infec-
tious propagules of the pathogenic Ascomycetes are the aerial conidia that facilitate distribu-
tion and spreading of these fungi. Generally, aerial conidia can be cost-effectively produced 
under laboratory conditions [31]. Blastospores, submerged (microcycle) conidia, sporogenically 
competent mycelia and microsclerotia may be used as the infectious agents as well. They often 
have a higher survival capability as well as the increased genetic diversity, which probably 
enhances survival in unstable environments [32, 33]. The morphological and physiological fea-
tures of submerged conidia can significantly differ from properties of aerial conidia produced 
by a solid-state culture. For example, submerged conidia and blastospores of Metarhizium aniso-
pliae var. acridum is characterized by lower surface-hydrophobicity and faster germination as 
compared to air conidia [34, 35]. Choice of the appropriate propagule is defined by the qual-
ity specifications (life-time requirements, desiccation, thermal and UV tolerance, speed of 
germination and infection, environmental stability and reproduction and the inherent ability)  
[26, 27, 36–38]. If the conidia production is technologically quite complex or expensive (e.g. due 
to UV requirements, low viability of propagules during storage and drying, expensive sub-
strates, low-yield spore production, etc.), the mycelium is used as infection material. Application 
of vegetative mycelium was more effective than conidia in several “fungus-weed” pathosystems 
Alternaria cassiae Jurair & Khan/Cassia obtusifolia L. [39], Chondrostereum purpureum (Pers. ex Fr.) 
Pouzar/Prunus serotina Erhr. [40], Phoma herbarum Westend/Taraxacum officinale G.H. Weber ex 
Wiggers [41], Sphaceloma poinsettiae Jenkins & Ruehle/Euphobia heterophylla L. [42], Stagonospora 
cirsii/Cirsium arvense [43] and Alternaria alternata (Fr.) Keissler/Eupatorium adenophorum Spreng. 
[44]. Possibly, in some cases the fungal mycelium is able to complete the infection process faster 
than conidia [44, 45]. At the same time, the mycelium is generally less tolerant to the abiotic 
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stress. Nevertheless, the mycelium modifications like chlamydospores, microsclerotia and scle-
rotia can keep vitality of the fungus for a longer time and can infect the host under suitable 
weather conditions [46]. Fungal chlamydospores and microsclerotia are evaluated as infection 
materials for mycoherbicides as well as for other mycopesticides. In nature, chlamydospores 
formed by Fusarium oxysporum play a significant role in long-term survival of the fungus due to 
their resistance to temperature extremes and desiccation [47, 48]. Chlamydospores of F. oxyspo-
rum are more thermotolerant than microconidia, it makes them suitable for dry mycoherbicidal 
formulation. A liquid culture medium was developed for their production [47–49]. A formula-
tion based on dried chlamydospores F. oxysporum f sp. strigae was developed to control Striga 
hermonthica and S. asiatica. It was registered in 2008 in Africa [5, 20]. Another mycoherbicide, 
DeVine is a liquid formulation of Phytophthora palmivora (P. citrophthora) chlamydospores for 
control of milkweed vine (Morrenia odorata) in Florida citrus groves. One of the possible weak-
nesses of such propagules is the uneven germination. Arabic gum in a liquid formulation of 
chlamydospores of F. oxysporum stimulated germ tube elongation and the production of second-
ary chlamydospores [52]. Nevertheless, the germination rate of conidia of Rhynchsporium alima-
tis was two times lower than the germination of chlamydospores [53]. In the practice, conidia of 
Mycoleptodiscus terrestris cannot be produced using submerged fermentation. At the same time, 
microsclerotia of this fungus are capable to remain stable in dry conditions and to germinate 
both hyphally and sporogenically upon rehydration that enhances the potential of this fungus 
for its use as biological control agent for hydrilla [54]. The mycoherbicide Sarritor was devel-
oped on the base of microsclerotia of Sclerotinia minor. It demonstrated its high efficacy against 
dandelion (Taraxacum officinale) (78 and 97% by pre- or post-emergence application correspond-
ingly) [55]. The microsclerotia of Colletotrichum truncatum can be produced by both submerged 
and solid-state fermentation and to be effectively used for Sesbania exaltata control [56–58]. The 
development of “multi-propagule” formulations of mycoherbicides is possible as well [58].

However, a few of successful field experiments with microsclerotia-based mycoinsecti-
cide were described. The field efficacy of solid and liquid formulations of microslecrotia 
Metarhizium brunneum F52 was lower or comparable with its conidial preparations. However, 
microsclerotia of the fungus can be applied with a harsh hydro-mulch technique [59].

2.2. Mass production of mycoherbicide propagules

High spore density (about 1012–1014 CFU per ha) is required for use of mycoherbicides in the 
field. Therefore, one of the main technological goals is to obtain cost-effective, viable and 
aggressive infectious material [3, 26]. The secondary use of substrates is a solution of their 
decontamination and utilization. For example, multi-step waste wood bio-recycling includes 
the cultivation of Lentinula edodes and Pleurotus ostreatus followed by Trichoderma, Beauveria 
and Brachycladium biocontrol strains [60–62].

The loss of viability of the infectious material is usually observed during its drying and stor-
age. Moreover, in nature, the combination of temperature and humidity optimal for rapid 
germination of fungal spores is relatively rare. Germination of spores can be also suppressed 
by the action of solar irradiation. Thus, the techniques and conditions for cultivation of bio-
control fungi and the selection of the nutrient media composition should be directed both to 
reach high biomass yields and to improve their activity in the field [63, 64].

Biological Approaches for Controlling Weeds66

There are several approaches to improve fitness of biocontrol fungi: strain selection, optimiza-
tion of media composition, addition protectors (compatible solutes such as trehalose, sucrose, 
glycine-betaine, etc.) and treatment of growing cultures with sub-lethal doses of stress fac-
tors (e.g. oxidative stress and temperature) [26, 65, 66]. However, on the practice sub-optimal 
water activity of the substrates are widely used and helpful [67, 68].

Propagules can be produced by solid-state and liquid fermentation or two-phase system.

2.2.1. Liquid submerged fermentation (LSF)

LSF is the most commonly used technology for microbial inoculum production. Collego and 
DeVine, the first commercially produced bioherbicides, had been manufactured this way. The 
ability to fully control the cultivation process and its relatively short duration (several days) 
is an undoubted advantage of LSF over solid-state fermentation. The composition of a culture 
medium is an important parameter in the biotechnological process because it is 30–40% of the 
production costs. A commercial LSF medium for C. truncatum conidia production includes 
glucose (20 g/l), yeast extract (2.5 g/l), cottonseed flour (7.5 g/l) and various salts. After 72 h 
cultivation, more than 6 × 107 conidia/ml is produced [69]. To obtain a high titer of Paecilomyces 
fumosoroseus blastospores resistant to lyophilization, a nutrient medium was optimized, 
allowing to receive 1–2 × 109 spores/ml after a 48-h fermentation. The key factors were high 
inoculum concentration, amino acid-rich nitrogen source and trace elements [70]. The nutri-
ent medium composition and fermentation parameters (2% of inoculum, duration 120–160 h) 
for production of mature chlamydospores (more than 1 × 108 CFU/ml) of Gliocladium virens 
GL-21 (SoilGard™ biofungicide) were selected [71].

To obtain a high yield of viable and stress tolerant infectious material, the composition of the 
liquid nutrient medium requires optimization. Its algorithm can include three main steps: (1) 
selection of the basal medium with a set of vitamins and trace elements, on which the fungus 
grows and/or sporulate well; (2) selection of carbon and nitrogen sources and their optimal con-
centration and ratio determination and (3) replacement of artificial carbon and nitrogen sources 
by cheap natural ones [72]. Application of factorial design and response surface methods were 
successfully used to optimize the growth parameters required for large scale conidia produc-
tion of potential mycoherbicides based on Gloecercospora sorghi and Septoria polygonorum [73, 74].

To obtain high titers of Colletotrichum coccodes conidia, the optimal carbon concentration in the 
medium was 20 g/l and C/N ratio of 10:1 [75]. In the case of C. truncatum, microcyclic sporula-
tion was induced at carbon concentration in the medium up to 4–16 g/l and C/N ratio in the 
range 10:1–80:1. At carbon concentration of more than 25 g/l in the submerged culture of this 
fungus, microsclerotia were formed. The maximum yield of C. truncatum conidia was obtained 
at carbon concentration up to 4–8 g/l and C/N ratio of 30:1, but conidia from media with C/N 
ratio of 10:1 were more pathogenic and resistant to drying. The conidia obtained in the latter 
medium contained more proteins, trehalose and polyols, but less glucose and lipids than from 
C/N ratios in the range 30–80:1 [64, 76, 77]. The influence of carbon concentration and C/N 
ratio on fungal growth and sporulation is not only species, but also strain dependent [78].

The liquid nutrient medium tonicity has a significant effect on the yield and quality of propa-
gules. Sporulation of Ulocladium atrum in a liquid medium was obtained with a reduced water 
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stress. Nevertheless, the mycelium modifications like chlamydospores, microsclerotia and scle-
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nesses of such propagules is the uneven germination. Arabic gum in a liquid formulation of 
chlamydospores of F. oxysporum stimulated germ tube elongation and the production of second-
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oped on the base of microsclerotia of Sclerotinia minor. It demonstrated its high efficacy against 
dandelion (Taraxacum officinale) (78 and 97% by pre- or post-emergence application correspond-
ingly) [55]. The microsclerotia of Colletotrichum truncatum can be produced by both submerged 
and solid-state fermentation and to be effectively used for Sesbania exaltata control [56–58]. The 
development of “multi-propagule” formulations of mycoherbicides is possible as well [58].

However, a few of successful field experiments with microsclerotia-based mycoinsecti-
cide were described. The field efficacy of solid and liquid formulations of microslecrotia 
Metarhizium brunneum F52 was lower or comparable with its conidial preparations. However, 
microsclerotia of the fungus can be applied with a harsh hydro-mulch technique [59].

2.2. Mass production of mycoherbicide propagules

High spore density (about 1012–1014 CFU per ha) is required for use of mycoherbicides in the 
field. Therefore, one of the main technological goals is to obtain cost-effective, viable and 
aggressive infectious material [3, 26]. The secondary use of substrates is a solution of their 
decontamination and utilization. For example, multi-step waste wood bio-recycling includes 
the cultivation of Lentinula edodes and Pleurotus ostreatus followed by Trichoderma, Beauveria 
and Brachycladium biocontrol strains [60–62].

The loss of viability of the infectious material is usually observed during its drying and stor-
age. Moreover, in nature, the combination of temperature and humidity optimal for rapid 
germination of fungal spores is relatively rare. Germination of spores can be also suppressed 
by the action of solar irradiation. Thus, the techniques and conditions for cultivation of bio-
control fungi and the selection of the nutrient media composition should be directed both to 
reach high biomass yields and to improve their activity in the field [63, 64].
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tion of media composition, addition protectors (compatible solutes such as trehalose, sucrose, 
glycine-betaine, etc.) and treatment of growing cultures with sub-lethal doses of stress fac-
tors (e.g. oxidative stress and temperature) [26, 65, 66]. However, on the practice sub-optimal 
water activity of the substrates are widely used and helpful [67, 68].

Propagules can be produced by solid-state and liquid fermentation or two-phase system.

2.2.1. Liquid submerged fermentation (LSF)

LSF is the most commonly used technology for microbial inoculum production. Collego and 
DeVine, the first commercially produced bioherbicides, had been manufactured this way. The 
ability to fully control the cultivation process and its relatively short duration (several days) 
is an undoubted advantage of LSF over solid-state fermentation. The composition of a culture 
medium is an important parameter in the biotechnological process because it is 30–40% of the 
production costs. A commercial LSF medium for C. truncatum conidia production includes 
glucose (20 g/l), yeast extract (2.5 g/l), cottonseed flour (7.5 g/l) and various salts. After 72 h 
cultivation, more than 6 × 107 conidia/ml is produced [69]. To obtain a high titer of Paecilomyces 
fumosoroseus blastospores resistant to lyophilization, a nutrient medium was optimized, 
allowing to receive 1–2 × 109 spores/ml after a 48-h fermentation. The key factors were high 
inoculum concentration, amino acid-rich nitrogen source and trace elements [70]. The nutri-
ent medium composition and fermentation parameters (2% of inoculum, duration 120–160 h) 
for production of mature chlamydospores (more than 1 × 108 CFU/ml) of Gliocladium virens 
GL-21 (SoilGard™ biofungicide) were selected [71].

To obtain a high yield of viable and stress tolerant infectious material, the composition of the 
liquid nutrient medium requires optimization. Its algorithm can include three main steps: (1) 
selection of the basal medium with a set of vitamins and trace elements, on which the fungus 
grows and/or sporulate well; (2) selection of carbon and nitrogen sources and their optimal con-
centration and ratio determination and (3) replacement of artificial carbon and nitrogen sources 
by cheap natural ones [72]. Application of factorial design and response surface methods were 
successfully used to optimize the growth parameters required for large scale conidia produc-
tion of potential mycoherbicides based on Gloecercospora sorghi and Septoria polygonorum [73, 74].

To obtain high titers of Colletotrichum coccodes conidia, the optimal carbon concentration in the 
medium was 20 g/l and C/N ratio of 10:1 [75]. In the case of C. truncatum, microcyclic sporula-
tion was induced at carbon concentration in the medium up to 4–16 g/l and C/N ratio in the 
range 10:1–80:1. At carbon concentration of more than 25 g/l in the submerged culture of this 
fungus, microsclerotia were formed. The maximum yield of C. truncatum conidia was obtained 
at carbon concentration up to 4–8 g/l and C/N ratio of 30:1, but conidia from media with C/N 
ratio of 10:1 were more pathogenic and resistant to drying. The conidia obtained in the latter 
medium contained more proteins, trehalose and polyols, but less glucose and lipids than from 
C/N ratios in the range 30–80:1 [64, 76, 77]. The influence of carbon concentration and C/N 
ratio on fungal growth and sporulation is not only species, but also strain dependent [78].

The liquid nutrient medium tonicity has a significant effect on the yield and quality of propa-
gules. Sporulation of Ulocladium atrum in a liquid medium was obtained with a reduced water 
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potential (Ψ = −2.1 MPa) by adding glycerol (7.3% w/v) and calcium chloride (20 mM) to the 
medium. Biomass from liquid cultures responded to water-stress by accumulating increased 
concentrations of polyols (glycerol) and trehalose [79]. Increased liquid nutrient medium tonicity 
(osmolality 804–1454 mOsm) of the made by 50–150 g/l of PEG 200 polyethylene glycol increased 
the yield of submerged Metarhizium anisopliae var. acridum conidia up to 25%. Spores from high 
osmolality medium had increased pathogenicity and tolerance to drying. Interestingly, relative 
drying stability did not appear to be the result of differences in polyol or trehalose concentra-
tions [35].

Non-optimal carbon sources also stimulated M. anisopliae formatting resistant to long-range 
ultraviolet (<290 nm) and accumulating about two times more mannitol and trehalose conidia 
[80]. The effect of alkane-growth induction of the entomopathogenic fungus Beauveria bassiana 
on the virulence was demonstrated. That alkane supplementation of culture media does not 
affect the fatty acid composition but change the unsaturated/saturated ratio. However, the 
unsaturated/saturated ratio diminished markedly from 4.32 to 2.47 [81].

At the same time, liquid substrates are uncommon one for fungal growth.

2.2.2. Solid-state fermentation (SSF)

Solid-state fermentation is the most suitable for cultivation of fungi because their habitats 
are chiefly solid substrates. In fact, SSF imitates the yields aerial conidia as the final prod-
uct of conidiation processes. For example, 98% of marine fungi were isolated from sub-
merged solid substrates [82]. In the most cases, spore yields and viability are higher than 
they are produced by SSF [83]. Hydrophobic air conidia are best suitable for oil formula-
tions, since prolong the conidial viability and decreases UV radiation sensitivity [84–86]. 
Indeed, numerous studies have shown that conidia produced in an SSF culture are tolerant 
toward environmental factors (dehydration, drop of temperature and solar irradiation) than 
spores obtained by SmF [87]. Conidia and blastospores are the main infective units used in 
biological control with entomopathogenic fungi. There is no absolute advantage between 
both infective units. However, most formulations of mycoinsecticides are based on aerial 
conidia obtained in solid-state culture, since these propagules are more resistant to abiotic 
factors found in open fields [88].

A polysaccharide matrix often surrounds the spores produced by SSF and protects them dur-
ing desiccation opposite the spores produced by LSF [89]. The choice of substrate, its humid-
ity and growing time also affect the quality of propagules [90]. For example, dried conidia 
of Colletotrichum truncatum produced on vermiculite tended to retain efficacy during stor-
age better than spores recovered from perlite culture [91]. Sometimes the fermentation can 
be terminated after the fungus has penetrated the nutritive substrate but before conidiation 
has begun [92, 93]. Dried grain kernels colonized by Beauveria or Metarhizium remain compe-
tent for regrowth and sporulation upon rehydration. The colonized grains are also viable for 
lengthy periods in the soil, germinating when suitable conditions arise. For example, after 
such granules are applied into soil or mixed into horticultural soil the conidia were produced 
within the habitat of the target insect [92, 93]. At the same time, SSF is not widely used earlier 
in bioherbicide production due to higher costs, more chances of contamination and the com-
plexity of spores’ recovery from the substrate [94].

Biological Approaches for Controlling Weeds68

In the case of small manufacturers, the propagules traditionally produced in the plastic bottle 
or perforated polypropylene carrier bags [95, 96]. This process was the first designed to meet 
the biological requirements of genus Metarhizium fungi. Technology allowed obtaining the 
conidial yield 1.5 × 109 conidia/g rice and substrate handling capacity was 82 kg rice/production 
cycle [97]. Later it has been used to produce conidia of the other entomopathogenic fungi like 
Beauveria bassiana, Lecanicillium lecanii and Penicillium frequentans, and phytopathogenic fungus 
Lasiodiplodia pseudotheobromae [98–101]. However, this process presents difficulties in terms of 
monitoring and various process parameters control, which directly affect the production yields 
and quality. These problems are already apparent at small scale in the laboratory and are exac-
erbated with increase in scale. For example, in the most of SSF bioreactors constructions it is 
extremely difficult to eliminate the temperature gradient and the oxygen concentration in the 
substrate [83, 95]. Elevating of CO2 levels in substrate can suppress conidiation of Alternaria 
cassiae and A. crassa [102]. These problems can be solved by selecting water-retaining additives 
to the substrate (e.g. cannabis trusses), appropriate stirring and aeration of the substrate [96]. 
Use of tray bioreactors results in similar or higher production and productivity of conidia than 
those obtained with the traditional. That is now possible because of advances in the construc-
tion of SSF bioreactors [87, 104]. For example, a stirred bioreactor with aeration supply has been 
designed for Paecilomyces lilacinus conidia production [103]. Laverlam International Corporation 
developed B. bassiana in SSF column bioreactors. As well as traditional approach shows the 
process consists of biphasic system. Producing by submerge fermentation inoculum is used 
for SSF [97]. The method was developed to produce conidia Coniothyrium minitans in internally 
agitated bioreactor on the oats, as substrate, providing the volumetric conidia yield more than 
5 × 1014 conidia/m3. Significant yield increase probably is provided for the internal agitation 
caused mechanical damage to mycelium, which directly affected conidia production [105].

It is well known the positive effect of near ultraviolet radiation on sporulation of certain phy-
topathogenic fungi from genera Ascochyta and Alternaria. In the application of UV during 
fermentation and the employment of microbial mixed cultures, SSF can offer this option that 
cannot be achieved by SmF. However, a direct comparison between the SSF and SmF cultiva-
tion modes of fungi is difficult to make because the two processes differ [82].

Naturally occurring substances can be applied for bioherbicide production [106, 107]. SSF 
allows to obtain bioherbicides utilizing the agroindustry waste such as bagasse, soybean bran 
and corn steep liquor [108].

3. Stabilization of fungal propagules

Biological material produced by fermentation and separation from a substrate as a rule cannot 
be stored for a long time. Even at a low temperature of the storage fungal spores, the mycelium 
can germinate slowly under appropriate wetness that is unpromising without a plant substrate. 
Many locally produced biopesticides should be used within several weeks after fermentation 
was finished as DeVine™, a mycoherbicide based on spores of Phytophthora palmivora [64, 109].

At the high-productivity biotech companies, the microorganisms should be stabilized to pre-
vent germination of propagules for a long time (months, years). This can be achieved basically 
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potential (Ψ = −2.1 MPa) by adding glycerol (7.3% w/v) and calcium chloride (20 mM) to the 
medium. Biomass from liquid cultures responded to water-stress by accumulating increased 
concentrations of polyols (glycerol) and trehalose [79]. Increased liquid nutrient medium tonicity 
(osmolality 804–1454 mOsm) of the made by 50–150 g/l of PEG 200 polyethylene glycol increased 
the yield of submerged Metarhizium anisopliae var. acridum conidia up to 25%. Spores from high 
osmolality medium had increased pathogenicity and tolerance to drying. Interestingly, relative 
drying stability did not appear to be the result of differences in polyol or trehalose concentra-
tions [35].

Non-optimal carbon sources also stimulated M. anisopliae formatting resistant to long-range 
ultraviolet (<290 nm) and accumulating about two times more mannitol and trehalose conidia 
[80]. The effect of alkane-growth induction of the entomopathogenic fungus Beauveria bassiana 
on the virulence was demonstrated. That alkane supplementation of culture media does not 
affect the fatty acid composition but change the unsaturated/saturated ratio. However, the 
unsaturated/saturated ratio diminished markedly from 4.32 to 2.47 [81].

At the same time, liquid substrates are uncommon one for fungal growth.

2.2.2. Solid-state fermentation (SSF)

Solid-state fermentation is the most suitable for cultivation of fungi because their habitats 
are chiefly solid substrates. In fact, SSF imitates the yields aerial conidia as the final prod-
uct of conidiation processes. For example, 98% of marine fungi were isolated from sub-
merged solid substrates [82]. In the most cases, spore yields and viability are higher than 
they are produced by SSF [83]. Hydrophobic air conidia are best suitable for oil formula-
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Indeed, numerous studies have shown that conidia produced in an SSF culture are tolerant 
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spores obtained by SmF [87]. Conidia and blastospores are the main infective units used in 
biological control with entomopathogenic fungi. There is no absolute advantage between 
both infective units. However, most formulations of mycoinsecticides are based on aerial 
conidia obtained in solid-state culture, since these propagules are more resistant to abiotic 
factors found in open fields [88].

A polysaccharide matrix often surrounds the spores produced by SSF and protects them dur-
ing desiccation opposite the spores produced by LSF [89]. The choice of substrate, its humid-
ity and growing time also affect the quality of propagules [90]. For example, dried conidia 
of Colletotrichum truncatum produced on vermiculite tended to retain efficacy during stor-
age better than spores recovered from perlite culture [91]. Sometimes the fermentation can 
be terminated after the fungus has penetrated the nutritive substrate but before conidiation 
has begun [92, 93]. Dried grain kernels colonized by Beauveria or Metarhizium remain compe-
tent for regrowth and sporulation upon rehydration. The colonized grains are also viable for 
lengthy periods in the soil, germinating when suitable conditions arise. For example, after 
such granules are applied into soil or mixed into horticultural soil the conidia were produced 
within the habitat of the target insect [92, 93]. At the same time, SSF is not widely used earlier 
in bioherbicide production due to higher costs, more chances of contamination and the com-
plexity of spores’ recovery from the substrate [94].
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or perforated polypropylene carrier bags [95, 96]. This process was the first designed to meet 
the biological requirements of genus Metarhizium fungi. Technology allowed obtaining the 
conidial yield 1.5 × 109 conidia/g rice and substrate handling capacity was 82 kg rice/production 
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Use of tray bioreactors results in similar or higher production and productivity of conidia than 
those obtained with the traditional. That is now possible because of advances in the construc-
tion of SSF bioreactors [87, 104]. For example, a stirred bioreactor with aeration supply has been 
designed for Paecilomyces lilacinus conidia production [103]. Laverlam International Corporation 
developed B. bassiana in SSF column bioreactors. As well as traditional approach shows the 
process consists of biphasic system. Producing by submerge fermentation inoculum is used 
for SSF [97]. The method was developed to produce conidia Coniothyrium minitans in internally 
agitated bioreactor on the oats, as substrate, providing the volumetric conidia yield more than 
5 × 1014 conidia/m3. Significant yield increase probably is provided for the internal agitation 
caused mechanical damage to mycelium, which directly affected conidia production [105].

It is well known the positive effect of near ultraviolet radiation on sporulation of certain phy-
topathogenic fungi from genera Ascochyta and Alternaria. In the application of UV during 
fermentation and the employment of microbial mixed cultures, SSF can offer this option that 
cannot be achieved by SmF. However, a direct comparison between the SSF and SmF cultiva-
tion modes of fungi is difficult to make because the two processes differ [82].

Naturally occurring substances can be applied for bioherbicide production [106, 107]. SSF 
allows to obtain bioherbicides utilizing the agroindustry waste such as bagasse, soybean bran 
and corn steep liquor [108].

3. Stabilization of fungal propagules

Biological material produced by fermentation and separation from a substrate as a rule cannot 
be stored for a long time. Even at a low temperature of the storage fungal spores, the mycelium 
can germinate slowly under appropriate wetness that is unpromising without a plant substrate. 
Many locally produced biopesticides should be used within several weeks after fermentation 
was finished as DeVine™, a mycoherbicide based on spores of Phytophthora palmivora [64, 109].

At the high-productivity biotech companies, the microorganisms should be stabilized to pre-
vent germination of propagules for a long time (months, years). This can be achieved basically 
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by concentration, drying or encapsulation of biomaterial on polymer layer and storage under 
appropriate conditions. In the ideal situation, the modern biopesticides can be stored not less 
than 2 years at the temperature 4°С, 3 months at 30°C and several days at 40–50°С [64].

There are quite simple and cheap techniques of stabilization and storage of some microorgan-
isms. For instance, infection material of Fusarium oxysporum antagonistic strains is produced, 
dried and stored in the peat. The fungal spores did not lose viability for several years [110]. 
There are no universal recipes. An optimal stabilization technique should be developed for 
any fungal biocontrol agent.

It is well known that fungal growth and development are depend on temperature, free water 
availability, pH and oxygen concentration. For stabilization of the fungal propagules, these 
factors are manipulated by lowering pH, water activity, temperature and oxygen concentra-
tion [67, 68].

In many fungi, spores or spore matrix contains the inhibitors that prevent their germination in 
fruiting bodies, conidiomata, pustules even at the favorable wetness and temperature. These 
compounds isolated from some rust and anthracnose fungi were demonstrated to be fungi-
static [111–115]. Probably, they can be used as natural preservatives and for stabilization of 
spores of biocontrol fungi.

Spores of many different fungi aggregated in conidiomata can survive over a season and 
longer under stress and varied environmental conditions including drying, UV-irradiation 
and low winter temperature. As a rule, such spores are pigmented or/and surrounded by thin 
shell (as teliospores of rust and smut fungi) or incorporated into spore matrix (as in coelo-
mycetous fungi). Chemical analysis of the matrix in Ascochyta and Phoma spp. showed that it 
consists of pigments, glucose, polysaccharides, tyrosine and proteins [116, 117].

Protective compounds, such as pigments and compatible solutes, in fungal cells as well thick-
ness of cell wall and plasma membrane lipid composition play important role in their resis-
tance to artificial drying. Pigments, especially phenolic ones, utilize reactive oxygen species 
(ROS) which production is induced in drying process [28, 46]. Taking in account this consider-
ation protective compounds are added to the biomaterial (at the concentration about 5–20%) 
before drying to prevent deleterious effects of ROS and to regulate osmotic pressure. Dried 
biomass should be stored at the darkness and lower oxygen concentrations. The rehydration 
is the important step too. It should be gradual and be made in wet atmosphere, warm water 
(30–37°C) in order to prevent the injury of fungal plasma membranes [46, 118].

3.1. Biomass concentration and preservation

The preparation of the concentrated suspensions or emulsions, pastes with addition of preser-
vatives (germination inhibitors, antibiotics, etc.) is the simple techniques of stabilization and 
storage of fungal propagules, especially, if the it sensitive to drying.

3.1.1. Concentrates

A liquid formulation of the biofungicide was developed on the base of the yeast Rhodotorula 
minuta for biocontrol of mango anthracnose. The addition of glycerol (20%) and xanthan 

Biological Approaches for Controlling Weeds70

(5%) to the concentrated spore suspension (109 CFU/mL) prevented a preparation contamina-
tion and cell sedimentation. At the temperature 4°C, CFU number was decreased 100 times 
after 6 months of the storage. For stabilization of a bioinsecticide based on the mycelium of 
Lagenidium giganteum a concentrated emulsion was developed containing 40% of refined corn 
oil and 0.5% AEROSIL (Fumed Silica, R974). The latter prevented mycelium sedimentation 
and aggregation. This formulation can be stored under room conditions for 12 weeks without 
loss of efficacy against mosquitos [119].

Some components of emulsion concentrates (for instance, plant or paraffinic oils) affect efficacy 
of biopesticides including mycoherbicides. They prevent fast water evaporation from spray 
droplets and improve thermotolerance of fungal cells as it was shown for Metarhizium aniso-
pliae s.l. (IP 46) and Metarhizium robertsii (ARSEF2575) [120]. Application of Microsphaeropsis 
amaranthi against the weed, Microsphaeropsis amaranthi in Sunspray 6E oil (10% v/v) resulted 
in improved disease impact under low moisture conditions [121].

3.1.2. Pastes

The mycelium of Trichoderma asperellum GSS 03-35 produced by submerged liquid fermenta-
tion was stabilized by concentration to 6–10% of dry matter into paste containing corn starch 
(5%) as stiffener. The paste had pH 3 and contained copper sulfate (20 mg/L). During the 
course of storage, the fungus formed chlamydospores and conidia. After 6 months of storage 
at the temperature 20°C the fungus remained effective against head blight of wheat [122].

3.2. Drying

The drying is the most popular technique of inoculum stabilization. Besides simple drying 
by warm heat on trays (convection drying), spray drying, fluid bed drying and lyophilisation 
(freeze-drying) are used. The selection of the drying technique depends on availability, costs 
and sensitivity of the biomaterial.

3.2.1. Convection drying

The biomaterial mixed with preservatives and fillers is dried on trays in thin layer. This tech-
nique is used for production of the biofungicide Trichodermin (Biotechmash, the Ukraine) as a 
wettable powder. This simple technique can be applied for drying of low-scale amounts of the 
biomass and for preliminary experiments. Corn starch, rice flour, talc, diatomaceous earth and 
kaolin were evaluated as preservatives and fillers during drying of blastospores of Beauveria 
bassiana. Kaolin (at the concentration of 5% w/v of spore concentrate) allowed to maintain 
satisfactory viability of spores (≥50%) for 7 weeks storage at 4°C [123]. Conidia of Stagonospora 
convolvuli LA39 produced on V8 agar and dried with kaolin as a filler (1 g per 109 conidia) by 
air flow kept high viability (>70%) and pathogenicity about 5 months under the temperature 
3°C. After 17 months of the storage just 5% of total conidia were viable, when the conidia were 
stored under the temperature 20°C conidia their viability decrease to 20% for a week [124].

In some inoculum stabilization protocols, convection drying was proposed for formulation 
of conidia and microsclerotia of Beauveria, Metarhizium, Colletotrichum, Mycoleptodiscus and 
Trichoderma. Some useful additives can be used to improve of viability of the infection units: 
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skimmed milk or/and glycerol (ca. 1–2%, nutrient sources, humectants), clay (ca. 5%, kaolin or 
peat to protect conidia against UV) and plant oil (4–10%, adhesive) [126, 127].

The drying technique “Stareze” is based on the addition of a membrane stabilizer (sucrose) 
during the fermentation. High concentration of sucrose (400 g/L) was added to 96-h sub-
merged culture of Metarhizium anisopliae. The fermentation was stopped after 168 h and a filler 
(silica, HiSil™-233, 35 g/L) was added. The filtered product was dried on the trays at ambient 
temperature. The blastospores of M. anisopliae stayed alive for 6 months at 2–4°C [128].

3.2.2. Spray drying

The spore suspension with some adjuvants and additives is sprayed in heated air followed 
by fast drying (5–30 s). In the case of fluid bed drying, the suspension follows to the bed from 
dried material babbling by air that forms pseudo-boiling layer. Particles of the drying mate-
rial stick to gradually form granules (www.niroinc.com).

Submerged conidia of M. anisopliae mixed with defatted milk (20%) and sucrose (2.5%) sur-
vived better spray drying than freeze-drying process. However, inlet and outlet temperature 
caused significant effect on their viability [129]. Granules of the commercial biofungicide 
Contans® are produced by drying conidia of Coniothyrium minitans in glucose solution in a 
spray drier; the product contains about 95% of glucose and 5% of conidia (ca. 1 × 1013 conidia/
kg) and remains effective for 2 years when stored at 4°C [96]. In some cases, this technique of 
drying is not appropriate. Conidia of the epiphytic fungus, Epicoccum nigrum, produced by 
solid-state fermentation lost viability after spray drying at inlet temperature 150°C. However, 
fluid bed drying was favorable: dried at 30–40°С conidia remained viable even without any 
preservative and can be stored for 90 days and more [130].

A method was developed for microencapsulation of Trichoderma conidia with sugar through 
spray drying. Microencapsulation with sugars, such as sucrose, molasses or glycerol, signifi-
cantly (P < 0.05) increased the survival percentages of conidia after drying. Microencapsulation 
of conidia with 2% sucrose solution resulted in the highest survival percentage when com-
pared with other sucrose concentrations and had about 7.5 × 1010 CFU in each gram of dried 
conidia, and 3.4 mg of sucrose added to each gram of dried conidia. The optimal inlet/outlet 
temperature setting was 60/31°C for spray drying and microencapsulation. The particle size 
of microencapsulated conidia balls ranged from 10 to 25 μm. The spray dried biomass of  
T. harzianum was a flow-able powder with over 99% conidia, which could be used in a variety 
of formulation developments from seed coatings to sprayable formulations [131].

3.2.3. Freeze-drying

Under liophylisation, water vapors from ice under low pressure bypass the liquid state. 
Conidia of Septoria passiflorae survived well after freeze-drying when 10% of skimmed milk 
was added to the conidial suspension. The fungus stayed viable for >1 year when stored in a 
vacuum package at 1°C [132]. Blastospores of Paecilomyces fumosoroseus together with protec-
tors (10% lactose + 1% bovine albumin, or composition of starch, vegetable oil, sucrose and 
milk) remain viable after freeze-drying at the level 75% for 50 weeks at −20°C, while at 4°C 
their viability decreased to the level of 10% [133].
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3.3. Encapsulation

Concentrated biomaterial can be incorporated into different polymer matrices that protect 
fungal cells from effects of some factors such as UV-irradiation and microbial contamination. 
Products that are resulted from encapsulation process include gel, granules, capsules and 
microcapsules. There are various industrial equipment for their production [134].

3.3.1. Alginate granules

The process is based on the polymerization of sodium alginate in the solution calcium chlo-
ride. For instance, the suspension of the biomaterial (1 part) is mixed with sodium alginate 
(1.3% solution, 4 parts) and kaolin (5% of total weight); the mixture is dropped into 0.25 M 
solution of calcium chloride; the resulted granules are filtered and dried. The technique was 
used for the first time to formulate conidia of Alternaria cassiae [135]. Intensity of the fungal 
sporulation on the granules depended on inoculum production method, fillers and adjuvants; 
kaolin can be effectively replaced by corn flour [136].

Various compositions of alginate granules were evaluated for many potential and commer-
cial biopesticides. Chitin (2% of granules weight) together with wheat bran (2%) significantly 
increased spore production of Beauveria bassiana on the granules [137]. Starch addition acceler-
ated the rupture of granules and colonization of the peat substrate by Trichoderma sp. [138]. 
For field experiments of biofungicide based on the non-toxigenic Aspergillus flavus different 
adjuvants (1% of granules weight) and fungicides (0.5–1.25 mg per 50 g of the mixture of 
sodium alginate and 2.5 g of corn flour) were evaluated. Triptone and peptone addition sig-
nificantly stimulated spore production of the fungus on the granules. The fungicides did not 
inhibited the antagonist development and preserve the granules against contamination [136].

Composition of alginate formulation of Trichoderma sp. conidia optimized by factorial design 
experiments included glycerol (2% w/v), sodium polyphosphate 2% (w/v) and citrus pectin 
that allows to maintain the satisfactory titer of conidia for 14 weeks at 28°C. Formulation 
quality was monitored by Fourier-transform infrared spectroscopy and some chemical inter-
actions between polymers were found [138]. For production of complex mycoinsecticides 
(“attract and kill”) based on Saccharomyces cerevisiae (used as an attractant for wireworms) and 
Metarhizium brunneum (as an insect killer), the technical scale technology was developed that 
included jet cutting of droplets and bed drying of granules at 40–50°C till aw 0.1–0.2 [139].

3.3.2. Microencapsulation

Fungal biomaterial (e.g. conidia and mycelia) suspended in sodium alginate solution or in the 
mixture of agar-agar (1%) and gelatin (1:1, v/v) is emulsified in corn oil with n-hexadecan (6:4) 
and lecithin as emulsifier. Gelatin-agar globules were gelated in the emulsion while alginate 
microcapsules were polymerized when dropped into calcium chloride solution. The size of 
microcapsules varied from 10 to 400 μm depending on ratio of the mentioned components. 
The microcapsules were separated from the liquids by vacuum filtration and used by spray-
ing. The microencapsulation technique was successfully used in model experiments for devel-
opment of artificial conidia based on conidia of Fusarium avenaceum and mycelium of Bipolaris 
sorokiniana [10–141].
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3.3.3. “Pesta” granules

The production of Pesta granules is based on the technology of pasta production. Inoculum 
suspension (52 mL), wheat semolina flour (80 g) and kaolin (20 g) are mixed to produce 
dough. The dough is passed through a pasta maker after that it is dried, crashed and sieved. 
The technique was tried for encapsulation of conidia of potential mycoherbicides (Alternaria 
cassiae, A. crassa, Colletotrichum truncatum and Fusarium lateritium) as well for stabilization of 
entomopathogenic nematodes [142, 143]. Melanized fungal structures as pigmented conidia, 
chlamydospores, microsclerotia and sclerotia granules are generally compatible to Pesta pro-
cess while non-pigmented conidia of F. oxysporum, C. truncatum, Trematophoma lignicola were 
not viable in the final product [49, 57, 143–145].

Microslecrotia of C. truncatum survived in Pesta granules and remained to produce virulent 
conidia (for biocontrol of weed Sesbania exaltata) for 52 weeks at 25°С low water activity (aw 
0.18–0.29), and for 10 years at 4°С [57, 146] while the fungal conidia can be stored no more 
than 32 weeks [147]. Interestingly, that during the process of encapsulation of Alternaria alter-
nata conidia with Pesta process, the number of colony forming units increased due to destroy-
ing their aggregations. The virulence of the fungus was stable at a low relative air humidity 
(12%) for more than 2 years [145].

The composition of Pesta granules can be easily modified. Shabana et al. [148] evaluated vari-
ous compositions for Fusarium oxysporum f. sp. orthoceras using 3% (w/w) sucrose, corn flour, 
glycerol, starch WaterLock B209, cellulose and yeast extract. The last component improved 
viability of chlamydospores as well as of microconidia in the granules. However, the pre-
pared samples showed appropriate viability (60–80% for 12 months) under 25°C and relative 
humidity 11–12%; under higher temperature (25°C) and humidity (51–53%) viability of the 
fungus dramatically decreased by the 4–8th month of storage [148]. The biocontrol efficacy 
of Aspergillus alliaceus against parasitic weeds (Orobanche spp.) incorporated in Pesta granules 
was improved by addition of potato broth or sorghum meal [149].

For encapsulation of conidia of potential mycopesticides (C. truncatum, Alternaria sp., Paecilomyces 
fumoroseus, Aspergillius flavus, A. parasiticus) produced by solid and liquid state fermentation 
the twin-screw extrusion was successfully tested. Ingredients were mixed in the mixer of an 
extruder and resulted Pesta granules were dried by fluid bed drying at 50°С. The inoculum 
produced by solid-state fermentation was shown to be less sensitive to whole the stabilization 
process than the biomaterial from the liquid culture [150].

3.3.4. Stabilize granules

The main components of these granules are a membrane stabilizer (for instance, sucrose at the 
concentration 10–65% from granules weight), a water absorbance agent (starch), a filler (diatho-
maceous earth, silica Hi-Sil® at the concentration 5–20%). Additionally, the granules can include 
vegetable oil (ca. 20%), UV-protectant, preservatives and other inert fillers [151]. For example, 
sucrose (4 parts), starch (1 part), unrefined vegetable oil (1 part), silica gel (1.5 parts) and biolog-
ical suspension (4 parts) are mixed and extruded; the resulted pasta is conventionally dried and 
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crashed or milled. This technique was successfully used for potential bioherbicides based on 
Fusarium oxysporum (microconidia and mycelium) and Pseudomonas spp. that remain viable for 
a long time [152–154]. However, submerged conidia of Metarhizium anisopliae (the producer of 
the bioinsecticide Green Muscle™) survived better when the above-mentioned process Satreze 
was used [128].

The safety and evaluation of postponed risks of mycopesticides are still under question. An 
agroecosystem is inundated by a fungus at very high concentrations and there is a risk of 
the crop injury. Some plant pathogens can survive in the soil or plant debris. They are able 
of producing biologically active compounds (mycotoxins, antibiotics, phytotoxins, etc.). The 
number of safety research on the safety of mycoherbicides is limited to Sclerotinia sclerotio-
rum, S. minor, Colletotrichum coccodes, Fusarium oxysporum f. sp. strigae, Phoma macrostoma and 
Stagonospora convolvuli [7, 23, 55, 155–159]. The experience of field observations is limited to 
several years.

Molecular marking of biocontrol strains is an approach for their post-application tracking and 
quantification. For instance, the strain Fusarium oxysporum f. sp. strigae F2, which is potential 
mycoherbicide against Striga spp., was compared with several strains F. oxysporum using fluo-
rescent AFLP. Based on this comparison a specific PCR primer was developed for making F2 
only in the soil [20, 21, 160].

In conclusion, the approaches for stabilization and storage of biopesticides based on fungal 
propagules were discussed in this review. In order to produce both virulent and stress tol-
erant propagules for mycoherbicides based on the submerged fungal mycelium as well as 
on conidia, chlamydospores and microsclerotia a liquid medium should be optimized. The 
construction of bioreactors, in particular, for solid-state fermentation is continuously being 
improved that allows of producing highly stress tolerant fungal aerial conidia. Various reci-
pes for liquid (e.g. suspension and emulsion concentrates) and solid (like alginate and stabi-
lize granules) formulation of mycoherbicides were developed to be stored for a long time and 
effectively used. However, the efficacy of mycoherbicides is still unstable and their safety is 
not proved clearly to be widely commercialized.
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3.3.3. “Pesta” granules

The production of Pesta granules is based on the technology of pasta production. Inoculum 
suspension (52 mL), wheat semolina flour (80 g) and kaolin (20 g) are mixed to produce 
dough. The dough is passed through a pasta maker after that it is dried, crashed and sieved. 
The technique was tried for encapsulation of conidia of potential mycoherbicides (Alternaria 
cassiae, A. crassa, Colletotrichum truncatum and Fusarium lateritium) as well for stabilization of 
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chlamydospores, microsclerotia and sclerotia granules are generally compatible to Pesta pro-
cess while non-pigmented conidia of F. oxysporum, C. truncatum, Trematophoma lignicola were 
not viable in the final product [49, 57, 143–145].

Microslecrotia of C. truncatum survived in Pesta granules and remained to produce virulent 
conidia (for biocontrol of weed Sesbania exaltata) for 52 weeks at 25°С low water activity (aw 
0.18–0.29), and for 10 years at 4°С [57, 146] while the fungal conidia can be stored no more 
than 32 weeks [147]. Interestingly, that during the process of encapsulation of Alternaria alter-
nata conidia with Pesta process, the number of colony forming units increased due to destroy-
ing their aggregations. The virulence of the fungus was stable at a low relative air humidity 
(12%) for more than 2 years [145].

The composition of Pesta granules can be easily modified. Shabana et al. [148] evaluated vari-
ous compositions for Fusarium oxysporum f. sp. orthoceras using 3% (w/w) sucrose, corn flour, 
glycerol, starch WaterLock B209, cellulose and yeast extract. The last component improved 
viability of chlamydospores as well as of microconidia in the granules. However, the pre-
pared samples showed appropriate viability (60–80% for 12 months) under 25°C and relative 
humidity 11–12%; under higher temperature (25°C) and humidity (51–53%) viability of the 
fungus dramatically decreased by the 4–8th month of storage [148]. The biocontrol efficacy 
of Aspergillus alliaceus against parasitic weeds (Orobanche spp.) incorporated in Pesta granules 
was improved by addition of potato broth or sorghum meal [149].

For encapsulation of conidia of potential mycopesticides (C. truncatum, Alternaria sp., Paecilomyces 
fumoroseus, Aspergillius flavus, A. parasiticus) produced by solid and liquid state fermentation 
the twin-screw extrusion was successfully tested. Ingredients were mixed in the mixer of an 
extruder and resulted Pesta granules were dried by fluid bed drying at 50°С. The inoculum 
produced by solid-state fermentation was shown to be less sensitive to whole the stabilization 
process than the biomaterial from the liquid culture [150].

3.3.4. Stabilize granules

The main components of these granules are a membrane stabilizer (for instance, sucrose at the 
concentration 10–65% from granules weight), a water absorbance agent (starch), a filler (diatho-
maceous earth, silica Hi-Sil® at the concentration 5–20%). Additionally, the granules can include 
vegetable oil (ca. 20%), UV-protectant, preservatives and other inert fillers [151]. For example, 
sucrose (4 parts), starch (1 part), unrefined vegetable oil (1 part), silica gel (1.5 parts) and biolog-
ical suspension (4 parts) are mixed and extruded; the resulted pasta is conventionally dried and 
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crashed or milled. This technique was successfully used for potential bioherbicides based on 
Fusarium oxysporum (microconidia and mycelium) and Pseudomonas spp. that remain viable for 
a long time [152–154]. However, submerged conidia of Metarhizium anisopliae (the producer of 
the bioinsecticide Green Muscle™) survived better when the above-mentioned process Satreze 
was used [128].

The safety and evaluation of postponed risks of mycopesticides are still under question. An 
agroecosystem is inundated by a fungus at very high concentrations and there is a risk of 
the crop injury. Some plant pathogens can survive in the soil or plant debris. They are able 
of producing biologically active compounds (mycotoxins, antibiotics, phytotoxins, etc.). The 
number of safety research on the safety of mycoherbicides is limited to Sclerotinia sclerotio-
rum, S. minor, Colletotrichum coccodes, Fusarium oxysporum f. sp. strigae, Phoma macrostoma and 
Stagonospora convolvuli [7, 23, 55, 155–159]. The experience of field observations is limited to 
several years.

Molecular marking of biocontrol strains is an approach for their post-application tracking and 
quantification. For instance, the strain Fusarium oxysporum f. sp. strigae F2, which is potential 
mycoherbicide against Striga spp., was compared with several strains F. oxysporum using fluo-
rescent AFLP. Based on this comparison a specific PCR primer was developed for making F2 
only in the soil [20, 21, 160].

In conclusion, the approaches for stabilization and storage of biopesticides based on fungal 
propagules were discussed in this review. In order to produce both virulent and stress tol-
erant propagules for mycoherbicides based on the submerged fungal mycelium as well as 
on conidia, chlamydospores and microsclerotia a liquid medium should be optimized. The 
construction of bioreactors, in particular, for solid-state fermentation is continuously being 
improved that allows of producing highly stress tolerant fungal aerial conidia. Various reci-
pes for liquid (e.g. suspension and emulsion concentrates) and solid (like alginate and stabi-
lize granules) formulation of mycoherbicides were developed to be stored for a long time and 
effectively used. However, the efficacy of mycoherbicides is still unstable and their safety is 
not proved clearly to be widely commercialized.
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