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Preface

Since the commercial production of herbicides began, herbicides have become an integral part of
agriculture. Increased herbicide use has contributed to increased food and feed production, re-
duced farm labor requirements, improved control of invasive weed species, and a number of
other positive benefits for the world’s population. As herbicide use continues, research is required
to improve upon existing herbicide formulations and application methods, to develop additional
uses of herbicide compounds, and to further understand the mechanisms by which herbicides
function in order to ensure the future benefits of herbicides.

However, with this increase in chemical inputs into production systems, many concerns have
been raised in regards to the detrimental impact of these products to non-target species, includ-
ing humans, and to the environment. In this respect, research has been necessary to reduce en-
vironmental degradation, identify potential contamination risks from herbicide use, and to
ensure the protection of human health and wellbeing.

Needless to say, herbicide research is a critical component of both agricultural and environ-
mental science. With continued research efforts in both fields, effective herbicides with reduced
impact, rapid contamination detection methods, and unique applications of herbicidal com-
pounds will, undoubtedly, continue to be developed.

In this book, contributing authors have provided a broad scope of topics related to recent herbi-
cide research. Research detailed in these chapters is particularly focused on herbicides in agri-
cultural settings or their impact on the surrounding environment. Topics range from herbicide
mode of action investigation, herbicide degradation research, and bio-herbicide development to
novel concepts for herbicide contamination detection and even the potential for application of
herbicide compounds in the medical field.

The information provided in this book serves as a valuable tool for describing many areas of
current herbicide research affecting both agricultural use and environmental impact. Herbi-
cides - Advances in Research should be particularly useful to beginning and established scien-
tists with interests in continuing to develop research projects focused on understanding
herbicide functions, environmental behavior, and new applications of herbicidal compounds. It
is hoped that this book will serve the scientific community as a source of current, vital research
information to help shape future research and understanding of herbicides.

Andrew ]. Price
United States Department of Agriculture, Agricultural Research Service, YYYYY
National Soil Dynamics Laboratory, Auburn, Alabama, USA

Jessica A. Kelton
Auburn University, Auburn, Alabama, USA






Chapter 1

Agrochemicals and Bacterial Diversity in
Cultivated Tropical Soils

Joseph Addo Ampofo

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54963

1. Introduction

1.1. General

Agrochemicals provide yield protection, prevent and cure crop disease, provide insulation to
reduce energy use and provide countless other benefits that increase the standard of living for
civilization as a whole. While the chemicals industry has made good progress reducing its
overall environmental footprint, chemicals can also create a negative impact on human health
and the environment when their production and use are not managed responsibly (Edwards,
1975; Tu, 1990; Zulalian, 1990).

1.2. Agriculture in Ghana

Urban food needs is increasing in developing countries, including Ghana (Figure 1), with
growing populations. Increasingly vegetables are grown in urban and peri-urban areas to meet
this demand. Agriculture has been Ghana’s most important economic sector over the years,
employing more than 60% of the national work force, mainly in the small landholders on
formal and informal basis (Gerken et al, 2001) and accounting for about 40% of the total GDP
and export earnings. Ghana has climatic zones that range from dry savanna to wet forest and
run in east-west bands across the country.

Agriculture crops including yams, grains, cocoa, oil palms, kola nuts and timber, form the
base of Ghana’s economy. Compared to this, the contribution of the more traditional vegeta-
bles such as okra, pepper, tomato, onion and egg plants to the agricultural GDP is low.
However, considering their contribution to agricultural GDP and the land area devoted to
the cultivation of all crops, the traditional vegetables produce more value per area. For ex-
ample, the share in total area cultivated and value for vegetables (tomato, okra, pepper and

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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eggplant) is 3.0 and 7.0%, respectively, while for cereals (maize, millet, sorghum and rice),
these values are 35.0 and 8.0%, respectively (Table 1).
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Figure 1. Map of Ghana, its boundaries and Lake Volta. Also shown are some major rivers.
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Share in value

Share in area

Rate of growth (%)

Crops

(%) (%) Area Yield
Maize (Zea mays) 4.80 17.0 2.00 3.00
Rice (Oryza glaberrina) 1.00 2.23 8.00 2.00
Millet (Pennisetum glaucum) 1.30 7.27 2.00 -
Sorghum (Sorghum bicolor) 1.24 8.41 2.00 1.50
Cassava (Manihot esculenta) 19.2 121 2.00 3.00
Cocoyam (Xanthosoma roseum) 10.2 6.08 2.00 -
Yam (Dioscorea spp.) 16.7 6.32 2.36 0.75
Plantain (Musa spp.) 13.0 5.32 2.00 -
Groundnut (Arachis hypogaea) 3.83 4.66 2.36 3.00
Tomato (Solanum lycopersicum) 2.79 0.61 1.00 2.00
Okra (Hibiscus esculentus) 3.16 0.85 3.00 2.00
Pepper (Capsicum annuum) 0.14 1.71 3.00 2.00
Eggplant (Solanum melongena) 0.56 0.07 3.00 2.00
Beans (Phaseolus vulgaris) 15.3 5.12 1.00 2.00
Cocoa (Theobroma cacao) 0.92 18.8 5.00 2.00
Oil Palm (Elaeis guineensis) 0.07 1.58 2.00 2.00
Rubber (Ficus elastic) 0.06 0.06 4.00 2.00
Coffee (Coffea Arabica) 0.16 0.02 4.00 2.00
Cotton (Gossypium hirsutum) 0.12 0.32 8.00 2.00
Tobacco (Nicotiana tabacum) 3.47 0.06 8.00 2.00
Orange (Citrus sinensis) 0.09 0.55 3.00 2.00
Pineapple (Ananas comusus) 0.09 0.06 3.00 2.00
Total crops/growth rates 98.2% 99.2% 331% 1.58%

Source: Nurah, 1999

Table 1. Growth rates and contributions of different crops to agricultural GDP

1.3. Application of agrochemicals in agriculture

Vegetable production in Ghana typically occurs in intensely managed, irrigated smallhold-

er farms with relatively high pesticide inputs. Surveyed vegetable crops (tomato, pepper,
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okra, eggplants (or garden eggs) and onion) cover approximately 0.4% of the cultured land
of Ghana, equating to 58,270 ha in 1998 (Gerken et al., 2001). An estimated average pesti-
cide rate of 0.08 liters ai/ha is applied to these vegetables. Relatively lower quantities are
applied to cereals (0.03 liters ai/hal) and higher quantities to cocoa (0.5 liters ai/ha). The
compounds applied in vegetable production include organochlorine and organophosphate
insecticides. In contrast to the traditional organochlorines, organophosphates are not highly
persistent, but some can be highly toxic to some aquatic organisms (Castillo et al., 2006). In-
tensively managed vegetable farms are also characterized by an extensive network of
drainage systems where surplus water may flow into local streams and rivers. Consequent-
ly, the aquatic ecosystems located downstream of vegetable farmlands might be vulnerable
due to intensive pesticide use, drainage systems, and high precipitation rates typical for
tropical areas where vegetable production occurs.

1.4. Non-point source agricultural pollution

Non-point source agricultural pollution is regarded as the greatest threat to the quality of
surface waters in rural areas. One of the most important routes leading to non-point source
agricultural pollution of surface waters in rural areas is runoff. Runoff from agricultural
fields introduces pesticides, soil, organic matter, manure and fertilizer into small streams,
increasing the volume of stream discharge and changing water quality (Neumann and
Dudgeon, 2002). The impacts of such runoff are well documented (Cooper, 1993; Castillo et
al., 1997; DeLorenzo et al., 2001).

Traditional vegetable farming systems (i.e. without any chemical input) are incapable of
meeting demand. For instance, pests and diseases, which pose big problems in vegetable
production, require intensive pest management to control them. Chemical pesticide use is a
common practice to control pests and diseases in vegetable cultivation. However, besides their
beneficial effects, pesticides are accepted as having potential environmental and public health
impacts as well. If improperly used, pesticides can cause direct human poisoning, accumulate
asresidues in food and the environment or lead to the development of resistant strains of pests.
These problems can arise from misuse of the pesticides or over-reliance on them, particularly
if the users are not aware of these potential problems.

A total of 43 pesticides are in use in vegetable farming in Ghana (Table 2). This figure was
obtained as a direct summation of pesticides applied on farms, but it could be lower than the
actual number of pesticides in use. The pesticides comprised insecticides, fungicides and
herbicides. Herbicides (44%) were the class of pesticides most used in vegetable farming in the
areas surveyed, followed by insecticides (33%) and fungicides (23%).

In Table 2 the classification of these pesticides by the type of pests they control, active in-
gredient, chemical group and World Health Organization (WHO) Hazard Category is pre-
sented. The herbicides and fungicides used are mostly under WHO Hazard Category III,
with a few under Hazard Category II. All the insecticides used are under Hazard Category
II, which WHO classifies as moderately hazardous. This category includes organochlorines
(OCs), organophosphates (OPs) and pyrethroids. Endosulfan was the only OC mentioned
in use in the survey.
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Pesticide type
(% of total

number in use)

Active Ingredient

Chemical Group

Hazard
Category
(WHO)

Registered for use on

Pendimethalin

Dinitroaniline

Tomatoes, onions

2,4-D

Aryloxyalkanoic acide

Rice, sugarcane

Propanil

Anilide

Rice

MCPA-Thioethy1

Aryloxyalkanoic acide

Not registered

Oxadiazon

Oxadiazole

Not registered

Oxyfluorfen

Diphenyl ether

Not registered

Bensulfuron-

Herbicide (44%) Sulfonylurea 1 Rice
methy1
Glyphosate Glycine derivative I Various crops
Paraquat Bipyridylium Il Various crops
dichloride
Acifluorfen Diphenyl ether I Not registered
Metolachlor Chloroacetamide I Not registered
Phenmedipham Carbamate I Not registered
Mancozeb Carbamate I Mangoes, vegetables
Matalaxyl-M Acylalanine Il Not registered

Fungicide (23%)

Thiophanate-
methyl

Benzimidazole

Various crops

Carbendazim

Benzimidazole

Not registered

Benomyl Benzimidazole I Not registered

Lambda-

eyhalothrin Pyrethroid Il Vegetables

Chlorpyrifos Organophosphorus Il Citrus, public health
Insecticide (33%) Endosulan Organochlorine Il Cotton

Dimethoate Organophosphorus Il Not registered

Cypermethrin Pyrethroid Il Not registered

Deltamethrin Pyrethroid Il Various crops

Table 2. Types of Pesticides applied in vegetable production in Ghana

Technical endosulfan, a mixture of two stereoisomers, that is, a- and (3-endosulfan in the

approximate ratio of 7:3 (Shetty et al., 2000; Kennedy et al., 2001), is a chlorinated pesticide for

control of a large spectrum of insect pests on a wide range of crops (Aguilera-del Real et al.,

1997). It is used in many countries throughout the world for the control of pests on fruits,

vegetables, tea, tobacco, and cotton (Antonious and Byers, 1997; Sethunathan et al., 2002).

Because of such abundant usage, and the potential for accumulation in the environment

(endosulfan is not readily detoxified by soil microorganisms), residues are detectable in soils,

sediments, and crops at harvest time (Goebel et al., 1982; U.S. Department of Health and

Human Services, 1990). Although the metabolites of endosulfan, that is., sulfate, diol, ether,
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hydroxy ether, and lactone, have been shown to occur (Maier-Bode, 1968; Schuphan et al.,
1968), only the sulfate metabolite is significant as a residue (Antonious and Byers, 1997).

Although the impacts are complex and often unknown or sometimes open to debate, some
negative effects are well documented, such as chemicals found in the environment that are
persistent, bioaccumulative and or toxic (e.g. PCBs, dioxins) (Waiwright, 1978; Moorman,
1989). Concern has been raised about chemicals which interfere with the normal function of
hormonal systems of human and animals (i.e. endocrine disrupters), and substances which
impact on children’s health (De Reuck, et al, 1979).

1.5. Activity of selected agrochemicals

Glyphosate, the main component of Ceresate, is a non-selective, non-residual herbicide used
against annual or biennial herbaceous monocotyledons, herbaceous dicotyledonous and
perennial weeds. It is absorbed by foliage and transported through plant and is very effective
on many deep-roots perennial species. It is metabolized or broken down by some plants, while
other plants do not break it down. It is not usually absorbed from the soil by plants (Rueppel
et al, 1977; McEwen & Stephenson, 1979; Eberbach & Douglas, 1983). Glyphosate remains
unchanged in the soil for varying lengths of time, depending on soil texture and organic matter
content. The half-life of glyphosate can range from 3 to 130 days.

Dimethoate (Cerox) is an organophosphorus insecticide with a contact and systemic action.
Dimethoxon, an oxygen analogue metabolite of dimethoate, appears to play a dominant role
in its toxicity for insects and mammals (Bohn, 1964; Koppel etal, 1986). Hydrolytic degradation
is the main inactivating pathway of dimethoate in the environment. The half-life of dimethoate
in different plants is between 2 and 5 days. Degradation in soil is dependent on the type of
soil, temperature, moisture, and pH level.

Paraquat is a selective herbicide used to control most annual grasses and certain broadleaf
weeds in field corn, potatoes, rice, cotton, soybeans, tobacco, peanuts and sunflowers. It is used
in both pre-emergence and early post-emergence weed control (McErtenson, 1992). Paraquat
is not subject to microbial degradation. Slight losses of paraquat can result from photodecom-
position and volatilization. Its soil half-life is 90 days.

1.6. Microorganisms in soil

Microorganisms present in soil include Actinomycetes, Fungi, Algae, Bacteria and Protozoa.
Most organisms are found in the top layers of soil, usually the top 2-3 centimeters, since this
is typically where most of the organic matter is located (Alexander, 1979). The organisms are
usually concentrated close to root surfaces in the rhizosphere, within living and dead roots,
on soil particles, or among aggregates of soil particles. The rhizosphere is the region of the soil
that is immediately adjacent to and affected by plant roots. It is a dynamic region where
interaction takes place between plants, soil, microorganisms, nutrients and water.

Microorganisms play a major role in the breakdown of pesticides in the soil. Many microbes
are capable of utilizing pesticides as sources of carbon and most pesticides studied are attacked
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at one or more sites by microorganism e.g. the bacteria Hydrogenomones can degrade DDT
completely to carbon dioxide (McEwen & Stephenson, 1979).

Edwards (1975) lists possible effects on living organisms in soil contaminated with insecticides
to include (i) direct toxic effect to microbial life in the soil, (ii) affecting organisms genetically
to produce populations resistant to pesticides, (iii) sub-lethal effects resulting in alterations in
behavior or changes in metabolic or reproductive activities, and, (iv) absorption into the bodies
of soil fauna and passing on to other organisms.

The study determined the effects of some selected agrochemicals on bacterial population in
the soil, and investigated the effect of agrochemicals on plant growth.

2. Materials and methods

2.1. The agrochemicals used

The agrochemicals used were obtained from the open market. Each agrochemical was new
and sealed in bottles of one litre volume. The products included (i) Cerox, an insecticide
containing dimethoate 400g / L; (ii) Ceresate, a herbicide containing glyphosate IPA 4% w/w
SL; and, (iii) Paraquat, a herbicide with composition, paraquat DCL 24% w/w SL.

2.2. Selection of viable seeds for planting

Undamaged bambara groundnut (Vigna subterranea) seeds of similar sizes were surface-
sterilized by immersing for 5 minutes in 0.1% mercuric chloride (HgCl) solution and washed
in six changes of sterile distilled water. The seeds were next washed in 70% ethanol for 3
minutes, and rinsed twice with sterile distilled water. The sterile seeds were placed on water
agar (0.1% agar) in large Petri dishes and incubated at room temperature for 5 days. The
vigorously germinating seeds were selected for planting.

2.3. Planting of seeds in experimental soil

Five seeds were sowed in each pot, and the seedlings were thinned to one after they had
survived. There were four replicates for each soil treated type. The plants received full sunlight
up to mid-day each day and were protected from rains. They were watered daily with 20ml
tap water per pot. Once a week, each pot received, in addition, 10ml Sachs’ solution to augment
the nutrient content in the soil.

2.4. Application of agrochemicals

On the second week of planting, the agrochemicals were applied to the soil with the seedlings.
Pots labelled A served as control, no agrochemical was applied. Pots labelled B were sprayed
with Cerox. Pots labelled C were sprayed with Ceresate, and Pots labeled D were sprayed with
Paraquat. Spraying was done using a spray bottle. The agrochemicals were diluted with sterile
distilled water according to the manufacturer’s recommendation as follows:

7
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Ceresate: 5 ml:300 ml of distilled water
Cerox: 1.8 mI:300 ml of distilled water
Paraquat: 1.2 ml:300 ml of distilled water

2.5. Assessment of extent of growth of experimental plants

The following records were made of the bambara groundnut plants: number of leaves, leaf
length and leaf broadness. These measurements were taken once a week, for four weeks with
the use of a ruler.

2.6. Assessment of nodulation

After six weeks, the plants were harvested and the roots thoroughly washed. The nodules were
detached and counted.

2.7. Enumeration of total heterotrophic bacterial populations in soils

Soil samples were taken one day after planting of the seedlings and another set of samples on
the third week after planting, from each of the pots to determine the bacterial population
present in each soil treatment type. The soil samples were taken from between 2 - 8cm away
from the stem of each seedling. One gram of each soil sample was dissolved in 9ml of sterile
saline water and thoroughly mixed. Serial dilutions were made of each solution and 1ml plated
on Nutrient Agar supplemented with yeast extract. All plates were incubated at 37°C for a
maximum of 48hrs.

2.8. Enumeration of Rhizobium sp. populations in each soil

Congo red Yeast-extract Mannitol Agar (YMA) (Hann, 1966) was inoculated with 1g of each
soil treatment type. Incubation was at 30°C for 5 days.

2.9. Determination of bacterial diversity in the soils

The Phene Plate (PhP) System which deals with Finger Printing of Bacteria in Microplates
(Kuhn et al, 1991; Kuhn & Mollby, 1993) was used in the determination.

The bacteria to be tested were first pre-cultivated on appropriate agar media such as Blood
agar, Brain Heart Infusion agar, Brilliant Green agar, Cereus selective agar, Deoxycholate
Citrate agar, Eosin Methylene Blue agar, KF Streptococcus agar, MacConkey agar, Nutrient
agar, Standard Plate Count agar, SS agar, Staphylococcus Medium, Triple Sugar Iron. The same
pre-cultivation conditions were used for all strains in the test series.

A multichannel pipette with sterile tips was used to fill all wells in the PhP plate with sus-
pending substrate. Aliquots of 0.320 - 0.375ml of the substrate were dispensed into all eight
wells of ‘Column 1’ in the plate, and 0.150ml into all the other wells. All wells in “Column 1’
were inoculated with eight different types of bacteria colonies. The plates were left for at least
one hour, after which the bacterial suspensions in the first column were homogenized with
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the aid of the multichannel pipette. Quantities of 25ul of the bacterial suspensions in the first
column were then transferred to all the other wells in each row with the multichannel pipette.
Colonies suspected to be anaerobic were covered with sterile paraffin oil. Each plate was
covered by a sterile lid and put in a wet chamber to avoid drying. The plates were incubated
at 37°C. The colour of each well was assessed after 16, 40 and 64 hours of incubation. An optical
microplate reader connected to a computer with the PhP software was used. Three readings
were made, after 16, 40 and 64 hours, respectively. The absorbance was measured at 620nm.

2.10. Statistical analysis

The Statgraphics Plus for Windows version 4.0 was employed to test for significant differences
between the various means of parameters of the differently treated soils and those of the
untreated soil.

3. Results and discussion

3.1. Enumeration of population of rhizobia in the differently treated soil types

Total viable count studies using Congo red YMA produced the Rhizobium sp. population
numbers indicated in Table 3. There were high population numbers per gram of soil in the
cerox-treated soil and the non-treated soil, respectively. Ceresate- and paraquat-treated soils
had very low population numbers per gram of soil. There was no statistically significant
difference between the means of the population numbers in the ceresate-treated and paraquat-
treated soils. There was, however, statistically significant difference in the means of the
population numbers in the non-treated soil, cerox-treated soils and those of the ceresate-treated
and paraquat-treated soils.

Mean number of Rhizobiumspp. Population

Treatment Type Soil .
(g'soil) x 10*
Cerox-treated soil 138 (+12.11)
Ceresate-treated soil 20 (x4.11)
Paraquat-treated soil 12 (£ 3.55)
Non-treated soil 180 (£ 9.99)

Table 3. Rhizobium spp. population numbers in soils with the different treatments.

3.2. Assessment of extent of growth of experimental plants

Plants were assessed four weeks after germination. On the basis of plant growth and the extent
of nodulation recorded in Table 4, the plants could be described as follows:

* Non-treated soil:- plants grew well with deep green foliage, had highest mean leaf number
and mean leaf length. They also formed the highest number of nodules and were the largest.
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* Cerox-treated soil:- plants showed moderate growth and nodulation.

* Ceresate- and paraquat-treated soils:- plants showed stunted growth and yellowish-green
foliage and formed the smallest number of mean number of nodules per plant, 3 — 10
nodules, as compared to 30 —44 mean nodules per plant of the non-treated soil and the cerox-
treated soil.

There was no statistically significant difference between the means of leaf length of plants
cultured in cerox-treated soil and those of plants in paraquat-treated soil. There was also no
significant difference between means of leaves of plants in cerox-treated soil and those in the
non-treated soil.

There was no statistically significant difference between the mean leaf numbers of plants
cultured in cerox- and ceresate-treated soils. There was no significant difference between the
mean leaf sizes of plants cultured in cerox-treated soil, paraquat-treated soil and the non-
treated soil. There was also no significant difference between the mean leaf sizes of plants
cultured in the cerox-treated soil and the ceresate-treated soil.

There was no significant difference between the mean number of nodules of plants cultured
in ceresate- and paraquat-treated soils.

Mean leaf
Mean leaf Mean leaf size Mean number of
Treatment Type length
Number (cm) nodules
(cm)

Cerox-treated 6.13 (+0.79) 11 (+2.94) 2.29 (+0.55) 30 (+5.16)
Ceresate-treated 3.36 (x0.86) 10 (x1.15) 1.57 (£0.28) 3(x2.83)
Paraquat-treated 5.45 (x0.55) 6(+2.16) 2.06 (+0.39) 8 (+5.45)
Non-treated soil 6.36 (0.40) 15 (+2.50) 2.37 (+0.24) 44 (+5.72)

Table 4. Growth and nodulation of the bambara groundnuts raised in the differently treated soils.

3.3. Total heterotrophic bacteria counts in soils after chemical application

The results in Table 5 show that all the differently treated soil types had total viable bacteria
present. The mean number of viable heterotrophicbacteria recorded for the soil samples varied
from 40 x 10* cfu g to 61 x 10° cfu g'. Paraquat-treated soil recorded the least number of
heterotrophic bacteria followed by Ceresate and the Cresox. The non-treated soil recorded the
highest mean viable heterotrophic bacteria count. There was statistically significant difference
between the means of the 4 variables at the 95.0% confidence level with the treatment types.
There was, however, no significant difference between the various means before treatment,
treatment after day 1, and treatment after 3 weeks at the 95.0% confidence level.
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Value after Treatment Value After Treatment
Treatment Type Value Before Treatment
1 Day 3 weeks
Cerox 60 x 10° (¥90.65) 18 x 10° (¥258.20) 10x 10°(x182.57)
Ceresate 40 x 10> (+75.28) 73 x 104 (x29.44) 70 x 10%(£52.28)
Paraquat 56 x 10° (+45.09) 41 x 10* (£54.77) 40 x 10* (+65.83)
Non-treated 52 x 10°(+19.90) 54 x 10° (+496.66) 61x 10°(x258.20)

Table 5. Mean values of total heterotrophic bacteria count surviving after treatment with Agrochemicals.

3.4. Analysis of the diversity indices of the bacterial flora in the soils

The diversity indices of the bacterial flora were high (more than 0.90) for both the non-
treated soil and the cerox-treated soil (Tables 6a and 6b). However, the diversity indices of
the bacterial flora for the ceresate- and paraquat-treated soils had values of less than 0.90
(Table 6¢c and 6d). A high Di (maximum value is +1) means that the assayed isolates were
evenly distributed into different types, whereas low Di (minimum value is 0) means that
one or few types of bacteria dominated the studied population (Kuhn et al, 1991; Kuhn &
Mollby, 1993; Ampofo & Clerk, 2003).

3.5. Similarities between the bacterial populations in the differently treated soil

The PhP software used (Kuhn & Mollby, 1993) also calculated the population similarity
coefficients (Sp) between the different treatments. Sp coefficients were performed according
to the unweighted-pair group method using the average linkages method. High Sp coefficients
(<0.5) means that the two compared samples shared many identical genera. Low Sp coefficients
(>0.5) means different bacterial populations (Sneat & Sokal, 1973). The mean similarities are
presented in Table 7. Comparison between the differently treated soil types, i.e. cerox-treated
soil, ceresate-treated soil, and paraquat-treated soil showed Sp values all below 0.50, an
indication of related populations with high diversity indices of bacteria. Comparison between
the populations of bacteria from the non-treated soil and the agrochemically treated soils,
however, showed Sp values greater than 0.5, an indication that the related populations were
of low diversity indices Kuhn et al, 1991; Kuhn & Mollby 1993; Ampofo & Clerk, 2003;
Gabrielson et al, 2003).

This study has confirmed detrimental effect of insecticide on bacterial populations in the soil.
Total heterotrophic counts, rhizobial counts as well as the number of nodules of all samples
taken from the chemically treated soils were all low as compared to values obtained for the
untreated soil. However the effect of the insecticide was minimal in all cases as compared to
the effects of the herbicides on the soil fauna.

11
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Sample Name and No. No. of isolates Di value
Non-treated soil 1 24 0.992
2 24 0.908
3 24 0.974
4 24 0.962
Mean Diversity 0.959
a)
Sample Name and No. No. of isolates Di value
Non-treated soil 1 24 0.989
2 24 0.978
3 24 0.987
4 24 0.962
Mean Diversity 0.980
b)
Sample Name and No. No. of isolates Di value
Non-treated soil 1 24 0.898
2 24 0.862
3 24 0.855
4 24 0.915
Mean Diversity 0.880
Q)
Sample Name and No. No. of isolates Di value
Non-treated soil 1 24 0.842
2 24 0814
3 24 0.882
4 24 0.880
Mean Diversity 0.850
d)

Table 6. a) Diversity among bacterial flora in the non-treated soil,b) Diversity among bacterial flora in the cerox-
treated soil, c) Diversity among bacterial flora in the ceresate-treated soil, d) Diversity among bacterial flora in the
paraquat-treated soil.



Agrochemicals and Bacterial Diversity in Cultivated Tropical Soils 13
http://dx.doi.org/10.5772/54963

Parameter Population of Compared to Sp value
Soil treatment type Cerox Ceresate 0.35
Cerox Paraquat 0.49
Ceresate Paraquat 0.13
No treatment Non-treated Cerox 0.51
Non-treated Ceresate 0.55
Non-treated Paraquat 0.52

Table 7. Similarities between the bacterial populations for the different soil treatment types.

Chemicals exert number of different toxic effects on a bacterial cell. It is difficult or even
impossible to deduce the toxic mechanism of a specific chemical by just looking at its molecular
structure, although chemicals with similar structures and/or physico-chemical properties are
expected to have similar modes of action. Several studies have been done on the Quantitative
Structure-Activity Relationships (QARs), but still knowledge is scarce. There are general rules
though, such as lipophilic chemicals being more prone to disturb the bacterial membrane than
hydrophilic chemicals, and electrophilic chemicals often forming irreversible covalent bonds
to their target site at nucleophilc entities in biological molecules, such as proteins and DNA.
A chemical may have multiple modes of toxic action and at low concentration it may even be
used as a nutrient.

The effect of glyphosate on soil microbes has been studied by several authors because
glyphosate, unlike most other herbicides, kills the plant by blocking a biochemical pathway
which is also essential for most of the bacteria and fungi. It is known (Eberbach & Douglas,
1983) that glyphosate blocks certain biochemical pathways that are essential for growth of
bacteria and the low number in bacteria population (10 x 10°) as compared to the population
in the non-treated soil (61 x 10°) is evident enough to support this. In similar experiments
conducted in Australia by the CSIRO Lands and Water the herbicides Ally®, Hoegrass® and
Paraquat® were applied directly onto soil without any stubble cover at two and five times the
recommended rate. In most situations this low level of functioning continued up to nine weeks.
However, when the chemical was applied directly to the soil or to growing plants, the stress
time for soil organisms was reduced. The research showed that it takes six weeks for the
microbial activity to return to normal.

The Phene-Plate (PhP) system for biochemical finger printing of bacteria, which is based on
measurements of the kinetics of biochemical tests, was suitable in using to type total of 384
isolates of bacteria in microplates. The system included mathematical models and had the
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advantage of calculating the diversity index (Di) of the bacterial populations present in each
of the treated soils, as well as calculating the similarity coefficient (Sp) (Kuhn et al, 1991; Kuhn
& Mollby, 1993) between the populations of bacteria in the different treatments.

The current gaps in knowledge about the characteristics effects and exposure patterns of
existing chemicals must be filled. Given the large knowledge gaps about chemicals on the
market, it is important to generate and assess information regarding their potential risks by
means of appropriate legal and regulatory instruments, voluntary agreements and economic
incentives. A scientific, rules-based approach requires reliable information on effects and
exposure as the basis for risk management decisions, where such information is not available,
more and more countries may take precautionary approach. Workers and the public must take
amore active role in monitoring and contributing to chemical safety management discussions.
To facilitate this, good data from research institutions on health and environmental impacts
must be more widely available.

Policies need to be established to ensure that this information is reliable, and presented in a
way that is useful to all potential users for decision-making, including workers, the general
public and the government. Further, governments and industry should work toward educat-
ing the public with respect to chemical safety and, where feasible, provide public interest
groups with resources that allow them to play the equitable role in policy discussions.

The half-life for glyphosate is between 3 -130 days (Eberbach & Douglas, 1983), hence the effect
of glyphosate on the soil bacteria was still evident. Dimethoate has a half-life of about 3 - 5
days (Bohn, 1964), but its effect on bacteria growth was still evident after three weeks. This
means, dimethoate had still not been degraded or the recovery rate for the microorganisms
was very slow. The half-life of paraquat is not known, but it is known that paraquat is not
easily degraded and sticks to the surface soil for alonger period, because it is not leached easily.
Pots treated with this agrochemical showed the effects after three weeks of application.

The following recommendations are made from this study

* Agricultural biotechnology may offer a possible alternative that may permit higher yield
levels without intensive use of agrochemicals.

e If the herbs to be eliminated can easily be uprooted, then it is more advisable to do manual
elimination, especially in small farming systems.
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1. Introduction

Pesticides are important tools in agriculture that help to minimize economic losses caused by
weeds, insects, and pathogens. Although their use has helped to increase crop yields and value,
they may also contribute to environmental degradation [1].

Pesticides are recognized as a source of potential adverse environmental impacts and their
persistent in surface and ground waters has grown considerably [2]. Some soil applied
herbicides reach surface and ground waters by the losses associated with runoff and leaching
processes [3]. These losses are attenuated by the natural process of sorption, since degradation,
transport, and biological activity of pesticides are greatly influenced by sorption on soil
constituents [2].

In order to compensate for the losses caused by transport and degradation processes, some
pesticides applicators are exceeding limits on labels which greatly exceed those required for
control of the target organisms, and the excessive quantities added increase the environmental
impact of these compounds [4, 5]. Because of this, public concern over the residues of pesticides
in environment, food and related commodities has increased over the last decades. In Europe,
pesticides are considered hazardous substances in accordance with current legislation
regarding water [6, 7].

Traditional agricultural requires the use of herbicides, and prevention of ground water
pollution is much cheaper than restoring polluted aquifers. Thus, it is of maximum interest
that development of agricultural strategies continues to be directed to the decrease in pesticide
movement [8].
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Triazine herbicides have been largely used in agriculture worldwide for selective and non-
selective control of broadleaf and small seeded grass weeds in diverse crops, such as cotton
(Gossypium hirsutum, L.), maize (Zea mays, L.), soybean (Glycine max, L.), groundnut (Arachis
hypogea, L.) and vineyards (Vitis vinifera, L.). However, due to their physicochemical properties
(in particular, their relatively long persistence) there have been numerous reports of their
presence in surface or ground waters [3, 9]. Several bioremediation strategies have been
proposed to reduce the presence of pesticides in soil from which they can reach groundwater,
such as remediation by enhancing the microbial population able to degrade specifically the
target compounds. This strategy has been approached by addition of organic exogenous matter
of different origin [9, 10, 11].

However, the influence of organic matter on soil properties and sorption process depends
upon the type, amount and dominant components of the added organic materials [12, 13]. This
aspect is of great interest, since it supposes an important advance in the behavior of the
herbicides in the soil after the addition of different sources of organic matter.

Earthworms are one of the important components in decomposer communities and contribute
significantly to the organic decomposition, nutrient cycling and soil formation [14]. Continu-
ous application of pesticides may present risks to lead to soil pollution affect soil fauna [15].
For this reason, the use of earthworms for toxicity testing is highly recommended by the
European Communities [16] and are considered as preferred bioindicators for assessing the
environmental health status of chemical pollution [17, 18]. Earthworm species such as Eisenia
fetidais considered as a suitable biomonitors to determine the ecological hazard of heavy metals
and chemicals contaminated soil because of its low cost, easy culturing and the standardization
of the acute and sub-chronic ecotoxicological tests [14, 19].

Of the potential biomarkers, earthworm glutathione-S-transferase and cellulalse enzymes are
shown to respond to toxin exposure [14]. Glutathione-S-transferase is an important detoxifi-
cation enzyme and its activity has been used as a potential bioindicator and biomarker of
earthworms for heavy metals, pesticides and PAHs exposure [14, 15, 20]. Also, cellulase
activity of earthworms indicates their role in the decomposition of plant litter and other
cellulosic materials. It has been used as a biomarker of a pesticide contamination on earth-
worms [14, 20].

However, the biological relevance of Eisenia fetida is still open to debate [21] since they are often
less susceptible to pollutants than other species [22] and rarely found in conventionally tilled
agricultural soils. In this respect, Ma and Bodt [23] found and different levels of chlorpyrifos
insecticide sensitivity to earthworms (Eisenia sp.< Aporrectodea sp.< Lumbricus sp.).

Few studies have been performed comparing different sources of organic matter types on the
sorption and mobility of herbicides. For this reason, the objective of this study was to investi-
gate the sorption and mobility of terbuthylazine herbicide in a soil amended with three organic
amendment and their effects on acute toxicity and morphological alterations in two earthworm
species (Eisenia fetida and Lumbricus terrestris).
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2. Material and methods

2.1. Soil, organic amendment and herbicide characteristics

The soil used in this experiment is a Plagic Antrosol [24]. The main soil characteristics are
shown in Table 1.

Soil PM MSW CcM
pH (H,0) 8.6+0.2 7.1+03 6.2+0.3 83+0.2
CO;* (gkg™) 20312
Fine sand (g kg™) 142 + 35
Coarse sand (g kg™) 387 +26
Silt (g kg™") 242£19
Clay (g kg™) 229+10

Smectite: 66%
Clay types Kaolinite: 20%

lllite: 14 %

Organic matter (g kg™) 1.1+£0.2 614 +26 469+ 15 764 +29
Humic acid-C (mg kg™') 185+24 672+1.4 1030+ 17 461 +13
Fulvic acid-C (mg kg") 98+1.1 715+ 10 711+10 631+24
Total N (g kg™) 0.4+0.1 38.8+29 17.3+1.3 29.2+2.1
Fe (mgkg™) 358+3.7 180 + 22 815+38 407 £28
Cu (mgkg') 9.7+13 1.6+0.3 82.6+9.8 242+1.8
Mn (mg kg™) 11.3+2.1 42+09 75.6 £8.1 141+1.2
Zn (mg kg™) 81+15 33+0.8 134+13 103+£1.6
Cd (mg kg™) 6.5+1.2 0.35+0.07 1.1+03 0.28+0.09
Pb (mg kg™) 0.36+0.11 0.94+0.12 82.4+3.6 53x038
Ni (mg kg™) 29+0.7 1.3+0.2 13.6+1.5 24+0.6
Cr(mgkg™) 53+0.6 0.12+0.02 194+1.7 0.29+0.04

Table 1. Characteristics of the experimental soil and organic amendment (mean + standard error). Data are the means
of four samples.

Soil pH was determined in distilled water with a glass electrode (soil:H,O ratio 1:2.5). Soil
texture was determined by the Robinson’s pipette method [25] and quantification and
dominant clay types were determined by X-ray diffraction. Total carbonates were measured
by estimating the quantity of the CO, produced by HCl addition to the soil [26]. Soil organic
matter was determined by the method of Yeomans and Bremner [27]. Humic and fulvic acids-
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fractions were extracted with 0.1 M sodium pyrophosphate and 0.1 M sodium hydroxide at
pH 13 [28]. The supernatant was acidified to pH 2 with HCl and allowed to stand for 24 h at
room temperature. To separate humic acids-fraction from fulvic acids-fraction, the solution
was centrifuged and the precipitate containing humic acids-fraction was dissolved with
sodium hydroxide [27]. After the removal of humic acids-fraction, the acidic filtrate containing
the dissolved fulvic acid-fraction was passed through a column of XAD-8 resin. The adsorbed
fulvic was then recovered by elution with 0.1 M NaOH, desalted using Amberlyst 15-cation-
exchange resin, and finally freeze-dried. The carbon content of humic and fulvic acids-fractions
were determined by the method described. Total N was determined by the Kjeldhal method
[26]. After nitric and perchloric acid digestion, total Ca, Mg, Fe, Cu, Mn, Zn, Cd, Pb, Ni and
Cr concentrations were determined by atomic absorption spectrometer and K was determined
by atomic emission spectrometer, according to MAPA methods [26].

The organic amendment applied were the organic fraction of a municipal solid waste (MSW),
poultry manure (PM) and cow manure (CM). The general properties of the organicamendment
are shown in Table 1. Organic matter was determined by dry combustion, according to the
official methods of the Spanish Ministry of Agriculture [26]. Humic and fulvic acids-fraction
were extracted, separated and determined by the methods previously described. Total N was
determined by the Kjeldhal method [26]. After nitric and perchloric acid digestion, total Ca,
Mg, Fe, Cu, Mn, Zn, Cd, Pb, Ni and Cr concentrations were determined by atomic absorption
spectrometer and K was determined by atomic emission spectrometer, according to MAPA
methods [26].

Table 2 shows the acidic functional group contents of humic acids isolated from both organic
amendment. The carboxyl group content was estimated by direct potentiometric titration at
pH 8, the phenolic hydroxyl group content was estimated as two times the change in charge
between pH 8 and pH 10, and the total acidity was calculated by addition [29].

Total acidity (mol kg™) COOH Phenolic OH
PM 3.99+0.13 2.99+0.09 0.99+0.05
MSV 4.29+0.04 3.19+0.03 1.10+0.03
™M 2.81+0.02 2.00+0.03 0.80+0.01

Table 2. Acidic functional group contents (mean =+ standard errors) of humic acids isolated from PM, MSW and CM

The herbicide used in this experiment was the terbuthylazine. Terbuthylazine (N2-tert-butyl-6-
chloro-N4-ethyl-1,3,5-triazine-2,4-diamine) is a selective herbicide for the control of broadleaf
and grass weeds in forestry, lucerne (Medicago sativa, L.), maize (Zea mays, L.), sweetcorn (Zea
mays, L. var. rugosa), peas (Pisum sativum, L.), orchard and non-cropland, with a water solubility
of 8.5 mg I'" at 20 °C. It is absorbed by roots and inhibits Hill reaction and CO, sorption in the
chlorophyllic function [30].
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2.2. Incubation procedure

Two kg of soil were pre-incubated at 25 °C for 7 days at 30-40% of their water-holding capacity,
according to Moreno et al. [31], prior to the treatments. After this pre-incubation period, soil
samples were treated with three concentrations of terbuthylazine (1, 10 and 50 pg terbuthy-
lazine g soil) and treated with MSW at a rate of 10% or PM at a rate of 7.6% or CM at a rate
of 5.8%, respectively, in order to applying the same amount of organic matter to the soil. A
non-mended treated as well as a amended non-treated soil were used as controls.

The incubation treatments are detailed as follows:

1. Cl1, control soil, soil non-polluted and non-organic amended

2. (2, soil treated with 1 ug terbuthylazine g soil and non-organic amended

3. (3, soil treated with 10 pg terbuthylazine g* soil and non-organic amended

4. (4, soil treated with 50 pg terbuthylazine g soil and non-organic amended

5. MSWI, soil non- treated and amended with MSW

6. MSW?2, soil treated with 1 pg terbuthylazine g soil and amended with MSW
7. MSWS3, soil treated with 10 pg terbuthylazine g soil and amended with MSW
8. MSW4, soil treated with 50 pg terbuthylazine g™ soil and amended with MSW
9. PM]I, soil non- treated and amended with PM

10. PM2, soil treated with 1 pg terbuthylazine g* soil and amended with PM

11. PMS3, soil treated with 10 pg terbuthylazine g soil and amended with PM

12. PM4, soil treated with 50 pg terbuthylazine g soil and amended with PM

13. CM1, soil non- treated and amended with CM

14. CM2, soil treated with 1 g terbuthylazine g soil and amended with CM

15. CMS3, soil treated with 10 ug terbuthylazine g soil and amended with CM

16. CM4, soil treated with 50 pg terbuthylazine g soil and amended with CM

Triplicate treatments were kept in semi-closed microcosms at 25 °C for 3, 15, 45 and 90 days,
respectively.

Twenty two earthworms of the species Eisenia fetida (approximately 210 mg fresh weight) and
Lumbricus terrestris (approximately 190 mg fresh weight) were included in each microcosm.
Each microcosm was covered with fine nylon mesh to prevent the soil loss and to keep
earthworms from escaping. Lumbricus terrestris were collected in the field, in an area that has
not been treated with pesticides for 20 years, whereas Eisenia fetida were bred in laboratory
cultures on organic amendment materials, vermicomposts principally.
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2.3. Adsorption studies

For adsorption studies the treatments used were:

1. S, non-organic amended control soil (10 g of soil)

2. S+CM, soil amended with CM at rate of 10% (10 g of soil + 1 g of CM)

3. S5+PM, soil amended with PM at a rate of 12.4% (10 g of soil + 1.24 g of PM)

4. S+MSW, soil amended with MSW at a rate of 16.3% (10 g of soil + 1.63 g of MSW)

Terbuthylazine sorption was determined according to Cabrera et al. [32] criteria. Triplicate
samples (5 g) of the non-amended and organic amended soil (S, S+CM, S+PM, S+MSW) were
treated with 10 ml of terbuthylazine (50%:50%, v/v) solution (initial concentrations, Ci, ranging
from 5 to 50 uM in 0.01 CaCl,). Previously, it was determined that equilibrium was reached in
less than 24 h, and that no measurable degradation occurred during this period. Equilibrium
concentrations (Ce) in the supernatants were determined by HPLC. Sorption isotherms were
fitted to Freundlich equation (Cs=Kf x Ce'™) and sorption coefficients Kf and 1/nf were
calculated.

2.4. Herbicide analysis

Herbicide was extracted twice with methanol (Merck, Darmstadt, Germany) at 1:2 soil/solution
ratio for 15 min. Extracts were mixed and rotary-vacuum evaporated almost to dryness at 40
°C. The residue was dissolved in 2 ml of methanol and analyzed by HPLC [30]. Terbuthylazine
was analyzed using a Beckman, System Gold, Autosampler 508 HPLC chromatograph coupled
to a Waters 2996 diode-array detector. The analytical conditions were: Nova-Pack C18 column
(159 mm length X 3.9 mm internal diameter), eluent mixture, 50:50 acetonitrile/water at a flow
rate of 1 ml min™, 25 pl injection volume, and UV detection at 220 nm [33]. External calibration
curves with four standard solutions between 0.2 and 26 uM were used in the calculations.

2.5. Earthworm analysis

Earthworm cocoon production was determined after 30 days of exposure. Cocoons were
collected by hand sorting and weighed, and then incubated for four additional weeks as
described by Maboeta et al. [34]. Cocoons were cultured in Petri dishes at 25+1 °C covered with
three moist filter papers. According to Xiao et al. [14], the filter papers in these dishes were
changed every three days to prevent bacterial growth. At the end of the experiment (30 days),
the weight of per cocoon and number of juveniles per cocoon were determined.

After 3, 15,45 and 90 incubation days for each treatment, three worms were selected and placed
on wet filter paper in Petri dishes for 24 h to clear gut contents, and their weights were recorded
after blotting them dry on paper towels. Earthworms were digested in the 1:1 nitric-perchloric
extract after digestion at 450 °C for 6 h. The terbuthylazine was measured by the method
previously mentioned. Cellulase activity was measured as described by Mishra and Dash [35],
and glutathione-S-transferase activity was measured according to the method described by
Habig et al. [36] and Saint-Denis et al. [37].
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2.6. Statistical analysis

Two-ways analysis of variance (ANOVA) was performed for all parameters, considering two
variables involved (incubation time and the terbuthylazine concentration applied to the soil)
using the Statgraphics v. 5.0 software package [38]. The means were separated by the Tukey’s
test, considering a significance level of P<0.05 throughout the study. For the ANOVA, triplicate
data were used for each treatment and every incubation day.

3. Results

3.1. Sorption studies

Sorption isotherms of terbuthylazine on soil, soil+CM, soil+PM and soil+tMSW are shown in
Figure 1. The results indicated that sorption of terbuthylazine on organic amended soils
significantly increased compared to non-organic amended soil. For each organic amended soil,
the herbicide sorption with MSW was higher than with PM and CM.

Concentration in soil (ug kg')

0 1 2 3 4 5 6

Concentration in soil solution (ug ml')

03 OS+MSW _AS+PM XS+CM |

Figure 1. Terbuthylazine sorption isotherms in non-amended and organic amended soils. Symbols are experimental
data points, whereas lines are the Freundlich-fit sorption isotherms.

Sorption isotherms were fit to the Freundlich equation and sorption coefficients Kf and 1/nf
were calculated (Table 3). The results indicated that Kf values significantly increased in organic
amended soils than for non-organic amended soils. However, terbuthylazine sorption
increased by a factor of 4.5 upon amendment with MSW, whereas for PM and CM, the factor
increased 4 and 3.4, respectively. Again, the results indicate significant differences between S
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+MSW and S+CM treatments. Also, the 1/nf coefficients significantly decreased in organic
amended soils than for non-organic amended soil. For organic amended soils, the 1/nf
coefficient was higher in the soil amended with MSW, followed by PM and CM, respectively.

Kf 1/nf R?
S 6.93a+0.95 0.92a+0.05 0.963
S+MSW 31.22c+2.46 0.80c+0.06 0.943
S+PM 28.03bc+2.03 0.83bc +0.05 0.958
S+CM 23.48b+1.99 0.86b +0.04 0.977

Table 3. Freundlich sorption coefficients Kf and 1/nf and standard error for terbuthylazine in non-amended and
organic amended soils. Column (mean + standard errors) followed by the same letter(s) are not significantly different
(p<0.05)

3.2. Effect of terbuthylazine on weight on earthworms

In treated and non-organic amended soils, the Eisenia fetida weight decreased during the
experimental period and when increased the terbuthylazine concentration in soil (Table 4). At
the end of the experiment, the worm weight decreased 23.6%, 31.4% and 39.1% in soil treated
with 1, 10 and 50 pg terbuthylazine g soil, respectively. For Lumbricus terrestris, the weight
decreased 25.6%, 33.6% and 41.8% in soil treated with 1, 10 and 50 ug terbuthylazine g soil,
respectively.

The application of organic matter to non-treated soil increased the worm weight. However,
this increased depended of the organic matter type. At the end of the experiment, Eisenia
fetidaweightincreased 20.3%, 15.1% and 11.3% in MSW, PM and CM-amended soils, compared
to control soil, whereas Lumbricus. terrestris weight increased 18.6%, 13.9% and 10.1% in MSW,
PM and CM-amended soils, compared to control soil. However, the ANOVA analysis

indicated no significant differences between these treatments.

In treated and organic amended soils, the both worms weight increased respect to the treated
and non-organic amended soils. This increase was higher for MSW, followed by PM and CM-
amended soils.

The non-treated and organic amended soils have the highest mean cocoon numbers (Table
5). For both worms, the cocoon numbers were highest in MSW followed by PM and CM-
amended soils. Terbuthylazine treatments in organic amended soils decreased the cocoon
numbers. However, this decrease was lowest in MSW followed by PM and CM-amended soils.

The average weight per cocoon was also higher in non-polluted and organic amended soils,
compared to control soil. Again, the average weight per cocoon in terbuthylazine treated and
organic amended soils were highest in MSW followed by PM and CM-amended soils.
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Eisenia fetida

Lumbricus terrestris

Incubation days

Incubation days

3 15 45 90 3 15 45 90
(@ 208ab+12 211b+14 211b+9 212b+10 192ab+5 190ab+8  195ab+7 199ab=+10
C2 206ab+15 190a+20 173a+15 162a+13 188ab+10 172ax10 160a+8 148a+ 14
a 201ab+17 180a+11 164a+16 145a+18 180a+11 163a+15 150a+10 132a+13
c4 197ab+19 164a+23 140a+12 129a+16 170ax13 156a+ 11 134a+8 116a+12
MSW1 216b+13 233b+16 244b+19 255b+14 203ab+11 215b+15 222b+12 236b=17
MSW2 215b+12 217b+18 213b+18 220b+17 198ab+13 195ab+12 197ab+10 2071ab=x13
MSW3 214b+10 215b+13 209ab+10 205ab+11 194ab+10 190ab+11 186ab+13 182a+14
MSW4 213b+13 211b =10 204ab+13 197ab+13 190ab+14 188ab+10 182a+11 179a=12
PM1 215b+14 229b+17 233b+12 244b+11 198abx12 206b=x15 219b+12  227b+14
PM2 214b+12 212b+13 209ab+18 207ab+18 195ab+10 194ab+12 194ab+8 192a=11
PM3 213b+11 210ab+15 199ab+13 189a+15 193ab+11 188ab+15 180a+16 172a=x15
PM4 212b+15 205ab+12 190a+11 180a+11 190ab+12 181a+10 175ab+12 168a+13
M1 213b+17 220b+15 225b+14 236b+18 196ab+11 202ab+13 210b+x10 219b+12
M2 221b+15 201ab+10 195ab+15 193ab+14 193ab+10 193ab+9 180a+12 186ab =11
CM3 210ab+11 195ab+12 180a+10 174a=11 190ab+8 185ab+10 170a+13 162a+13
cM4 209ab+13 190a+17 173a+=12 165a+13 188ab+6 179a =11 164a+x11 157ax14

Table 4. Changes in weight (mean + standard error) (mg) of Eisenia fetida and Lumbricus terrestris exposed to
different concentrations of terbuthylazine herbicide. Column (mean + standard errors) followed by the same letter(s)
are not significantly different (p<0.05)

Eisenia fetida

Lumbricus terrestris

Cocoon Average weigh  Number of Average weigh Number of
numbers of per cocoon juveniles per Cocoon numbers of per cocoon juveniles per
(mg) cocoon (mg) cocoon

1 2.93ab +0.35 8.76b + 0.47 3.09b +0.36 2.63b+0.22 8.15b +0.31 2.81ab+0.17
2 2.05a+0.22 6.64ab+0.24 2.49ab=+0.17 1.78a+0.18 6.06ab +0.23 2.21a+0.14
a 1.74a+0.15 5.68a+0.31 2.34a+0.21 1.54a+0.24 5.20a+0.16 2.13a+0.10
c4 1.18a+0.17 4.88a +0.25 1.98a+0.13 1.03a+0.10 433a+0.13 1.77a+0.15
MSW1 3.42b +0.22 8.95b +0.39 3.37b+0.28 3.03b+0.34 831b+0.24 3.03b+0.17
MSW2 2.90ab +0.17 7.50b +0.25 2.94b +0.17 2.51b+0.19 6.76ab+0.17 2.60ab+0.13
MSW3 2.69ab+0.13  7.12ab+0.20 2.87b+0.13 2.33b+0.15 6.43ab+0.22  2.54ab+0.19
MSw4 237ab+0.13  6.97ab+0.22 2.55ab+0.11 2.06ab +0.17 6.24ab +0.25 2.22a+0.16
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Eisenia fetida Lumbricus terrestris
Cocoon Average weigh  Number of Average weigh  Number of
numbers of per cocoon juveniles per Cocoon numbers of per cocoon juveniles per
(mg) cocoon (mg) cocoon
PM1 3.29b+0.25 8.91b +0.45 3.29b+0.22 2.92b+0.19 8.27b £ 0.35 2.96b+0.19
PM?2 2.68ab +0.20 7.39b+0.18 2.82b+0.16 2.34b+0.22 6.67ab+0.24  2.46ab+0.23
PM3 241ab+0.18 6.82ab+024 2.73ab+0.19 2.19ab+0.15 6.28ab+0.26 2.41ab+0.18
PM4 2.10a+0.15 6.38ab +0.21 2.39a+0.23 1.91ab +0.11 6.10ab +0.28 2.12a+0.15
(@Y 3.17b+0.19 8.83b+0.53 321b+0.17 2.83b+0.14 8.21b+0.39 2.89a+0.29
cm2 247ab+0.10 7.09ab+0.21 2.68ab+0.19 2.16ab+0.12 6.35ab+0.22  2.38ab+0.21
CM3 2.19a+0.11 6.42ab+0.15 2.58ab+0.13 1.88ab +0.15 5.78a+0.21 2.28ab+0.12
cm4 1.90a+0.13 5.95a+0.13 2.23a+0.15 1.66a+0.17 5.35a+0.18 1.98a+0.16

Table 5. Cocoon production, average weight of cocoons (mg) and number of juveniles per coccon (mean + standard
error) of Eisenia fetida and Lumbricus terrestris exposed to different concentrations of terbuthylazine herbicide.
Column (mean =+ standard errors) followed by the same letter(s) are not significantly different (p<0.05)

The number of juveniles per cocoon decreased when terbuthylazine concentration increased.
This decrease was higher for Lumbricus terrestris than for Eisenia fetida. The application of
organic matter in terbuthylazine treated soils increased this parameter. Again, this increase
was higher MSW followed by PM and CM-amended soils.

3.3. Biochemical assay

At the end of the experiment and for 50 pg terbuthylazine g soil treatment, the cellulase
activity of Eisenia fetida and Lumbricus terrestris worms was significantly recudec (29.4% and
31.1%) compared to the control soil (Table 6). The application of organic matter in herbicide
treated soil increased the cellulase activity. At the end of the incubation day and for the higher
concentration of terbuthylazine, the Eisenia fetida cellulase activity decreased 25%, 21.4% and
19% in soils amended with CM, PM and MSW, respectively, compared to organic amended
and non-treated soils. For Lumbricus terrestris, cellulase activity decreased 26.8%, 23.9% and
21.5% in soils amended with CM, PM and MSW, respectively, compared to organic amended
and non-treated soils.

Compared to the control soil, the glutathione-S-transferase activity of Eisenia fetida decreased
12.3%, 19.6% and 30.9% in soils treated with 1, 10 and 50 pg terbuthylazine g soil, respectively,
whereas for Lumbricus terrestris the glutathione-S-transferase activity decreased 14%, 21% and
32.4%, respectively (Table 7). At the end of the experiment, the glutathione-S-transferase
activity of both worms had higher increase in MSW, PM and CM-amended soils, respectively,
compared to control soil. The application of organic matter in herbicide treated soils increased
the glutathione-S-transferase activity. Again, this increase was higher in MSW followed by PM
and CM-amended soils.
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4, Discussion

Our results indicated that terbuthylazine induced negative effects on weight, reproductive and
enzymatic activities on the both earthworms. These negative effects increased with increasing
herbicide concentration and/or exposure time. These results are in accordance with Brunninger
et al. [39] who studied the toxicity of terbuthylazine on the growth and reproduction of Eisenia
andrei over a period of three generations.

The weight loss may indicate a feeding inhibition situation, with the earthworms regulating
the intake of the terbuthylazine by reducing consumption rate and thus affecting their
subsequent growth rate. This strategy is commonly used by earthworms to avoid poisoning
with herbicides and heavy metals [40].

The decrease of earthworm cellulase and gluthatione-S-transferase activities possibly is due
to a physiological adaptability to compensate for pesticide stress. To overcome the stress
situation, animals require high energy, and this energy demand may have led to protein
catabolism [41]. Furthermore, this decrease in protein content might be a result of mechanical
lipoprotein formation, which is used to repair damaged cells, tissues, and organs [40].

Eisenia fetida Lumbricus terrestris
Incubation days Incubation days
3 15 45 90 3 15 45 90
1 556b+22 624bc+28 610bc+19 590b+20 527b+£19 542b+15 575bc+ 18 558bc+13
C2 550b+19 543b+18 538b+17 529ab+22 520b + 15 508b+12 496b+17 489%b+17
3 544b +£20 529ab+20 510ab+19 491ab+17 511b+17 492b +18 470ab =14 450ab+15
ca 530ab+ 17 498ab+15 456a+21 416a+13 510b+ 11 479b+£13 425a+18 384a=x12
MSW1 563b+26 679c+25 710c+19 748c+22 539b +10 568bc+ 18 602c+20 687c+18
MSW2 558b+19 652c+21 684c+17 703c+15 520b + 15 547b +14 589bc+ 13 595bc+ 21
MSW3 549b + 14 624bc+18 643bc+22 663c+19 511b+13 530b+11 559b+13 539b+19
MSW4 536b+17 560b+24 582b+26 606bc+20 505b +12 520b+15 528b+10 676c+17
PM1 570b+24 668b+26 700c+15 738cx21 528b + 20 560b+17 608c+15 616c+18
PM?2 552b+23 601bc+17 643bc+19 683c+18 515b + 18 547b+19 590bc+22 568bc+13
PM3 540b+19 590b+15 628bc+22 642bc+16 504b + 14 530b+12 546b+19 568bc+13
PM4 529ab+22 541b+20 561b+20 580b=+13 493b +17 519b+17 522b+15 514b+16
CM1 575b+19 647c+24 680c+17 700c+22 524b £ 13 555b+15 586bc+15 650c+19
CcM2 539b+21 565b+17 596b+23 642bc+17 510b + 21 532b+12 558b+19 588bc+15
CM3 520ab+18 540b+18 573b+22 525ab+13 498b + 19 517b+11 524b+18 483b+13
cm4 500ab + 19 509ab +21 516ab+20 525ab+13 480b £ 18 496b+£15 482b+19 476ab=+ 11

Table 6. Cellulase activity (mean= standard error) (mg glucose mg protein hour) of Eisenia fetida and Lumbricus
terrestris exposed to different concentrations of terbuthylazine herbicide. Column (mean + standard errors) followed
by the same letter(s) are not significantly different (p<0.05)
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Eisenia fetida Lumbricus terrestris
Incubation days Incubation days
3 15 45 920 3 15 45 920
(@ 118ab+10116ab+11121ab+ 10 120ab+12 110ab+9 113ab+11 117ab+10 115ab+ 11
Q2 116ab+9 111ab+13 108a+9 105a+10 110ab+7 106a+10 104a+11 989a+6.2
a 113ab+8 108a+12 103a+ 11 96a=+38 108a+10 104a+11 953a+86 909a+58
c4 110a+=11 102a+9 90a+10 829a+6.9a 104a+6 99.6a+7.8 824ax72 77.7a+x49

MSW1 130ab+12140ab+ 14 152b+15 161b+13 123ab+13 131b+12 142b+10 154b+10

MSW2 127ab+10 134b+8 140b+10 148b=+16 118ab +12 127b £ 11 135b+9  140b+12

MSW3 122ab+11130ab+10 135b+13 141b+15 115ab £ 11 120ab+13 126b+11 132b+11

MSwW4 118ab+12121ab+11123ab+ 11 126ab+ 11 109a+7 112ab+10 115ab+12 117ab+10

PM1 128ab+13 136b+17 147b+10 156b+11 120ab =10 129ab+11 140b+11 148b =11
PM2 124ab+10130ab+12 135b+12 142b+13 117ab+10 124ab+12 130b+10 134b=+12
PM3 120ab+8 125ab+9 129ab+11 134b+15 112ab+9 118ab+11 120ab+11 124ab+10
PM4 115ab+9 119ab+10 121ab+9 120ab+ 11 107a+9 111ab+9 107ab+9 109ab+9
CM1 124ab+12130ab+ 15 140b+ 12 150b+10 117ab+ 10 125b£10 136b+12 142b+13
cm2 123ab+10128ab+11 133b+10 135b+12 113ab £ 11 116ab+8 123ab+9 127b =11
CM3 118ab+11122ab+10123ab+12 125ab+13 106a+8 113ab+7 115ab+9 118ab+10
cm4 111ab+9 112ab+10113ab+11 113ab+ 10 100a+9 104a+9 108a+8 106a+9

Table 7. Glutathione-S-transferase activity (mean + standard error) (nmol mg protein min™') of Eisenia fetida and
Lumbricus terrestris exposed to different concentrations of terbuthylazine herbicide. Column (mean + standard errors)
followed by the same letter(s) are not significantly different (p<0.05)

However, these negative effects were higher in Lumbricus terrestris than for Eisenia fetida.
Therefore, the sensitivity of each worm is different to the terbuthylazine herbicide. According
to Ma and Bodt [23] this can be due to some physiological property of the worms or to factors
governing the exposure to herbicide. Studies on the effect of benomyl and carbofuran on
earthworms have similarly shown that the toxicity is much greater to Lumbricus terrestris than
for Eisenia fetida when tested under standardized conditions in soil substrates [42].

The addition of organic matter to the herbicide treated soil increased the earthworm weight,
reproductive and enzymatic activities probably due to the sorption of terbuthylazine with the
organic matter. These results are in agreement with Dolaptsoglou et al. [43] and Cabrera et al.
[30, 32], who found a decrease of terbuthylazine in the soil solution after the addition of organic
matter to soil due to the herbicide sorption.

The terbuthylazine sorption isotherms and Freundlich sorption coefficients obtained in this
study, suggested that organic matter play a fundamental role in the sorption of the herbicide
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in agricultural soils, probably as a result of the humic substances containing several major
functional groups, such as carboxyl, phenolic, alcohol and carbonyl [44, 45]. However, our
results also suggested that the chemical composition of the organic matter influenced in the
terbuthylazine sorption.

Several studies of metal complexation with organic matter indicated that the sorption of heavy
metals increased when the humic acid-fraction content increased in the organic matter,
compared to the fulvic acid-fraction content, probably due to the humic acid-fraction possess
a higher number of carboxylic groups than fulvic acid-fraction [12, 13].

The terbuthylazine sorption isotherms and Freundlich sorption coefficients indicated higher
herbicide sorption in MSW-amended soils, followed by PM and CM. Therefore, and similar
to the heavy metals complexation, the sorption of herbicide increased with the humic acid-
fraction content in the organic amendment applied to the soil. The higher sorption probably
caused a larger decrease of herbicide in the soil solution, and therefore, lowest availability of
terbuthylazine availability for earthworms. This fact probably is the responsible of the increase
in earthworm weight, reproductive and enzymatic activities.

5. Conclusions

It can be concluded that the sensitivity of earthworm to pesticides differ depending on the
taxonomic species, Lumbricus terrestris being more sensitive than Eisenia fetida to terbuthylazine
herbicide. The application of organic matter have a positive effect on reducing the toxic effect
of terbuthylazine on both Eisenia fetida and Lumbricus terrestris, which is attributable to their
capability of absorbing the pesticide decreasing its concentration in soil solution. This positive
effect will depend on the organic amendment characteristics, those with higher amount or
reactive humic acid being the most effective.
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1. Introduction

Allelopathic interactions between individuals of different plant species or those of the some
species are caused by plant-produced allelochemicals. Once released into the environment,
passively or actively they can influence germination, growth and development of neighboring
plant either negatively or positively [1, 2]. Most allelochemicals are characterized by multi-
functional phytotoxicity and are often also important for general defense. Generally stressed
donor plants increased allelopathic activity due to increased production of allelochemical.
Factors such as placement of residues, nutrient status, environmental conditions and microbial
activity also affect allelopathy [3-5].

In recent years there has been an increasing focus on the prospects of exploiting allelopathy
for controlling weeds but also insects and diseases. Allelopathy plays an important role in the
agro ecosystem leading to a wide array of interactions between crop-crop, crop-weed and tree-
crop. Generally, these interactions are harmful to the receiver plants but provide a selective
benefit to the donor. Several members of crops exhibit allelopathic interactions that play a
significant role in the complex environment of the agro ecosystem.

The allelochemicals are released largely by plant residues that are left in the fields after the
harvest of a crop or through use of cover crops. Research on allelopathic interactions has been
focused in agricultural crops as on option in the development of integrated weed management
strategies, reducing environmental effects and the cost of crop protection [6-10]. Secondary
metabolites with allelopathic properties are thought to protect plants against competing plants.
For instance, allelopathic activity of decomposing wheat (Titicum aestivun L.), and oat (Avena
sativa L.) straw on some crop species has been reported (11). Allelopathic potential of rye
[12-14] and rice [6, 15, 16] has been extensively studied. In cereals such as, maize (Zea may L.),
wheat (Titicum aestivun L.), rye (Secale cereale L.), barley (Hordeum vulgare L.), rice (Oryza

© 2013 Bravo et al,; licensee InTech. This is a paper distributed under the terms of the Creative Commons
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sativa L.) and sorghum (Sorghum bicolor) a variety of allelochemicals have been identified
including hydroxamic acids, cumarines, alkaloids, flavonoids and phenolic acids.. The
allelopathic activity of these cereals may arise from one or the combined action of a group of
allelochemicals. For example, hydroxamic acids appear to be responsible for the allelopathic
effect of wheat, maize and rye [13, 17-19], indole alkaloids in allelopathic effect of barley [20,
21] and phenolic acid in the allelopathic effect of rice and sorghum [15, 22-25]. Rye is an
example of a plant which provides excellent weed suppression through allelopathic mecha-
nism. Rye and its residues which strongly inhibit germination and seedling growth of several
dicot and monocotyledonous plants species. Several studies have demonstrated the allelo-
pathic characteristic of rye residues are in agreement with the contents of hydroxamic acids in
the plants and their degradation products [17, 26-29]. The allelopathy of an allelochemicals
depends on the target species, dose, structure and their physicochemical properties. Both biotic
and abiotic factor can trigger the allelopathic potential of a plant [3, 30-33]. The effectiveness
of allelochemicals is therefore considered to be highly dynamic.

A basic step to understanding the allelophatic properties of a compound is to evaluate its
phytotoxic properties. Phytotoxicity in plants may have some of the following effects: toxicity
to the radicle growth of monocots and dicots; inhibitory effect on the energy metabolism of
chloroplasts and mitochondria and modification of the binding affinity of the receptor sites of
membranes. Parameters such as chemical stability, lipophilia, and acid-base or electrophilic-
nucleophile interactions can be involved in the molecular mechanism of action or the dynamic
in the environment.

Lipophilia is an essential parameter to establish the quantitative structure-activity relationship
of phytotoxicity.

The n-octanol/water partition coefficient (kow) provides direct information on lipophilicity
that describes the tendency of distribution of a solute from the aqueous phase into organic
constituents of environmental compartments and even into biological membranes [34,35]. This
has made it one of the most commonly reported physico-chemical properties of drugs,
pesticides and other chemicals [36-38].

Numerous researchers have realized that there is a close parallel between the retention of
compounds in reverse phase high performance liquid chromatographic columns (RP-HPLC)
and octanol-water partition coefficients (kow). This technique is rapid and has the advantages
that small samples suffice, the substances need not be pure and the exact volume of the phases
need not be known.

Studies have tried to link this correlation to biological activity [39-45]. However, lack of success
may be due to insufficient homogeneity or chemical diversity in the data set.

To gain a deeper understanding of the potential allelopathic properties of phenolic acids, we
compared the phytotoxic activity of a series of phenolic acids, some of which are present in
cereal cultivars (Figure 1).

The structural effect and role of molecular lipophyilia determined from RP-HPLC method
were analyzed from the standpoint of a structure-phytotoxicity relationship using lettuce seeds
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(Lactuca sativa) and the alga Chlorella vulgaris, one of the most commonly used species in
microalgae toxicity bioassay testing [46].

Ry Ro

“

R3

Phenolic acids:

Benzoic: Ri=R:=R;=H Cinnamic:. Ri=R.=H
p-hydroxy-benzoic. Ry=OH; R,=Ra=H Caffeic: Ry=R;=0OH
p-bromo-benzoic: Ri=Br; R+=Rs=H

p-cyano-benzoic: R4=CN; Rz=Ras=H

p-chloro-benzoic: Ri=Cl; Rs=Rs=H

Vanillic: R:=0H; R2=CH30:; Ra=H

Gallic: Ri=R:=R;=0H

Figure 1. Structure of phenolic acids.

2. Experimental

Chemicals: Carboxylic acids were obtained from a commercial source (Aldrich Chemical Co.)

LogPyp.c values: The capacity factor (k') for the compounds used in this study were deter-
mined from k'= (t; — ty)/ ty, where tg is the retention time of the compound and ty; is the
retention time of the non-retained compound (thiourea). RP-HPLC was carried out in a Cyg
column with mobile phase water (pH:3 phosphoric acid)/ acetonitrile 60:40 v/v [47]. The
relation between k” and n-octanol-water partition coefficients were established by linear
regression of logk” and logkow values obtained from the literature. LogPp - values were
derived from the relationship:

logPyp = 1.08 logk'+ 1.72

Germination assays: 45 lettuce seeds were uniformly placed on Petri dishes covered with
cotton film. In order to maintain individual compound concentrations, each plate was watered
with 8 mL of an aqueous solution of 100 or 250 pg/mL of each compound. The plates were
sealed and incubated at 25 +2° C in an 8:16 h light: dark cycle for 6 d. Controls were incubated
only with water. Each assay was replicated three times Germination inhibition was expressed
as percentage of the control.

39



40 Herbicides - Advances in Research

Antialgal test: Test compounds were dissolved in nutrient growth medium (Gibco) with the
aid of either ultrasound or gentle heating. Chlorella vulgaris (Laboratory of Microbiology,
Faculty of Science, University of Chile) was grown in nutrient growth medium. Samples were
incubated at 25° C for 10 d in test tubes containing 4.0 x10* colony forming units (CFU) under
continuous cold white fluorescent light with an intensity of 200 ft. c. The growth of C. vulga-
ris was assessed by turbidity measured by the spectrophotometric method at 600 nm.

Percentage inhibition was obtained as 100 (Ts — Tc)/(100 — Tc), where Ts is the sample trans-
mittance and Tc the control transmittance.

3. Results and discussion

Table 1 shows the germination inhibition activity of phenolic acids (Figure 1). In the concen-
tration range studied (100 — 250 ugmL™), cinnamic, p-bromo, p-chloro and benzoic acids
showed the highestlevels of germination inhibition of lettuce seeds. The effect of water-soluble
inhibitor compounds associated with allelopathic plants is often more pronounced on the
growth of an indicator than on its germination, and depends on the dose and the receptor
plant. In fact, previous studies demonstrated that when phenolic acids are exuded from wheat,
barley, wild oat and cucumber plants [24, 25], they did not inhibit germination but did inhibit
the growth of Brassica kaber at a lower concentration than those used in our assays.

Phenolic acid Germination inhibition (%) antialgal activity (%) logk” log Pypic
100 (pgmL™ 230 100 (pgmL*) 230
(ugmL™ (ugmL™)
Cinnamic 77.0 98.7 5.1 11.3 0.30 2.08
Benzoic 26 86.3 0.0 0.0 0.23 1.97
p-hydroxy- benzoic 0.0 5.3 0.0 0.0 -0.41 1.28
Vanillic 2.1 4.2 0.0 0.0 -0.37 1.32
Caffeic 0.0 0.0 100 100 -0.51 1.17
Gallic 0.0 0.0 57.6 81.1 -1.15 0.48
p-bromo benzoic 16.3 83.1 47.7 483 0.98 2.78
p-cyano benzoic 35.6 53.4 1.3 17.7 -0.1 1.61
p-chloro benzoic 100 100 ND ND 0.83 2.62

Table 1. Inhibitiory effect (%) on germination of lettuce seeds (L. sativa), antialgal activity (C. vulgaris) and values of
logk” and log Py, of phenolic acids.

Each value corresponds to the mean of three samples; replicate values showed errors below
5% in all cases. ND: not determined. The data were analyzed by one-way ANOVA.
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In addition, we observed that caffeic acid did not inhibit germination but it stimulated seedling
growth, particularly the root elongation of lettuce, in the concentration range 50-500 ugmL™.

Since measuring seedling length is often complicated due to curling and other morphological
alterations, seedling fresh weight may be a better bioindicator to evaluate stimulation activity.
Figure 2 shows the relation of the percentage of fresh biomass increase with respect to caffeic
acid concentration; the greatest increase was observed at 250 ugmL™. An increase in plant
growth produced by a chemical structure stimulator may be related to the stimulation of auxin-
induced growth or to an improvement of the growth substrate because of organic matter
enrichment. Further studies are necessary to establish the cause of the stimulation observed.

70 -
60 - ./.
50-
40 -
30 4

- ~_

10

Biomass increase %, of control

T T T T T
0 100 200 300 400 500

Caffeic acid concentration [ug mL_1]

Figure 2. Effect of caffeic acid on fresh biomass increase of lettuce seedlings with respect to control (values corre-
spond to the mean of three samples, replicate values had errors below 5% in all cases).

The phytotoxicity of the compounds involved in allelopathic effects depends upon the target
species. Microalgae responded rapidly to environmental changes owing to their short germi-
nation time. Green microalgae such as Chlorella are taxonomically classified as plants bearing
some similarity to higher plants. For this reason, a microalgae test may be used to evaluate
herbicidal activity against higher plants [46]. The phytotoxicity of carboxylic acids was also
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examined against the fresh water green alga Chlorella vulgaris. The percentages of in vitro
growth inhibition are given in Table 1: gallic, caffeic and p-bromo benzoic acids showed the
highest antialgal activity.

The chemical mechanism of the phytotoxicity of phenolic acids is not well understood.
However, carboxylic acids and phenols are known to induce uncoupling of oxidative phos-
phorylation and photophosphorylation in mitochondria and chloroplasts. The uncoupling
activity depends upon carboxylic function ionization. Pka values of the series studied were in
the small range 4.0-4.5; therefore the substantial differences between the observed activities
may not depend upon the ionization of the O-H bond of carboxylic function.

Hansch [48], proposed a theory to rationalize the relationship between the chemical structure
and biological activity of auxins. The hypothesis assumes that auxins with an aromatic ring
and side chain react with a plant substrate via two points, one on the side chain and another
on the aromatic ring. A critical step should be the movement of the compounds from solution
to the action sites. The lipophilia parameter is essential in the penetration rate and dynamics
in the physiological system. This hypothesis must be considered to understand the mechanism
of action the phenolic acids.

Although cinnamic and caffeic acids have identical side chains, they showed opposite
phytotoxicities. At the concentration of 250 pgL", cinnamic acid had the highest germination
inhibition activity and low antialgal activity, while caffeic acid stimulated the growth of lettuce
seedlings and showed the highest antialgal activity. This suggests that the difference of activity
may arise from the structure of the aromatic ring. Compounds with carboxylic function
bonding at the aromatic ring and with hydroxyl group substituents such as p-hydroxy benzoic
acid, vanillic, caffeic and gallic acids did not show germination inhibition effects but the p-
bromo, p-chloro and p-cyano derivatives showed significant activity.

These results suggest that part of the phytotoxicity may be related at the step of interaction of
the aromatic ring with the substrate plant and the lipophilic-hydrophilic balance may have a
fundamental role.

As mentioned above, the kow determined from the traditional shake-flash method is
generally accepted as being a useful parameter in structure-activity relationship studies of
correlation with biological activity of compounds and the dynamic processes of a chemi-
cal in the environment. It is now almost equally accepted that the correlation between the
capacity factor (k) obtained from RP-HPLC method and kow to be used for simple and
rapid estimation of partition coefficients.

With this in mind, we established a RP-HPLC method to evaluate the lipophilia of phenolic
acids, as shown in figure 3.

A linear regression between the capacity factor (k) and logkow from literature sources was
obtained (R? = 0.99). From this regresion log Py values were derived by a single equation
(see experimental). Table 1 gives the logk’and logPyy ¢ values
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2.5 A

Figure 3. Relationships between the logkow (literature data) and determined logk " values. (Phenolic acids: 1 = gallic;
2 = caffeic; 3 = p-hydroxy benzoic; 4 = vanillic; 5 = p-cyanobenzoic; 6 = benzoic; 7 = cinnamic; 8 = p-chlorobenzoic; 9 =
p-bromobenzoic).

Even on the basis of the limited number of compounds studied, the correlation obtained shows
a promise as a simple; direct and rapid method for the estimation of lipophilicity parameters
of new phenolic acids and or those for which this data does not exist.

Positive and negative logk’ values were obtained, which may arise from the lipophilic
character of the aromatic substituents. Lipophilia values can be obtained from the parameter
pi (0 ) as a measure of the lipophilic properties of the aromatic substituents [49]. Compounds
with negative logk” have substituents with negative 1 values (7 o3 = - 0.04; 770, = - 0.62; 7Ty,
=-0.31) and compounds with positive logk” have zero or positive 7 values (rt;; = 0; 715, = 1.02;
g =0.7).

More clarity about the lipophilic effect of the substituents on the capacity factor is obtained
from the relation between logk” values for p-substituent compounds and the 7 values. Figure
4 illustrates that logk” increased linearly with the lipophilic character of the substituents.

These results suggest strongly that part of the lipophilic properties of phenolic acids arise from
the different lipophilic characters of the aromatic ring substituents.
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Figure 4. Relationship between logk” values and rtp values for p-substituteed phenolic acids (1 =0H; 2=CN; 3=H; 4
=Cl; 5=Br).

The role of lipophilia on the phytotoxicity of the series studied can be analyzed from the
logk’or log Pyp ¢ values

In general, the compounds with positives logk or logPyp - values > 2.0 showed more germi-
nation inhibition activity and the compounds with negative values did not show significant
activity. Specifically, logk” values of caffeic and cinnamic acids suggest that the different
activity observed may arise from the different lipophilic character of these compounds. A
clearer relationship was obtained from a regression between percentage of germination
inhibition activity at the 250 pgmL™" concentration and the logPyp - values. Figure 5 shows that
germination inhibition activity increased with the lipophilic character of the molecules until
the range of 2.0-2.6 values where the higher activity was observed. With the limited data at
hand, it is not possible to generalize this observation to other series of compounds at this time,
but there are reasons to believe that the parameters logk” or logPpc may be appropriate
indicators to infer the lipophilic requirement for the germination inhibition activity of phenolic
acids.

Antialgal activity cannot be rationalized in terms of the logk” or logPyp; - parameters because
only the caffeic, gallic and p-bromobenzoic acids displayed significant activity, and they
showed positive and negative logk” values. It is important to emphasize that caffeic acid
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Figure 5. Relationships between logP,  values and percentage of inhibition germination activity (1%) for phenolic
acids (1 = caffeic; 2 = p-hydroxybenzoic; 3 = vanillic; 4 = p-cyanobenzoic; 5 = benzoic; 6 = cinnamic; 7 = p-chlorobenzo-
ic; 8 = p-bromobenzoic)

(logk’= - 0.51) displayed the highest antialgal activity and the opposite effect on the
germination and growth of the lettuce plants.

These results show that the phytotoxic effect depends of receptor species, it is necessary to
understand other molecular aspects of phytotoxic interaction to clarify these results.

4. Conclusions

* The series of phenolic acids studied shown varied phytotoxic activity against the germina-
tion of lettuce seeds and growth of microalga C. vulgaris.

* Caffeic acids showed a particular behavior against the target species stimulated the growth
of lettuce plants and inhibited the growth of C. vulgaris.

* Part of phytotoxic activity against seed germination is related to the lipophilic character of
phenolic acids and it can be inferred from logk” or logPyp; ¢ parameters.

* Although the concentrations used are probably greater than in the field, these results
contribute to the knowledge of the relative role of the allelopathy of the naturally occurring
phenolic acids of plants with agricultural importance.

The necessity of understanding other aspects such as the chemical stability and persistence in
the soil are essential prerequisites if the application of allelochemicals is to become an alter-
native in the control of weeds.
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Chapter 4

Weed Seed Rain Dynamics and Ecological Control Ability
in Agrophytocenosis

Vytautas Pilipavicius

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55972

1. Introduction

Evolvingtogetherwithagricultural plants, weedshaveadapted their growthandbiological cycle
of development. The dispersal of weed seeds in agriculture fields is increased by current grain
harvesting technology after seed set [1, 2]. Herbicides are used to prevent new weed seed bank
additions. Although herbicides cannot control all weeds, they may partially control them, thus
weeds ripen fewer seed numbers. Therefore, infest soil, straws and awns by seeds [3]. Inten-
sive use of herbicides following the traditional crop growing technologies, however, does not
entirely solve the problem of weediness [4]. Surviving weeds afterherbicideapplicationsareable
to produce new seeds [6], depending on species, significantly decreasing total seed production
[5]. Even a few weed plants left undamaged by herbicides can produce considerable weed seed
amounts [7]. Previous research of Leguizamon and Roberts (1982) revealed that after cultiva-
tion in early April of a sandy loam soil with 9500 apparently viable seeds m? in 0-10 cm, 295
seedlings m? emerged, of which about half survived to maturity in July. Seeds were dispersed
from mid-June to November and 136,460 m? were returned to the soil, representing a 14-fold
increase in the seed bank. Application of soil-active herbicides reduced the numbers of weeds
and the total seed output, but that of tolerant species was increased. Maximum numbers of seeds
were 59,980 m? for Chenopodium album, 39,430 m? for Stellaria media and 37,580 m? for Veronica
persica [8]. Today more attention is given to ecological problems which arise through use of
herbicides [9]. Pesticides are leaching through the soil and into groundwater far more common-
ly than the projected ones a decade ago. Point sources may be widespread but are not the sole
cause; it is also clear that many pesticides are leaching to groundwater from routine, nonpoint
source labeled use. Controlled plot studies show the intermittent, often rapid delivery of many
pesticides to shallow groundwater. Generally, the concentrations of pesticides in groundwater
are low, in the 0.1-5.0 pg L™ range. Even at these concentrations there are concerns for long-
term, chronic exposure to a large segment of the public through drinking-water supplies [10].

© 2013 Pilipavicius; licensee InTech. This is a paper distributed under the terms of the Creative Commons
I m Ec H 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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According to Seralini et al. (2012) agricultural edible GMOs and formulated pesticides must be
evaluated very carefully by long term studies to measure their potential toxic effects. Firstlong-
term research study “Long term toxicity of a Roundup herbicide and a Roundup-tolerant
genetically modified maize” showed worrying results in rat pathology (tumor development,
liver congestions and necrosis, etc.). The experimental object in this study was Roundup-
tolerant genetically modified maize (from 11% in the diet), cultivated with or without Round-
up, and Roundup alone (from 0.1 ppb in water) [79]. In recent years ecological and economic
factors provided a need and a necessity to decrease the use of herbicides or even to refuse them
entirely [11]. Research and policies to resolve the problems of agricultural impacts on the
environment will require a new focus on integrated farm-management systems that enhance
efficiency and reduce off-site impacts [10]. The quality of weed control in today’s agriculture
depends on the ability to eliminate seeds, which are still in the soil and to limit the amount of
additions[1,12],aswellintegratingnon-chemical-ecologically acceptable—weed controlmeans.

The research hypothesis: most weed seeds ripened in the crop would be removed from the field
together with spring barley harvested in the late milk-early dough growth stage of maturity.
Accordingly in the late milk-early dough growth stage spring barley maturity, the highest dry
matter yield and energy is accumulated. The aim of this work was to evaluate weed seed rain
dynamics, and implications on ecological and economic management.

2. Evaluation of spring barley agrophytocenosis

Field experiment site and soil type. A field experiment was conducted at 54°52'N and 23°49'E. The
soil of the experimental site is Calcari-Epihypogleyic Luvisols — LVg-p-w-cc drained clay loam on
sandy light loam. The soil agrochemical characteristics: pHy 7.08-7.25, humus 2.22-2.45%,
mobile P,0; — 245.0-251.3 mg kg and mobile K,O - 93.6-110.5 mg kg*. Agrochemical soil
properties were established using the infrared ray system PSCCO/ISI IBM — PC 4250. Soil
samples for agrochemical analysis were taken from 0-20 cm soil layer from 10 sites of all
treatments and their replications, making combined samples.

Experimental design. The experiment was arranged as a randomized complete block design with
treatments including the following harvest timing, which was made on the basis of spring
barley maturity stages by Zadoks [13] and Meier [14].

Spring barley was harvested at the stages of maturity:

1. Stem elongation 39-41%,37-39, 31 5. Late milk-early dough 77-83, 77-83, 77-83
2. Heading 57-59, 55, 57-59 6. Dough 87, 85, 87
3. Early milk 71-73, 69-71, 69-71 7.Hard 92,91-92,92

4. Milk (medium milk) 75, 73-75, 73

* - decimal code for spring barley development during experimental years: 1997, 1998 and 1999.
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Experimental treatments were replicated four times. Total size of each experimental plot was
96 m? (4x24m) and results recording plot size — 66 m? (3x22m).

Spring barley growing conditions. The preceding crop for spring barley was winter wheat
Triticum aestivum (1997), spring barley Hordeum vulgare (1998) and cultural amaranth Amaran-
thus spp. (1999) [1]. In every year of the experiment, double-row barley cv ‘Roland’ was grown
on different fields. Herbicides were not used in the experimental field for evaluation of
alternative weed control. Complex phosphorus, potassium and nitrogen fertilizers (60 kg
ha™ of active compounds) “Azofoska” (N:P:K ratio 1:1:1 by 16%) were applied on spring barley
in spring after sowing before sprouting. Soil tillage in every year of the trial was the same.
Each year, mouldboard ploughing at approx. 24 cm depth was accomplished in September.
Autumn and spring loosening at approx. 8 cm depth was performed in October and April
respectively, while spring loosening with harrow at approx. 4 cm depth was accomplished in
early May;, just prior to crop sowing.

Spring barley productivity. At stem elongation, heading, early milk, milk (medium milk) and
late milk-early dough growth stages of maturity spring barley was harvested by frontal reaper
for biomass and at dough and hard stages by combine harvester for grain.

Whole-plant silage was prepared from spring barley biomass harvested at early milk, milk
(medium milk), late milk-early dough and dough stages of maturity. Spring barley green
biomass was chopped up with the grinding-mill and ensiled in 3 L volume glass jar taking into
account method used by Wilson and Wilkins [15].

Laboratorial analyses of spring barley whole-plant biomass, grain and silage: dry matter, crude
protein, crude fat, crude fibre, crude ash [16] and metabolizable energy for ruminants (cows)
in MJ kg of dry matter [17] were determined at each harvesting growth stage in prepared
samples for analyses. Drying plant samples at 103°C for 4 hours, there was established the
amount of dry matter and burning at 550°C for 3.5 hours in muffle-furnace, there was estab-
lished the amount of crude ash. Crude protein was established by the Kjeldahl method and
crude fat by direct extraction with petrol-ether for 6 hours in Sokslet device. The concentration
of crude fibre was established by plant samples boiling with adequate concentration of
sulphuric acid and potassium alkali, filtered, separated, washed, dried, weighed and burned
at 500°C for 3 hours in muffle-furnace [16]. Metabolizable energy [M] kg'] in dry matter of
fodder for ruminants (cows) was established depending on gas production (CO, and CH,) in
vitro and fodder chemical composition, by the Hohenheim fodder value test. 200 mg of fodder
sample with cow rumen fluid, micro- and macro-elements, buffer- and reduction-solutions is
placed in the special test-tube and incubated in a rotary thermostat by 39°C for 24 hours [17].
Silage fermentation analysis was made according to standard methods used in Agrochemical
centre of Lithuanian institute of agriculture. It evaluated silage pH, concentrations of lactic,
acetic and butyric acids.

Crop weediness. Weed samples were taken at the early milk stage of spring barley maturity.
There were 10 samples taken from every experimental plot by wire frame of 20x30cm. Air-
dried weeds were divided into species, counted and weighed.
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Weed seed rain. Dynamics of weed seed rain in spring barley agrophytocenosis was established
according to Rabotnov [18] method and other weed seed rain experiments [8, 19, 20]. Fifty
troughs were laid out in each of four replications, in chess-order, in tens (Figure 1 and 2). In
total, two hundred troughs were used. Weed seeds from the troughs were collected every 2-4
days. The collected seeds were divided into species and counted.

I/| @ 0.5 cm

&

2cm

20 cm

Figure 1. Schema of trough used for the weed seed rain establishment [1]

Figure 2.Troughs for collecting weed seeds in spring barley crop, photographs by Vytautas Pilipavicius

Meteorological conditions. The Lithuanian territory occupies intermediate geographical position
between west Europe oceanic climate and Eurasian continental climate. The climate of the
Lithuanian territory forms in different radiation and circulation conditions. Differences in
these conditions hardly cross the boundaries of microclimatic differences; therefore, Lithuania
belongs to the western region of the Atlantic Ocean continental climatic area [21]. Meteoro-
logical conditions during experimental years were established utilizing data of Kaunas
(Noreikiskés) meteorological station situated in vicinity of the experimental fields. Meteoro-
logical factors taken included: average air temperatures, sum of active air temperatures (>
10°C), rainfall (mm) and sunlight duration in hours.

Economic treatment evaluation. In order to evaluate the economics of alternative and conven-
tional harvest technologies the valuations of agricultural machinery were used [22-24]. The
price of fodder spring barley is evaluated in 320 Lt t, and the normative price of straws in 27
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Lt t! [the ratio of national currency Litas (Lt) and Euro (€) is 1 €=23.4528 Lt]. The value of spring
barley biomass at the late milk-early dough growth stage of maturity was determined
according to the energetic value of its grains and straws. Calculating the costs of spring barley
harvested at the late milk-early dough growth stage of maturity includes autumn soil plough-
ing, autumn and spring continuous cultivation and cultivation with harrowing, sowing, green
biomass pressing into rolls and their rolling with pellicle as well as transporting were evalu-
ated. Calculating the costs of spring barley harvested at the hard stage of maturity includes
autumn soil ploughing, autumn and spring continuous cultivation and cultivation with
harrowing, sowing, as well as the cereal harvesting, grain and straw managing were evaluated.
The tractor MTZ-80/82, the cereal harvester SK-5 ,Niva” as well as various agricultural
machinery were used for these proceedings.

Statistical data assessment. The research data were statistically evaluated by dispersion analysis
ANOVA method applying Selekcija [25, 26] and SigmaStat [27] software packages. Degrees of
phenomena interdependence and their directions were established by correlation-regression
analysis applying SigmaPlot software package [28]. Reliability of dependencies was evaluated
by the p criterion.

3. Weediness of spring barley agrophytocenosis

The field experiments were carried out in separate fields with different weed infestations
(Table 1). The experiment initiated on a very weedy field. The second year of the experiment
trial was moved to the field where weed density was established more than three times and
weed air-dry biomass was 2.6 times less comparing with the spring barley agrophytocenosis
of the first year experiment. During the experiment in 1999 weed density was 135 weeds m?,
i.e. analogically as in 1998 but their air-dry biomass was more than 6 times less and weighed
only 18.9 g m?. During the three year experiment in spring barley agrophytocenosis, annual
weeds dominated accounting for 68-98% of crop air-dry weed biomass and 84-98% of the total
weed number. Perennial weeds comprised 2-32% of total weed air-dry biomass and 2-16% of
the total weed number in the crop. Our results are similar to previous research indicating in
Lithuania prevailing weeds as short-lived annual dicotyledons that comprise 70-90% of total
spread weeds [4, 29]. Consequently, in the experimental spring barley agrophytocenosis,
annual weeds prevailed that are commonly spread by seeds while perennials commonly
propagate by vegetative parts and spreading by seeds is less important except for infesting
new soils. However, Zwerger [30] pays high attention to the perennial weed spreading by
seeds analyzing potential danger of Cirsium arvense spreading. From annual weeds in the crop
prevailed Chenopodium album, Stellaria media and Sonchus asper while from perennial ones -
Sonchus arvensis. During all three years of experiment, 40 weed species, 32 annual and 8
perennial, were found. Twenty-six weed species were established in spring barley agrophy-
tocenosis during the first year, 19 during the second and 21 during the third year of the
experiment (Table 1).
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Weed density and air-dry biomass

Weeds 1997 1998 1999

weeds m2 gm? weeds m2 gm? weeds m? gm?

Amaranthus spp. L. 0 0.0 0 0.0 10.83 0.14
Anthemis arvensis L. 0 0.0 0 0.0 0 0.0
Anthemis tinctoria L. 0 0.0 0 0.0 0 0.0
Apera spica-venti (L.) P.Beauv. 0 0.0 0 0.0 0 0.0
Atriplex patula L. 0 0.0 0 0.0 0 0.0
Avena fatua L. 0 0.0 0 0.0 0 0.0
Capsella bursa-pastoris (L.) Medik. 17.1 1.37 2.50 0.44 13.33 1.40
Chaenorrhinum minus (L.) Lange 0.4 0.01 1.25 0.04 2.50 1.57
Chenopodium album L. 295 131.3 70.0 53.96 66.25 5.67
Cirsium arvense (L.) Scop. 2.9 5.58 2.08 343 0.83 0.25
Crepis tectorum L. 3.3 0.88 0 0.0 0 0.0
Elytrigia repens (L.) Nevski 0 0.0 0 0.0 2.5 2.3
Erysimum cheiranthoides L. 62.1 6.39 1.67 0.19 1.25 0.08
Euphorbia helioscopia L. 3.8 0.18 0.83 0.20 0.83 0.05
Fallopia convolvulus (L.) A. Love 2.1 0.14 5.42 1.45 0 0.0
Galeopsis tetrahit L. 0 0.0 1.67 0.29 0 0.0
Galinsoga parviflora Cav. 0 0.0 0.83 0.17 0 0.0
Galium aparine L. 2.5 0.30 2.08 1.08 0 0.0
Lamium purpureum L. 1.2 0.05 0 0.0 0.83 0.18
Medicago lupulina L. 1.2 0.18 0 0.0 0 0.0
Mentha arvensis L. 0 0.0 0 0.0 1.67 0.28
Mlyosotis arvensis (L.) Hill. 1.7 0.13 0 0.0 0 0.0
Plantago major L. 2.5 0.13 0.42 0.81 2.92 0.06
Poa annua L. 7.5 0.50 0 0.0 5.0 0.10
Polygonum aviculare L. 0.4 0.07 0 0.0 0 0.0
Polygonum laphatifolium L. 8.3 0.91 3.75 0.56 0.42 0.01
Raphanus raphanistrum L. 0.4 0.17 0 0.0 0 0.0
Rumex crispus L. 0 0.0 0 0.0 0 0.0
Sinapis arvensis L. 147.9 69.23 1.67 1.05 0 0.0
Sonchus asper (L.) Hill. 16.4 8.98 3.33 5.21 0.87 0.44

Sonchus arvensis L. 0.3 0.17 15.84 24.77 6.21 3.14
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Weed density and air-dry biomass

Weeds 1997 1998 1999

weeds m2 gm? weeds m2 gm? weeds m? gm?

Spergula arvensis L. 0 0.0 0.42 0.25 0 0.0
Stellaria graminea L. 0 0.0 0 0.0 0.42 0.01
Stellaria media (L.) Vill. 37.9 1713 7.08 3.79 9.17 2.73
Thlaspi arvense L. 4.6 0.49 0 0.0 0.42 0.08
Tripleurospermum inodorum (L.) Sch. Bip. 34.2 10.92 0 0.0 2.92 0.22
Trifolium pratense L. 1.2 0.02 0 0.0 0 0.0
Tussilago farfara L. 0 0.0 1.25 0.12 0 0.0
Veronica arvensis L. 2.5 0.08 0 0.0 4.17 0.09
Viola arvensis Murray 3.3 0.18 0.42 0.04 1.67 0.05
Annual 388.3 249.54 102.92 68.72 120.46 12.81
Perennial 7.0 5.90 19.59 29.13 14.55 6.13
All weeds 3953 2554 1225 97.8 135.0 18.9

Table 1. Composition, density and air-dry biomass of weed species in agrophytocenosis of spring barley on separate
fields [1, 31]

Weed density linearly depended on weed air-dry biomass. With increase of air-dry weed
biomass by 1 gram per square meter weed density enlarges by 1.21 weed plants. There was
established opposite dependence of weed air-dry biomass on weed density. It showed change
of weed air-dry biomass by 0.7 g m? with change of weed density by 1 plant (Figure 3).

Weed density, weeds m™ Weed air-dry biomass, g m'2

600 400
y=68.038 + 1.210 x; r=0.924; p <0.01

o y=-29.960 + 0.706 x; r = 0.924; p < 0.01

500 -
300 -

o
400 -

200 +
300 -

100
200 -

100

T T T T T
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) )
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Figure 3. Relationship between weed density and weed air-dry biomass [1, 31]
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4. Weed seed rain

4.1. Weed seed rain initiation

Dispersed weed seeds in spring barley agrophytocenosis during three years of the experiment
belonged to 29 weed species from 12 families (Table 2). Weed seed rain in spring barley begins
when spring barley is at stem elongation stage and increases to the hard stage of maturity.
Ephemeral weeds of short vegetation Stellaria media and Poa annua as well the early summer
weed Chenopodium album matured and began to disperse their seeds at the stem elongation of
spring barley.

Winter annual weeds such as Capsella bursa-pastoris ripened and dispersed seeds at heading
growth stage of spring barley, usually in the third ten-day period of June. Spring barley
changing into early milk stage of maturity, Lamium purpureum, Apera spica-venti, Atriplex
patula, Veronica arvensis, Sonchus asper and Myosotis arvensis ripened and began to pour seeds.
At milk (medium milk) stage of spring barley maturity, Thlaspi arvensis, Raphanus raphanis-
trum, Spergula arvensis, Galium aparine, Fallopia convolvulus and Polygonum laphatifolium ripened
and began to pour seeds. Spring barley changing from milk into dough stage of maturity,
Sinapis arvensis, Sonchus arvensis, Erysimum cheiranthoides and Cirsium arvense ripened and
began to disperse seeds. At dough stage of spring barley maturity, Avena fatua, Crepis tecto-
rum, Anthemis arvensis and Anthemis tinctoria ripened their seeds. At dough stage of spring
barley maturity, all weed species of agrophytocenosis which seeds were ripened except in 1998
when Crepis tectorum seeds matured and began to disperse only at hard stage of spring barley
maturity [2].

The experimental data showed that Crepis tectorum, Cirsium arvense and Sonchus arvensis
ripened and began to disperse seeds the latest. However, during separate experimental years
the beginning of seed ripeness and start of seed rain for some weed species lasted more than
presented the first growth stages of spring barley through the uneven meteorological condi-
tions during separate years of field experiment. As example can serve, Chenopodium album
seeds began to disperse at stem elongation stage of spring barley in 1997, at heading growth
stage in 1999 and at milk (medium milk) maturity in 1998. Mainly it depended on the year
climatic conditions (see subchapter 4.3) and on general crop stand weediness (Figure 4).

4.2. Weed seed rain dynamics

Weed seed rain is more intensive in weedier cereal crop, considering weed density and
especially weed air-dry weight. It was confirmed by the correlation-regression analysis. Weed
seed rain linearly and positively depended on weed dry weight r =0.842** and on weed density
r=0.686*. Weed air-dry biomass increase of 1 g m? induced increase of weed seed rain by 11.7
seeds m? while increase in weed density by one plant enhanced weed seed rain by 7.3 seeds
m?2 Hence, total weed seed rain was more dependent on the weed air-dry biomass than on
weed density (Figure 4).
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Family Species The beginning of seed rain
97 98 99
Boraginaceae Juss. Myosotis arvensis (L.) Hill. N. M.e.
Atriplex patula L. M.e.
Chenopodiaceae Less.
Chenopodium album L. Se. M.e. He.
Capsella bursa-pastoris (L.) Medik. M. He.
Erysimum cheiranthoides L. M.L.-D.e. N.
Cruciferae B. Juss. Raphanus raphanistrum L. M. M.I.-D.e. N.
Sinapis arvensis L. M.I.-D.e. M.I.-D.e. M.I.-D.e.
Thlaspi arvense L. M. N. M.
Anthemis arvensis L. D. N. N.
Anthemis tinctoria L. D. N. N.
Cirsium arvense (L.) Scop. D. M.l.-D.e. D.
Compositae Giseke Crepis tectorum L. D. N.
Sonchus asper (L.) Hill. M.l.-D.e. M. M.e.
Sonchus arvensis L. D. M.l.-D.e. D.
Tripleurospermum inodorum (L.) Sch. Bip. D. N. D.
Stellaria media (L.) Hill. S.e. M.e. He.
Caryophyllaceae Juss.
Spergula arvensis L. N. M.I.-D.e. N.
Euphorbiaceae ). St. Hill. Euphorbia helioscopia L. N. N. M.
Labiatae Juss. Lamium purpureum L. M.e. N.
Apera spica-venti (L.) P. Beauv. N. M.e. N.
Poaceae Bernhart Avena fatua L. N. N.
Poa annua L. Se. N.
Fallopia convolvulus L. D. M. M.
Polygonum lapathifolium L. M. M.L.-D.e. M.
Polygonaceae Lindl.
Polygonum aviculare L. M. N. N.
Rumex crispus L. D. N. N.
Rubiaceae Juss. Galium aparine L. M.I.-D.e. M.I.-D.e. N.
Scrophulariaceae Juss. Veronica arvensis L. M. M.e. M.
Violaceae Juss. Viola arvensis Murr. N. M.l-D.e. N.

Note. Spring barley growth stages of maturity: S.e. — stem elongation, He. — heading, M.e. —early milk, M. = milk, M.l.-D.e.

— late milk-early dough, D. — dough, H. — hard, N. — weed seed rain was not established.

Table 2. Weed seed rain initiation in spring barley agrophytocenosis [1, 2]
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Figure 5. Weed species [%] started seed rain depending on spring barley crop maturity

It was established that seed rain depended directly on plant density of Stellaria mediar=0.711%,
Sonchus asper r = 0.918** and Capsella bursa-pastoris r = 0.474. Accumulated Stellaria media,
Sonchus asper and Capsella bursa-pastoris air-dry biomass in the crop had adequate influence on
their seed rain, respectively r = 0.833**, r = 0.786* and r = 0.766* [32]. When spring barley was
ripening, weed seed rain was more intensive (Figure 5 and 6). It is in conformity with data of
other researchers indicating that, until cereal harvesting, some weed species are able to pour
out all their ripened seeds [33].

Weed seed rain during separate years of the experiment varied in accordance with the spring
barley crop weediness. However, seeds matured and dispersed 29 (Figure 7) of 40 weed species
(Table 1) grown in spring barley agrophytocenosis. Presumptively it was influenced by the
low density of some weed species and limiting solar light to others by successful smothering
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Figure 6. Weed seed rain intensity during vegetation in agrophytocenosis of spring barley

by spring barley. The most important weed species in weed seed rain dynamics biologically
belonged to annual weeds. Dispersed seeds of Stellaria media in spring barley agrophytocenosis
composed 19-29% from total seed rain during experimental years. Seed rain of Chenopodium
album covered from 6% to 63% of total weed seed rain while Capsella bursa-pastoris 6%-10%.
Seed rain of Sonchus asper and Sinapis arvensis was essential only during the first year of
experiment with 26% and 11% of seeds from total number of dispersed ones, accordingly. From
perennial weeds only Sonchus arvensis showed significant seed rain covering 4.8% of total
dispersed weed seed number during the second year of experiment. Seed rain of all other
weeds in spring barley agrophytocenosis jointly consisted from 11% to 19% from total number
of dispersed weed seeds (Figure 7).

The data of the field trial proved that weeds ripened regularly. Analyzing seed rain of all weed
species of spring barley agrophytocenosis were established 4543 seeds m? in 1997, 2753 seeds
m?2in 1998 and 821 seeds m? in 1999 (Table 3).

Different number of dispersed weed seeds depended on crop and meteorological conditions.
Initially, weed seed rain every year of the experiment was slow with low numbers of weed
species and low numbers of dispersed seeds. At medium milk stage of spring barley maturity,
dispersed seed covered just 6%-23% of total seeds. At late milk-early dough stage of spring
barley maturity, it already covered 27%-42% of total dispersed weed seed number. Usually,
weed seeds which were left in the crop could be taken from the field together with harvest
(biomass of spring barley for silage) and would not infest the soil. Harvesting spring barley
for biomass or silage at medium milk stage of maturity, 77%-94% of weed seeds would be
removed from the field while harvesting at late milk-early dough stage of maturity, 58%-73%
of weed seeds could be removed from the field. When harvesting cereal at hard stage of
maturity, most of the weed seeds already are dispersed on the soil and naturally increase weed
infestation in the following crop of the crop rotation.
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Figure 7. Weed species seed rain dynamics in spring barley agrophytocenosis [1, 2]

Moreover, most weed seeds which, together with crop biomass, get in silage [35-38], in manure
[36, 37, 39], in sewage [40] in compost [41], or going through alimentary canal of cattle [35,
42], lost their germinating power and would not infest the crop in the future.

4.3. Weed seed rain and meteorological conditions

Weed seed rain increases during the time of cereal ripening (Figure 4, 6, Table 3) but it decreases
in separate vegetation periods depending on change of meteorological conditions. Growth and
development of all plants are influenced by environmental factors from which meteorological
ones are highly important [43].
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Weed seed rain

Stages of spring barley maturity 1997 1998 1999
seed m? % seed m? % seed m? %
Stem elongation 8** 0.17 0** 0.0 0** 0.0
Heading 16** 0.35 o** 0.0 12%* 1.5
Early milk 207** 4.6 47** 1.7 60** 7.3
Milk (medium milk) 764** 16.8 161** 5.8 189** 23.0
Late milk-early dough 1289** 284 731** 26.6 343** 41.8
Dough 3871 85.2 1331** 483 744* 90.6
Hard 4543 100 2753 100 821 100
LSD,s  707.0 - 417.7 - 715
LSDy, 968.4 - 5721 - 97.9

Table 3. Total weed seed rain in the crop of spring barley [1, 9, 34]; * p<0.05; ** p < 0.01

Meteorological conditions such as temperature, rainfall, and sunlight at sprouting and
germination stage influenced vegetation and can determine plant density in the crop. For
example, germination of Solanum elaeagnifolium [44] and Matricaria perforata [45] depends on
temperature, germination of Rumex obtusifolius depends on temperature and light [46],
germination of Ranunculus repens depends on soil humidity and temperature [47]. Growth and
biomass accumulation of Chenopodium album [48], Bromus tectotum and Taeniatherum asperum
[49] also depends on meteorological conditions. In our experiments there was determined
linear relationship between weed biomass and weed seed rain (Figure 4). Logically, weed seed
rain could be influenced by the meteorological factors such as air temperature, rainfall and
sunlight duration. According to the sum of active air temperature and precipitation, the
vegetation period during the first and the second experimental years was wet and during the
third experimental year — not humid enough (Figure 8).

Weed seed rain changed dynamically, increasing and decreasing during vegetation regardless
of total seed number dispersed during separate years of experiment (Figure 7). In our experi-
ment, established weed seed rain fluctuations significantly depended on active air temperature
(> 10°C), rainfall and sunlight duration (Figures 9-11). Weed seed rain regularly intensified
with increase of sum of active air temperature (Figure 9) as well as with increase of sunlight
duration (Figure 11). This phenomenon is based on plant physiological processes such as
development and water circulation in plant tissues that are significantly dependent on sunlight
and environmental temperature. In contrast to the sum of active air temperature and sunlight
duration, rainfall inhibited weed seed rain (Figure 10). Jointly, during rainy periods, active air
temperatures decreased and shortened sunlight duration which leads to an increase of
humidity accumulation in plants. Excess humidity amounts reaching weed seeds managed to
slow physiological maturation and as well inhibited seed rain. Statistically reliable non-linear
dependencies of total weed seed rain on active air-temperatures r>=0.528**, r>=0.538**, r>=0.119%,
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rainfall r’=0.567**, r>=0.608**, r*=0.155* and sunlight duration r>=0.512**, r>=0.418**, r>=0.136*
are presented in figures 9-11.
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Figure 8. Meteorological conditions: active air temperatures, rainfall and sunlight dynamics during experimental
years, Kaunas (Noreikiskés) Meteorological station [43]

4.4. Weed seeds in grains

The later the cereal harvest, the fewer amounts of weed seeds get into grain, but the more of
them infested the soil [12]. In cereal grain yield of hard maturity (in the sample of 100 g), on
average, are found less weed seeds by 820 when comparing with grain yield of dough maturity.
Such decrease makes up to 21 million (12-39 million) fewer weed seeds in crop yield from 1
ha with a biomass of approximately 38 kg (13-53 kg). This regularity motivates the necessity
of earlier spring barley harvesting not only because of frequently experienced grain losses but
also because of weed seed spreading limitation [50].
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Figure 11. Weed seed rain dependence on sunshine duration [43]

4.5. Spring barley crop productivity

Spring barley dry matter yield increased significantly while cereal matured from stem
elongation to late milk-early dough growth stages. In the further growth stages of spring barley
- dough and hard - total above-ground dry matter yield decreased significantly (Figure 12).
The yield of dry matter begins to decrease at anthesis complete growth stage of spring barley
[51]. The optimal period for gathering cereal is considered 4 weeks after heading [52] or 2-3
weeks before hard growth stage, when dry matter yield reaches maximum and begins to
decrease [53]. The maximum increase of dry matter in cereal is characteristic from heading till
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milk stage but the biggest yield accumulates in milk-dough and dough stages of maturity [54],
thereafter it decreased slightly for the two-row cultivars [55]. Dynamics of dry matter in cereal
can be influenced by meteorological conditions, soil, fertilization and other factors [56].
However, dynamics of dry matter accumulation in cereals depends on decrease of assimilation
surface when leaves decline and on allocation and transformation of assimilation products [51,
53, 57]. The general decrease of dry matter yield is influenced by decrease of vegetative biomass
[58]. Growth stages of spring barley and other cereals can be theoretically divided into three
groups according accumulation dynamics of harvest: increase, reach of maximum, and
decrease. The logical solution is to limit yield losses, i.e. to refuse the third group. By cutting
cereal at milk-dough stages of maturity, it would be possible to achieve that. Of course, then
it would be necessary to refuse conventional harvesting of cereal for grain applying an
alternative use of all above-ground biomass for forage at such stage of maturity when
maximum yield of dry matter and metabolizable energy is reached [1, 59].
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Figure 12. Spring barley dry matter yield at seven stages of growth and maturity [1, 59, 60]

The concentration of crude protein, crude fibre, crude fat and crude ash variation of each year
of the experiment preserved analogical tendency (Table 4). The concentration of crude protein
and crude ash was the greatest at stem elongation growth stage and as the spring barley
matured the concentration of crude protein and crude ash decreased. However, in the grain
of dough and hard growth stages, concentration of these components increased butin the straw
it decreased. Therefore, total yield of crude protein and crude ash decreased significantly at
dough and hard growth stages compared with milk and late milk-early dough stages of spring
barley maturity. The concentration of crude fibre and crude fat tended to increase or decrease
as the spring barley matured. However, the yield of crude fibre and crude fat at dough and
hard growth stages decreased significantly (Table 4).

Likewise, as in our experiment, the greatest concentration of nutrition at stem elongation
growth stage of spring barley and other cereals was determined. The concentration of nutrition
essentially decreased to minimum at the end of vegetation [61] and remained constant near
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maturity [55, 62]. At the end of cereal vegetation, growth of DM is zero and biological yield
does not increase but even begins to decrease [63]. Losses of DM in spring barley yield can be
decreased additionally using nitrogen fertilizers. However, spring barley loses a part of whole-
plant DM yield before reaching hard stage in variables of the trials fertilized and non-fertilized
by nitrogen [64]. That is because the index of green plant surface area decreases to zero when
respiration occurs in plant ears, which requires energy. So, if photosynthesis does not occur,
spring barley matures about 3 weeks before harvesting using non-replenished energetic
resources. Moreover, development of DM in plant organs fully influences not only the product
(grain) but also the growth of a plant and biological yield [59]. Usually the differences between
agricultural plants and their varieties are seen in differences of speed usage of DM of assimi-
lation tissues. In some cases, when general biomass of cereal increases, grain yield does not
increase because of the development of some assimilation products in vegetative organs [53].
The metabolizable energy (ME) in spring barley yield for ruminants (cows) is given in Table
5. Metabolizable energy is energy directly intaken and used in an animal’s organs. Total forage
energetic losses are rejected beforehand, which are experienced in an animal’s organs for
various reasons (energetic losses with feces, urine and intestine gas and energy necessary for
digestion processes) [16, 65].

The ME (M] kg DM) was similar to the chemical composition dynamics. In contrast to the ME
content (M] kg™ DM), the amount of ME per hectare increased significantly as the spring barley
matured to the late milk-early dough growth stage, and likewise, DM, digestible organic matter
in the dry matter, crude protein and crude ash yield decreased significantly at dough and hard
growth stages.

In dry matter
Growth stage Crude protein Crude fibre Crude fat Crude ash
% tha % tha % tha’ % tha
1997

Stem elongation 12.98 0.31 27.32 0.66 242 0.06 10.76 0.26
Heading 9.60 0.46 32.13 1.55 1.69 0.08 7.99 0.39
Early milk 6.61 0.51 31.61 2.45 2.30 0.18 9.46 0.74
Milk (medium milk) 7.16 0.53 28.44 2.10 2.20 0.16 7.40 0.55
Late milk-early dough 7.71 0.54 25.27 1.77 2.11 0.15 534 0.37
Dough - 0.32# - 1.64*% - 0.12# - 0.25%
Grain 7.91 0.186 6.42 0.15 2.37 0.06 2.63 0.06

Straw 3.94 0.136 43.31 1.49 1.81 0.06 5.86 0.19

Hard - 0.31# - 1.62# - 0.10* - 0.21#
Grain 8.55 0.213 6.69 0.17 2.63 0.06 2.46 0.06

Straw 3.07 0.094 47.48 1.45 1.23 0.04 4.91 0.15
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In dry matter

Growth stage Crude protein Crude fibre Crude fat Crude ash
% tha?’ % tha?’ % tha' % tha?’
LSDgs 0.05 0.28 0.02 0.06
1998

Stem elongation 16.60 0.50 28.57 0.86 1.74 0.05 11.30 0.34
Heading 9.66 0.35 28.90 1.05 2.73 0.10 8.49 0.31
Early milk 8.70 0.47 26.68 1.43 2.33 0.12 6.64 0.36
Milk (medium milk) 8.23 0.49 25.84 1.55 2.04 0.12 6.01 0.36
Late milk-early dough 6.88 0.48 22.10 1.55 2.39 0.17 5.21 0.37
Dough 0.32# - 1.37# - 0.09* - 0.28*
Grain - 0.20 5.32 0.116 2.65 0.058 2.89 0.06

Straw 9.20 0.12 42.85 1.251 1.25 0.036 7.54 0.22

Hard 4.04 0.39% - 1.17¢ - 0.10* - 0.18*
Grain - 0.30 5.08 0.146 2.75 0.08 247 0.07

Straw 10.54 0.09 4573 1.028 1.03 0.02 5.05 0.11

LSDys 0.05 0.24 0.02 0.05

1999

Stem elongation 14.26 0.29 23.93 0.48 2.31 0.05 10.97 0.22
Heading 9.95 0.38 28.44 1.09 2.18 0.08 6.04 0.23
Early milk 7.60 0.37 21.70 1.05 2.16 0.10 6.75 0.33
Milk (medium milk) 7.98 0.46 25.05 1.43 2.64 0.15 5.87 0.34
Late milk-early dough 7.13 0.41 23.17 1.34 2.18 0.13 4.38 0.25
Dough - 0.33* - 1.00* - 0.10% - 0.19*
Grain 11.59 0.25 5.56 0.12 3.15 0.07 2.70 0.06

Straw 3.60 0.07 43.42 0.88 1.51 0.03 6.70 0.13

Hard - 0.34* - 0.93* - 0.09* - 0.19*
Grain 11.93 0.27 5.79 0.13 2.89 0.07 2.89 0.06

Straw 3.78 0.07 42.48 0.79 1.45 0.03 6.84 0.13

LSDgs 0.07 0.21 0.02 0.06

LSDys, the least significant difference; # - total yield (grain + straw)

Table 4. Effect of spring barley growth stage at harvesting on yield chemical composition [1, 59, 60]
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When spring barley grain matures at hard growth stage compared with dough stage, the yield
of DM, crude protein, crude fibre and ME increases. The yield of crude fat and crude ash almost
does not differ. However, when the quality of straw becomes worse, the general value of yield
remains fewer than at milk-dough stage. Martin and Seibold [66] determined comparable
results: ME of 9.56 M] kg DM at heading stage of maturity and ME of grain 12.93 MJ kg"! DM
and 6.80 MJ kg DM of straw at hard stage of spring barley maturity.

ME, MJ kg'' DM ME, GJ ha"
Growth stage

1997 1998 1999 1997 1998 1999

Stem elongation 10.80 9.24 9.97 26.03 27.91 20.04
Heading 10.00 9.02 8.61 48.30 32.83 32.89
Early milk 8.38 9.54 8.01 65.20 51.04 38.69
Milk (medium milk) 8.49 9.45 8.56 62.74 56.61 49.05
Late milk-early dough 8.60 9.67 8.64 60.29 67.98 50.11
Dough - - - 51.76* 42.18* 38.94*
Grain 11.97 11.30 11.84 28.13 24.75 25.93

Straw 6.85 5.97 6.47 23.63 17.43 13.01
Hard - - - 50.69* 46.80* 36.02*
Grain 12.44 12.50 11.01 30.98 36.00 25.32

Straw 6.44 4.80 5.72 19.71 10.80 10.70

LSDys - - - 6.78 7.66 7.70

ME, metabolizable energy; DM, dry matter; # - total yield (grain + straw)

Table 5. Energetic value of spring barley over-ground biomass (whole-plant) at seven stages of growth and maturity
[1,59,60]

Positive, statistically reliable, linear dependence of spring barley crude protein [t ha”]
T1997=0.736***,  1146=0.317, 1,99=0.858***, crude fibre [t hal] 1;09,70.964**%, 1,995=0,937***,
T199=0.961***, crude fat [t ha] r,99,=0.960%**, 11995=0.911***, 1,009=0.957*** and crude ash [t ha]
I'19970.689%**, 1,06=0.335, 1,909=0.646*** on dry matter yield [t ha'] and linear dependence of
metabolizable energy [Gj ha'] on spring barley dry mass [t ha™], 1195,=0.992***, 1,405=0.985***,
I'1009=0.983***, crude protein [t ha™] r,65,=0.750%**, 1,904=0.420%, r,00=0.844***, crude fibre [t ha]
I1997=0.967%** 11005=0.900%*%, 1,40=0.948***, crude fat [t hal] r;9;=0.926***, 1,00s=0.931%*%,
I'1995=0.953*** and crude ash yields [t ha™] r;g9,=0.671***, 1,495=0.385%, r,095=0.576** were estab-
lished [59].

Digestibility in vitro of spring barley organic matter in the dry matter depended on spring
barley stage of maturity. The highest digestibility in vitro was established at growth stage of
stem elongation 73-78% (except 1998) and at later growth stages it decreased. Digestibility of
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spring barley whole-plant biomass at stem elongation was less compared with barley grain
digestibility at dough and hard stages of maturity (digestibility in vitro to 89%). Spring barley
metabolizable energy directly depended on barley growth stages and fodder digestible organic
matter in the dry matter digestibility in vitro, r = 0.995-0.998 at P < 0.0001 [67]. Ensiling spring
barley biomass harvested at early milk, milk, late milk-early dough and dough stages of
maturity, silage chemical composition directly depended on cereal stage of maturity. Whole
plant silage produced from cereals of later stages of maturity, late milk-early dough and dough
stages of maturity, has less crude protein and crude ash concentration, lower digestibility in
vitro by ruminants and fewer accumulated metabolizable energy M] kg™ of silage dry biomass
[68]. Nykénen et al. [69] reported the highest organic matter digestibility in peas (710-800 g
kg™), vetches and spring barley had an organic matter digestibility of 670 g kg !, while the other
spring cereals had the lowest values (550-610 g kg™). The highest organic matter digestibility
of spring barley silage was found processing silage from biomass of earlier stage (milk) of
spring barley maturity [68].

4.6. Economic evaluation of technology

Cereals in Lithuania are some of the most important agricultural crops. In 2011, cereal crop
area comprised 51.7% of all crops [70] while conventionally they cover 60-64 % of crop area
[71]. The biggest part of grain (approx. 70 %) is used for forage [72]. With the increasing
intensity of agricultural production, spring barley is becoming one of the most important
cereals in Lithuania [73, 74]. Spring barley covers more than 23% of total cereal crop area in
the country [70]. Edwards et al. [75] proposed that it would be more purposeful to use the
whole plant for forage than to feed animals with separate processed grain and straw. Silage
significantly decreases cereal processing costs; expensive combining, straw processing, grain
transport, grain cleaning and grain drying can be omitted. Moreover, inevitable grain losses,
especially due to unfavourable meteorological conditions during the harvest can be avoided.
When preparing whole plant silage from late milk-early dough and dough stages of spring
barley maturity, higher nutritive value was achieved when evaluating total metabolizable
energy received from plot area compared with earlier harvested for biomass or harvested at
hard maturity for grains spring barley whole plant above-ground plant part energetic value
as fodder for ruminants [68]. Of special interest is, whether in technology can be reduced
unnecessary input use [77]. Therefore, the aim of this research was to determine economical
efficiency of different spring barley growing and yield harvesting [at late milk-early dough
suitable for silage and hay making and hard (grains and straws are obtained) stages of
maturity] technologies as well as the economical background.

Due to the maturing process of spring barley, dry matter yield is gradually accumulated by
reaching maximum at the late milk-early dough growth stages. The dry matter yield decreased
significantly as the spring barley matured from late milk-early dough to hard growth stage
(see subchapter 4.5). When harvesting spring barley at two different growth stages, the costs
during separate years varied from 604.7 to 869.1 Lt ha' and depended on the different yields
and proceedings. The costs associated with harvesting spring barley at the late milk-early
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Costs [Lt ha']*

Growth stage of harvesting

and operation Year

1997 1998 1999
Late milk-early dough 659.24 674.40 604.73

Autumn plough 76.09 76.09 76.09
Autumn loosening 26.03 26.03 26.03
Spring loosening 26.03 26.03 26.03
Spring loosening with harrow 24.82 24.82 24.82
Sow 106.75 106.75 106.75
Harvest 16.50 16.50 16.50
Press to rolls 199.50 21413 176.67
Rolls involve in film 126.04 126.40 104.28
Transport 57.48 57.65 47.56
Hard 840.52 869.13 749.94

Autumn plough 76.09 76.09 76.09
Autumn loosening 26.03 26.03 26.03
Spring loosening 26.03 26.03 26.03
Spring loosening with harrow 24.82 24.82 24.82
Sow 106.75 106.75 106.75
Harvest 350.52 405.42 323.77
Press straw to rolls 125.74 92.45 76.84
Grain transport 25.02 28.94 23.12
Straw transport 22.25 16.36 13.59

Grain clean 7.47 8.64 6.90
Grain dry 49.80 57.60 46.00

Table 6. Cost structure of spring barley harvested at two growth stages [76]; * 1 € =3.4528 Lt

dough stage decreased by 19-22% (Table 6), when compared with the control treatment, i.e.
hard stage maturity.

When harvesting at the hard stage of maturity, the value of spring barley yield mainly
depended on the grain value (91-94% of the spring barley yield value). The grain value at the
late milk-early dough stage of maturity was much lower and made 71-77% of the spring barley
biomass value. Comparing spring barley biomass yield value at the late milk-early dough stage
of maturity with grain and straw yield value at the hard stage of maturity, it was determined
that it was by 12-19% lower (Table 7).
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Yield value [Lt ha']*

Growth stage Production Year
1997 1998 1999
Late milk-early dough Biomass for silage 707.00 857.65 663.91
Grain + straw 879.42 982.35 786.49
Hard Grain 796.80 921.60 736.00
Straw 82.62 60.75 50.49

Table 7. Value of spring barley yield at two growth stages [76]; * 1 € =3.4528 Lt

Analyzing the economical effect of different technologies, it was determined that the profit
increased when harvesting spring barley at the late milk-early dough stage of maturity
compared to the hard stage of maturity. In 1997 the profit increased by 22.7 %, in 1998 by 61.8
% and in 1999 by 61.9 %, respectively (Table 8). The larger profit and smaller costs influenced
the larger productive profitability, which increased 1.6 times in 1997, 2.1 times in 1998 and 2.0
times in 1999 while harvesting spring barley at the late milk-early dough stage of maturity [76].

Profit [Lt ha']* Profitability [%]
Growth stage Year
1997 1998 1999 1997 1998 1999
Late milk-early dough 47.75 183.25 59.18 7.2 27.2 9.8
Hard 38.91 113.22 36.55 4.6 13.0 4.9

Table 8. Profit and profitability of spring barley harvested at two growth stages [76]; * 1 € = 3.4528 Lt

Economical calculations show that costs on the average were 819.9 Lt ha and production value
was 882.8 Lt ha!, when spring barley were grown according to conventional farming technol-
ogy. Therefore, the average profit was 61.9 Lt ha!, and profitability 7.7 %. When spring barley
was grown according to alternative technology, the costs were 646.1 Lt ha!, while yield value,
profit and profitability were 742.9 Lt ha”, 96.7 Lt ha™ and 15.0 % respectively. Other authors
[78] determined analogous value of spring barley yield 771-846 Lt ha” according to economical
evaluation of crop technologies. Economical evaluation of technologies for spring barley
growth and harvest determined that the alternative farming technology — harvesting spring
barley at the late milk-early dough stage of maturity —is more effective. Compared with the
conventional farming technology, costs decreased by 21.2 %, profit and profitability increased
1.5 and 1.9 times, respectively. The economical efficiency of the spring barley growth technol-
ogies directly depended on the dry matter yield. Linear relationships between spring barley
yield and costs and between the yield and received profit were recognized (Figure 13). With
the increase of the dry biomass yield of spring barley by 1 t ha', growing costs decreased on
the average by 50 Lt ha' and the received profit increased by 24 Lt ha [76]. Additionally, the
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alternative technology of spring barley growth and harvest reduces weed seed spreading and
weediness of the future crop.
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Figure 13. Costs and profit of spring barley technology depending on dry biomass yield (1 € = 3.4528 Lt) [76]

5. Conclusion

Spring barley agrophytocenosis on separate experimental plots was distinguished for different
weed infestation: 395 weeds m? and 255 g m™ air-dry biomass of weeds in 1997, 122 weeds
m?and 98 g m?in 1998 and 135 weeds m? and 19 g m? in 1999.

Analyzing seed rain of all weed species in spring barley agrophytocenosis, there were
established 4543 seeds m?in 1997, 2753 seeds m™?in 1998 and 821 seeds m?in 1999. Weed seed
rain was dependent on weed dry weight r=0.842** and on weed density 1=0.686*. Consequent-
ly, it is very important to minimize accumulated weed biomass in the crop by weed control
means before ripening and dispersal; new weed seeds build the soil weed seedbank and further
field weediness.

Weed seed rain during vegetation non-linearly depended on active air temperature sum r’=
0.528**, 0.538%, 0.119*; on rainfall r?= 0.512**, 0.418%, 0.136* and on sunlight duration r>= 0.567**,
0.608**, 0.155*. Increasing sum of active air-temperatures and sunlight duration increased
weed seed rain by 12-54% and 14-51%, respectively. In contrast to the air temperatures and
sunlight, rainfall inhibited weed seed rain by 16-57%.

Weed seed rain in spring barley agrophytocenosis began at the stem elongation stage and
gradually increased until hard stage of maturity. At medium milk stage of maturity, 6-23%
weed seeds were dispersed out and at late milk-early dough stage of maturity, 27-42% of weed
seeds were dispersed. When harvesting cereal at milk or late milk-early dough stage of
maturity, non-mature weed seeds are taken from the field together with crop yield and did
not infest the soil. When harvesting cereals at medium milk stage of maturity and at late milk-
early dough stage of maturity, 77-94% and 58-73%, of new weed seeds are removed from the
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field, respectively. Accordingly, it helped to control weed seed dispersal and potential
weediness of future crops.

Growing and developing spring barley gradually accumulated dry biomass and metabolizable
energy thatreached the largest amount at milk and late milk-early dough stages. At later stages
of spring barley maturity, yield and amount of metabolizable energy in spring barley de-
creased. Spring barley whole-plant dry matter yield at late milk-early dough maturity stage
reached 7.03 t ha' and 5.80 t ha' accumulating 68.0 Gj ha and 50.1 Gj ha' of metabolizable
energy, respectively.

Alternative cereal harvesting (late milk-early dough stage of maturity, when grain humidity
is 38-45 %) is promising. Harvesting of the largest crop yield could make it be possible to reduce
the price of concentrated forage as well as to decrease weediness. By making whole-plant silage
or haylage from cereals at late milk-early dough stage of maturity, more than 20% greater dry
matter yield could be harvested.

Harvesting spring barley at the late milk-early dough growth stage helps to avoid expensive
combining, grain and straw managing. Comparing these alternative and conventional
technologies economically, it was established that using alternative technology, costs de-
creased by 21%, profit increased 1.5 times and profitability increased 1.9 times.
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1. Introduction

A chromatographic method combined with mass spectrometry is the key technique used in
analysis of trace-level compounds present in complex matrices. However, success depends on
the enrichment and extraction of target analytes from the matrix. This study investigated the
development of a microextraction technique for use in the analysis of pesticides present at
trace levels in field water samples and vegetable matter.

The most common extraction techniques used in environmental analysis are liquid-liquid
extraction (LLE) [1, 2] and solid-phase extraction (SPE) [3, 4], both of which are time-consuming
and use large volumes of samples. As a result, much attention is being paid to the development
of more efficient and environmentally friendly extraction techniques, such as solid-phase
microextraction (SPME) and liquid-phase microextraction (LPME). SPME, a solvent- free
technique, was developed by Arthur and Pawlizyn [5]; however, the fiber is expensive and
fragile, and the problem of sample carry-over cannot always be eliminated [4, 6-8]. LPME,
which was introduced by Cantwell and co-workers [9], minimizes solvent usage and solvent
variation; this technique is of interest to many analysts. Single-droplet microextraction (SDME)
[10-13], solvent-bar microextraction (SBME) [14, 15] and hollow fiber-LPME (HF-LPME)
[16-19] have been developed in the past few years but longer extraction times are required to
obtain good extraction efficiencies. Efforts to overcome these limitations led to the develop-
ment of dispersive liquid-liquid microextraction (DLLME) with the advantages of short
extraction times, ease of operation, and small amounts of solvents used [20-22]. In DLLME, a
water-immiscible extraction solvent, which is dissolved in a water-miscible dispersive solvent,

© 2013 Chen et al,; licensee InTech. This is a paper distributed under the terms of the Creative Commons
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is introduced rapidly by syringe into an aqueous sample in a conical centrifuge tube. A cloudy
mixture containing fine droplets of the extraction solvent dispersed entirely in the aqueous
phase is formed. The organic phase drop, which precipitates in the bottom of the tube after
centrifugation, is injected into an injection port of gas chromatography (GC) or high-perform-
ance liquid chromatography (HPLC) for further analysis.

Lately, a novel microextraction technique called ultrasound-assisted emulsification microex-
traction (USAEME) was developed by Garcia-Jares and co-workers [23]. In USAEME, a very
small volume of water-immiscible extraction solvent is mixed with an aqueous sample solution
by ultrasound-assisted emulsification to form fine droplets for extracting analytes, obviating
the need of a dispersive solvent in DLLME [24]. The ultrasound-assisted emulsification is
carried out at 25°C for 10 min [23, 25] or for 9 min [26]. Recently, a few reports indicated that
the use of manual shaking before ultrasound-assisted emulsification enhanced extraction
efficiency. Fuh and co-workers used ultrasound with occasional manual shaking to generate
a cloudy suspension [26]. The approach reported by Fontana and co-workers mixed honey
samples with extraction solvent, Triton X-114, and used manual shaking to generate a
homogeneous solution [27]. The work performed by Huang et al. showed that manual shaking
for 10 s before ultrasound-assisted emulsification enhances the extraction efficiency of orga-
nochlorine pesticides (OCPs) by >100% in aqueous samples [28].

In this study, a new technique, manual shaking-enhanced, ultrasound-assisted emulsification
microextraction (MS-USAEME) has been developed. Carbamate pesticides were chosen as the
target analytes to evaluate the performance of the proposed method. Carbamate pesticides
have been used for decades in many countries to increase agricultural production, are
acetylcholinesterase inhibitors that allow acetylcholine to accumulate in the human body,
resulting in health problems. Their residues can appear in fruit and vegetables, and are usually
distributed in aqueous environments by leaching and runoff from soil into ground and surface
water because of their high solubilities in water [29-31]. In order to detect trace amounts of the
pesticides, the effects of changes of various experimental parameters, such as the nature and
volume of the extraction solvent, duration of ultrasound emulsification, the effect of manual
shaking and the addition of salt, were investigated and optimized. The MS-USAEME techni-
que is simple and efficient. The objective of this study was to investigate the use of MS-
USAEME for the extraction of carbamate pesticides from field water and vegetable matter.

2. Experimental

2.1. Reagents and materials

The carbamates, propoxur (99.8% purity) and pirimicarb (99% purity), were purchased from
Fluka (Steinheim, Germany). Carbaryl, (99.8% purity) and methiocarb (99.5% purity) were
purchased from Chem Service (West Chester, PA, USA). Carbofuran (98% purity) was
purchased from Aldrich (Saint Louis, MO, USA). Stock 1 g L solutions of each pesticide were
prepared in methanol (HPLC-grade) and stored at 4 °C. Mixed working standard solutions



Determination of Pesticides in Water and Vegetable Matter by Manual Shaking-Enhanced, Ultrasound-Assisted...
http://dx.doi.org/10.5772/55971

were prepared daily with deionized (DI) water purified with a Milli-Q system (Millipore,
Bedford, MA, USA).

1-Octanol (99% purity), 1-nonanol (98% purity), 1-decanol (98% purity) and sodium chloride
(NaCl, 99.5% purity) were purchased from Sigma-Aldrich (Saint Louis, MO, USA). 1-Unde-
canol was purchased from TCI (Tokyo, Japan). HPLC-grade methanol was purchased from
Thermo Fisher Scientific (Pittsburgh, PA, USA).

2.2. Sample preparation

Field water samples (from Cyonglin, Hsinchu, Taiwan) were passed through a 0.45 um pore
size membrane filter (Millipore, Bedford, MA, USA) and stored at 4 °C.

A sample of lettuce (Lactuca sativa) (from Siluo Township, Yunlin County, Taiwan) was
chopped in a food chopper, then 2 L of deionized (DI) water was added per gram of chopped
lettuce and the mixture homogenized in a food homogenizer. A 15 mL sample of the homo-
genized lettuce was centrifuged at 1398 x g for 10 min in a benchtop centrifuge; the supernatant
liquid was then passed through a 0.45 um pore size membrane (Millipore, Bedford, MA, USA)
and stored at 4 °C.

2.3. Instrumentation

Analysis was performed on an Agilent gas chromatograph (6850 series, Wilmington, DE, USA)
equipped with a split/splitless injector and coupled with an Agilent mass spectrometer (5978B
series). A DB-5 MS Ul fused silica capillary column (30 m x 0.25 mm I.D., 0.25 pm film thickness;
J & W Scientific, Folsom, CA, USA) was used for separation of the analytes. Initially the column
temperature was held at 140 °C for 1 min, then ramped to 270 °C at 20 °C min™ and kept at that
temperature for 3.5 min. The carrier gas was helium (purity 99.9995%) that had been further
purified by passage through an Agilent helium gas purifier (model RMSH-2) and the flow rate
was 1.0 mL min™. The inlet was operated at 300 °C and was used in the pulsed splitless mode.
Ionization was operated in the electron impact (EI) mode at 70 eV. The temperature of the ion
source was 230 °C and the temperature of the quadrupole mass filter was 150 °C. The MS was
operated in full scan mode and a mass range of m/z 50-250 was scanned to confirm the retention
times of the analytes. The selected ion monitoring (SIM) mode was used for the determination
of the target compounds. Two selection ions were used for quantitation, and scan start times
of the compounds were studied by gas chromatography-mass spectrometry (GC-MS): m/z 110,
152 (Propoxur); m/z 103, 164 (Carbofuran); m/z 115, 144 (Carbaryl); m/z 109, 153 (Methiocarb);
m/z 166, 238 (Pirimicarb). The mass spectrometer was turned ON at 3.5 min and OFF after 11
min, to avoid filament breaking.

The ultrasonic water bath was obtained from Branson Ultrasonics (Danbury, CT, USA). The
ultrasound frequency and power were 42 Hz and 100 W, respectively.
2.4. Analytical procedure

A 10 mL sample of DI water was placed in a glass centrifuge tube and spiked with five
carbamate analytes at the required concentrations; 2.5 g of NaCl was added and dissolved
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completely. A 10 uL portion of 1-octanol (the extraction solvent) was added and the tube was
manually shaken gently for 10 s, and then immersed in an ultrasonic water bath. The levels of
water bath and solution in the tube were both the same. During ultrasonication for 3 min at
room temperature, the bath and the tube contents became cloudy due to the dispersion of fine
droplets of 1-octanol within the aqueous bulk. After centrifugation at 1398 x g for 3 min in a
benchtop centrifuge, the extraction solvent floated on the aqueous phase; the floating extrac-
tion phase (3 pL) was collected with a 25 pL microsyringe and transferred to a microtube. One
uL of this extractant was injected into the GC for analysis (Figure 1). The above procedure was
applied to field water and to the supernatant liquid from the lettuce samples mentioned in

section 2.2.
10 plL
Extraction
solvent
1 Ultrasonic
3 min
2
Shake 10 sec g Centrifugation
TAYATITAYY
— i > | > " > GC/MS
R 5000 rpm 3 min
WYY collection
10 mL Water sample Cloudy solution
25 g Natl

Figure 1. The analytical procedure.

3. Results and discussion

3.1. Optimization of the experimental conditions

In order to obtain the most effective extraction of carbamate pesticides, it is important to
determine the optimum conditions for the analysis. The variable parameters include the nature
and volume of the extraction solvent, the ultrasonication time, the ionic strength and the effect
of manual shaking. The behavior of five carbamate pesticides was studied under various
extraction conditions. The calculation of enrichment factor (EF) for this method was (concen-
tration of analyte in the floating phase, C,,) divided by (initial concentration of analyte in the
aqueous sample, Cp).

EF =C,,. | C,

Ui'g /
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3.1.1. Selection of extraction solvent

The selection of an extraction solvent is the most important experimental parameter in this
method. An appropriate extraction solvent must have: (1) low toxicity, (2) immiscibility with
water and (3) high extraction ability for the target analytes. On the basis of these criteria, to
achieve good extraction of carbamates from aqueous samples, alcohols 1-octanol, 1-nonanol,
1-decanol and 1-undecanol were chosen as potential extraction solvents. The final selection of
solvent was decided on the basis of extraction efficiency. Comparison of EF obtained with each
of the four extraction solvents showed that 1-octanol was the most effective; see Figure 2. It
seems that carbamates have a better affinity for a slightly polar solvent, 1-octanol.
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Figure 2. Selection of extraction solvent (n = 3). Samples were spiked with 50 pg L' of each analyte. Extraction conditions:
aqueous sample volume 10.0 mL; extraction solvent volume 15 uL; ultrasonication time: 5 min; salt addition: 1 g NaCl.

3.1.2. Effect of the volume of extraction solvent

The volume of the floating phase is increased with increasing volume of the extraction solvent;
however, the analytes are diluted as a result of the increased volume of the floating phase. To
estimate the influence of volume of extraction solvent on the procedure, the volume of
extraction solvent (1-octanol) was varied in the range 8 to 15 L. The results showed that the
EF of the analytes decreased when the volume of the extraction solvent was added above 10
pL. This may be due to the dilution of extracts (Figure 3). Therefore, 10 pL of extraction solvent
was chosen as the optimal volume for further studies.
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400
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Figure 3. Effect of the extraction solvent volume (n = 3). Samples were spiked with 50 ug L' of each analyte. Extrac-
tion conditions: aqueous sample volume 10.0 mL; extraction solvent 1-octanol; ultrasonic time: 5 min; salt addition: 1
g Nacl.

3.1.3. Effect of ultrasonication time

The ultrasonication time might affect extraction efficiency because it affects both emulsification
and the mass transfer process. To examine this effect, the EF was monitored with extraction
times varying from 0 to 7 min (Figure 4). The maximum EF was achieved after ultrasonication
for 3 min and no significant variation was observed with extraction times longer than 3 min.
This is probably due to the fact that the ultrasonic water bath generates the emulsion quickly,
rapidly making a very large contact surface area between the extraction solvent and the
aqueous phase. Therefore 3 min was taken to be the optimum extraction time.

3.1.4. Effect of manual shaking

Manual shaking was essential to ensure that the extraction solvent and aqueous samples were
adequately mixed before the ultrasound treatment when the ultrasonic extraction time was as
brief as 3 min. A study done by Huang and co-workers [28] found that maximum peak area
was achieved with 10 s of manual shaking and there was no significant increase for longer
times. Here, with manual shaking, the EF was significantly higher than the EF value obtained
from no manual shaking. The shaking assured that the aqueous sample was mixed well with
the extraction solvent, thus generating the emulsion quickly (Figure 5).
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Figure 4. Effect of ultrasonic extraction time (n = 3). Samples were spiked to 50 pg L' of each analyte. Extraction con-
ditions: agueous sample volume 10.0 mL; extraction solvent 1-octanol; extraction solvent volume 10 uL; salt addition:
1 g Nacl.
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Figure 5. Effect of hand-shaking (n = 3). Samples were spiked to 50 ug L' of each analyte. Extraction conditions: aque-
ous sample volume 10.0 mL; extraction solvent 1-octanol; extraction solvent volume 10 uL; ultrasonication time: 3
min; salt addition: 1 g NaCl.
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3.1.5. Effect of the amount of salt added

Ionic strength is an important determinant of extraction efficiency. During the extraction
procedure, adding salt increases ionic strength, which leads to the “salting out” phenomenon,
commonly discussed in liquid-liquid extraction. The presence of salt decreases the solubility
of target analytes in aqueous phases, and improves their partition from aqueous to organic
layer. This was observed on the increasing EFs when NaCl was added from 0 to 2.5 g (Figure
6). However, adding salt also eliminates the emulsion between aqueous and organic layers
which results in the larger volume of floating phase left after extraction. When more salt was
added, more floating phase was obtained. The larger volume of floating phase offsets the
enhanced partition of the pesticides in organic layer. There was no significant change of the
EF as the amount of salt added was increased from 2.5 to 3.0 g. On the basis of this result, 2.5
g of NaCl was added to the aqueous sample solution for further studies.

800 r
--Propoxur  #Carbofuran

-+Carbaryl »<Methiocarb
600 F *Pirimicarb

EF

400

200 F

0.5 1 1.5 2 2.5 3
Nacl (g)

Figure 6. Effect of salt addition (n = 3). Samples were spiked to 50 ug L' of each analyte. Extraction conditions:
aqueous sample volume 10.0 mL; extraction solvent 1-octanol; extraction solvent volume 10 pL; ultrasonication
time: 3 min.

3.2. Comparison of methods

The proposed method requires simple equipment: a 25 puL syringe, 10 uL of low toxicity
extraction solvent, and an ultrasonic water bath, used to emulsify the extraction solvent and
sample to form fine droplets for extraction. Compared to DLLME, solvent terminated disper-
sive liquid-liquid microextraction (ST-DLLME) and dispersive liquid-liquid microextraction
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combined with sweeping micellar electrokinetic chromatography (DLLME-sweeping-MEKC)
method, this method avoids the use of a high toxicity extraction solvent and a large amount
of dispersive solvent, which increases the solubility of the analytes in water during extraction.
Unlike other extraction methods such as SPE, SPME, LPME, single drop microextraction
(SDME) and quick, easy, cheap, effective, rugged, and safe (QuUEChERS)-based extraction,
there is no need for this method to use a packed solid phase cartridge, a fragile fiber coated
with a polymeric phase, a section of hollow fiber, a metal stand or clean-up sorbent. The
apparatus needed for MS-USAEME is simpler than that required by the above-mentioned
methods. According to the results in Table 1, the proposed method, which uses less organic
solvent, maintains the advantage of short extraction times and makes the extraction more

efficient.
Methods Linearity MDL RSD Extraction time EF Ref.
(ng mL™ (ng mL-") (%) (min)
HF-LPME?-HPLC-UV 1-1,000 0.024-5.5 1.90-9.53 30 294-873 [32]
HF-LPME>-GC-MS 1-400 0.2-0.8 486-7.81 20 37-144 [30]
SPMEP-GC-MS - 1.2-4.6 13-17 120 - [33]
SPMEP-HPLC-MS 50-5,000 1-10 1-6 90 - [34]
DLLME-HPLC-UV 5-500 0.4-1.0 4.7-6.5 1 101-145 [35]
ST-DLLME®-GC-MS 0.005-20 0.001-0.5 2.3-6.8 10 - [36]
UASEME-HPLC-DAD 0.3-200 0.1-0.3 3.4-4.8 3 170-246 [37]
DLLME-sweeping-MEKC® 10-500 2.0-3.0 4-7-6.5 1 491-1834 [38]
SDME"-GC-MS 0.05-200 0.02 0.6-13.1 15 - [39]
QUEChERSS-LC-MSMS 1-20 1 <20 21 - [40]
This work 0.05-100 0.013-0.026 6.8-16.9 3 237-638 This

work

a) HF-LPME: hollow fiber liquid phase microextraction.

b) SPME: solid phase microextraction.

¢) DLLME: dispersive liquid liquid microextraction.

d) ST-DLLME: solvent terminated dispersive liquid-liquid microextraction

e) DLLME-sweeping-MEKC: dispersive liquid-liquid microextraction combined with sweeping micellar electrokinetic
chromatography

f) SDME: single drop microextraction.

g) QUECHERS: quick, easy, cheap, effective, rigged and safe procedure.

Table 1. Comparison of methods.
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3.3. Analytical performance

Linearity (LR), regression coefficient (R?) and EF were investigated under optimized experi-
mental conditions. The LR of the method was evaluated using water samples spiked with the
selected compounds at various concentrations. The performance of the proposed method is
summarized in Table 2. The linear calibration of the targeted carbamate pesticides was
examined in the range 0.05 to 100 pg L. Linear plots yielded R? >0.9972. The EF for all of the
carbamate pesticides tested was in the range from 237 to 638. The results indicate that MS-
USAEME combined with GC-MS was sensitive enough for the detection of these five carba-
mate pesticides.

Carbamate LR (pg L") R? EF

Propoxur 0.05~100 0.9987 444
Carbofuran 0.05~100 0.9988 638
Carbaryl 0.05~100 0.9993 365
Methiocarb 0.05~100 0.9972 266
Pirimicarb 0.05~100 0.9980 237

Propoxur:0.05,0.1,0.2,0.5,1,2,5,20,100 ug L’
Carbofuran:0.05,0.1,0.2,0.5,1, 2,5, 20, 100 pg L
Carbaryl : 0.05,0.1,0.2,0.5, 1,2, 5,20, 100 pg L
Methiocarb: 0.05,0.1,0.2,0.5, 1, 2,5, 20, 100 pg L™

Pirimicarb : 0.05,0.1,0.2,0.5, 1, 2,5, 20, 100 pg L'

Table 2. Analytical performance.

3.4. Analysis of real samples

In order to investigate the influence of the sample matrix in real samples, the determination
of carbamate pesticides in water and vegetable matter was done using the method described
here (Figure 7). All of the real samples were spiked with 5 pug L methiocarb and 0.1 pg L of
the other four analytes to calculate the recovery of the targeted compounds. The reproduci-
bility of the method was satisfactory; the RSD ranged from 6.8 to 16.9%. The relative recoveries
were calculated by the ratios of the concentration of the carbamate pesticides in real samples
and the concentrations of the analytes extracted in ultrapure water samples. Both samples were
spiked with the same amount of pesticides. For all target compounds, the relative recoveries
of field water and vegetables were within 77 to 114%. The definition of absolute recovery was
determined by the ratio of extracted concentration in real samples and concentration spiked
in the real sample. The absolute recoveries of target analytes were between 5.3 to 30.6%. The
method detection limit (MDL) was calculated as three times the standard deviation of seven
replicate runs of water and vegetable samples spiked with low concentrations of the analytes.
MDL ranged from 0.013 to 0.022 pug L™ for field water and 0.017 to 0.026 g L for the vegetable
sample (Table 3).
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Figure 7. GC-MS chromatogram of A) field water sample and B) lettuce spiked with 5 carbamate pesticidesat 0.5 ug L™'; Ex-
traction conditions: samples volume 10.0 mL; extraction solvent 1-octanol; extraction solvent volume 10 pL; ultrasonica-
tion time: 3 min; saltaddition: 2.5 g NaCl. 1. Propoxur. 2. Carbofuran. 3. Carbaryl. 4. Methiocarb. 5. Pirimicarb.

Compound Field water Vegetable sample
MDL RSD% Absolute Relative MDL RSD%  Absolute Relative recovery
(ng L) (n=6) recovery recovery (ng L) (n=6) recovery (%)°
(%) (%)° (%)
Propoxur 0.017 8.2 17.3 82 0.022 7.9 14.5 98
Carbofuran 0.022 10.9 30.6 114 0.026 7.2 203 110
Carbaryl 0.019 6.8 13.1 77 0.023 1.3 1.3 96
Methiocarb 0.017 16.9 7.9 110 0.017 8.0 53 105
Pirimicarb 0.013 8.2 10.3 85 0.023 11.5 8.4 100

@ Absolute recoveries were determined by the ratio of the extracted concentration to the spiked concentration in the

real sample.

® Relative recoveries were determined by the ratio of the concentration found in the real sample to the concentration in
deionized water samples. Both samples were spiked with the same amount of analytes. The extraction yields obtained
from deionized water were considered as 100%.

Concentrations used for testing absolute recovery and relative recovery were: propoxur: 0.1 ug L''; carbofuran: 0.1 pg
L carbaryl: 0.1 ug L'"; methiocarb: 5 ug L'; pirimicarb: 0.1 pug L. MDL: spiked with 0.05 pg L' each compound.

Table 3. Analysis of real samples.
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4. Concluding remarks

This paper describes a simple, rapid extraction method using GC-MS to analyze carbamate
pesticides in field aqueous and lettuce samples. Manual shaking for 10 s before ultrasonication
is essential for effective extraction when the ultrasonication time is as brief as 3 min. The
method performed well; repeatability, EF and recovery were satisfactory and the analysis can
be done in a short time. Compared to other microextraction methods, the method described
here is environmentally friendly and has the advantages of speed, simplicity, frugal use of
organic solvent (10 pL/sample) and low cost.
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1. Introduction

The use of herbicides is the most common practice for weed control, not only in agricultural
fields, but also in urban and industrial areas and communication routes. However, the growing
number of detections of herbicide residues in different environmental matrices [1-5] has
increased public concern about the widespread use of these compounds. In this sense, the
European Union has developed a Community legal framework concerning the commerciali-
zation of plant protection products on the market (Regulation EC N° 1107/2009) and the
sustainable use of pesticides (Directive 2009/128/EC) in order to protect human and animal
health and the environment from possible risks associated with the use of pesticides. Both
documents emphasize that pesticides and their residues shall have no unacceptable effects on
the environment, having particular regard to contamination of water bodies as well as the
impact on non-target organisms.

In this sense, to meet more stringent regulations, the agrochemical industry tends to develop
herbicides with low environmental persistence, effectiveness at a low application rate and
minimal non-target organism toxicity. Consequently, new families of herbicides such as
imidazolines, sulfonylureas or cyclohexanediones have appeared in the marketin thelast years.

It is important to note that Regulation EC N*® 1107/2009 describes “residues” as the substances
resulting from the use of pesticides, including their metabolites, breakdown or reaction
products (e.g. substances resulting from water treatment). This is particularly important for
new families of pesticides, like cyclohexanedione herbicides, because the scientific literature
about their environmental behaviour and persistence in the environment is quite limited.
Cyclohexanedione oxime herbicides (CHD) have been developed during the last 30 years.
While alloxydim-sodium was the first herbicide of this family discovered and introduced into
the market in 1978 [6], profoxydim was the last CHD herbicide registered in 1998 [7]. This class
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of herbicides also includes butroxydim, clethodim, cycloxydim, sethoxydim, tepraloxydim
and tralkoxydim (Table 1) [8].

o N‘/O‘R1
OH
Rs L,

Herbicide R, R, R; R, Rs

Alloxydim -CH,-CH=CH, -CH,-CH,CH; -COOCH; -CH, -CH,

Butroxydim -CH,CH, -CH,CH, H H

o
Clethodim -CH,CH=CH-Cl -CH,CH, H ”sj\ H
Cycloxydim -CH,CH; -CH,-CH,CH, H SO H
cl
) S

Profoxydim }OQ ~CH,-CH,CH; H Q H

Sethoxydim -CH,CH; -CH,-CH,CH; H ASJ\ H
Tepraloxydim -CH,CH=CH-CI -CH,CH, H CQ H

Tralkoxydim -CH,CH, -CH,CH, H /@\ H

Table 1. Structures of cyclohexanedione herbicides.

In general, this family of herbicides is used for post-emergence control of annual and perennial
grass weeds in broad-leaved crops (including sugar beet, soybean, oilseed rape), except
profoxydim which is used for the control of grass weeds in rice [9] and tralkoxydim which is
used for the control of annual winter grass weeds in wheat and barley fields [7].

The site of CHD herbicides action is on acetyl-Coenzyme A carboxylase (ACCase), a key early
enzyme in the lipid biosynthesis pathway. The inhibition of this enzyme prevents fatty acid
formation and the lack of lipids results in loss of cell integrity of membranes and no new
growth.

The chemical structure of the CHD herbicides is shown in Table 1. These compounds show a
keto-enol tautomerism due to the presence of two ketone groups, as well as two isomers E/Z
relating to the alkyl side chain bound to oxime ether group. The herbicidal activity of these
compounds are mainly due to the cyclohexane-1,3-dione ring and the oxyimino group,
although its activity can be increased depending on the different functionalization of the
substituents R;-R; [6,8].
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As was mentioned before, CHD herbicides have been developed to reduce the adverse effects
of some herbicides and to fulfil environmental requirements set by the international legislation.
However, some of their physico-chemical properties (Table 2), such as the polar and non-
volatile character, and the adsorption and partition coefficients make them highly mobile.
These features increase the possibility for these herbicides to reach aquatic bodies, becoming
potential contaminants of this compartment.

Regarding the persistence of CHD herbicides in the environment, these xenobiotics are
susceptible to rapid degradation due to the action of biotic and abiotic processes. For example,
these herbicides are decomposed at a pH below 5 and above 10, and they are also photochem-
ically and thermally unstable. Furthermore, these compounds are readily degraded through
microbial and plant metabolism. In some cases the degradation is so fast that it is questioned
if herbicidal activity is maybe due to some degradation products [10-12].

In this sense, to estimate the persistence of these compounds in the environment, it is of
utmost importance to investigate the factors affecting the behaviour of CHD herbicides and
the routes involved in their degradation, as well as to identify the degradation products
formed.

Wat V.p.(20-30 H ' Log K DT, i Soil Mobilit
Herbicide Trade Name 2 er p-( enrys 9 Rou pK, 50.|n oc oft Wonility
Solubility o°C)* Constant  (pH 7) soil (pH 7)
(Pam?3
L P d
(mglL')  (mPa) mol) (days)
Clout, >210°
) ) 3.7
Alloxydim Kusagard,  (sodium <0.133 — 0.20 2-10  60[12] —
) [14]
Fervin [13] salt)
Butroxydim Falcon 6.9 1103 5.7910° 1.90 4.36 9 6-1270 large variable
. 4.47 .
Clethodim Select [13] 5.45([15] 1107 1.4107[15] 4.14[15] (15] 1-3 900 [12] very high [15]
) Focus, Laser, high to very
Cycloxydim 53 0.01 6.110° 1.36 417 <1 <10-183 )
Stratos [16] high [17]
. . 81-5983 large variable
Profoxydim  Aura, Tetris 5.31 1.7.107 1.76 10 3.9 591  3-13
[18] [18]
) 4.1 )
Sethoxydim  Poast, Nabu >4700 <0.013 1.3910°[19] 1.65 [12] 1 100[12]  high[20]
Tepraloxydim Aramo 430 2.7 107 8.7410° 0.2 458 5.2-14 3.7[21] high [14]
Achieve,
Tralkoxydim Grasp, 6.7 3.7 10* 210° 2.1 4.3 2-5 30-300 very high [22]
Splendor

*V.p.: Vapour pressure.

Table 2. Physico-chemical properties of CHD herbicides. Unless otherwise noted, data were compiled from Pesticide
Manual [7].
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2. Transformation processes affecting persistence of cyclohexanedione
oxime herbicides

Following their application, the environmental fate of herbicides depends to a great extent on
biotic and abiotic degradation processes. As a result of these degradation processes, different
by-products, often with unknown properties, may be formed before they achieve the complete
mineralization. The extent of degradation as well as the nature of by-products formed depend
on the chemical structure and physico-chemical properties of the parent compound (Table 2),
characteristics of the compartment in which the herbicide is present and also the environmental
conditions [23].

A large number of kinetic models to describe the transformation of pesticides are available.
However, the simplest model that can provide a sensible and adequate description of the
decline curves is preferred [24]. At relatively low concentrations of pesticides (approximately
1-10° M), the model that best describes the rate of degradation of many xenobiotics is one that
follows a first order kinetics

C=C, e™! 1)

where C is the herbicide concentration at time ¢, C, is the initial concentration of herbicide and
k is the rate constant of the transformation process.

Herbicide transformation is often expressed in terms of half-life (¢;,) because it is a more
intuitive parameter than the rate constant, k. This parameter is defined as the time taken for
herbicide concentration to fall to half its initial value and it is related to the rate constant, k, by
means of the Equation 2.

t;,=In2/k @)

Under field conditions, transformation processes occur simultaneously with other processes
leading to herbicide dissipation. In these cases, the term DTy, value is more appropriate than
t,;, and reflects the time for the dissipation of 50% of the initial concentration.

It should be noted that half-lives vary in a wide range depending on the nature of herbicides,
the compartment characteristics as well as the environmental conditions, so caution should be
taken in making comparisons between herbicides.

2.1. Abiotic processes

The main abiotic transformation processes affecting the efficiency, persistence and fate of
herbicides include reactions initiated by light, temperature, reactions in aqueous media (as
a reaction medium and pH variations) and reactive substances present in the compart-
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ments. Below we review the most important studies about abiotic degradation of CHD
herbicides to date.

2.1.1. Hydrolysis

As mentioned previously, CHD herbicides can be potential contaminants of the water
compartment due to their physico-chemical properties. In this compartment, hydrolysis
reactions are one of the main abiotic transformation process affecting herbicides [25]. This
process can be particularly important in groundwater where other abiotic transformation
processes such as thermal degradation or photolysis are not relevant. Moreover, it is well-
known that the moisture content in soil also affects the persistence of herbicides [26].

Hydrolysis is a pH-dependent process and the rates of transformation can significantly vary
among herbicides. For instance, some herbicides may undergo hydrolysis at pH extremes,
while a slight variance of pH could give rise to a fast degradation of those herbicides that are
pH-sensitive [27,28].

The penetration of herbicides in plants is also affected by the pH of the water used in the
pesticide mixture and, hence, the effectiveness of the herbicide could be affected by this
parameter too. Usually, the absorption by plants is higher when herbicides are in their non-
ionized form. As CHD herbicides are weak acids (pKa = 3.7-5.9), an increase in pH of the
aqueous solution leads to an increase of ionized herbicide molecules (anionic form) and
therefore, they are absorbed more slowly across the plant cuticle and its phytotoxicity would
be lower.

As a first approach, Iwataki and Hirono (1979) [29] observed that alloxydim CHD herbicide
was hydrolyzed in aqueous solution under acidic and basic conditions.

The influence of pH on the abiotic transformation of clethodim in aqueous solution was studied
by Falb et al. [30]. These authors stated that clethodim is an acid labile herbicide and its
degradation increased as acidity increased (Figure 1). At neutral pH, no degradation of
clethodim was observed and a total recovery was obtained, while at a pH 6 and 5 the herbicide
recoveries decreased by 8% and by 37%, respectively, after 20 hours.

Others CHD herbicides such as cycloxydim, profoxydim or tralkoxydim have also been
reported to undergo hydrolysis. Profoxydim hydrolysis depends on the pH value with
degradation rates relatively low [9]. Cycloxydim is also unstable in acidic aqueous media with
half-lives of 1, 7, 104 and 102 days at pH 3, 5, 7 and 9, respectively [12].

Aqueous solutions of sethoxydim are found to be unstable at room temperature or when kept
at-20° C; only 6 and 24% of the parent sethoxydim remained after 72 hours, respectively [11].
The disappearance of sethoxydim was attributed to hydrolysis reactions.

Regarding butroxydim and tralkoxydim, both herbicides are hydrolyzed in water. The
hydrolysis of both CHD herbicides was faster in acidic media than under neutral or basic
conditions [7]. Ata pH of 5 the herbicide butroxydim is degraded by an acid hydrolysis reaction
with a DTj, of 10.5 days, while at a neutral pH (pH =7) the half-life exceeded 8 months and at
a pH of 9 the hydrolytic degradation was negligible [7]. In the same way, the stability of
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Figure 1. Degradation kinetics of technical clethodim at different pH values [30].

tralkoxydim increases with increasing pH. The value of DT, for this herbicide was only 6 days
ata pH of 5, whereas at a pH of 9 87% of the compound remained unchanged (DT, ~ 139 d) [7].

2.1.2. Chlorination

Reactions with chemicals of anthropogenic origin are other important routes of abiotic
degradation of pesticides in water. Residual chlorine is one of these substances commonly
present in water bodies as a consequence of its use in the water and wastewater treatment
plants. A residual concentration of chlorine species is maintained after disinfection processes
in order to guarantee disinfected water through the distribution system or during storage. It
means that residual chlorine could also react with other xenobiotic compounds present in
waters such as herbicides.

Degradation of pesticides by action of residual chlorine is of great relevance if we consider
that nowadays the reuse of treated wastewater for irrigation of crops, urban landscapes and
other recreational areas is a common practice. Furthermore, it should be noted that some
farmers also use drinking water or treated water for their pesticide preparation.

It is known that numerous pesticides are degraded during the processes of disinfection by
chlorine or other forms of chlorine [31-33]. However, there is little information about the fate
of CHD herbicides in the presence of residual chlorine. In this sense, our research group has
carried out different studies on the chemical behaviour of CHD herbicides in the presence of
hypochlorite and chloramines, two of the most common agents employed for water disinfec-
tion.

In preliminary studies to establish a method for the determination of tepraloxydim residues
in drinking water, Sandin et al. [34] demonstrated that the presence of residual chlorine in
laboratory distilled water rapidly degraded the herbicide tepraloxydim. Therefore, these
authors have performed a thorough study of tepraloxydim degradation in chlorinated waters.
They showed that the reaction between the herbicide and hypochlorite was very fast with a
half-life below 5 seconds. Degradation of tepraloxydim was also observed when chloramines
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were added to the herbicide solution (Figure 2a), although it was slower than in the presence
of hypochlorite (t;, =4.5 h) due to the lower oxidation potential of chloramines. Similar results
were obtained when tepraloxydim was dissolved in tap water with a molar ratio of 1:10
(herbicide:total chlorine) and half-life of 0.86 h was calculated (Figure 2b) [34].
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Figure 2. Degradation rate of tepraloxydim in chloramine solution (a) and in tap water (b) [34].

Our research group has also carried out other detailed studies about degradation of alloxydim
and clethodim in the presence of hypochlorite and chloramines [35,36]. In the same manner as
tepraloxydim, the degradation rates of both herbicides were very fast in the presence of
hypochlorite with half-lives less than 1 second for alloxydim [35] and 20 seconds for clethodim
[36]. The concentration of these two herbicides diminished more slowly in the presence of
chloramines than in the presence of hypochlorite, showing half-lives equal to 8 min and 15.4
h for alloxydim and clethodim, respectively [35,36].

2.1.3. Photolysis

Photolysis by sunlight is one of the primary degradation routes for pesticides in different
environmental compartments. Photochemical processes in the environment include all those
reactions initiated by solar radiation. It should be noted that, in many cases, the thermal
degradation of pesticides is associated with the absorption of the solar radiation energy.

Photodegradation of pesticides depends on various factors such as: the chemical structure and
electronic absorption spectrum of the pesticides, the radiation source and its intensity, the time
of exposure or the presence of other substances in environmental media. Moreover, there are
two types of photochemical processes that can lead to the transformation of a pesticide: direct
and indirect photolysis [37]. In the first one, the transformation of the pesticide is the result of
direct absorption of solar radiation. In the second process, other compounds present in the
compartment absorb firstly solar radiation to form reactive species that can subsequently react
with pesticides resulting in their transformation.

Although the experimental design is not described, Iwataki and Hirono [29] observed that
alloxydim was unstable and quantitatively decomposed when it was exposed to UV or
sunlight. These authors also noted the thermal degradation of this herbicide at 120° C, but they
did not clarify whether such degradation is related to radiation exposure [29]. Regarding the
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thermal degradation of CHD herbicides, Soeda et al. [38] also evaluated the transformation of
alloxydim when it was heated to 30, 40 and 50 °C in a dark incubator. The thermal transfor-
mation of alloxydim was observed and 6.2% of alloxydim was degraded after 20 days of
incubation at the highest temperature tested.

Falb et al. [30] investigated the photolytic behaviour of aqueous solutions of clethodim and the
effect of adjuvants on the photolysis rates. These authors stated that photolysis reactions
contributed to the degradation of clethodim to a greater extent than hydrolysis reactions. Also,
the photodegradation rates of clethodim were strongly affected by the addition of adjuvants.
So, the rates of degradation under UV light and sunlight were increased with addition of
adjuvants up to 7 fold and up to 27 fold over the control, respectively [30]. Similar findings
were also obtained by Bridges et al. [39]. McMullan [40] noted that clethodim efficacy was
enhanced as a consequence of the presence of adjuvants in the spray solution. This effect was
attributed to an increase of the adsorption rate of the herbicide and thus, a reduction of its
photodegradation. These findings are in agreement with data published for sethoxydim by
McInnes et al. [41] and Hazen and Krebs [42]. These researches suggested that spraying late at
day may improve CHD herbicide efficacy due to a reduction in the amount of UV light.

The lability of cycloxydim to temperature and radiation has been also investigated. This
herbicide was stable at room temperature but it becomes unstable above 30° C, decomposing
at 200° C [7].

Besides the hydrolysis reactions previously mentioned, Campbell and Penner [11] identified
the direct photolysis as an efficient pathway of sethoxydim degradation in aqueous solutions.
These authors exposed aqueous solutions of sethoxydim to artificial light and observed that
only 2% remained after 3 h. In the same way, they also observed a rapid photodegradation on
glass disks of sethoxydim dissolved in n-hexane (81% of the herbicide was transformed after
1 h). In agreement with these results, Shoaf and Carlson [10] showed that sethoxydim was
completely degraded within seconds in aqueous media either in incandescent or UV light at
pH 3.3 and 6.0 and methanolic solutions of the herbicide were transformed by more than 50%
after 10 min of exposition to UV light.

In our research group, different experiments have been carried out to study the photodegra-
dation of sethoxydim in natural waters (mineral, well and river) and under natural and
simulated sunlight in order to obtain results close to field conditions [43]. The degradation
rates in natural waters were lower than in ultrapure water. For example, photodegradation of
sethoxydim-lithium in natural water was approximately 5 times slower than in ultrapure water
showing a half-live of 436.9 + 0.8 min for river water and 82.1 + 0.7 min for ultrapure water.
Results indicated that the degradation of sethoxydim-lithium has a strong dependence on the
composition of the water sample. The retardant effect observed in natural waters was attrib-
uted to the presence of increasing concentrations of TOC (Total Organic Carbon) where river
water has the highest concentration of TOC (2.865 mg L") and ultrapure water has the lowest
(0.005 mg L) [44].

An extensive research was conducted to study the effect of different natural substances
commonly present in aqueous systems on the degradation rates of alloxydim [45] and
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clethodim [46]. Previous studies carried out in ultrapure water have proved that direct
photolysis contributed appreciably to the degradation of both herbicides, so alloxydim and
clethodim dissolved in ultrapure water were completely degraded in 4 h and 2.5 h under
simulated sunlight, respectively [46]. To evaluate the effect of matrix composition, different
substances that can be found in natural waters such as HA (humic acids), nitrate and ferric
ions were added to aqueous solutions of alloxydim and clethodim. Figure 3 shows the
photodegradation curves of clethodim in the presence of various concentrations of HA, nitrate
ions and Fe(IlI) ions in ultrapure water under simulated solar radiation. In the case of cletho-
dim, the presence of increasing concentrations of HA retarded the photodegradation com-
pared to ultrapure water (Figure 3a) [46]. Analogous findings were observed for alloxydim
herbicide in the presence of HA [45]. The retarding effect observed suggests that HA could be
acting as an “optical filter” absorbing most of the photons emitted from the radiation source
and thereby slowing the direct photochemical reaction of clethodim. In the presence of nitrate
ions, the degradation rates of both herbicides, clethodim (Figure 3b) and alloxydim, were not
affected at all [45,46]. On the contrary, the addition of ferric ions to ultrapure water resulted
in a notable increase of the photolysis rate of clethodim (Figure 3c) and alloxydim compared
to the direct photolysis. Several authors described this enhanced effect of Fe(III) ions as a result
of the formation of hydroxyl radicals [47,48]. Furthermore, it has also been reported in the
literature that the organic molecules can form a complex with the Fe(Ill) ions and later
undergoes a direct photolysis [49].
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Figure 3. Photodegradation of clethodim in the presence of various concentrations of HA (a), nitrate ions (b), and
Fe(lll) ions (c) in ultrapure water under simulated Fe(lll) ions [46].

It is noteworthy to mention that degradation of CHD herbicides occurs on soil surfaces and in
plant leaves, although in many cases it is not clear if degradation is due to photolytic or biotic
processes. In this sense, Hashimoto et al. [50] studied the fate of “C-alloxydim-sodium in
soybean plants. It was observed that alloxydim was easily degraded on the leaf surface with
half-life over 1-2 days [50] whereas the herbicide was detected even after 28 days in the plant.
Therefore, Hashimoto et al. [50], like other authors [38,51], considered that the easy dissipation
of the radiolabeled alloxydim from leaf surfaces was probably the result of photochemical
reactions.

In order to simulate photolysis on soil surfaces, Soeda et al. [38] irradiated with UV light a
methanol solution of “C-alloxydim spotted on TLC plates. Under these conditions, alloxydim
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was photolyzed 33% (254 nm) and 9% (365 nm) after 20 minutes of irradiation. Ono et al. [52]
also concluded that photolysis of alloxydim occurred when a soil spiked with an aqueous
solution of this herbicide was exposed to sunlight.

Several authors studied the photodegradation of sethoxydim on glass slides and TLC plates
as a model for soil and plant surfaces. UV irradiation (282 nm) of sethoxydim on TLC plates
resulted in a large decomposition of this herbicide due to a direct photolysis process, since the
absorbance spectrum of sethoxydim and the UV emission spectrum overlap at 282 nm [10].
Campbell and Penner [11] also evaluated the fate of sethoxydim on glass exposed to light and
they observed arapid photodegradation on this surface. Analogous conclusions were obtained
when photodegradation experiments were carried out in the presence of different adjuvants
[42]. Regarding the fate of sethoxydim on plant surfaces, it was observed that sethoxydim
photodegradation on leaf surface occurred simultaneously to the uptake by corn plant leaf [42]
and sugar beet [53]. In soil and under field conditions, the persistence of sethoxydim was highly
affected by moisture and light [10,54].

2.2. Biotic processes

Besides abiotic pathways, biotic processes strongly affect the fate and persistence of pesticides
in the environment. Biotic processes of pesticides refer to those transformations mediated by
living organisms. Due to their ubiquitous nature, transformations involving microorganisms
are the primary routes of biotic degradation of pesticides, although biological reactions in
plants and animals can contribute significantly to their breakdown. There are a variety of
factors affecting the biotic processes, including environmental conditions (temperature,
moisture, pH, oxygen content), biological diversity or pesticides properties.

Biological transformations include many reactions (oxidation/reduction, hydrolysis, or
conjugation/condensation) regularly catalysed by enzymes as a consequence of three major
strategies [55]: (i) cometabolism where the degradation of the pesticide is coincidental to the
general metabolic activity of an organism and provides no source of energy; (ii) catabolism
where an organism uses the pesticide as an energy source; and (iii) processes in which
extracellular enzymes secreted by an organism degrade pesticides.

Moreover, as biotic and abiotic processes usually occur simultaneously, sometimes it is
complicated to determine the degree to which each contributes to degradation.

There are few scientific studies regarding the biotic processes affecting CHD herbicides; some
of them refer to the difficulty of distinguishing between biotic and abiotic processes since both
may occur simultaneously and may have common transformation products as a consequence
of common reactions.

As mentioned before (Section 2.1.3.), photolysis was considered the main dissipation route of
alloxydim from soybean plants [50]. However, some radioactivity was found as conjugates of
aglycone components, which indicated that biotic transformation also occurs in the plant,
reaching 5% of the total degradation of alloxydim. Similar results were obtained for alloxydim
when it was sprayed on several crops such as sugar beet or wild oat [38,51]. In unsterilized
soil, the half-life of alloxydim was 5 to 6 days under dark incubation [52]. In this research, the
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evolution of “CO, was investigated as a measure of microorganism activity in the soil.
Cumulative amounts of “CO, were detected over 28 days of incubation, suggesting that
alloxydim can be utilized by soil microorganisms during metabolism.

After the application of sethoxydim on sugar beet leaves, the herbicide was rapidly degraded
(half-life <1 day). Moreover, up to 20% of sethoxydim was translocated to untreated leaves
and to the roots in three days, where it decreased gradually as a consequence of metabolism
by the plant [53]. Considering the transformation product identified, the main metabolic
mechanism proposed for sethoxydim may indicate that oxidation was partially catalysed by
enzymes in addition to direct oxygenation. Ishihara et al. [53] suggested that metabolites of
sethoxydim should be regarded as target compounds when a crop residue is analyzed because
these compounds remain in sugar beet as conjugates and non-conjugates 60 days after
treatment. Similarly, other researches have shown a rapid degradation of sethoxydim in both
grasses and dicotyledonous crops; although it is uncertain to what extent the biotic or abiotic
processes are involved [56,57]. Sethoxydim is degraded in soil by microorganisms with a half-
live of 25 days [58]. Despite its short half-life, the parent herbicide and/or its transformation
products caused considerable root inhibition over a period of 150-280 days depending on initial
concentration of sethoxydim. Therefore, Roslycky [58] pointed out that it could be expected to
be a potential danger as a result of the cumulative effects of sethoxydim and/or its transfor-
mation products in soil.

The dissipation of tralkoxydim in several crops and water-soil systems has also been docu-
mented [59-62]. Under these conditions, both biotic and abiotic processes took place concur-
rently and a rapid degradation was observed. In maize and wheat crops, part of tralkoxydim
entering the foliar tissue was probably degraded by means of non-catalysed reactions or by
metabolism in plant cells [59,60]. Although abiotic processes are the major routes affecting
tralkoxydim in the water-soil system, biotic processes are responsible for faster dissipation of
this herbicide in the water layer as compared to plain water and soil sediment, probably due
to higher microbial activity in water [62].

Several studies concerning the metabolism of CHD herbicides in animals, primarily rats, have
been conducted. In general, CHD herbicides were rapidly absorbed and excreted via the urine
and faeces [63]. The fate of “C-alloxydim orally administered to rats for 7 days has been
reported [64]. After daily dosing for 7 days, radioactivity was almost quantitatively eliminated
in the urine and faeces within 2 days of the last dose. Unchanged alloxydim was excreted,
mainly in the urine, whereas the remaining herbicide was degraded to different transformation
products. The major transformation pathway of alloxydim in rats was oxidation and subse-
quent hydrolysis reactions involving enzymatic catalysis, although non-enzymatic reactions
such as thermal degradation also occur to a lesser extent. Analogous results were reported for
various CHD herbicides such as butroxydim, sethoxydim, and cycloxydim, which were
rapidly excreted within 7, 2 and 5 days, respectively [7,63].
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3. Transformation products

Taking into account human safety and environmental protection, the ideal herbicide would
be the one that, after acting against the target weed, could be completely mineralized to
inorganic compounds as final products such as H,0, CO,, NH,*, NO;. However, the complete
mineralization often occurs slowly in the environment and different intermediate compounds
can be formed prior to complete mineralization. Several terms have been used for these
intermediate compounds including “degradates”, “breakdown products”, etc. In general,
“transformation products” is used as a general term for those compounds formed during biotic
and abiotic processes; compounds resulting from abiotic degradations are referred to as “by-
products”, “degradation products” or “photoproducts” (if they are formed by photodegrada-
tion processes). “Metabolites” refer to compounds formed as a result of biological
transformations and the term “residue” includes both parent compound and transformation

products [55].

The understanding of overall consequences for herbicide use is limited, due to the fact that
most studies have focused on the parent compound regardless of their transformation
products. However, transformation products can behave very differently from the parent
compound as a consequence of its different chemical structure [23]. In this sense, diverse
studies have confirmed that many transformation products of pesticides are more persistent,
and present a higher toxicity and/or a higher mobility compared to their parent compounds
[65-67]. Furthermore, different authors have suggested that the phytotoxicity of some CHD
herbicides is due not only to the parent compounds but also to their transformation products
[10-12,68]. Therefore, researches involving these transformation products have become
essential in order to better understand the behaviour of pesticides and to avoid underestimat-
ing the risk derived from their use.

Literature about transformation products of CHD herbicides is very limited and many studies
have only reported the detection of transformation products without performing a detailed
identification of them [10,11,30,69,70]. In this sense, QTof mass analyzer coupled to HPLC has
been applied as a valuable tool for the identification and structural elucidation of transforma-
tion products of CHD herbicides in aqueous matrices [45,46]. Thus, QTof mass analyzer
provides accurate masses for both parent and product ions in combination with the possibility
of performing MS/MS acquisitions obtaining more structural information. For instance, on the
basis of the exact mass measurements and fragmentation patterns provided by QTof, it was
possible to elucidate the structures of nine clethodim photoproducts previously separated by
a HPLC system [46].

Table 3 compiles the main biotic and abiotic transformation products of CHD herbicides in
different matrices from the information available from open literature.

As mentioned before, the herbicides of the CHD family present two isomers, E and Z, due to
the presence of the alkyl side chain bound to oxime ether group. These herbicides are marketed
as the E-isomers, but the isomerization around the N-O bond seems to occur easily, making
the corresponding Z-isomer a plausible transformation product of both biotic and abiotic
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processes. Several authors have stated that some E-isomers of CHD herbicides may equilibrate
with the Z-isomer in polar solvents [30,46,71] or in chlorinated water [34,36]. Moreover, it has
been reported that isomerization can be induced by light [45,46] and temperature [72].

For example, equilibrium between both tepraloxydim isomers took about 7 days, with a final
ratio between isomers of 2:1 (Z:E) [34]. Rapid isomerization has been observed for clethodim
in ultrapure water reaching 4% in a freshly prepared solution and 40% after two months [36].
Clethodim Z-isomer was also identified as a transformation product formed resulting from
the exposition to simulated solar light [46]. In the same way, the corresponding Z-isomer of
alloxydim was detected as a photoproduct after the exposure to UV radiation (A >290 nm) [45].

An important feature of the oxime ether bond is its relatively low dissociation energy (ca. 53
kcal mol ™). Therefore, it is expected that one of the most important reactions of CHD herbicides
is the cleavage of the N-O bond to yield two possible dealkoxylated compounds, imine
and/or amine (Table 3). Thus, photodegradation of alloxydim in aqueous solution was
investigated under simulated and natural solar light and the main photoproduct obtained was
the imine [45,73]. Both studies revealed that the amount of alloxydim imine formed can be
influenced by the composition of aqueous solution and the intensity of radiation source [45].
Other authors have stated the formation of alloxydim amine in the soil and plants, although
itis not clear if a biotic or abiotic mechanism is involved. In this sense, Ono ef al. [52] identified
the amine of alloxydim by thin-layer chromatography and mass spectrometry when the
photodegradation of this herbicide was studied in sterilized soil. Alloxydim was also readily
degraded in sugar beet [38] and soybean [50] and the main transformation product was
identified as the amine compound. After 10 days of treatment with alloxydim, Soeda et al. [38]
detected the corresponding amine as the main transformation product in sugar beet extracts.
This transformation product persisted for 42 days and its formation seemed to occur by
photoreduction on plant leaves [38]. Hashimoto et al. [50] and Veerasekaran and Catchpole
[51] obtained similar results in some susceptible and resistant plants, suggesting that a large
part of alloxydim transformation to amine occurred directly from the surface of the leaves as
a result of abiotic degradation. The metabolism of alloxydim sodium in rats has been reported
by Takano ef al. [64]. Alloxydim amine was identified as a major metabolite of alloxydim in
the rat liver, while low yields were observed in urine and faeces [64].

. Matrix .
Transformation Product ) Herbicide Reference
(transformation process) *
Z-isomer Alloxydim [45]
R1\O Clethodim [36,46]
(0] N
= ﬁ\Rz Water (p,c)
4 .
Tepraloxydim (34]
R3
Alloxydim [45]
Imine Water (c,h,p)

Clethodim [46]
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Matri
Transformation Product a- nx Herbicide Reference
(transformation process) *
Cycloxydim [12]
Sethoxydim [11]
Tepraloxydim [34]
o N,H Butroxydim [7]
\
R R, Soil (p, b) Cycloxydim [12]
4
OH Tralkoxydim [59]
Rs
R3 Cycloxydim [74]
Plant (p, b)
Profoxydim [7]
Alloxydim [64]
Animal (b)
Profoxydim (7]
Amine Water (p) Alloxydim [29]
O NH, Soil (p) Alloxydim [52]
= Alloxydim [38,50,51]
R4 Ro
R} 0 Plant (p, b) )
Rs Sethoxydim [53]
Water (p) Clethodim [46]
Imine sulfoxide Cycloxydim [12]
o n~H Soil (b) Sethoxydim (53]
\
T R, Cycloxydim [12]
R"~ 'R OH Cycloxydim [12]
R" Rg R Plant (b)
3 Sethoxydim [53]
Animal (b) Cycloxydim [12]
Imine ketone
(0] ‘/H
R’ R, Water (p) Clethodim [46]
(@)
OH
" R
R" Rs Rs
Alloxydim [29]
Oxazole Water (h,p) Cycloxydim [12]
0 Tepraloxydim (34]
N Alloxydi 29,52
Ry \%Rz oxydim [29,52]
R o) Butroxydim [7]
5 Rs Soil (b, p, h)
Cycloxydim (12]
Tralkoxydim [12,59]
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Matri
Transformation Product a- nx Herbicide Reference
(transformation process) *
R, Alloxydim [38,50,51]
O%\N Plant (p, t, b) Cycloxydim [74]
R4 Tralkoxydim [61]
R O
5
R3 Animal (b) Alloxydim [64]
Oxazole sulfoxide Water (h,p) Cycloxydim [12]
o Soil (p,b) Cycloxydim [12]
o R N Cycloxydim [12]
S SRy Plant (t, b)
R O Sethoxydim [53]
Rn R5
Rs
Ro
o— . .
0 N Animal (b) Cycloxydim [12]
-
(6]
" R
R" Rs Rs
Oxazole sulfone Soil (n.d.) Cycloxydim [12]
R Plant (t) Sethoxydim [53]
2
o—
Q R N
S
RIH/ T
(0] 6]
" R
R" Rs Rs
Clethodim [36,46]
Water (p,c) Cycloxydim [12]
Sulfoxide Profoxydim [75]
Soil (p) Cycloxydim [12]
Clethodim [71
Cycloxydim (12]
Plant (b)
Profoxydim [7]
Sethoxydim [53]
Clethodim [7]
Animal (b)
Cycloxydim [12]
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Matri
Transformation Product a- nx Herbicide Reference
(transformation process) *
Profoxydim [7]
Clethodim [36]
Water (c, h, p)
Sethoxydim [70]
Sulfone Soil (n.d.) Cycloxydim [12]
Clethodim [7]
Plant (b) Cycloxydim [12]
Sethoxydim [53]
Clethodim 71
Animal (b) Cycloxydim [12]
Profoxydim [7]
Chlorinated
o N‘,O\R1
cl R Water (c) Alloxydim [35]
R, 2
OH
R
5 Rs
Ketone Alloxydim [52]
Soil (b)
0 o Butroxydim [7]
Ry Re
Rs OH Animal (b) Alloxydim [64]
Rs
Demethoxycarbonylated Water (h) Alloxydim [29]
o Soil (b) Alloxydim [52]
O NRy
| Plant (b) Alloxydim [50]
R, Ry
Rs H OH Animal (b) Alloxydim [64]
Amide Water (h) Alloxydim [29]
O H
N Re
Rq o} Animal (b) Alloxydim [64]
R3
Alloxydim [52]
Glutaric acid derivative Soil (b) Butroxydim (71
Tralkoxydim [59]
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Matrix
Transformation Product A Herbicide Reference
(transformation process) *

COOH

R,
4 COOH Plant (b) Tralkoxydim [61]
3

Carboxylic acid derivative

o N"O‘R1
R R, Soil (n.d.) Tralkoxydim [59]
HOOC ™
5
Rs3

Hydroxylated derivative Water (c) Clethodim [36]
Soil (b Cycloxydim 12
o N/O\R1 (b) ycloxy [12]
HO\ ‘ Cycloxydim [12]
R4 [ Re
Alloxydim [64]
Rs OH
R Profoxydim (7]
0 N\’O\R1
R
Ho ™4
R OH )
5 Rs Animal (b)
Tralkoxydim [61]
o N"O\R]OH
R47¢{\R2
OH
R
5 Rs

Table 3. Biotic and abiotic transformation products of CHD herbicides in different matrices. *(h: hydrolysis, c:
chlorination, p: photodegradation, t: thermal, b: biotic, n.d.: no defined).

Sevilla et al. [46] performed the identification of transformation products formed during the
photolysis of aqueous solutions of clethodim. By means of HPLC coupled to Qtof, the struc-
tures for nine photoproducts detected were proposed, being clethodim imine the major
photoproduct identified [46]. In the same way, up to six products were detected and isolated
by Campbell and Penner [11] when aqueous solutions of sethoxydim were exposed to artificial
light. Five of these products were transitory and only one appeared to be the single end
product, which was identified as sethoxydim imine. Imine was also detected as a by-product
of cycloxydim when the herbicide was subjected to solar radiation on the soil surface and under
acidic conditions [12].
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As for other transformation products, the formation of oxazoles and isoxazoles was frequently
observed as a consequence of both biotic and abiotic transformations and their presence has
been detected in several matrices (water, soil, plant, animal) (Table 3). In this sense, studies of
thermal degradation of alloxydim gave two oxazoles as transformation products at 120 °C with
aratio between them of 3:2 [29]. The mechanism of the formation of these compounds involved
the loss of alkoxy group, -OR; (Table 1), the Beckmann rearrangement and subsequent
intramolecular cyclization. Conversion of alloxydim to oxazoles and isoxazoles also has been
reported in plants treated with this herbicide [38,50,51]. In these studies, the authors suggested
that the transformation occurs mainly on leaf surfaces and it was probably due to abiotic
processes such as photolysis or/and thermal degradation.

Hydrolysis reactions of CHD herbicides in aqueous matrices can also lead to the formation of
oxazoles and isoxazoles. The fate of tepraloxydim in aqueous solutions free of chlorine has
been evaluated by Sandin et al. [34]. Concomitantly with the disappearance of tepraloxydim,
a transformation product (identified as the corresponding oxazole) was monitored. The molar
ratio of tepraloxydim oxazole detected was 7% after 7 days in solution and it increased to 12.5%
after 21 days [34]. In the same way, cycloxydim is labile in aqueous media under hydrolytic
conditions. After 32 days at a pH of 7, 7% of oxazole was detected, while at a pH of 3 higher
yields of this transformation product were observed [12].

The biotic contribution to the formation of oxazoles in plants is not well-known. The metabolic
pathway of some CHD herbicides has been reported mainly in rats. Oxazoles of alloxydim and
tralkoxydim were identified as minor metabolites in both urine and faeces [12,64].

Oxidative reactions are often involved in the transformation process of many herbicides. The
mechanism of these reactions occur through (i) physico-chemical oxidations involving
molecular oxygen or reactive species present in the media (acids, radicals or singlet oxygen)
or (ii) biological oxidations which are mediated by enzymes. In general, the main transforma-
tion products observed as a result of these reactions include hydroxylated compounds and, in
the case of S-containing herbicides like some CHD herbicides, sulfoxides, and sulfones.
Sulfoxidation of herbicides may be of great importance since, in some cases, sulfoxides and
sulfones are suspected to show biological/toxicological activity to target and/or non-target
organisms [55,76]. Moreover, these oxidized compounds are reported to present a higher water
solubility and minor soil sorption than parent pesticides, thus a higher possibility to reach and
contaminate ground and surface water is expected [55].

Degradation of clethodim in chlorinated water either with sodium hypochlorite or chloramines
led to a single transformation product that was identified as clethodim sulfoxide [36]. Subse-
quent degradation of the transformation product clethodim sulfoxide was followed and it
degraded mainly to clethodim sulfone, although other minor products were detected. As a
result of photolysis reactions in aqueous solutions, Sevilla et al. [46] have also identified
oxidative transformation products such as clethodim sulfoxides, sulfoxides of clethodim imine
and the ketone imine of the herbicide [46]. Roberts [12] has reported that the photolysis of
cycloxydim on the soil surface led mainly to cycloxydim S-oxides whereas imine and oxazole
were minor products. Shoaf and Carlson [70] observed that photolysis of sethoxydim solutions
led to the formation of the corresponding sulfone, as well as the formation of five other
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unidentified products. Moreover, sethoxydim sulfone was also detected during both acid and
alkaline hydrolysis, although a higher conversion to this product was observed under basic
conditions.

Sulfoxides and sulfones are also common transformation products during the biotic degrada-
tion of CHD herbicides in plants and animals. For example, sethoxydim was rapidly converted
to its sulfoxides and sulfone in sugar beet [53]. The oxidation of the sulphur atom was partially
catalysed by enzymes in addition to direct oxygenation. These authors also noted that the
abundance of sulfoxide metabolites was generally higher than that of the sulfone type
metabolite at the early stages after application, whereas the situation was opposite on day sixty
[53]. Other studies conducted with cycloxydim on soybean have shown that its major metab-
olite on green foliage, stems and beans was the sulfoxide [12] while other oxidation products,
such as sulfone and hydroxylated compounds, were found as minor metabolites. Roberts [12]
reported the metabolism of cycloxydim in rats. This herbicide was almost completely elimi-
nated within 5 days, with cycloxydim sulfoxide being the major metabolite in urine. Cyclo-
xydim sulfoxide was administered to goats in order to emulate consumption of this major
plant metabolite [12]. Under these conditions, cycloxydim sulfoxide remained almost un-
changed in the urine, although low residues of sulfone and secondary sulfoxides were present
in milk and the liver. This finding points out the higher stability of some CHD transformation
products compared to the parent compound.

As mentioned previously, degradation products of some herbicides can also present an
undesirable herbicidal activity against non-target plants. However, these data are still scarce
for CHD herbicides. In this sense, our research group is currently studying the phytotoxicity
of CHD degradation products by means of bioassays. This technique has shown to be a useful
tool to screen the phytotoxicity of CHD herbicides, showing good sensitivity, low cost and
reproducibility [77]. Thus, we have investigated the phytotoxicity of alloxydim and its main
chlorinated transformation product on wheat with bioassays in a hydroponic culture [35,68].
Results showed that the degradation product of alloxydim caused a 32% reduction in root
growth of wheat plants although this phytotoxic effect occurred at a higher dose than for the
parent compound.

In a photodegration study of sethoxydim in aqueous media six degradation products were
detected, where five of them were transitory [11]. A phytotoxicity experiment revealed that
two of these transitory products had herbicidal activity when they were applied to Echinochloa
crus-galli, whereas imine showed no significant injury [11]. Although quantitative analysis of
these transformation products was not made and their relative herbicidal potencies could not
be determined, Campbell and Penner [11] suggested the possibility that some of these
transformation products actually induce the phytotoxic effects on grasses.

Table 3 shows the main transformation products of CHD herbicides, the matrix, and the
processes where they are generated. Many of them are formed as a result of the combination
of two or more of the reactions discussed above.
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4. Analytical determination

In order to fulfil the environmental requirements of new international regulations, it is of great
importance to develop reliable and sensitive methods for the determination of pesticides and
their residues. In this sense, the analysis of CHD herbicides and their transformation products
entails some difficulties. CHD herbicides are effective at low doses, thus trace concentrations
are expected to be found in the environment. Therefore, analytical methods must provide high
sensitivities. It is also important to bear in mind that CHD herbicides are polar and chemically
unstable, which makes the analysis more difficult. The situation becomes more complex when
transformation products are present due to the lack of analytical standards and scarce
information available.

Depending on the physico-chemical properties of pesticides, the type of matrix, and the level
of concentration required, analytical methods often involve preliminary steps of sample
preparation. These pretreatments consist in interference removal from the matrix and concen-
tration of the analytes of interest. Nowadays, together with classical techniques such as liquid
extraction with organic solvents, more recent techniques such as solid-phase extraction (SPE),
solid-phase micro-extraction (SPME), stir-bar-sorptive extraction (SBSE), or QUEChERS are
commonly used prior to analytical determination [78]. Once the sample preparation is
completed, the qualitative and quantitative analysis of pesticide residue are traditionally
carried out using chromatography techniques since these allow separating complex mixtures.
Gas chromatography (GC) and liquid chromatography (LC) are the most common techniques
used for the determination of CHD residues. Although GC has been applied to the analysis of
CHD herbicides, methods based on LC are more suitable for the analysis of CHD residues due
to their low volatility, thermolability and the polar character. This technique is applicable not
only for the parent compound but also for their transformation products.

Ono et al. [79] compared three different analytical methods (HPLC, GC and ultraviolet
spectrophotometry) for the determination of alloxydim herbicide and the three transformation
products in different crops and soils. An extraction and clean-up step was necessary before
their determination. The HPLC method was found to be most suitable and the lowest limit of
detection for alloxydim and all its transformation products was 0.01 ppm. Recoveries of
alloxydim and three transformation products were 75-93% in various crops and 85-92% in
soils. A method for the determination of the total content of alloxydim-sodium and five of its
degradation products in ground water was described, using derivatization with hydrogen
peroxide followed by GC-MS [80]. Derivatization of these compounds was carried out in order
to obtain more stable and volatile products. An additional clean-up process was necessary to
remove interferences caused by the presence of reactives used during the derivatization
procedure. The detectable limit achieved was 0.1 pg L7, expressed as alloxydim-sodium
equivalent, and the recoveries ranged from 53 to 85% [80].

Falb et al. [69] developed an LC method for the separation of clethodim and several transfor-
mation products formed during photolysis and hydrolysis of the herbicide in solution. Up to
31 and 19 photolytic and hydrolytic products were separated, although further identification
was not achieved. Multi-residue methods for the analysis of clethodim and some of its
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transformation products in fruits and vegetables have also been described [81,82]. For example,
Klein and Alder [82] achieved the simultaneous determination of clethodim and five of its
metabolites (two sulfoxides and three sulfones) by LC-MS after an extraction procedure with
organic solvents and a clean-up step using SPE. These authors stated the influence of the matrix
during the extraction and clean-up of clethodim, since decomposition of clethodim to the
corresponding sulfoxides occurred in avocado, hindering to calculate recoveries of clethodim
in this matrix. However, good recoveries (80-120%) were obtained for clethodim and its
transformations products in most matrices at a concentration level 0.01 mg kg™ [82].

An analytical method for sethoxydim in several crops was established using HPLC with UV
detection by Gomyo and Ono [83]. The herbicide was extracted from crops with organic
solvents prior to the analysis by HPLC. The lowest detection limit was 0.02 ppm and the
recoveries ranged from 79 to 87%. In a later work, Gomyo et al. [84] reported a study showing
a comparison between HPLC and GC methods for the determination of sethoxydim and ten
of its transformation products in different crops. The experimental data showed that the HPLC
method was more suitable for these compounds. After the extraction with methanol from
crops, sethoxydim and all its transformation products were converted to sulphone derivatives
by reaction with hydrogen peroxide and afterwards a clean-up step was performed using a
Woelm column. This method provided a detection limit of 1.0 to 0.05 ppm for sethoxydim and
its metabolites [84]. Hu et al. [85] established a multi-residue method based on LC-APCI/MS
for the determination of sethoxydim and different pesticides in several aqueous matrices. The
extraction recoveries of this herbicide in distilled water were 64%, whereas it was impossible
to recover it from treated and raw water, probably due to degradation processes during the
extraction step. Analogous findings were achieved by Shoaf and Carlson [70] during the
optimization of a HPLC method for the determination of sethoxydim in aqueous solutions.
These authors stated that recoveries of the parent compound were improved considerably at
acidic pH values.

A SPME-HPLC-UV method has been reported for the determination of profoxydim herbicide
inrice fields [86]. The technique of SPME was applied on-site at a flooded rice field in real time.
This technique allowed extracting the target analyte under field conditions, decreasing time-
consuming sample shipment and later sample preparation in the laboratory. Moreover, the
stability of profoxydim during the storage of SPME fiber was increased during the storage
compared to aqueous samples. The detection limit of the SPME-HPLC-UV method for the
detection of profoxydim was 5 pug L [86]. Tsochatzis et al. [87] developed and validated a
multi-residue HPLC-DAD method for the separation and determination of nine commonly
applied rice pesticides, including profoxydim, in paddy water samples. Preliminary clean-up
of water samples and isolation of pesticides was performed on SPE cartridges. The limit of
detection (LOD) and quantification (LOQ) for profoxydim herbicide were 0.4 pg L™ and 2 g
L7, respectively. The method was subsequently employed for the determination of pesticides
in paddy fields and surface water systems located in the Axios river basin (Greece). Profoxydim
was detected at a relatively high concentration (6.3 ug L) close to its dose of application [87].

In 2005, Lehotay et al. [1] applied QuEChERS for the determination of 229 pesticides, including
cycloxydim and sethoxydim in two representative commodities (lettuce and orange). Recov-
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Figure 4. Chromatogram of commercial mineral water fortified with 0.1 pg. L " metabolites tepraloxydim oxazole and
tepraloxydim imine (Modified from [71]).

eries of cycloxydim and sethoxydim vary from 80-89% and 50-69%, respectively. The low
recoveries could be due to degradation processes, incomplete extraction and pH of the sample.
Therefore, further investigations and modifications of the QUEChERS method are needed for
the determination of these herbicides.

Liska et al. [88] developed a multi-residue method for the detection and quantification of 50
pesticides, including alloxydim-sodium and sethoxydim herbicides, in ultrapure and river
Rhine water. Trace enrichment of water samples was necessary to obtain enough sensitivity
for further analysis by LC-DAD. The detection limits achieved were 0.5 mg L™ for sethoxydim
and 1 mg L for alloxydim-sodium in both types of waters. Sandin ef al. [71] have established
a method for direct analysis of tepraloxydim and its main metabolites in water. It has been
demonstrated that chlorine content added to disinfect tap water is a critical parameter for the
determination of tepraloxydim. In this work an analytical method for determination of two
metabolites of tepraloxydim, oxazole and imine, has been validated to an LOQ of 0.1 ug L' in
tap and commercial mineral water (Figure 4).

Different studies have shown that the methods based on the technique LC coupled with
electrospray ionization (ESI) tandem mass spectrometry (MS), using previous SPE as the
extraction procedure, are a powerful tool for the analysis of CHD herbicides. For example,
Shen et al. [89] proposed a multi-residue method for the simultaneous analysis of six CHD
herbicides employing LC-MS/MS. The method was successfully used to determine these
herbicides in rice and corn, obtaining recoveries within 70.0-97.9% at the spiked levels of 5-20
ng g'. Marek et al. [90] described a multi-residue method for the determination of alloxydim,
clethodim and sethoxydim in river water and distilled water after extraction/clean-up with
C18/SAX. The recoveries of the herbicides from distilled water were 117% (alloxydim), 96%
(clethodim) and 89% (sethoxydim).
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5. Conclusion

New herbicides, like cyclohexanedione oximes which are effective at low doses and easily
decomposable, have been developed in recent years in order to reduce herbicide impact in the
environment. However, degradation of these herbicides does not guarantee their detoxifica-
tion and, in many cases, transformation products are more toxic, mobile and/or persistent than
their active substances. Therefore, it is of utmost importance to improve our knowledge about
these herbicides in order to minimize the possible adverse effects of their residues on human
health, non-target organisms and the environment.

In this sense, this review provides an overview about the environmental behaviour of
cyclohexanedione oxime herbicides under biotic and abiotic conditions. The most relevant
studies in literature have been compiled and significant aspects such as factors affecting the
behaviour of this herbicide family, as well as degradation routes and transformation products
formed have been discussed. Moreover, illustrative examples about sample preparation,
methods of determination and analytical techniques used for the analysis of cyclohexanedione
herbicides and their transformation products have been described.

Although the availability of new scientific information on cyclohexanedione herbicides and
their environmental fate and behaviour is increasing in recent years, more data are still needed.
Thus, a better understanding of the degradation mechanism of cyclohexanedione herbicides
isimportant for studying the fate and the effects of herbicides in the environment. In this sense,
since most studies are conducted under laboratory conditions, more field research should also
be desirable.

Moreover, to assess the overall impact of these herbicides, a major emphasis must be done on
investigating their transformation products. It would also be interesting to perform monitoring
programs of the parent compounds together with their transformation products in aqueous
media because they could be potential contaminants of this compartment.
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Chapter 7

Kinetics and Mechanism of Inhibition of
Oxidation Enzymes by Herbicides

E. A. Saratovskikh

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54679

1. Introduction

” A lack of knowledge in the area of biology of grown plants and specific features of the medium of their dwelling in

each specific field cannot be compensated by an excess of pesticides, fertilizers, or melioration.”

Academician D.N. Pryanishnikov, 1934

Pesticides as a whole and herbicides in particular are substances with high biological activity.
They can exert a toxic effect on many components of cells: enzymes, structural and functional
proteins, lipoproteids, polysaccharides, nucleic acids, and others. The elucidation of the
mechanism of toxic effect is an important challenge, the solution of which would allow one to
establish the real and potential danger of application of these or other compounds for human
and non-targent organisms. Despite the enormous scale of production and use of chemical
means for cultivated plant protection, there is still much unknown on the mechanism of their
action. It is considered that, probably, each pesticide acts through a unique mechanism. For
example, the acting components of pesticides, namely, zenkor, lontrel, roundup, kusagard,
setoxidim, basagran, tilt, and tachigaren, belong to different classes of chemical compounds.
According to available literature data (Table 1), they interact with various enzymatic systems,
have their own specific binding sites, and are characterized by different mechanisms of action.

Much data concerning the influence of herbicides and fungicides on various components of
the living cell (Fedtke, 1982; Kadyshev, 1970; Fudel-Osipova, 1981), in particular, on some
enzymes (Mathew et al., 1998; Forthoffer et al., 2001; Banas et al., 2000; Knecht & Loffler,
1998; Du, 2000a; Gruys et al., 1993; Nosanchuk et al., 2001; Kiyomiya et al., 2000) have been
reported. For instance, anticholinesterase compounds, organophosphorus pesticides, carba-
mates and triazines (Grin & Goldberger 1968), are structurally similar to substrates and
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competitively inhibit their activity. The effect was evaluated for fries of Mediterranean fishes
Dicentrarchus labrax (Varo et al., 2003) and for rats (Maple amber, M. arrow) fed with soybean
after treatment with zenkor and atrazine (Mathew et al., 1998). It was shown that herbicide
basagran suppresses the antiphosphatecholinesterase activity and results in an increase in the
hydroxylase activity (Al-Mendofi & Ashton, 1984; Forthoffer et al., 2001).

The growth of fungi Crypfococcus neoformans was suppressed by glyphosate due to the
inhibition of 5-enolpyruvylshikimate-3-phosphate synthase (Nosanchuk et al., 2001). A non-
productive four-membered complex is formed between the enzyme, pesticide, and phosphate
(Du, 2000b). Octahedral coordination is performed by the metal ion: Co glyphosate enzyme as
in 3-deoxy-D-arabiheptulosonate-7-phosphate synthase localized in cytosols (Ganson &
Jensen, 1988).

Oxidative phosphorylation is performed by Zn-containing enzymes. Dinoseb, pentachloro-
phenol, dichlorodiphenyltrichloroethane, and Sevin separate oxidative phosphorylation in
mitochondria of Palma Christi (Kuz'minskaya, 1975) and decrease the ATP content in glycols
of soybean (Gruenhagen & Moreland, 1971). Chloro-containing organic pesticide endosulfan
reacts with glutathione (cofactor of glutathione peroxidase), considerably decreasing the
activity of the enzyme. The loss of secretory reactions in thylakoids of adrenocortical steroi-
dogenic cells and changes in the enzyme activity indicate that the pesticide was involved in
the oxidative reactions (Dorval et al., 2003).

The formation of complexes of vegetable peroxidase with various substrate-inhibitors was
established (Ugarova & Lebedeva, 1978). Both the direct participation of the metal in the
substrate addition to the protein part of the molecule and providing of a relationship between
the flavine group and apoenzyme under the action of the metal are assumed. The neighbor-
hood of the pyridine nitrogen atom to the carboxyl group in picolinic acid (picloram) is
manifested in the ability to complexation and metal removal from enzymes (Shcheglov et al.,
1967).

The tests on human and rat tissues showed that tachigaren and its metabolites (four enzymes
synthesizing pyrimidine) inhibit mitochondrial [EC 1.3.99.11]. This results in the changes in
the pyridine-nucleotide pool that provides the work of immune cells. The reaction is reversible
and its mechanism is uncompetitive with respect to the substrate and cofactor ubiquinone
(Knecht & Loffler, 1998).

On the other hand, diverse xenobiotics, both pesticides and metals, are abundant in consider-
able amounts in the nature, namely, in air, soil, and water (Banas et al., 2000; Knecht & Loffler,
1998; Du, 2000a). If these xenobiotics get into the human organism, they may cause various
diseases (Gruys et al., 1993; Nosanchuk et al., 2001). In the presence of pesticides with ligand
properties, their combined effect on living organisms can be enhanced or weakened.

The ability of the environment to self-purification, i.e., decomposition of contaminants, is
determined, to a great extent, by the occurrence of enzymatic redox processes in cells of plants
and microorganisms. One of the enzymes performing the redox processes in biological systems
is NADH-oxidoreductase (NADH-OR) (Tukhvatullin et al., 2001; Sommerhalter et al., 2004;
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Common name

Range of application

Mechanism action

Reference

Zenkor, selective to dicotyledons complexes with membrane lipids Ziegleretal., 1982
Metribuzin and solanaceous
Lontrel, a wide spectrum of action  similar to auxin Hall et al., 1985
Clopyralid
Kusagard selective to dicotyledons, lesion meristem tissues Iwataki & Hirono, 1978

beet, cotton
Roundup, for struggle against inhibitor of enolpyruvateshekemate- Amrhein et al., 1980
Glyphosate perennial weeds phosphate synthase
Setoxidim selective to dicotyledons,

beet, solanaceous
Basagran, selective to grains inhibitor of photo- ; protein-; lipids- ; Trebst & Wietoska,
Bentazon RNA - synthesis 1975

Osama & Ashton, 1984

Tachigaren, selective to the grass, sugar inhibitor of dehydrogenase Knecht & Loffler, 1998
Hymexazol beet (mitochondrial)
Titl, 7-etoxyrezofurine O-diethylase; Levine & Oris, 1999;

Propiconazole

inductor glutathione S-transferase

Egaasetal, 1999

Lontrel metal

a wide spectrum of action

inhibitor of NADH-oxidoreductase

Saratovskikh, 2005;

complexes Saratovskikh, 2007

Table 1. Pesticides mechanism action from literary

Bagirov et al., 1989; Lycholat & Bilchuk, 1998) possessing a broad substrate specificity. This
enzyme is in the composition of the monooxygenase system that utilizes substrates and
transforms xenobiotics into the lowly toxic state. NADH-OR, [EC 1.6.99.25] from the methyl-
otroph Methylococcus capsulatus (strain M) (Burbaev et al., 1990) transfers electrons for the
mixed reduction of oxygen to water, methane transformation to give methanol in the active
center of methane hydroxylase, and the reduction of dioxygen to water in the active center of
cytochrome oxidase. The enzyme studied consists of four subunits, each including FAD and
the iron-sulfur cluster, 2Fe-2S (Tsuprun et al., 1987; Bagirov et al., 1989). NADH-OR functions
according to the following scheme:

NADH-OR

NADH+A, — NAD'+A_,

where A is acceptor.

The most part of biological oxidation processes is performed by an array of carriers, which are
grouped in the electron transfer chain and the respiratory chain, one end of which contains
the active metabolite and the 1/20,-H,O system is localized on another end. Among the main
components of the chain electron transfer are nicotinamide (pyridine) coenzymes NADH and
NADFH.

The sequence of electron transfer from NADH to an electron acceptor is still unknown.
However, by analogy with other reductases, one can suggest that the electrons are transferred
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from NADH to FAD and then to the iron sulfur 2Fe-2S cluster and to the electron acceptor.
Neotetrazolium chloride (NT) was used in this work as the artificial electron acceptor.

Enzymes of this type are present in the cells of almost all organisms. Therefore, the general
features of the interaction of this enzyme with pesticides can also be applied to NADH-OR
from other organisms.

It is well known that nucleotides play an important role in organisms: energy and regulatory
processes and biosynthesis. Nicotinamide adenine dinucleotide functions together with
several vitally important enzymes. Therefore, it was of interest to perform a kinetic study of
some widely used pesticides on the activity of the enzyme acting together with NADH of one
of the enzymes performing oxidation and on nucleotide NADH.

Here we present the data showing the formation of complexes of a series of pesticides with
dinucleotide NADH and data on the kinetics of NADH-OR inhibition by commercial herbi-
cides and fungicides of various structures and several complexes of the herbicide lontrel with
doubly charged metal ions.

2. Materials and methods

2.1. Compounds, concentrations and replicates

2.1.1. Pesticides

The active substances of the herbicides and fungicides (their formulas are shown below) were
isolated from commercial preparations by extraction (Saratovskikh et al., 1988). After isolation
the purification was as follows: glyphosate (roundup), tachigaren, and basagran were purified
by double recrystallization from water (Mel'nikov, 1987); kusagard and setoxidim were
subjected to chromatography on a column with SiO,; tilt was obtained as nitrate followed by
the isolation of the base; lontrel was recrystallized from benzene and then twice recrystallized
from hexane; zenkor was recrystallized from hexane and then from a hexane-benzene mixture.
The chemical and structural formulas of the used pesticides and lontrel metal complexes are
presented in Table 2.

2.1.2. Metal salts

Co, Mn, Ni, and Cu acetates and Fe lactate for the synthesis of metal complexes (pure grade,
Reakhim, USSR) were purified by double recrystallization from water.

2.1.3. Reagents

Commercial NADH (nicotinamide adenine dinucleotide) and NT (Sigma no. 2251, Reanal,
Hungary) as an artificial electron acceptor were used.
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(O H O

2.2. Compound synthesis

2.2.1. The metal complexes of lontrel (ML,)

ML, where L is lontrel, were synthesized by refluxing ethanolic solutions of lontrel with the
corresponding divalent metal salts (Aliev et al., 1988; Saratovskikh, 1989).

2.2.2. The synthesis of e-NADH

The synthesis of e-NADH for the study of complexation with pesticides was carried out
according to (Lichina et al., 1978; Lichina et al., 1979). Ethenonicotinamide adenine dinucleo-
tide (e-NADH) has the structure

‘ J\‘ (H) ﬁ) [jCONH2
R | H*O*I‘D*O*P*O*HzC

HOH HOH
The degree of modification of adenine e-NADH is 100%.
2.3. Enzyme inhibition

2.3.1. Bacterial culture preparation

Methane-oxidizing bacteria M. capsulatus (strain M) were grown in a 20-L flow-type fermenter
in a 10-L salt medium at 42°C. The rate of supply of air mixed with the gas-main natural gas
was 300+100 L min (Burbaev et al., 1990). The flow rate was 0.24 m® h1.

The cell suspension was collected, concentrated by separation, and washed twice with a 2.0-
10 M phosphate buffer, pH 7.0. The cells were destroyed in a DKM-5 semiatomated disinte-
grator (produced at the Institute of Problems of Chemical Physics of the RAS, Chernogolovka).
The cell-free preparation was centrifuged for 30 min at 3000g, the supernatant was centrifuged
for 1 h at 65000g, and the precipitated membrane structures and the supernatant fraction
(SF¢s.1) were collected separately, frozen, and stored in liquid nitrogen until used.
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Ne Common names of pesticides Chemical formula K, 103 M

with e-NADH

1. Lontrel, Clopyralid cl 11.7+x04
3,6-Dichloropicolinic acid o1 N7 cooH

2. Zenkor, Metribuzin o] 22.0+20

CH
4-amino-6-tert-butyl-4,5-dihydro-3- ¢ 3)3';\‘)LNNH2
methylthio-1,2,4-triazin-5-one N\NJ\SCH'A

3. Basagran, Bentazon o] not determined
3-isopropyl-1H-2,1,3- NCH(CH,),
benzothiadiazin-4(3H)-one 2,2-dioxide H/SOZ

4. Roundup, Glyphosate (OH),POCH,NHCH,COOH 22+04
N-(phosphonomethyl) glycine

5. Kusagard 25+0.1
Sodium salt of 2-(1-allyl-oxyamino 0 '\-l
butylidene)-5,5-dimethyl-4- PG N—0~CH;-CH=CH,
methoxycarbonylcyclohexane-1,3-dione Ha}(-l: c \ CH;~CH;~CH,

3 +
_C N
(SN 2

O—CH,

6. Setoxydim o NOCHs 28+0.7
2-[1-(ethoxyimino)butyl]-5-[2- CHeS G
(ethylthio)propyl]-3-hydroxy-2- CH3CHCI H
cyclohexen-1-one

7. Tachigaren, Hymexazol H4C 1.8+04
5-methyl-1,2-oxazol-3-ol m

OH

8. Titl, Propiconazole 0.46 +0.06
1-[ [2-(2,4-dichlorophenyl)-4-propyl-1,3-
dioxolan-2-yllmethyl]-1,2,4-triazole

N—NCH,
Lo ]
kN) O (0]
“C3H,
9. Lontrel metal complexes M(L),: o
Cu(L), uf("c 46+0.2
ch
ColL), \@MZ‘ L 3101
cLy —
Ni(L), LL 4.7+0.3
Fe(L), 0.55+0.06
Mo(L), 22+01

Table 2. Industrial and nomenclature names and chemical formula of the investigated substances and the

complexation constants of pesticides with e-NADH
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2.3.2. NADH-OR isolation and purification

The fraction SF; (500 mL, 60 mg of protein mL™) was passed through a column (30x7 cm)
with DEAE-cellulose 52 (Whatman, UK), and the column was washed with 1 L of 2.0-102 M
phosphate buffer, pH 7.0. NADH-OR was eluted using a linear gradient of 0-0.35 M NaCl in
the same phosphate buffer. The protein fraction with the maximum NADH-OR-activity was
eluted with 0.2 M NaCl. The eluate was collected, concentrated under argon by ultrafiltration
through the Vladipor porous membranes under a 5 atm pressure to 60 mg mL™ of the protein,
and fractionated successively on a column with Sephadex G-75 (4x70 cm) and a column with
Sepharose 2B (4x80 cm) (Pharmacia, Sweden) in a 2.0-10 M phosphate buffer, pH 7.0. The
enzyme preparation with a specific activity (with respect to NT) of 1.3 pmol L™ min™ (mg
protein)™ (20 °C) was collected, concentrated by ultrafiltration to 21 mg mL" of the protein,
frozen, and stored in liquid nitrogen until used.

2.3.3. Determining Enzyme activity and inhibition constant (K;)

The activity of NADH-OR was determined from the rate of reduction of NT to formazan in a
2.0-102 M phosphate buffer, pH 8.0. The rate of formazan formation was estimated (Burbaev
et al.,, 1990) from the change in the absorbance at 550 nm using a Specord M-40 (GDR)
spectrophotometer. The reaction was carried out in 3-mL cells (10x10 mm). The reaction
mixture contained 0.1 mL of NADH-OR (1 mg of the protein), 0.3 mL of the test compound,
0.1 mL of NADH (1.0-10° mol L), and 2.0-10> M phosphate buffer, pH 8.0, added up to 3 mL.
The reaction was initiated by adding 0.2 mL of a solution of NT (1.5-10 mol L™).

The study was carried out by the traditional Michaelis-Menten procedure. The first task
was to elucidate the dependence of the rate constant for the enzymatic formation of
formazan on the pesticide concentration and to determine Iy, i.e., the concentration of the
pesticide inhibitor, resulting in a twofold decrease in the maximum rate of the enzymatic
reaction. The second stage included two series of experiments: (1) at a constant NT
concentration and variable NADH concentrations, and (2) at a constant NADH concentra-
tion and variable NT concentrations.

The K; values were calculated from the equation (Dixon & Webb, 1979; Emanuel & Knorre,

1969)
K;= (150 ’ Km)/(SV/U - Km)’

1

where K; is the inhibition constant; Iy is the concentration of the pesticide inhibitor; K, is the
determined Michaelis constant for NT or NADH; v is the rate; S is the concentration of NT or
NADH; V is the maximum rate determined from the Lineweaver-Burk plot.

The Michaelis constant in the presence of the inhibitor (K,') is the following:
K,,=[1/0)/(1/8$)]-V
The K,,! and V values are dictated by the inhibition type.

The Hill coefficients were determined by the Hill formula (Dixon & Webb, 1979; Cornish—
Bowden, 1976)
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y=(k,1")/(1 +K,1"),

where Y is the degree of protein saturation with the ligand and is equal to the ratio of the
number of occupied binding sites to the total number of binding sites; K, is the association
constant in the case where the concentration of the complex is as follows:

E, 'Ih]=Kh[Eh]'U]h

where  is the Hill coefficient describing the degree of allostericity and equal to the number of
molecules of the ligand, in this case, the pesticide inhibitor; I is the concentration of the pesticide
inhibitor.

2.3.4. Studies on bacteria Beneckea harveyi

Lyophilized preparation of marin “luminescent” bacteria Benechea harveyi (strain B 17 — 667F)
and Photobacterium phosphoreum (Zhmur & Orlova, 2007; Kuz 'mich et al., 2002) was stored in
a freezing box and used prior to use. The lyophilic preparation of bacteria was suspended in
a 0.85% solution of NaCl.

To determine toxicity, 0.3-0.5 mL of suspended bacteria was added to 0.5 mL of the studied
water. A 0.85% solution of NaCl or water from an aquarium was used as a control. The
measurements were carried out by the instrumental method with a BLM-8801 luminometer
(SKTB “Nauka,” USSR) with detection on a voltmeter by a decrease in the bioluminescence
intensity in the presence of a sample of analyzed water compared to the control.

The 50% (and more) decrease in the luminescence intensity indicates that the aqueous medium
is toxic. The bioluminescence intensity of bacteria is determined by the activity of intracellular
metabolic processes involving the luciferase enzyme. The decrease in luminescence can be due
to the inhibition of the enzyme itself and to the influence of toxicants to other units of the
metabolic chain.

The toxicity coefficient was calculated by the formula

T=[(1-1)/1]x100%,

where I is the bioluminescence intensity in the control, and I, is the luminescence intensity in
the tested sample.

At T <19% the tested sample is not toxic. At 19 <T <50% the tested sample is considered toxic,
whereas at T > 50% the sample is strongly toxic.

Each toxicological experiment was carried out at least three times and then the results obtained
were statistically processed.

2.4. Instrumental analysis

2.4.1. Fluorimetric measurements

The fluorescence spectra of the etheno-modified compounds were recorded on an Aminco-
Bowman spectrofluorimenter (US) in 3.5-mL quartz cells. The fluorescence excitation wave-
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length for e-NADH is 312 nm, and the fluorescence emission maximum is 420 nm. The
fluorescence intensity of e- NADH was measured in a 0.025 M tris-HCI buffer (pH = 6.8) at
20°C. The concentration of e-NADH equal to 1-10* M was used in experiments. The fluores-
cence spectrum of e-NADH was accepted to be 1, and then a solution of nucleotide was titrated
in the cell with an aqueous solution of the studied pesticide in the concentration from 1-10% to
1-102 M.

The complexation constants of pesticides with nucleotides were calculated from the experi-
mental titration curve for each point. The obtained values were averaged. Theoretical titration
curves were calculated from the values of complexation constants obtained by the experimen-
tal data (Saratovskikh et al., 1988).

2.4.2. Electron spin resonance analyses

ESR spectra were recorded at 77 K on an SE/X2544 Radiopan radiospectrometer (Poland) at a
10 mW microwave radiation and a magnetic field modulation of 0.4 mT. The samples were
prepared in a 2.0-10? M tris-HCI buffer, pH 7.0. ESR spectra were recorded in 50% glycerol.

3. Results and discussion

The study of the inhibition of NADH-OR by pesticides and metal complexes of herbicide
lontrel (see Table 2) was started from the consideration of their interaction with coenzyme
NADH.

Figure 1. Excitation and fluorescence spectra of e-NADH.

It is known (Blagoyi et al., 1991) that polynucleotides, particularly, pyridinenucleotides, form
complexes of various types, including charge-transfer complexes, and are highly reactive
towards a series of metals. However, the introduction of the etheno group does not almost
change the electronic structure of the nucleotide fragment of a NADH molecule. Therefore,
the complexation of pesticides with NADH was judged about on the basis of the value of
fluorescence quenching of its chemical analog, modified dinucleotide e-NADH in which the
adenine fragment is subjected to etheno-modification. Figure 1 illustrates the excitation and
fluorescence spectra of e-NADH.
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Figures 2 and 3 represent the obtained dependences of the change in the fluorescence intensity
of e-NADH on the concentration of various quenchers. When the concentration of pesticide
(or metal complex) increases, the fluorescence quenching of compound e-NADH is observed,
which is not accompanied by a shift of the position of the excitation maximum and fluorescence
emission. The absence of spectral changes in all cases considered indicates the absence of
changes in the ground and excited levels of the modified based upon the interaction with
pesticides. Fluorescence quenching was observed at the pesticide and lontrel metal complexes
concentrations ranging from 10 to 10® M. Such low concentrations of the quencher exclude
the assumption that the quenching proceeds via the Stern-Volmer mechanism due to random
collisions. Therefore, the result of quenching is the formation of a covalent bond with the
adenine fragment, as it is shown in the scheme of the [NADH-lontrel] complex

Fluorescence, l/lo

0.0 T T T T T T T 1
0,0 0,5 1,0 15 2,0
concentration, P0x10'3, M

Figure 2. Dependences of the fluorescence intensity of e-NADH on the pesticide concentration: (1) tilt; (2) kusagard;
(3) zenkor. The concentration of e-NADH is 1-10° M. Solid lines are theoretical curves, and points are experimental
data.

The mathematical model of the process was considered to refine the mechanism of formation
of complexes [e-NADH-pesticide] and to estimate their stability constants. It was assumed
that the pesticides interact with e-NADH according to the scheme
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Figure 3. Dependences of the fluorescence intensity of e-NADH on the concentration of the lontrel metal complexes:
(1) Fe(L)2; (2) Ni(L)2; (3) Cu(L)2. The concentration of e-NADH is 110> M. Solid lines are theoretical curves, and points
are experimental data.

K+1
[A]+n[P]<—F—>[H] ey

where A is the concentration of etheno-modified units of the nucleotide (adenine) in e-NADH,
P is the pesticide concentration, IT is the concentration of the reaction product = complex,

K=x*"1/%"is the complexation constant, and n is the stoichiometric coefficient equal to the
number of equivalent binding sites.

At equilibrium the process is described by the following system of equations:

K[AIx[P]" =[IT] @)
LAJ+LIT1=[A] 3)
[P]+nlIT]=[P] 4)

Equations 2—4 make it possible to determine the values of the complexation constant from the
experimentally determined concentration

I-I,
MJ:HAO’

where I, is the fluorescence intensity of free e-NADH, I, is the limiting value of fluorescence
intensity of e-NADH at the maximum concentration of the quencher, and I is the fluorescence
intensity of e-NADH at the given concentration of the quencher.

. [A)]-[A]
- LAN[Py)-n([A)]-LAD)}"

K ©)
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The value of stoichiometric coefficient n should preliminarily be determined from the data
obtained at a rather high pesticide concentration at which the following equation is fulfilled:

[P,]>>n([A,]-LAJ). )
After condition (6) is fulfilled, equation (5) can be rewritten in the form

[Ag]-TA]
[A]

In )=an +nln[Py], )

[4,)-[A]

from which it follows that the dependence of In IHT on In[P,] is a straight line with

the angular coefficient equal to n.

As can be seen from Fig. 4, stoichiometric coefficient n is equal to 1+0.2 for all pesticides and
metal complexes evaluated. Therefore, we may conclude that only one pesticide molecule
interact with one molecule of e-NADH. Having determined the value of n at high P, one can
find the value of K at other pesticide concentrations. The use values of P, should not be too
low, since at very low [P,] relative errors of the values of ([A,] — [A]) and ([P,] - n[A,.] - [A])
can be too high and the errors of complexation constant determination will be unacceptably
high.

2,5 425
< | i
= 20+ 420
E 154 115
"] 1
£ 104 41,0
0,5 Jo05
0,0 . 0,0
-10,0 8,0
0,5 4-05
41,0 4-10
-1,5 —H-15
2,0 4-20
2,5 4-25

Figure 4. Dependences of the In AOA' A onthe InPo. (1) zenkor; (2) Cu(L),; (3) setoxidim; (4) Mo(L)s; (5) Co(L),.

Figures 2 and 3 show the experimental dependences of I/I, on [P ] and the corresponding
theoretical curves for the pesticides and Cu(lontrel), complexes (Cu(L),) calculated by the
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values found for n and K. Satisfactory coincidence of the experimental and theoretical data
indicates that the developed model is valid.

As can be seen from Table 2, of the synthesized pesticides, zenkor has the lowest complexation
constant (K) with e-NADH (K =2.1-10* M) and tilt has the highest one (K = 4.6-10> M™). It is
noteworthy that the complexation constant of the lontrel metal complexes with e-NADH is
substantially lower than the corresponding constant for lontrel. It is known (Luisi et al., 1975)
than in solution NADH exists predominantly in a folded conformation in which the adenine
part of the molecule is localized near the nicotine amide part of the nucleotide. About 90%
dinucleotide exists in this conformation in solution. The rest 10% exist in solution in the “open”
conformation when the nicotine amide part is remote from the adenine structure. Therefore,
it can be assumed that the decrease in the complexation constants with e-NADH for the metal
complexes compared to lontrel indicates steric hindrances appeared upon the formation of the
[NADH-M(L),] complex.

4,0 1
3,5-
3,0
2,5-

2,04

v, 106 M-s™"

1,5 1
1,0

0,5

0,0 T T T T T
0,0 0,2 0,4 0,6 0,8 1,0

S,, 103 M

Figure 5. Kinetic curves for the oxidation rate of NADH-OR vs. the concentration of NADH at a constant concentration
of NT in the absence of an inhibitor (1) and in the presence of 0.33-107* (2) and 1.00-10* mol L' (3) of lontrel; C; =
2.467-102 mol L"; Cypyme = 1.0-10° mol LT Cyppy = 1.0-10-1.5-103 mol L.

The effect of pesticides on the activity of NADH-OR is illustrated by Figs 5-8. The experimental
kinetic curves for the rate of NADH-OR oxidation vs. concentration of the NADH (S,) substrate
at an invariable NT concentration are presented in Fig. 5. The plots converted to the Linewea-
ver—Burk coordinates are shown in Figs 6-8. Figure 6 shows the pattern of OR inhibition by
lontrel as a function of the concentration of NADH (at a constant NT concentration). The
intersection of these straight lines in one point on the ordinate (see Fig. 6) indicates that the
herbicide lontrel inhibits NADH-OR and competes with NADH for the region of binding with
the enzyme. The 1/S; intercept on the abscissa was used to calculate the inhibition constant
(S; is the NADH concentration, S, is the NT concentration).
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Figure 6. Inhibition of the NADH-oxidoreductase by lontrel (in the Lineweaver-Burk coordinates) in the absence of an
inhibitor (1) and in the presence of 0.33-10 (2) and 1.00-10~* mol L™ (3) of lontrel; Cy; = 2.467-107 mol L™"; Ceppyme =
1.0-10 mol L'; Cyapy = 1.0-10 - 1.5-10 mol L.

It can be seen from Tables 3 and 5 that the lontrel complex with the copper ion, although follows

a competitive mechanism of inhibition with respect to NADH, still inhibits the oxidation of

NADH almost 30 times stronger than the parent lontrel. The I;, values are equal to 1.1-10 and
3.3:10* mol L (K; are 1.0-10* and 6:10° mol L).

Pesticide 150 h for NADH for NT
mol L Vo s, Ke10*  Ty- V., S, K10  Ty-

mol/ mol L™ pe”™  mol/ mol L pe™
Ls Ls

Zencor 5.00¢10* 1.952 - 4.93¢103 0.25 A 0.23¢10° 3.39¢10% 8.94 B

Lontrel (L) 1.100103 1.726 - 1.23¢10°3 1.00 A 1.88¢10° 6.98¢10* 7.42 B

Bazagran 6.00e10*  2.086 1.82¢10° 1.83¢10* 12.80 B 0.26¢10° 2.55¢10% 8.40 B

Kuzagard 27.00107 1.575 - 9.86¢107 14.00 A 5.72107 158.9 A

Tachigaren 2.70010°3 1.920 - 2471073 21.00 A 5.30¢10° 4.55 A

Roundup 1.700103 1.328 3.33¢10° 6.17¢10% 220 C 0.21¢10° 2.00¢10% 42.90 B

Tilt 2.20010° 2.483 1.25¢10* 5.98¢10%  23.00 C 13.00¢103 1.52 A

Setoxidim 17.00107? 1.832 2.00¢10° 7.59¢10% 397.50 C 11.00107 8.04 A

*In the absence of an inhibitor Vmax =7.40-10°mol L' s, 5, =6.58-102 mol L'"; 5, = 2.65-10> mol L.

** The type of inhibition: A - competitive, B - uncompetitive, C - noncompetitive, D - mixed.

Table 3. Effect of inhibitors on NADH-oxidoreductase*
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It can be seen from Fig. 7 that the herbicide roundup does not compete with NADH for the
enzyme binding site.

1.5 1

1.0 1

1/5,, 103 M1

Figure 7. Inhibition of the NADH-oxidoreductase with roundup (in the Lineweaver-Burk coordinates) in the absence
of the inhibitor (1) and in the presence of 1.17-1073 (2) and 2.50-10 mol L™ (3) roundup; Cy; = 2.467:107 mol L™;
Cengyme = 1.0:10° mol L; Cyappy = 2.0-10% - 1.5-102 mol L.

The dependences of the reciprocal reaction rate on the reciprocal concentration of the NT
electron acceptor (with the NADH concentration remaining constant) are shown in Figs 8 and
9. The herbicides lontrel and zenkor (see Fig. 8, Table 3) also inhibit the rate of electron transfer
from the NADH-OR active center to NT. The inhibition pattern is uncompetitive (K; are equal
t07.42-10*and 8.94-10* mol L, respectively). The lontrel complex with the copper ion exhibits
noncompetitive inhibition, while the complex with cobalt exerts mixed inhibition (see Fig. 9,
Table 4).

The Michaelis constants (K,,) calculated without inhibitors are 6.6-10* and 2.47-10° mol L! for
NADH and NT, respectively. It was determined in the preliminary experiment that all
compounds under study reversibly inhibit NADH-OR.

The data on the effect of other herbicides, fungicides, and lontrel metal complexes on the rate
of NADH oxidation and the rate of NT reduction with NADH-oxidoreductase are presented
in Table 3.

Of all the compounds studied, the highest inhibitory activities were found for zenkor and
basagran (I5, are 5.0-10~* and 6.0-10~* mol L™, respectively). Lontrel, roundup, tachigaren, and
tilt inhibit NADH-OR somewhat less efficient (I5, are 1.1-1073,1.7-1073, 2.7-1073, and 2.2:10° mol
L7, respectively, see Table 3). Kusagard and setoxidim exhibit weak antireductase activities;
they depress the enzyme activity when are present in higher concentrations: 2.7-102 and 1.7-
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102 mol L, respectively. In terms of the K; values with respect to NADH, the herbicides and
fungicides can be arranged in the following activity sequence: zenkor > lontrel > basagran > >
kusagard > tachigaren > roundup > tilt > setoxidim. This sequence is similar to the sequence
of complexation constants of these compounds with NADH given in Table 2.
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Figure 8. Inhibition of the NADH-oxidoreductase with zenkor (in the Lineweaver-Burk coordinates) in the absence of
an inhibitor (1) and in the presence of 3.33:10 (2) and 5.00-10 mol L™ (3) of zenkor; Cyapy = 0.656:1073 mol L';
Cengme = 1.0-10 mol L'; Cyr = 7.2:10 - 6.4-107 mol L.

W

-0.2 4

1/5,, 103 M-

0.4 1

Figure 9. Inhibition of the NADH-oxidoreductase with zenkor (in the Lineweaver-Burk coordinates) in the absence of
an inhibitor (1) and in the presence of 3.33:10* (2) and 5.00-10 mol L™ (3) of zenkor; Cyapn = 0.656:1073 mol L;
Cengyme = 1.0-10° mol L Gy =7.2-10"-6.4-107 mol L.
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Lontrel, zenkor, basagran, and roundup inhibit the reduction of NT in a uncompetitive
manner, apparently, due to nonspecific interaction with the protein matrix outside the enzyme
active center. This interaction could induce conformational changes around the electron
transfer site, which result in the inhibition of enzymatic activity. Meanwhile, kusagard,
setoxidim, tilt, and tachigaren compete with NT for the binding region on the enzyme. These
differences can be due to different structures of the pesticides examined.

Inhibitor — Inhibitor - M(L),
5, 10*M K, 104 M Type * h
solt K, 104 M- Type *
Cu(CH,CO0), 13.2 0.7 A 1.0 4.0 C
(NH,)sMo; Oy, 6.6 44 A 1.0 0.4 A
Co(CH,C00), 8.8 0.02 A 1.0 13.1 D
Fe(C5H,CO0), 4.4 4.1 A 1.0 1.7 C
Ni(CH,COO0), 14.7 0.7 A 1.0 11.7 C
Mg(CH,C00), no inhibition 3.6 A
MgSO, no inhibition
Zn(CH,COO0), no inhibition 2.5 D
ZnS0O, no inhibition
Mn(CH,COO0), no inhibition 223 D
MnSO, no inhibition

In the absence of an inhibitor V,,,, = 2.8-10° mol L' s7'; S, =3.3-10“ mol L™".

* The type of inhibition: A - competitive, B - uncompetitive, C - noncompetitive, D - mixed.

Table 4. Kinetic parameters of inhibition of NADH-oxidoreductase at the artifical electron acceptor NT.

The metal complexes of lontrel are known (Saratovskikh et al., 1988; Saratovskikh et al., 1990)
to exhibit herbicide activities in vivo. In addition, as noted above, the complex formed by the
herbicide lontrel with the copper ion exhibits a much higher inhibitory activity than the starting
lontrel. Therefore, we carried out an additional study of a series of complexes of these
pesticides with different doubly charged metal ions, M(L),, and the salts of these metals.

As can be seen from the experimental kinetic curves of the dependence of the oxidation rate
of NADH-OR on the NADH concentration at a constant NT concentration presented in Fig.
10, the addition of Ni(ac), in the concentrations from 3.3-10° to 5-10* M inhibits oxidoreductase
functioning and decreases the rate of formation of the reaction product formazan, and at a
considerable inhibitor concentration the reaction rate can decrease to zero. Similar studies were
carried out with other salts. The dependences of the rate of the enzymatic reaction on the
concentration of salt of the metal-inhibitor can be determined from the obtained curves (Fig.
11). It is seen that Mg(II) does not inhibit NADH-OR even at the highest of the concentrations
studied, namely, 10? M. The Zn(II) and Mn(II) salts also exerted no inhibitory effect, and the
replacement of the SO, anion by (CH;COO),* does not change the character of the process.
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Figure 10. Kinetic curves of the dependence of the oxidation rate of NADH-oxidoreductase on the NADH concentra-
tion at a constant concentration of NT. Cyr = 6.68:10° M; C,pyme = 2.83-107 M; Cyppp = 1.0-10% — 1.5-102 M; (1) entry
without inhibitors; in the presence of Ni(ac), in the concentration (2) 3.3-10° M; (3) 3.0-10° M, and (4) 1.7-10“ M.
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Figure 11. Dependences of the enzymatic reaction rate on the concentration of the metal salts: (1) Mg(ac),; (2)
Mo(am); (3) Fe(acac),. Cyr = 6.68:107 M; Conpyme = 2.83:107 M; Cyapy = 1.0-10-1.5-10° M.

The dependences of the reciprocal rate of the reductase reaction on the inverse concentration
of the artificial electron accetor (NT) at a fixed NADH concentration for Fe(acac), are presented
in Fig. 12. The considered metal salts inhibit the reduction of NT, competing with the artificial
electron acceptor for the binding region with NADH-OR. As follows from Table 4, the
corresponding complexes, except for Mo(L),, do not compete with the electron acceptor.
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Figure 12. Dependences of the reciprocal inhibition reaction rate of NADH-oxidoreductase by Fe(acac), on the inverse
NT concentration at a constant concentration of NADH (in the Lineweaver-Burk coordinates); Cy; = 1.0-10°-7.0-107
M; Ceryme = 2.83:107 M; Cyppy = 1.43-10° M; (1) without an inhibitor; in the presence of Fe(acac), in the concentration
(2)3.0:10*Mand (3) 5.0-10“ M.

When determining the influence of the metal salts on the reduction of NT, the maximum values
for the inhibition constants were found for Mo(VI) and Fe(Il): K;=4.4-104 M and 4.1-104 M,
respectively. The minimum value K; = 2.0-10° M was calculated for Co(II). The inhibition
constants of Cu(L),, Co(L),, Fe(L),, and Ni(L), are one to three orders of magnitude higher than
those for the corresponding salts. On the contrary, Mo(L), showed K; an order of magnitude
lower than that of Mo(II). The phenomena of the appearance of or increase in the inhibitory effect
were also observed for the metal complexes with other organicligands (Tatjanenko et al., 1985).

The following series can be arranged for an increase in the values of K; with the change in the
NT concentration for the metal salts: Co(Il) < Cu(Il) ~ Ni(Il) < Fe(Il) ~ Mo(VI). A similar
regularity is observed for the lontrel complexes in the activity sequence by the values of K
Mo(L), < Zn(L), < Mg(L), < Cu(L), < Ni(L), = Fe(L), < Co(L), < Mn(L),; the electron-donor
properties of the metal exert a strong effect on the strength of the bond between the inhibitor
and enzyme.

The results of the influence of (ML,) on the enzymatic activity of NADH-OR are presented in
Table 4. On going from the salt to complexes, the type of inhibition changes completely: from
the same competitive type for all metal salts to several different variants, namely, mixed for
Co(L), and uncompetitive for Ni(L),, Fe(L),, and Cu(L),. Only Mo(VI) and Mo(L), retain one,
competitive, type of inhibition. The Mg(Il), Zn(Il), and Mn(II) ions do not inhibit NADH-OR,
whereas Mg(L), compete with an electron acceptor for the binding site on the enzyme and
Zn(L), and Mn(L), have the mixed type of inhibition with respect to both NT and NADH.
Interestingly, as shown above, Mg(L),, Zn(L),, and Mn(L),, in turn, do not interact with NADH.
The formation constants of the M(L),-NADH complexes (K : Fe < Mo < (Co) < Cu < Ni) show
a direct correlation with the inhibition constants of NADH-OR by an electron donor for both
the complexes and metal salts K;,;,: Co <Ni < Cu<Mo < Fe (Table 5).
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Inhibitor - Iso V maxe S, 10% K;, 104 Inhibitor — M(L),
solt ] Mc' M M- Type® Iso, M K, 10°M*'  Type*
Cu(CH;CO0), 3.310° 1.110° 3.9 1.2 D 33104 0.06 A
(NH,)sMo; Oy 3310 1.410° 3.0 8.8 D 8.5 10* 0.1 A
Co(CH,C00), 1.310° 9.7 107 1.2 0.01 B 1.510°3 13.7 C
Fe(C;H,CO0), 3.310* 4.6 14.2 A 1.1103 1.1 A
Ni(CH;CO0), 3.310° 7.7 107 3.2 0.9 D 2.010°3 124 C
Mg(CH,COO0), no inhibition 2.010°3 12.7 C
MgSO, no inhibition
Zn(CH,C0O0), no inhibition 1.0103 10.2 C
ZnSO, no inhibition
Mn(CH,COO0), no inhibition 3.010°3 3.8 A
MnSO, no inhibition

In the absence of an inhibitor V,,,,=2.8:10® mol L' s7'; S, =3.3-10* mol L™".

* The type of inhibition: A - competitive, B - uncompetitive, C - noncompetitive, D - mixed.

Table 5. Kinetic parameters of inhibition of NADH-oxidoreductase at the substrate NADH.

Among the lontrel complexes with metal ions, only the complexes with Mg and Mo proved to
be competitive reductase inhibitors with respect to NT. The lontrel complexes with Cu, Ni,
and Fe ions inhibit the enzyme noncompetitively, while the lontrel complexes with Mn, Zn,
and Co display a mixed type of inhibition.

Table 5 demonstrates the kinetic parameters of inhibition of NADH-oxidoreductase with
respect to the substrate NADH. The highest inhibition ability is shown by Co(Il): I, = 1.33
10 M. The copper and nickel salts exhibits the equal values: I5, = 3.3-10° M. The weak
antireductase activity was demonstrated by Fe(I) and Mo(VI), namely, I, = 3.3-10* M. The
metal salts can be arranged in the following series by the calculated values of I;;: Co(ac), <
Ni(ac), = Cu(ac), < Fe(acac), = Mo(am).

The inhibitory effect of the complexes ZnL,, CoL,, FeL,, and MoL, is similar to that of the parent
lontrel (I, are 1.0-10%,1.5-107%, 1.1-10%, and 0.85-10* mol L, respectively), while the inhibitory
effects of MgL,, MnL,, and NiL, are much lower.

The Mg, Zn, Co, and Ni complexes with lontrel exhibit noncompetitive inhibition with respect
to NADH, whereas Mn, Cu, Fe, and Mo complexes inhibit the enzyme competitively. The
difference between the inhibition patterns may be related to the difference between the
acceptor abilities of the metal ions.

A comparison of the data presented in Tables 4 and 5 shows that the metal salts inhibit the
enzyme in much lower concentrations. The value of I, of a salt is one to three orders of
magnitude lower than that of the complexes of the corresponding metal. The maximum
difference in the values of I, is observed for Co(Il) and Co(L),: 1.33-10° and 1.5-10° M,
respectively. The minimum difference is characteristic of molybdenum: Mo(VI) I;, = 3.3-10*
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M, Mo(L), I, = 8.5:10* M; i.e., the antireductase activity of the metal ion is threefold higher
than that of the corresponding metal complex with lontrel. The order of increasing I, (i.e.,
decreasing the antireductase activity) in the case of the complexes Cu(L), < Mo(L), < Zn(L), <
Fe(L),=L <Co(L), < Ni(L), = Mg(L), < Mn(L), is reciprocal to that presented above for the salts
of the same metals.

The highest of the calculated inhibition constants with respect to the electron donor (NADH)
belongs to Fe(II) and Mo(VI), and the values of K; are14.2-10* M and 8.8-10* M-, respectively.
The lowest value (K; = 1.4-10° M) was determined for Co(II).

The character of inhibition of NADH-OR with copper acetate at different substrate (NADH)
concentrations at a fixed concentration of NT is shown in Fig. 13. The intersection of the straight
lines in one point but not in the axis indicates that the inhibition follows the so-called mixed
type. The same character of inhibition was demonstrated by Mo(am), and Ni(ac),. The Cu(L),,
Mo(L),, and Fe(L), complexes compete with NADH for the binding site on NADH-OR (Table
5). The strength of the bond between Cu(L), and NADH-OR is nearly 20 times higher than that
of Cu(ll); K; = 6.0-10° M and 1.2-10* M, respectively. A similar situation was observed for
molybdenum and iron and their complexes.
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Figure 13. Dependences of the reciprocal inhibition reaction rate of NADH-oxidoreductase by Cu(ac), on the inverse
NT concentration at a constant concentration of NT (in the Lineweaver-Burk coordinates). Cyr = 6.68 107 M; Cypyme =
2.83:107 M; Cyppn = 1.0-10%-1.5:103 M; (1) without an inhibitor; in the presence of Cu(ac), in the concentration (2) 3.0-
10°Mand (3) 1.7-10“M.

On the contrary, the strength of the bond between Ni(L), and NADH-OR decreases: K; = 0.9-
10 M for Ni(Il) and K; = 12.4-10* M for Ni(L),. The inhibition constant increases by two
orders of magnitude on going from the salt to the cobalt complex: 0.014-10* and 3.8-10* M-,
respectively. However, Co(ac), inhibits oxidoreductase manifesting the noncompetitive
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Figure 14. EPR of the metal complex (1) Cul, = 5.0-10 mol L™"; (2) CuL, =5.0-10"* mol L™ in the presence of NADH =
6.0-10"* mol L'; (3) CuL, = 5.0:10“ mol L' in the presence of NADH = 6.0-10"* mol L™' and enzyme. L is lontrel. The
conditions of measurements: 77 K, microwave 10 mW, magnetic field modulation 0.4 mT.

character of inhibition for NADH. At the same time, the Co(L), complex does not compete with
NADH for the binding site on the enzyme.

Of the compounds considered, only Fe(acac), competes with an electron acceptor for the
binding site in the active center of the enzyme. The same character of inhibition is retained in
the iron complex with respect to NADH, but K; for Fe(L), is 14 times lower than that for Fe(I):
1.1-10* and 14.2-10* M, respectively.

The change in the pattern of inhibition by the lontrel complexes with doubly charged metal
ions may be due to the fact that the interaction of these complexes with the protein involves
other protein ligands (thiol groups, the imidazole part of histidine, and other amino acid
residues of the peptide chain). In addition, the metal ions in these complexes can be reduced
by the enzyme, as it was shown by ESR for the lontrel complexes with copper ions (Fig. 14).

Our results indicate that the herbicides, fungicides, and lontrel metal complexes can react with
NADH-OR in the cavity of the protein matrix in which either NADH binding or electron
transfer to anatural or artificial electron acceptor takes place. An additional interaction of these
compounds beyond the enzyme active center cannot also be dismissed. The structure, size,
and spatial configuration of the pesticide molecule are also significant. Apparently, the large
size of kusagard and sedoxidim molecules prevents them from entering the cavity of the
protein globule, which may account for the weak inhibition of NADH-OR by these com-
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pounds. Apparently, the combination of these factors is responsible for the different mecha-
nisms of NADH-OR inhibition by the considered compounds.

The Hill factor (k) is nearly equal or close to 2 for all of the compounds, which indicates that
two inhibitor molecules can be attached simultaneously to the enzyme both inside and
probably outside the active center (Table 3). This parameter substantially distinguishes
pesticides and metal complexes from metal salts. The Hill factor for the considered metal salts
is close to unit (Table 5), indicating the possibility of the addition of only one metal cation to
the enzyme.

Evidently, the metal cation tends to negatively charged groups of amino acids, namely,
carboxyl, sulfide, and amide groups. In addition, Mn, Mg, and Zn for the least stable complexes
with carbonyl, and Ni and Fe form the strongest complexes with this group (Holtzclaw &
Collman, 1957; Isatt et al., 1954), which agrees with our data. Thus, the interaction of this kind
near the active center of the enzyme can result in conformational changes in the region of
electron transfer, which is manifested as noncompetitive and mixed types of inhibition. It is
known (Tsuprun et al., 1987; Fitzpatrick et al., 2005) that the 2Fe-2S cluster is in the composition
of the active center of NADH-OR. The change in the character of inhibition on going from
divalent metal salts to their lontrel complexes can additionally be due to the interaction of the
complexes not only with the protein matrix but also with the metal of the 2Fe-2S cluster.

Figure 15 represents the scheme of direction of the inhibitor attack. The intramolecular elec-
trontransferintheactive center of NADH-OR proceeds from flavineadenine dinucleotide (FAD)
to the iron-sulfur cluster 2Fe-2S and further to an artificial electron acceptor (Bayer et al., 1996;
Duetal., 2000b; Ganson & Jensen, 1988). For competitive inhibition, the cation occupies the site
of NT and this breaks the chain of electron transfer. The fact that the metal salts have much lower
I;, compared to the complexes indicates easiness of this interaction. The determining factor in
the behavior of the metal salts is the structure of the electronic shells of the cation.

Figure 15. Scheme of direction of the attack from different inhibitors.
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Present in the composition of the complex, the metal cannot act as a free cation, since it is
significantly affected by the ligand environment. The considered ligand (lontrel) is capable of
occupying the site of NADH, donor of two electrons, in the active center of the enzyme.
Probably, the interaction with iron of the cluster occurs through the carboxyl of the ligand and
due to a high electron density of chloropyridine. As a result, the ligand or complex inhibits the
NADH-binding region of the electron-transfer chain.

We have previously reported (Aliev et al., 1988) that the lontrel complexes can exist in solution
in both the dimeric and polymeric forms. The structures of the complexes allow them to play
the role of both the electron-donor and electron-acceptor. It can be assumed that the complexes
form polymer chains in which the ligands acts as a “bridge” and the metal of the complex pulls
electrons of the 2Fe-2S cluster of the active center of the enzyme. The existence of two binding
sites in the active center likely explains the fact that K; of the complex (in the case of Mo, with
respect to the electron acceptor; in the case of Cu, Mo, and Fe, with respect to the electron
donor) is one to two orders of magnitude lower than that of the salt.

Obviously, the evaluated compounds, herbicides, fungicides, and metal complexes of herbi-
cide lontrel, can retard oxidation processes in plants and living organisms. However, the effect
of these compounds on various components of the ecosystem is manifested in a diverse
character of reactions of the organisms, in the multiphase character of these reactions, and in
the possible transition of one effect to another. To analyze the influence of the studied
compounds on the living organisms, we chose hydrobionts — marine “luminescent” bacteria
Benechea harveyi (strain B 17 — 667F), (Zhmur & Orlova, 2007; Kuz 'mich et al., 2002). It is validly
considered (Tsvetkov & Konichev, 2006) that hydrobionts are the most appropriate objects for
the study of biochemical adaptations to the toxic action and, as a consequence, they are the
most popular laboratory test-objects and object-indicators for calibrations of contaminations
under natural conditions. On the other hand, when the effect of chemical toxicants on biological
systemsis studied, the time of the toxicological analysis itself compared to the rate of formation
of metabolites in the living organism is significant. Bacteria Beneckea harveyi allow researchers
to obtain a fast response and to compare their effect on the change in the enzymatic (luciferase)
activity. Itisimportant that the inactivation of only one enzyme is controlled in vitro on amodel
system.
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Figure 16. Change in the toxicity of the pesticides towards “luminescent” bacteria Beneckea harveyi vs. concentration
of the pesticide in the concentration range from 10" to 10 M. (1) zenkor; (2) lontrel; (3) roundup; (4) basagran; (5)
tachigaren.

The results of measurements of toxicity of herbicides and fungicide tachigaren with respect to
luminescent bacteria Beneckea harveyi are presented in Fig. 16. The plots show that the toxicity
of solutions increases proportionally to the concentration with an increase in the pesticide
concentration. However, the rates of toxicity increase differ for different substances: the rate
of zenkor is considerably higher than those of other compounds, whereas for tachigaren the
toxicity coefficient (T, %) increases with the lowest rate. Zenkor has the highest toxicity of all
the compounds evaluated. Lontrel, roundup, and basagran differ from each other to a lower
extent. The lowest toxicity was determined to be tachigaren. In fact, even at the highest of the
studied concentrations, 10" M, tachigaren remains to be a nontoxic compound with T <19%.
In the concentration range from 3-10 to 10" M basagran exhibits a weak toxicity: 24 <T < 40%.
In the concentration range from 102 to 3-10° M, all compounds (except zenkor) are lowly toxic
with T < 50%. Beginning from the concentrations 10° M (zenkor), 102 M (lontrel), and 10" M
(roundup), they become highly toxic compounds.

The results of measurements of pesticide toxicity are presented in Table 6. Parameter EC;,
corresponds to the toxicant concentration resulting in the 50% decrease in the luminescence of
bacteria. The values of ECs, increase in the order zenkor < lontrel < roundup < basagran <
tachigaren. An analysis of the data in Table 6 shows that the pesticides are arranged in the
decrease in toxicity in the same sequence, which is retained at all concentrations studied.

It was discussed previously that the metal complexes of herbicide lontrel are characterized by
a considerable antireductase activity. However, there are no literature data on the quantitative
estimation of their toxicity towards hydrobionts. The results of the study of the influence on
Beneckea harveyi are given in Fig. 17. It is seen that all the metal complexes are toxic even at a
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concentration of 107 M. The toxicity increases linearly with an increase in the concentration
for all complexes. Curves 1-4 corresponding to the complexes of different metals are parallel,
indicating the same rate of toxicity increasing on the concentration of ML,. At all concentrations
the toxicity coefficients of the complexes decrease in the series CuL,>CoL,>MnL,>MgL,. As
follows from Table 6, EC5, measured by the “probit analysis” method (Loshadkin et al., 2002)
change in the same order: CuL, > CoL, > NiL, > MoL, > MnL, > ZnL, > L > MgL,. It should
especially be mentioned that the toxicity of almost all lontrel complexes with respect to Beneckea
harveyi turned out higher than that of the starting herbicide. The value of EC;, for CuL, is more
than two orders of magnitude lower and that for ZnL, is four orders of magnitude lower than
that for lontrel. The exclusion is the MgL, complex, whose toxicity is insignificantly lower than

that of the starting lontrel.

ECs, ECso

Ne Pesticide ML,

M g/l M g/l
1. Zenkor (4.4+0.1) 103 0.94 Cul, (1.3£0.1) 10° 0.0058
2. Lontrel (8.0+£0.3) 107 1.54 Col, (3.0+£0.2) 10 0.13
3. Roundup (2.0+0.1) 102 3.38 NiL, (5.0+0.2) 10* 0.22
4. Basagran (2.9+0.1) 102 7.01 MolL, (7.0+0.3) 10* 0.33
5. Tachigaren (1.0+0.2) 107 9.91 MnL, (1.6+0.1) 10 0.69
6. ZnlL, (2.0+0.1) 10 0.89
7. Magl, (1.0+0.1) 1072 4.06

Table 6. Toxicity values (ECs,) for the pesticides and lontrel metal complexes (ML,) measured by the Beneckea harveyi

biotest.

T
-

e M

Figure 17. Change in the toxicity index determined on “luminescent” bacteria Beneckea harveyi vs. logarithm of the

concentration of the metal complexes: (1) Cul,; (2) CoL,; (3) MnL,; (4) MgL,.
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A comparison of the data in Table 6 shows that metal complexe toxicity is manifested at
concentrations two orders of magnitude lower than that of any pesticide considered. Similarly,
the EC;, parameters of the pesticides and metal complexes indicate thatthe values of toxicity
of the latter are two orders of magnitude higher than that of all pesticides and, particularly,
herbicide lontrel. In the range of the concentrations studied, both the pesticides and the
complexes of seven metals are arranged in the same sequence by toxicity decreasing.

The study performed of the toxicity of herbicides, fungicides, and metal complexes of lontrel
towards bacteria Beneckea harveyi showed high toxicity. This fact indicates the antiluciferase
activity of these compounds. The determined values of ECy, correlate with both the complex-
ation constants (K) of these compounds with NADH and inhibition constants (K;) of enzyme
NADH-OR by these compounds.

4. Conclusion

Thus, despite the substantial differences in the chemical structures, all of the herbicides,
fungicides and lontrel metal complexes studied inhibit NADH-OR at both the electron-donor
and the electron-acceptor sites. These compounds inhibit the NADH-binding region and,
perhaps, the intramolecular electron transfer from FAD to the 2Fe-25 iron-sulfur cluster and
further to an artificial electron acceptor. This conclusion is consistent with the published data
on the interruption of the electron transfer chain (Tissut et al., 1984; Macherel et al., 1982;
Higgins et al., 1981) by pesticides and the involvement of metals in this process (Bayer et al.,
1996; Du et al., 2000b; Ganson & Jensen 1988). The character of inhibition changes on going
from the metal salts to their complexes: all the metal salts compete with an electron acceptor
for the binding site, and the complexes compete with an electron donor. It is very important
that in some cases, of Mo, Cu, and Fe, the strength of the bond with the enzyme increases on
going from the metal ion to the ligand and to the complex (M* <L < ML,), which should result
in an increase in the toxic properties of the complexes compared to the metals and pesticides.

The enzyme NADH-OR is abundant in nature and is found in both unicellular and multicel-
lular organisms; therefore, broad-scale practical use of herbicides and fungicides may entail
their accumulation in living organisms and severe environmental consequences.

Evidently, one of the mechanisms of formation of toxicity of herbicides seems to be inhibition
of redox processes in organisms of different trophic levels. In birds and mammals (including
people), the inhibition of the oxidative enzymes decreases the protective functions of the
organism and results in various maladies. Moreover, almost all well understood diseases of
modern man are caused by a poor ecological state of the environment (Gichev, 2003; Klyush-
nikov, 2005; Mogush, 1984; Isaev, 1997; Lisichkin & Chernov, 2003).

Several thousands of pesticides are produced in the world. About 180 pesticides are widely
used (Mel'nikov, 1987). Maximum allowable concentrations are substantiated only for 30 of
them (Fomin, 2000). The assertion about an exclusive importance of their use for the enhance-
ment of agricultural productivity is not substantiated (Yablokov, 1990; Fisher et al., 2002;
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Yudanova, 1989; Khan, 1980; Moses, 1988; Paasivitra, 1988). The use of pesticides is an example
for gaining a short-term profit of chemical companies owing to the long-term detriment for all
society (Skurlatov et al., 1994; Yablokov, 1990; Suley & Uilcoks, 1983; Kurdyukov, 1982).
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1. Introduction

The high demand for food due to the increase in the world population has led to an increasing
use of plant protection products, also known as pesticides, in order to improve productivity.
However, along with the success in food production, the accumulation of these persistent
chemicals in soil and water is harmful to the environmental and human health [1]. In recent
years, agricultural pesticide application has increased all over the world. A total of 5,197 mil
Ibs of pesticides were used worldwide in 2007 [2]. There are many different types of pesticides;
each is meant to be effective against specific pests. The term "-cide" comes from the Latin word
"to kill." Among them, herbicides account for the largest market (around 40%) share, followed
by insecticides (17%) and fungicides (10%). Herbicides are chemicals used to kill undesired
plants, such as weeds, and they are used extensively in home gardens and in agriculture. Due
to the relative predominance of herbicides, the present review will focus on this class of
compounds.

Herbicides have well defined pros and cons associated with their use. Their use tends to
increase yields, and thus makes a significant difference in food production, particularly in
countries that struggle periodically against famines. On the other hand, they can cause water
pollution when erosion and/or rainwater carry the chemicals off the farms together with the
eroded soils after each rainfall. Herbicides vary in their potential to persist in the soil. They are
chemically heterogeneous and their structure is one of the main features that determine
persistence. For example, some substitutions on aromatic rings (-F, -Cl, -NO,, -NH,, -CF;, -
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SO;H) [1] in picloram, atrazine, flazasulfuron and other herbicides (Table 1), have a marked
influence on persistence. Furthermore, water insoluble molecules are less susceptible to
microbial attack because they may sorb tightly to particles and thus stay less available [3].

The herbicide persistence in soil is also affected by the properties of soil such as organic matter
content, moisture, pH, microbial activity, among other particularities. Generally, soils with
high contents in organic matter have low loss of chemicals through volatilization as a conse-
quence of a stimulated adsorption to soil particles [3]. On the other hand, herbicides that sorb
tightly to soil particles have low mobility which decreases the possibility of groundwater
contamination. The organic matter also serves as an energy source for microorganisms that
degrade pesticides. Furthermore, the soil pH may affect the adsorption processes, changing
the mobility and bioavailability of the herbicide [1].

The presence of native microorganisms (fungi, bacteria, protozoans, etc) can greatly influence
the toxicity and persistence of herbicides. The degradation process by native microorganisms
produces less toxic products and it is probably the most important pathway for the breakdown
of herbicides. However, microorganisms require special environmental conditions such as
adequate temperature, oxygen and nutrient supply for growth and herbicide degradation [1].

Chemical group Common name Water solubility and Chemical structure

persistence

Phenoxy acetic 24D 900 ppm o
1 month \)J\
O
/@: OH
Cl Cl
245T 278 ppm o)
1 month \)L
O
/@[ OH
Cl Cl
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Chemical group

Common name

Water solubility and

persistence

Chemical structure

Ureas Diuron 42 ppm
4-8 months 7
cl —Q NHCON(CH,),
Cl
tebuthiuron 2,500 ppm
12-15 months ?H;;
(CH)C ~¢ 5 ~~ NCONHCH,
L] L
N=-M
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F.C & N{CH,CH,CH,),
NO,
acetanilides metolachlor 488 ppm (20°C) CH,CH;
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N
THCHZOCHg
CH; CH;
isoxalone isoxaflutole 6 ppm (20°C) o S’DQGH_-,
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I
HO-P—~ OH
I
OH
imidazolinones Imazapyr 11,272 ppm (CH.).CH CH,
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Chemical group Common name Water solubility and Chemical structure

persistence

Picolinic acid Picloram Soluble

3 months

* Water solubility at 25°C. ** Soil average persistence at recommended rates [4]

Table 1. Chemical properties of the most common herbicides

2. General bioremediation processes

The impact of hazardous herbicide residues on the environment has led to the necessity of
finding feasible technologies to remediate these sites. The conventional remediation methods
use physical and chemical processes, such as incineration, adsorption on resins and UV
irradiation. These methods generally generate excellent contaminant removal; however, from
an ecological viewpoint, they are not friendly since they produce unwanted by-products and
hazardous residues, besides the danger of human exposure to contaminants.

An innovative technology for complementing or substituting the conventional methods and
which presents the same or even improved efficiency is bioremediation. By definition,
bioremediation is the use of biological processes to clean up polluted sites. Such biological
methods have the potential of being less expensive and more eco-friendly than the physical
and chemical treatments [5]. Bioremediation is based on biological systems such as living
organisms (bacteria, fungi and plant) and enzymes. They are effective systems to treat a
polluted site because they are able to modify the chemical structure of the contaminant into
less hazardous end-products [5]. Among these possibilities, microorganisms have become the
most attractive option in bioremediation strategies [1].

The naturally occurring bacteria, fungi or plants in a contaminated site are commonly used in
bioremediation but microorganisms may be isolated elsewhere and inoculated into the site
with the goal of accelerating the remediation. This process is called bioaugmentation [6]. Other
terms are commonly used in bioremediation studies. When a chemical compound is broken
down into water and CO,, the biodegradation is completed and the process is called mineral-
ization. On the other hand, the term biotransformation usually refers to the process whereby
a molecule is converted into a different molecule which is not always less toxic than the
precursor. Another term usually used is bioaccumulation or biosorption. This process does
not involve any transformation of the molecule and refers to the concentrative transfer of
substances into living or dead biomass. The microorganisms can still transform the molecule
but are unable to grow on it, in other words, the compound is not used as an energy source [7].
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Bioremediation can be developed by two main methods: in situ and ex situ. In situ methods
treat the materials in place, while ex situ methods are based on excavation or removal of the
polluted materials for processing in another place, such as in bioreactors and biopiles, where
optimal environmental conditions for rapid biodegradation may be provided. The in situ
bioremediation is more advantageous because it avoids the transport of hazardous materials
and is more cost-effective. On the other hand, this process can be limited in some cases since
the remediation is not effective in low-permeability soils [1].

3. Herbicide bioremediation studies

Bacteria and fungi are the main microorganisms capable of degrading herbicides. Most
bioremediation studies have been focused on bacteria. Among those, several species of
Pseudomonas have been found to degrade a wide range of herbicide groups [8-10]. Generally,
the bacteria strains utilize the herbicide as the sole carbon and/or nitrogen source. In order to
metabolize pollutants, bacteria must take the molecule inside the cell where the enzymes are
located [11].

Although bacteria are the main agents used in most commercial bioremediation processes,
filamentous fungi have received much attention in recent years, especially white rot fungi
(WREF) or ligninolytic fungi [12]. Most WRF belong to the Basidiomycete group and comprise
the organisms that are capable of degrading lignin, a polymer found in wood [13]. These fungi
have been extensively investigated since the mid-1980s as bioremediation agents because of
some particular characteristics. First, as filamentous fungi, WRF present extensive branching
and myecelial growth, hence they are able to spread out in the environment reaching the
pollutants more efficiently than bacteria. Second, they possess non-specific and radical-based
enzymatic systems for degrading lignin. These oxidative enzymes allow them to degrade a
broad range of pollutants, including low-solubility compounds, without the necessity of
incorporating them into the cells. Third, WREF prefers to grow on substrates such as agricultural
crop wastes (straw, corn cobs, sawdust, peanut shells) which are inexpensive and may be used
as additional nutrient sources [5,14]. In this context, the primary focus of this review is on the
main white-rot species which have been studied for herbicide transformation.

4. White-rot fungi and their lignin-modifying enzymes

White-rot fungi are known as the most efficient lignin degraders. Lignin is a polymer found
in wood and vascular tissues [15]. In the cell wall, lignin is covalently associated with carbo-
hydrate components (cellulose and hemicelluloses) forming a matrix that protects the cell wall
against microbial attack [16]. Unlike most natural polymers, lignin is irregular and non-
repeating. Its biosynthesis is the result of oxidative polymerization of several phenylpropanoid
precursors, such as coniferyl alcohol, sinapyl alcohol and p-coumaryl alcohol. The polymeri-
zation occurs at random by various carbon-carbon and ether bonds resulting in an irregular
structure (Fig. 1)
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CH30

Figure 1. General structure of lignin

Lignin resists attacks by most microorganisms; anaerobic processes tend not to attack the
aromatic rings at all and the aerobic breakdown of lignin is slow. In nature, only basidiomy-
ceteous white-rot fungi (WRF) are able to degrade lignin efficiently. Wood decayed by white-
rot fungi is pale in color because of oxidative bleaching and loss of lignin and often retains a
fibrous texture.

In order to become the most effective wood degraders in nature, WRF developed non-specific
and radical-based mechanisms for degrading lignin. WRF variously secrete one or more of
four extracellular enzymes that are involved not only in the lignin degradation but also in the
degradation of several pollutants. The four major lignin-modifying enzymes (LMEs) are: lignin
peroxidase (LiP, EC 1.11.1.14), manganese peroxidase (MnP, EC 1.11.1.13), versatile peroxidase
(VP, EC 1.11.1.16) and laccase (Lac, EC 1.10.3.2) [17]. All these enzymes act via generation of
free radicals which represent an efficient way to reach their substrates.

The LME:s are highly non-specific and, thus, capable of degrading a wide range of recalcitrant
compounds structurally similar to lignin. White-rot fungi usually secrete one or more of the
LMEs in different combinations. Distribution of white-rot fungi into groups according to their
enzymatic systems have been undertaken [18-20]. General classification is based on the
capacity of different fungi to produce one or a combination of three ligninolytic enzymes: LiP,
laccase and MnP. However, the absence or non-detection of these enzymes in some white-rot
fungi, the sequencing of white-rot fungal genomes and the discovery of new enzymes has led
to the distinction of different groups [21]. Generally, white-rot fungi can be distributed into
four groups, according to their ability to produce laccases and peroxidases (LiP, MnP and VP):

a. Laccase, MnP and LiP (Trametes versicolor, Bjerkandera adusta)

b. laccase and at least one of the peroxidases (Lentinus edodes, Pleurotus eryngii, Ceriporiopsis
subvermispora)
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c. only laccase (Schizophyllum commune)
d. only peroxidases (Phanerochaete chrysosporium)

The most frequently observed LMEs among the white-rot fungi species are laccases and MnP
and the least are LiP and VP.

A considerable number of reviews detailing the numerous characteristics and applications of
ligninolytic enzymes have been published in past years [22-24]. A general description of the
mechanisms and functions of the main ligninolytic enzymes of the white-rot fungi is given in
Panel 1.

Enzyme: LACCASE (EC 1.10.3.2)

Active site/prosthetic group: four copper atoms.

Catalytic mechanism: catalysis of the one electron oxidation of phenolics, aromatic amines and other aromatic
hydrogen donors with simultaneous reduction of O, to H,0.

General reaction: 4 benzenediol + O, - 4 benzosemiquinone + 2 H,0

Mediators: 3-HAA, ABTS, HBT, RBB

Function: Removal of polyphenols, degradation of pesticides and textile dyes, bleaching, removal of lignin, synthesis
of melanin, formation of basidiomes, generation of hydroxyl radicals, stress defense

Main laccase producer fungi: Ganoderma lucidum, Pleurotus eryngii, Pleurotus ostreatus, Rigidoporus lignosus,
Trametes versicolor

Enzyme: LIGNIN PEROXIDASE (LiP, EC 1.11.1.14)

Active site/prosthetic group: Heme (Iron protoporphyrin IX)

Catalytic mechanism: oxidation of lignin side chains by one electron abstraction in the presence of H,0,, generating
reactive radicals. Cleavage of C-C and ether bonds in lignin. Cleavage of aromatic rings.

General reaction: 1,2-bis(3,4-dimethoxyphenyl)propane-1,3-diol + H,0, =+ 3,4-dimethoxybenzaldehyde + 1-(3,4-
dimethoxyphenyl)ethane-1,2-diol + H,0

Mediators: VA, 2Cl-14DMB

Function: Degrades lignin (non-phenolic lignin units), mineralizes recalcitrant aromatic compounds.

Main LiP producer fungi: Bjerkandera adusta, Phanerochaete chrysosporium, Trametes cervina, Trametes versicolor
Enzyme: MANGANESE PEROXIDASE (MnP, EC 1.11.1.13)

Active site/prosthetic group: Heme (Iron protoporphyrin IX)

Catalytic mechanism: Oxidize Mn? into Mn3*. Mn3* acts as a diffusible oxidizer on phenolic or non-phenolic lignin
units and amino-aromatic compounds

General reaction: 2 Mn?* + 2 H* + H,0, » 2 Mn3 + 2 H,0

Mediators: Chelated Mn3*

Co-oxidants: unsaturated fatty acids and thiols

Function: Oxidation and depolymerization of lignin, degradation of dyes, phenols and other recalcitrant compounds
Main MnP producer fungi: Ceriporiopsis subvermispora, Irpex lacteus, Lentinus edodes, Pleurotus ostreatus, Trametes
versicolor

Enzyme: VERSATILE PEROXIDASE (VP, EC 1.11.1.16)



172

Herbicides - Advances in Research

Active site/prosthetic group: Heme (Iron protoporphyrin IX). Hybrid molecular architecture with multiple binding sites
Catalytic mechanism: Combination of the catalytic properties of LiP and MnP; Oxidation of Mn?* to Mn3* and also
phenolic and nonphenolic aromatic compounds.

General reaction: donor + H,0, - oxidized donor + 2 H,0

Mediator: Chelated Mn3*

Function: Oxidizes phenols, hydroquinones, dyes, amines, aromatic alcohols and xenobiotics.

Main VP producer fungi: Bjerkandera adusta, Pleurotus eryngii

3-HAA (3-Hydroxyanthranilic acid), ABTS (2,2"-azinobis-(3-ethylbenzothiazoline-6-sulphonate)), HBT (1-hydroxybenzo-
triazole), RBB (Remazol brilliant blue), VA (veratryl alcohol), 2CI-14DMB (2-Chloro-1,4-dimethoxybenzene).

Panel 1. Lignin-modifying enzymes of the white-rot fungi [17]

The LMEs may function cooperatively or separately from each other, however, auxiliary
enzymes (unable to degrade lignin on their own) are necessary to complete the process of lignin
and/or xenobiotics degradation: aryl alcohol oxidase (AAO, EC 1.1.3.7), aryl alcohol dehydro-
genase (AAD, EC 1.1.1.90), glyoxal oxidase (GLOX, EC 1.2.3.5), quinone reductase (QR, EC
1.1.5.1), cellobiose dehydrogenase (CDH, EC 1.1.99.18), superoxide dismutase (SOD, EC
1.15.1.1), glucose 1-oxidase (GOX, EC 1.1.3.4), pyranose 2-oxidase (P20x, EC 1.1.3.4) and
methanol oxidase (EC 1.1.3.13). These are mostly oxidases generating H,O, and dehydrogen-
ases. Cytochrome P450 monooxygenases are also significant components involved in the
degradation of lignin and many xenobiotics.

Recent additions to the enzymatic system of white-rot fungi include dye-decolorizing perox-
idases or DyP involved in the oxidation of synthetic high redox-potential dyes and nonphe-
nolic lignin model compounds [30] and aromatic peroxygenases (APOs) that catalyze diverse
oxygen transfer reactions which can result in the cleavage of ethers [31-32].

Other important components of the lignin degradative system of white-rot fungi are low
molecular mass oxidants such as hydroxyl radicals (¢OH) and chelated Mn*" (Mn*" mainly
chelated by oxalic acid), produced through the action of the ligninolytic enzymes. These are
particularly important during the early stages of wood decay and can also act on the degra-
dation of xenobiotics [24,33-35].

5. Environmental applications of ligninolytic enzymes

Ligninolytic enzymes are highly non-specific and, thus, capable of degrading a wide range of
recalcitrant compounds structurally similar to lignin. In recent years, the capability of white-
rot fungi and their enzymes to biodegrade several xenobiotics and recalcitrant pollutants has
generated considerable research interest in the area of industrial/environmental microbiology.
As a consequence, a considerable number of reviews detailing the numerous characteristics
and applications of ligninolytic enzymes have been published [22-27,36-40]. Among the
industrial applications of the ligninolytic enzymes found in WRF are: a). paper whitening, b).
degradation of industrial dyes from the textile industry and c). degradation of xenobiotic
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compounds, including polycyclic aromatic hydrocarbons, phenolics, herbicides and other
pesticides. In this review, we focused on the degradation of herbicides by white-rot fungi with
emphasis on work done in the last decade.

6. Isolation and laboratory maintenance of white-rot fungi

There are about 10,000 species of white-rot fungi in the world. However, not more than 3 dozen
have been more properly studied. Among these, the majority of studies have focused on
Phanerochaete chrysosporium, followed by Trametes versicolor, Bjerkandera adusta and Pleurotus
sp [40]. White-rot fungi have great potential for biotechnological applications. For this reason,
there has been a growing interest in screening for new white-rot fungi species and strains. A
classical strategy is to collect basidioma or mycelia of white-rot fungi in forests, dead trees,
and lignocellulosic crop residues showing signs of attack by fungi. Samples of basidioma or
mycelia are aseptically transferred onto potato dextrose agar or malt extract agar and sub-
cultured until the obtainment of pure mycelia. Identification is based on morphological,
physiological, biochemical and genetic characteristics of the basidioma, hyphae and spores.
More recently, molecular biology techniques are being used in the identification of new
isolates. Advancements in molecular methods have permitted a more rational study of the
phylogenetic relationships within the various organisms. Non-coding internal transcribed
spacer regions (ITS1 and ITS2) of the ribosomal DNA seem to be one of the most frequently
employed analytical tools [41].

There are several options for the maintenance of white-rot fungi in the laboratory. Continuous
growth methods of preservation in which white-rot fungi are grown on agar (e.g., malt extract
agar, potato dextrose agar and yeast extract agar) are typically used for short-term storage. For
long-term storage, preservation in distilled water (method of Castellani [42]), mineral oil and
anhydrous silica gel are some of the indicated methods. These are low cost methods but none
is considered permanent. Lyophilization and liquid nitrogen refrigeration (cryo-preservation)
are expensive methods but are considered permanent.

7. Herbicide biotransformation and detoxification by white-rot fungi

Phanerochaete chrysosporium is the main white-rot fungus used in herbicide biodegradation
studies. The lignin-degrading system of P. chrysosporium comprises the peroxidases LiP and
MnP. Studies have demonstrated that these enzymes are responsible, at least in part, for the
transformation of several persistent pollutant molecules including toxic herbicides [43]. The
biotransformation of triazine by P. chrysosporium was studied in liquid cultures [44]. The
herbicide atrazine was partly transformed into polar dechlorinated and/or N-dealkylated
metabolites. The removal of the ethyl side chain was the preferred reaction and produced
metabolites which were not further transformed by the fungus. They found that the N-
dealkylation was supported by the mycelium and not by purified peroxidases. Thus, the
authors suggested that cytochrome-P450 could have been involved in the degradation.
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Using non-sterile substrates, P. chrysosporium demonstrated a satisfactory growth and signif-
icant effect on the degradation of several herbicides such as simazine and trifluralin [45],
bentazon and 2-methyl-4-chlorophenoxyacetic acid (MCPA) [46-47]. Thus, the systems based
on non-sterile substrates offer good perspectives of practical application since the preparation
of large amounts of sterile substrates is expensive.

The herbicide diuron has also been degraded by P. chrysosporium in several culture conditions.
Higher degradation efficiency (95%) was found in ashwood culture as compared to the liquid
culture (75%) [48]. The authors suggested that MnP could be responsible for the degradation
since it was the dominant enzyme detected in the cultures. In liquid medium, the degradation
performance of P. chrysosporium is not very good when compared with other white-rot species
in the same experiments. Within 7 days the depletion of diuron, linuron and propanil was not
higher than 34% [49]. In another work, no Phanerochaete strain was able to degrade more than
42% of the herbicides chlortoluron, isoproturon and diuron during 5 days [50]. However, P.
chrysosporium was more efficient than Trametes versicolor in cleaving diketonitrile, which is
derived from the herbicide isoxaflotole [51]. Enzyme preparations derived from these organ-
isms, namely LiP and MnP, were unable to catalyze the transformation even in the presence
of mediators.

Solid state cultures (55C) seem to be great systems for cultivation of ligninolytic fungi as well
as for herbicide degradation. Isoproturon [52] and bentazon [46-47] were extensively degraded
by P. chrysosporium in wheat straw cultures. In vitro tests suggest the action of LiP and MnP
in the degradation of both herbicides although the cytochrome P450 activity can not be ruled
out. For isoproturon, non-identified hydroxylated metabolites were formed in SSC as well as
in pure enzyme tests. Furthermore, a second degradation reaction seems to occur with
isoproturon since N-demethylated metabolites were also formed in both systems.

Bjerkandera adusta is one of the most promising strains of white-rot fungi for bioremediation.
This fungus possesses high ligninolytic activity and produces several extracellular lignin-
degrading enzymes, including LiP, MnP and laccase [53]. Also, it is one of the few species to
produce VP [54]. B. adusta has demonstrated a great ability to degrade pollutant molecules,
especially polycyclic aromatic hydrocarbons [55] and synthetic dyes [56-57]. The removal of
the herbicides chlortoluron, isoproturon and diuron by B. adusta and other fungi was reported
in shaking liquid cultures [50], B. adusta was the most efficient WRF able to degrade the three
herbicides. Removal of chlortoluron, diuron and isoproturon reached 98%, 92% and 88%,
respectively, after two weeks. On the other hand, it was reported that B. adusta was able to
transform efficiently the herbicide linuron but to lower extents than propanil and diuron [49].
The authors suggested that the low depletion of some molecules may be due to the absence of
phenolic or aromatic amine groups. Unfortunately, no efforts were made to evaluate which
enzymatic system from B. adusta could be involved in these herbicide transformations.
Nevertheless, in vitro experiments using purified versatile peroxidase from B. adusta proved
that this enzyme is able to transform halogenated phenolic pesticides including the herbicide
bromoxynil [54]. This enzyme polymerized bromoxynil molecules producing a dimer and a
trimer as the main products with the loss of bromide atoms and hydroxyl groups. Nevertheless,
VP from B. adusta was able to oxidize only three of 13 halogenated pesticides tested. It was
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suggested that the peroxidase-mediated reactions are limited by the presence of phenoxyl
groups and by the electronic properties of the substituents on the aromatic ring.

The genus Pleurotus includes edible and medicinal species which are found both in temper-
ate and tropical climates. They are one of the most important cultivated mushrooms in the
world and are commonly referred to as “oyster mushrooms”. Pleurotus ostreatus and P.
pulmonarius are the main species applied in bioremediation studies. These species are able
to degrade PAH, chlorinated biphenyls and industrial dyes [36, 58-59]. Pleurotus species are
known to be good producers of ligninolytic enzymes, mainly laccases [59], versatile
peroxidase (VP) and manganese peroxidase (MnP) [24]. P. pulmonarius, cultured in pasteur-
ized straw solid medium in association with bacteria, was able to degrade the highly persistent
herbicide atrazine [60]. This study demonstrated that P. pulmonarius acts on the atrazine
molecule producing chloro-metabolites which were further dechlorinated by bacteria,
producing non-toxic metabolites. In liquid cultures, P. ostreatus was able to reduce the
concentration of several herbicides. During five days, the herbicides chlortolurun, isoprotur-
on and diuron were depleted 35, 42 and 33%, respectively [50]. Another study demonstrat-
ed maximum depletions of 42, 81 and 94% for diuron, linuron and propanil, respectively,
during seven days [49]. In the latter studies no investigation about the enzymatic system
involved in herbicide transformations was carried out.

Trametes versicolor seems to be highly promising for herbicide bioremediation. Itis a good lignin
degrader and produces Lac, MnP and LiP under certain culture conditions [61], being one of
the most-studied laccase-producing fungus. Direct involvement of its laccase in herbicide
transformation has been demonstrated. Recently, in vitro degradation experiments of glyph-
osate using several ligninolytic purified enzymes in combination with different mediators was
carried out [62]. Laccase from T. versicolor was able to rapidly degrade the herbicide, but only
in the presence of mediators such as ABTS, MnSO, and Tween 80. The best glyphosate
degradation by laccase (90.1%) was obtained in the presence of all these mediators in the same
reaction. The laccase-mediator reactions produced and accumulated the metabolite AMPA, a
compound frequently found in soil exposed to glyphosate. Another work demonstrated that
the compound diketonitrile, the active principle of the herbicide isoxaflutole, was transformed
by laccase, purified from T. versicolor cultures, in the presence of the mediator ABTS [51]. The
main metabolite produced in the reaction was benzoic acid, an inactive compound also
produced by tolerant plants. Laccase from this white-rot species also has been reported to
degrade metabolites from phenylurea herbicides commonly found in the fields. These are
hydroxylated metabolites produced by fungi and plants as part of their phenylurea herbicide
metabolization. The hydroxylation of their aromatic rings makes phenylureas substrates for
laccases and thus ready for further degradation [63]. Purified laccases were able to transform
the metabolites 2-hydroxyphenyl-urea (2-HF) and 4-hydroxyphenyl-urea (4-HF) into several
products without mediator addition. The results suggested that these enzymes from T.
versicolor allow the formation of polymers between the hydroxyphenylurea products, as
deduced from the formation of insoluble compounds in the reaction medium [64].

In vivo studies have also been carried out. T. versicolor strains were able to deplete diuron,
linuron and propanil from the culture medium after seven days, reaching 37%, 47% and 94%

175



176 Herbicides - Advances in Research

pesticide transformation, respectively [49]. It was demonstrated that the herbicide diuron was
the more extensively removed phenylurea in cultures of the Trametes species, with 72%
transformation by Trametes sp and 33% by T. versicolor [50]. T. versicolor was able to degrade
diuron and atrazine [65], chlornitrofen (CNP) and nitrofen (NIP) [66]. In the last work, the
authors suggest that extracellular ligninolytic enzymes are not involved in the initial step of
CNP and NIP degradation. However, the possibility of an effective participation of cytochrome
P450 in the degradation of CNP and NIP has been emphasized.

Trametes versicolor has also been monitored for soil bioremediation in microcosms of non-sterile
soils under water stress. Under this condition, this species was able to decompose atrazine
without correlation with the production of ligninolytic enzymes [67] and to act on a pesticide
mixture containing herbicides (simazine and trifluralin) and an insecticide (dieldrin) [45]. This
type of study is very important because the capability of a given fungus to act in a soil
microcosm can be strongly affected by competition with the native soil microflora and by the
adverse conditions such as water stress.

Coriolopsis fulvocenerea, Cerrena maxima and Coriolus hirsutus were investigated as atrazine
decomposers in liquid cultures [68]. Among the several fungi strains, the authors found that
the best degraders were those that produce laccases. The results showed that these fungi
degrade at least 80-92% of atrazine after 40 days. Further, cultures with addition of laccase
inducers such as guaiacol and syringaldazine, were more effective in decreasing the atrazine
concentration, suggesting an important role of these enzymes in atrazine degradation [69].
Recently, it was studied the effect of laccase from C. hirsutus on atrazine binding to soil [70].
Laccase introduction into the soil caused a rapid increase in irreversibly bound atrazine. This
mechanism probably decreases the herbicide toxicity and thus contributes to atrazine detoxi-
fication in soil.

Recently, the decrease of the concentration of the herbicides bentazon and diuron in Ganoderma
lucidum cultures was reported [71-72]. The action of the ligninolytic enzymes on bentazon was
confirmed by in vitro experiments with the crude enzyme filtrates. After 24 hours, bentazon
was completely degraded by the liquid culture filtrate. Also, solid state cultures using corn
cobs as substrates were a good medium for the production of laccase and MnP as well as for
the transformation of bentazon.

The white-rot fungus Phlebia brevispora metabolizes the herbicide CNP (chlornitrofen) by
nearly 80% within 28 days of incubation with the production of five metabolites [73]. P.
vispora was also able to degrade a highly toxic compound, a dibenzo-p-dioxin, present as a
contaminant of commercially produced CNP herbicide [73]. The transformation of phenylurea
herbicides by Phlebia radiate after five days has also been reported [50].

Hypholoma fasciculare is another white-rot fungus capable of degrading different herbicide
classes [65]. This fungus possesses a great ability to degrade the triazine herbicides terbuthy-
lazine and atrazine and the phenylurea herbicide diuron in liquid cultures and also in biobed
bioremediation system. No relationship between the ligninolytic activity and the fungi
capacity to degrade pesticides was found, although similar mechanisms could be involved in
degradation of all the compounds.
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Lentinus subnudus was highly efficient in removing atrazine (78%) and metalachlor (94%) from
contaminated soils after 25 days [74]. No attempts were done to identify the participation of
the ligninoloytic enzymes in the process.

8. Are ligninolytic enzymes actually involved in herbicide degradation?

WREF have been demonstrated to be capable of transforming and/or degrading a wide range
of herbicide classes. Two mechanisms or systems have been proposed. The first is transfor-
mation in the extracellular space and it involves lignin-degrading enzymes. These powerful
capabilities of WREF reside in the fact that many pollutants have structural similarities to lignin
and because ligninolytic enzymes are non-specific they can also act on the pollutant molecules.
Furthermore, the transformation of some compounds can be enhanced with the use of small
molecules, called mediators, which can extend the enzymatic reactivity of enzymes towards
the substrates; this process is often referred to as the enzyme-mediator system. The participa-
tion of extracellular enzymes in the transformation of several herbicides by WRF was conclu-
sively demonstrated by studies performed with purified enzymes [46,47,49,51,54,62,63].

The second system of WRF involved in herbicide transformation is an intracellular enzymatic
mechanism, represented mainly by cytochrome P450. Purification of fungal cytochrome P450,
in order to obtain conclusive data, has been accomplished in only a few studies, due to the
difficulties in keeping the activation of the enzymes during microsome preparation. Hence,
most conclusions were drawn from the results of indirect experiments consisting in the
addition of specific cytochrome P450 inhibitors to the culture medium, such as piperonyl
butoxide and 1-aminobenzotriazole [66,75-76] (Fig. 2). Direct evidence is also available. Some
experiments were carried out with the microsomal fraction isolated from Pleurotus ostreatus
[77]. The authors found that the microsomes transformed the pesticides in vitro in a NADPH-
dependent reaction. In Table 2 and 3, representative studies were listed in which ligninolytic
enzymes of different WRF were used for removing herbicides. These tables show only those
studies in which direct or strong indirect evidence is presented about the participation of
enzymes (laccases, peroxidases and cytochrome P450 monooxygenases) for the removal of
herbicides by WRF.

\
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Figure 2. Specific cytochrome P450 inhibitors
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Pesticide/metabolite(s) Treatment conditions Fungal source Ref.
In vitro assay. The presence of ABTS, Mn?* and Tween 80 )
Glyphosate/AMPA ] Trametes versicolor  [62]
resulted in the removal of 90.1% of glyphosate.
) ) ) Coriolus versicolor
2,4-dichlorophenol (DCP): In vitro assay. Laccase/mediator system. Laccase was
) i - ) (syn. Trametes [78]
metabolite of 2,4-D immobilized on chitosan.
versicolor)
In vitro assay. Laccase/mediator system. Over 90% of the
Dymron herbicide was degraded by the addition of ABTS as Trametes sp. [79]
mediator.
) Invitro assay. Laccase/mediator system. Addition of
Bromofenoxim; Bromoxynil; i o ) ) )
] ) ~ syringaldehyde or acetosyringone resulted in higher rates ~ Coriolopsis gallica  [49]
Dichlorophen; Niclosamide ) )
of enzymatic degradation.
In vitro assay. Crude enzymes from liquid and solid state
Bentazon cultures were applied. A synergistic effect of ABTS, Mn?*,  Ganoderma lucidum [72]
H,0,, and Tween 80 was observed.
The WREF are able to convert the DKN to inactive benzoic
acid analogue when cultured in liquid media. The DKN
derivative was incubated with fungal extracellular oxidases,
Isoxaflutole. In plants and
o ) ) without or with their specific redox m ediator. Both LiPs Phanerochaete
soils, isoxaflutole is rapidly ) ] - o )
) 7 and MnPs presenting high specific activities were unable to chrysosporium and  [51]
converted to a diketonitrile ) ) ) )
o catalyze the enzymatic transformation of DKN, with or Trametes versicolor
derivative (DKN) ) ) ) ) )
without mediators, during 12-h incubations. Laccase
transformed the herbicide when incubated with 1 mM
ABTS.
Submerged cultures in the presence and absence of laccase
inducers. Cultures actively producing laccase removed 70% Pleurotus
Pentachlorophenol (PCP) o ) [80]
of initial PCP. The removal of PCP was less than 20 percent pulmonarius

in the cultures with low laccase activity.

ABTS = 2,2"-azinobis-(3-ethylbenzothiazoline-6-sulphonate), AMPA ((aminomethyl)phosphonic acid).

Table 2. Studies where strong evidences of participation of laccase in the biodegradation of herbicides were found
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Pesticide/ "
Enzymes . Treatment conditions Fungal source Ref.
metabolite(s)

In vitro assay. Addition of Mn?* was essential for

the oxidative activity of the enzyme. A reaction
Nematoloma

Glyphosate/AMPA mixture containing Mn?* and Tween 80 with or B [62]
frowardii

without H,0, resulted in total degradation of the
herbicide.

MnP

Manganese

Fungal inoculation in soil microcosms
i Pentachlorophenol contaminated with PCP. Addition of wheat straw  Anthracophyllum
eroxidase
P (PCP) increased enzyme production and PCP discolor

degradation.

In vitro assay. Crude enzymes from liquid and solid
Bentazon state cultures were applied. A synergistic effect of Ganoderma lucidum [72]
ABTS, Mn?, H,0,, and Tween 80 was observed.

In vitro assay. Purified versatile peroxidase (VP)
able to transform several pesticides. Analysis of
reaction products by GC-MS showed the presence
VP of 2,3,5,6-tetrachloroquinone among the products
) Bromoxynil;  from pentachlorophenol oxidation, while the main
Versatile ) ] Bjerkandera adusta  [54]
) Dichlorophen; PCP product from dichlorophen was 4-
peroxidase )
chlorophenol-2,2-methylenequinone. Several
polymers were obtained from the peroxidase
oxidation of bromoxynil. In all cases, VP mediated

dehalogenation reactions.

) In vitro assay. Pesticide transformation by
Azinphos-methyl; ) o )
microsomal fraction. Addition of NADPH in the Pleurotus ostreatus  [77]
Phosmet; Terbufos i ) )

reaction mixture was required.

Static liquid cultures. Addition of cytochrome P450

o ] B Phlebia lindtneri,
inhibitors reduced degradation activity and ) ]
trans-Chlordane ] _ Phlebia brevispora  [76]
CYP450 demonstrated involvement of CYP450 enzymes in )
Phlebia aurea
enzymes / the pesticide metabolism.

Cytochrome P450 Extracellular LiP, MnP and Laccase did not catalyze
monooxygenase the oxidation of either CNP or NIP. Piperonyl
) butoxide, an inhibitor of cytochrome P450, )
Cloronitrofen (CNP) o Trametes (Coriolus)
suppressed fungal oxidation of CNP and NIP to [66]
and nitrofen (NIP) versicolor
their hydroxylated products. The inhibition
resulted in increasing the amount of reductively

dechlorinated and nitro-reduced products.

Table 3. Studies where evidence of participation of peroxidases and CYP450 enzymes in the biodegradation of
herbicides
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9. Concluding remarks

The ability of WRF to transform a wide variety of herbicide classes makes them suitable
candidates to detoxify contaminated water and soils. Nevertheless, numerous WRF species
and herbicide classes are still not explored. Ligninolytic enzymes, such as laccases and
peroxidases, have shown to be responsible for many herbicide transformations, although their
action remains to be confirmed in most studies. In this context, also the cytochrome P450
system has demonstrated to have a very important role in bioremediation of numerous types
of pollutants including herbicides, although further studies must be done in order to under-
stand the action of this system in transformation of herbicides by WREF.

The employment of ligninolytic enzyme preparations could be advantageous over the direct
use of white-rot fungi, considering that these preparations can be more easily standardized,
facilitating accurate dosage. Enzyme application is simpler than the use of microorganisms
and can be rapidly modified according to the characteristics of the herbicide to be removed.
In addition to this, analysis of metabolite compounds produced by enzyme preparations is
easier than analysis of the metabolites produced by the whole white-rot fungi.

There is a need for introducing new methodologies for the elucidation of the chemical
structures of the metabolites produced by the action of ligninolytic enzymes. This should also
facilitate the elucidation of the metabolic routes used by the white-rot fungi in herbicide
degradation. Furthermore, the proof that the process of degradation corresponds to a real
detoxification is a crucial step that must be overcome before its practical use.
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1. Introduction

Herbicides refer to a large number of compounds widely used to kill plants that interfere with
the growth of desired crops, thereby improving the productivity of the crop system. One group
of herbicides that includes compounds generally designated as dinitroanilines has been shown
to interfere with plant cells by interrupting mitosis and the formation of multinucleated cells.
Research has shown that these effects are due to interference with microtubules, i.e., a
cytoskeleton structure that is ubiquitous in eukaryotic cells and plays a fundamental role in
several biological processes, including the determination and maintenance of cell shape, the
motility of several cell types that use flagella and cilia for locomotion, the intracellular transport
of organelles, and the movement of chromosomes during cell division. Other processes
involving microtubules are not as well characterized. Previous research has shown that
dinitroanilines interfere with microtubules by binding to sites on the surface of the longitudinal
contacts established between the tubulin subunits that contain lysine and arginine residues,
which in turn bind to the nitrile group of dinitroaniline [1,2].

Microtubules are made of a-and -tubulin heterodimers that form long (i.e., several umeters
in length), filamentous, tubular structures when polymerized. The number of tubulin isotypes
varies according to the organism species (e.g.,six types of a-tubulin and seven types of -
tubulin are found in human cells). They can be very dynamic structures that undergo constant
assembly and disassembly in cells. Tubulin molecules may be post-translationally modified
by polyglutamylation, polyglycylation, phosphorylation, acetylation, detyrosination/tyrosi-
nation, and removal of the penultimate glutamic acid residue found in a tubulins. In addition,
an increased number of proteins can interact with microtubules; these proteins are known as
microtubule-associated proteins (MAPs)and include dynein, kinesin, etc., all of which interfere
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with the stability of the microtubules and their function. Further data on microtubule compo-
sition and dynamics can be found in an excellent review by Gardner et al. [3].

2. Dinitroanilines

Dinitroanilines correspond to a family of herbicides that were originally discovered through
studies evaluating dyes and chemical synthesis intermediates. The most important member
of the group is trifluralin, which is widely used in soybean production. The family is divided
into the following two subfamilies: the methylanilines, which includes trifluralin, pendime-
thalin, benefin, dinitramine, fluchloralin, and profluralin, and the sulfonylanilines, which
includes oryzalin and nitralin [1,4,5].Initial studies showed that these compounds inhibit cell
division by interfering with the assembly of microtubules, thereby interfering with the
formation of the plant cell walls and chromosome movement during the mitotic process, which
ultimately leads to the appearance of multinucleated cells [6].

One characteristic feature of several pathogenic protozoa is the presence of a large number of
structures in which microtubules are a major component. In the case of the Trypanosomatidae
family, which includes such important pathogenic species as Trypanosoma cruzi, Trypanosoma
brucei, and Leishmania, subpellicular microtubules are located immediately below the plasma
membrane, establishing connections between them, the plasma membrane, and the profiles of
the endoplasmic reticulum. They are seen throughout the protozoan body with exception to
the region of the flagellar pocket [7]. This large group of organisms also contains the flagellar
microtubules and intranuclear spindle microtubules involved in the process of nuclear
division. In the case of Apicomplexa, which includes such pathogens as Toxoplasma gondii,
Plasmodium, Eimeria, Babesia, etc., researchers have found subpellicular microtubules, i.e., a
special type of microtubule that forms the conoid, spindle microtubules, and flagellar micro-
tubules in microgametes [8]. In Giardia lamblia, the microtubules are associated with the
adhesive disc (i.e., a structure involved in the attachment of the trophozoite to the intestinal
epithelial cells) and form the spindle microtubules and flagella. In the case of trichomonads
(e.g., Trichomonas vaginalis and Tritrichomonas foetus) microtubules form the flagella and such
structures as the pelta-axostylar system and the spindle microtubules [9, 10].

In the following text, I will review the literature focused on the effects of herbicides on each
group of pathogenic protozoa.

3. Trypanosomatids

The microtubules that are found in trypanosomatids, especially those that are subpellicular,
are considered resistant to several compounds that usually depolymerize microtubules found
in eukaryotic cells, including colchicine, vinblastine, and vincristine [11]. However, these
organisms show some sensitivity to taxol [12]. Research has shown that trifluralin inhibits cell
division in several members of the Trypanosomatidae family, including Leishmania amazonen-



Herbicides as Potential Chemotherapeutic Agents Against Parasitic Protozoa
http://dx.doi.org/10.5772/56007

sis, Leishmania mexicana, Leishmania infantum, Leishmania major, Leishmania panamensis, T.bru-
cei, and T.cruzi [13-15]. The half maximal inhibitory concentration (ICs;) for these protozoa
ranges from 0.9 to 670 uM. In general, the Leishmania species were more sensitive to the
herbicides than the Trypanosoma species [16]. In general, the amastigotes, which are the
predominant and proliferative intracellular form, are more sensitive than the forms that grow
in axenic media (i.e., promastigotes and epimastigotes). A microscopic analysis showed that
trifluralin induced changes in the shape of T. cruzi epimastigotes (i.e., they became more
rounded), affected the mitochondrion, interfered with the ingestion of macromolecules
through the cytostome, decreased the number of horseradish peroxidase containing reservo-
somes, induced the appearance of multi-flagellated cells (i.e., probably due to interference with
the cell division process), and blocked the process of metacyclogenesis; yet,trifluralin does not
disrupt the subpellicular microtubules [17].

Some papers have described attempts to use dinitroanilines in vivo. For instance, promising
results were observed when using topical applications of dinitroanilines to treat lesions
induced by L. major and L. mexicana [14] and oral applications of dinitroanilines to treat the
chronic phase of Chagas disease in mice. These results are similar to those obtained with
benznidazole [18].

4. Apicomplexa

More information on the effect of herbicides is available for this group of eukaryotic microor-
ganisms, especially T.gondii. Most of the studies on organisms within Apicomplexa were
performed by Morrisette and her colleagues. The first paper in 1996 [19] showed that dini-
troaniline herbicides inhibited intracellular division in the tachyzoites of T. gondii. This classical
paper also demonstrated that oryzalin and ethalfluralin inhibited 50% of the protozoan growth
at concentrations of 100 nM. In the case of trifluralin, the IC;, was 300 nM. These concentrations
are very low; most importantly, even at concentrations that were 100 times higher, the drugs
did not interfere with the human fibroblasts used to cultivate the protozoa. These compounds
blocked the process of endodyogeny, i.e.,a special characteristic of cell division in T. gondii
trophozoites where two daughter cells are formed inside a mother cell. Oryzalin, not ethal-
fluralin, disrupted the subpellicular microtubules. None of the compounds interfered with the
structure of the conoid, i.e., a structure made of microtubules of a special type [20]. The authors
also obtained mutant parasites that were resistant to the herbicides under investigation
through chemical mutagenesis. Subsequently, the research showed that in the presence of
oryzalin at a concentration of 2.5 pM, the tachyzoites retained the capacity to assemble the
spindles and undergo nuclear division. However, due to disintegration of the subpellicular
microtubules, the parasites were no longer able to invade new cells. At 2.5 uM, the compound
interfered with the spindle microtubules, and the protozoa increased in size [21]. Morrissette
and her co-workers further analyzed the obtained mutants and showed that they were
localized in or near the M and N loops, i.e., domains that coordinate the lateral interactions
between protofilaments [1, 22, 23]. Subsequently, several other oryzalin analogs were synthe-
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sized, thereby leading to the acceptance of an antimitotic structure-activity relationship for
dinitroanilines.

N',N'-dipropyl-2,6-dinitro-4-(trifluoromethyl)-1,3benzenediamine is the most potent agent
against T. gondii [5]. These studies were extended to Plasmodium falciparum, and the results
indicated that trifluralin and oryzalin inhibited the progression of the protozoa inside
erythrocytes by blocking the mitotic division with the accumulation of abnormal microtubular
structures [24]. This research also demonstrated that trifluralin is active against the gameto-
cytes of P. falciparum, thereby inducing disassembly of the subpellicular microtubules due to
the formation of tubular structures containing disassembled microtubules. The researchers
used labeled trifluralin and electron microscopy autoradiography to show that the compound
binds to the tubular structures [25]. Oryzalin and trifluralin derivatives also showed activity
against Cryptosporidium parvum. Several derivatives of these compounds were synthesized
and, despite their reduced toxicity, showed similar activity [26].

5. Anaerobic protozoa

Oryzalin was tested against Giardia lamblia trophozoites. The obtained results showed that
oryzalin inhibited parasite proliferation in an axenic culture. At 50 and 100 uM, most of the
protozoa were killed. Morphological studies showed curling of the flagella in about 60% of the
cells, elongation of the median body (i.e., a structure made of microtubules), changes in the
shape of the cell, and blockage of cell division (Figures 1-3) [27].

Figure 1. Light microscopy of the control (A) and oryzalin-treated (B) trophozoites of Giardia lamblia. The control cell
displays a pyriform shape with four pairs of clearly identifiable flagella. In the treated cell, the loss of its normal shape
is observed. Bar, 3 um [27].
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Figure 2. Scanning electron microscopy showing several alterations in the organization of the trophozoite form of G.
lamblia, including shortening and curling of the flagella (arrows in a and b). Bar, Tum [27].

Figure 3. Transmission electron microscopy of thin sections of the control (A) and oryzalin-treated (B) trophozoites of
G. lamblia where inhibition of protozoan division is clearly seen. Bar in A and B, 0.5 and 2 um, respectively [27].

6. Trifluralin associated with phospholipid analogues

Phospholipid analogues, such as miltefosine, have been shown to be very effective against
parasitic protozoa, especially Leishmania donovani, and are now considered the favorite
pharmaceutical treatment for visceral leishmaniasis in India [28]. The association via molecular
hybridization combines the pharmacophoric moieties of miltefosine and trifluralin, thereby
leading to some compounds that are very active against T.cruzi and L.amazonensis (submitted
for publication). The effects observed on the structural organization of the protozoa seem to
also affect the membranes and cytoskeleton structures, thereby offering new possibilities in
the treatment of parasitic diseases. Based on the preliminary results obtained with these
compounds it seems to me that very soon some of them will be in the phase of clinical trials.
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1. Introduction

Biosensors based in interdigitated transducers have demonstrated the capability to fulfil the
requirements of the market in a broad range of applications: their combination with biomole-
cules such as antibodies allows the development of high selectivity sensors. Their electrical
excitation and readout makes easy to develop electronic equipment that perform automatically
the operations required for the measurement and the fluidics manipulation involved in it. The
sensitivity levels required for many applications can be reached using low cost interdigitated
electrodes with finger sizes of several microns, thus eliminating the need for expensive
submicron technologies. In another hand the use of plastic substrates helps further reducing
the costs of the sensors. All this together makes these sensors excellent candidates to satisfy
the demands of potentials users in terms of quality, cost, suitability of apparatus that can be
developed, automatization, etc.

One of the important issues that arise when potential users are consulted is the time required
to perform a test. The total time since the sample is introduced in the sensor until the meas-
urement is ready, thus involving fluidic manipulation, functionalization, and the measure-
ment itself often is desirable to be in the order of several (few) minutes or lower. While different
schemes can be applied to optimize the duration of the fluidic manipulation to adapt it to the
time per test required in each case, the time in which the electrical measurement is done may
be important: A very common detection method is the impedance spectroscopy sweeping a
wide frequency range. This is a powerful, but cumbersome tool to study the sensor perform-
ance providing trustworthy results. Performing impedance measurements in a broad range of
frequencies is time consuming, especially if a high number of tests are to be done and when
these tests involve low frequencies.

© 2013 Rodriguez and Valera; licensee InTech. This is a paper distributed under the terms of the Creative
I m Ec H Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Markets demands faster alternatives capable of providing measurements in shorter times
without compromising the requirements of sensitivity of the measurements.

In this chapter three strategies for the fast quantification are explained:
* Single Frequency measurements

* DC measurements

* Multi-sine burst signal

These techniques are analyzed and their advantages in comparison with the classical wide
range impedance spectroscopy method are commented.

The technique has been applied to the detection of atrazine in foodstuff products. Though in
this contribution atrazine has been chosen as the analytical target, this immunosensor tech-
nology can be used for a wide variety of compounds using the appropriate selective antibodies.

Many types of sensors have been developed for the detection and quantification of pesticides
and traces of them. The MRL of a given pesticide, which often lies in the order of few tens of
ppbs, determines the minimum sensitivity of these sensors. Also the quantification, or the
detection, of one substance in the complex chemical matrix of some foods as wine, milk or
juices also poses important requirements to their selectivity.

Currently, in the literature, good examples of impedimetric immunosensors devoted to food
safety can be found [1]. Although these devices have demonstrated to be efficient, typically
the impedance analysis in a wide frequency range is not fast, requires expensive equipments
and qualified personnel. These features imply a great difficulty to obtain a commercial product.
Therefore, if commercial devices are desired from this technology, some variations should be
including in order accomplishing the market requirements.

In this chapter two cases of immunosensors are analysed. Firstly, an impedimetric immuno-
sensor based on the analysis of only one frequency, instead of the broad frequency spectrum
is studied. By means of this technique, the data treatment related to the analysis of the broad
frequency spectrum is avoided. Alternatively, another measurement technique based on the
application of a multi-sine burst signal is also explored, as a method to hardly reduce the cost
related to the expensive equipments. Then, the advantages of a second device, the conducti-
metric immunosensor are also exanimate. In this device a secondary antibody labelled with
gold nanoparticles is included in order to produce a conductive label on the electrodes that
opens the possibility of applied simple and inexpensive DC measurements. In addition, but
within the same device, an interesting change of substrate is studied.

2. Description of the immunosensors

In this section, structure, functionalization, working mechanisms, as well as the contribution
of the immunosensors treated to obtain a commercial product are described.
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2.1. Interdigitated p-electrodes (IDUE’s)

Interdigitated p-electrodes (IDUE’s) were used as transducers for the immunosensors pre-
sented in this chapter. Interdigitated p-electrodes are two coplanar electrodes (that works as
counter and working electrodes) which have equal surface areas and each is presumed to
contribute equally to the measured network impedance. The standard procedure of the
electrodes fabrication, which can be made in large quantities and at low cost, is as follows:

Thin Au/Cr (~ 150 nm thickness) interdigitated pi-electrodes (IDUE’s, ~5 um thick and electrode
gap) were patterned on a Pyrex 7740 glass substrate. The objective of the chromium layer is
just to improve the adhesion of the gold to the Pyrex substrate, thus, the Cr layer is much
thinner than the Au layer (aprox. 1:10 ratio).

Before metal deposition, a washing step of the substrate, using absolute ethanol, is required.
The metal deposition was performed by means of sputtering deposition and the interdigitated
p-electrodes were then patterned on the Pyrex substrate by a photolithographic metal etch
process. For the immunosensor measurements, arrays consisting on six IDuE’s organized on
a1 cm? area were constructed.

Before functionalization, the samples were first cleaned in a solution of ethanol absolute 70%
and Milli-Q water 30%. Then, the samples were plunged for 12 h in a solution of NaOH 2.5%
in Milli-Q water. Afterwards, the 12 h the samples were rinsed in 100mL of Milli-Q water in
order to neutralize the action of the NaOH. Finally, the arrays of IDUE’s were dried with
ethanol and N,.

2.2. Impedimetric immunosensor based on singly frequency impedance measurements

The impedimetric immunosensor presented, whose detection method is based on single
frequency impedance measurements, is a robust and label-free device. This device is based on
the use IDpFE’s arrays, bioreagents specifically developed against the desired compound and
on the impedimetric change that occurs when the immunoassay is performed on the electrodes
surface.

An immunochemical competitive reaction (Figure 1), between the pesticide residues and the
immobilized antigen on IDUE’s for a small amount of the specific antibody, is performed on
the electrodes. This reaction involves the competition between the free pesticide and a fixed
amount of coated antigen for a limited amount of antibody (Ab). The amount of Ab captured
on the IDUE surface, and hence the free antigen, is determined by means of impedimetric
analysis.

As the immunosensor does not measure an amount of pesticide, because it measures an
amount of antibody, the change in the impedance is due to the addition of antibody in the
sensor surface, and not to the addition of molecules of pesticides. This approach has an
important effect on the sensitivity of this immunosensor, because the molecules of antibody
are much bigger than the molecules of pesticide and their effect on the impedance of the device
is much higher. This feature represents an important advantage in comparison with other
impedimetric immunosensors reported previously [2-4]. As a consequence, authors of these
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works must reduce the electrode size to nanometer scale [2], or otherwise their limits of
detection can only achieve tens of ppbs [3, 4].

Immunosensor functionalization consists on two main steps: i) the coating antigen (CA)
immobilization; and ii) the specific antibody capture.

antibody evacuation

related to the amount *
of pesticide residue * * ‘ *

antibody bound on the coated
antigen layer ’

6 coated antigen

antibody
pesticide residue

A

Figure 1. Immunosensor reaction. An amount of the specific antibody is bound on the coated antigen layer. Other
quantity is evacuated of the IDUE's; this amount is related to the pesticide concentration.

As it has been demonstrated in the literature [1], the detection method based on impedance
measurement in a wide frequency range, works correctly and accurate results can be obtained
from it. Nevertheless, this method can be tedious and time consuming because computer
processing is required to extract the values of all parameters involved. For this reason, an
alternative method for the detection of pesticide based on measurements at single frequencies
was raised.

By this method, single frequencies are applied, instead of the wide frequency range, for the
atrazine detection. In the case the computer processing related to the fitting of the Nyquist
plots of impedance spectra to the equivalent circuit is completely avoided because this
detection method is based on the measurement of just the module (1 Z!), the real part (Zre) or
the imaginary part (Zim) of the impedance at a single frequency.

As it is well known, the inclusion of antibody on the immunosensor (antibody capture step)
implies a variation in the immunosensor impedance (real and imaginary part of the impe-
dance). This variation can be represented for the values of the equivalent circuit elements.
Therefore, the changes of the values of the elements of the equivalent circuit are due to
variations of immunosensor impedance. Then, the changes of the elements of the equivalent
circuit are strongly related to the variation of |Z1, Zre and Zim.

This detection method consists on the measurements of the module, the real part or the
imaginary part of the impedance of the immunosensor at a single frequency for the analysis.
For this reason, both |Z1, Zre and Zim have been studied in order to analyze which of them
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have better performance for the different range of frequencies. Their performance is deter-
mined by comparing the limit of detection (LOD) for their response curves. The variation of
the 1Z1, Zre or Zim of the IDuE'’s, between the antigen incubation and the competition step is
plotted against atrazine concentration to obtain the response curve. In order to find the best
immunosensor response and improvements in the LOD, two kind of variation of the impe-
dance have been taking into account:

i. Absolute difference:

A Zabs =l Z(Ab) - Z(AT) |1, 1)
and
ii. Relative difference:

A Zrel o 24D — Z(AT) |

Z(AT) @

where Z(Ab) is the impedance (module, real part or imaginary part) of the antibody captured
and Z(AT) is the impedance (module, real part or imaginary part) of the antigen previously
immobilized.

The impedance measurements were executed at room temperature, applying an AC signal of
25mV of amplitude in the frequency range from 40 Hz to 1 MHz and using 0 Vdcbias potential,
in diluted PBS solution (1.6 puS cm™). Likewise, all impedance measurements were done in a
Faraday cage.

This method has been demonstrated using several, representing the ranges of the middle (30
kHz to 150 kHz) and high (150 kHz to 1 MHz) frequencies. The bandwidth was chosen in order
to taking into account all regions of the impedance spectrum between the middle and high
frequencies.

2.3. Conductimetric immunosensor based on DC measurements

Although this device is also based on the use IDUE’s arrays, and bioreagents specifically
developed against atrazine, this immunosensor includes a secondary antibodies labelled with gold
nanoparticles. The deposition of this secondary antibody on the electrodes surface produces a
detectable conductimetric change.

Again, an immunochemical competitive reaction is used for reach the pesticide detection.
However in this case, a secondary antibody (Ab,) is included (Figure 2). These secondary
antibodies, linked to the gold particles, constitute a conductive film between the electro-
des. Thus, the conductance of this film will depend on the concentration of gold labelled
antibodies.
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secondaryAb

labelled with gold
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Figure 2. Schematic diagram of the complete assay system performed on the IDuE’s for the conductimetric immuno-
sensor.

The functionalization of this immunosensor consists in three main steps: i) the coating antigen
(CA) immobilization; ii) the specific antibody capture (Ab,); and iii) the capture of a non-
specific antibody (Ab,) labelled with gold nanoparticles.

The competition reaction is performed during step i and ii. During step iii, Ab, is linked to
Ab,, and then the Ab, concentration is related to the Ab, concentration included. Therefore,
the concentration of the free pesticide tested is related to the amount of gold nanoparticles,
which is measured by DC measurements. In this new structure, gold particles act as new small
fingers, reducing the gap of the interdigitated p-electrodes [5].

Using this conductimetric immunosensor has been demonstrated that pesticides residues can
be detected by means of simple and inexpensive DC measurements, when gold nanoparticles
are included as labels in the immunosensor [6, 7]. When a DC voltage is applied to an inter-
digitated p-electrode with gold particles attached to it, the DC current which passed through
the electrodes grows clearly in relation to the concentration of pesticide included.

As well as the impedimetric case, the conductive measurements were also carried out at room
temperature, in a Faraday cage and without the use of any redox mediator. The two interdi-
gitated electrodes were covered by a diluted PBS solution with a conductivity of 1.6 uS cm™
and connected to the input of an Agilent 4156C Semiconductor Parameter Analyzer by means
of standard probe tips.

In comparison with the impedimetric measurements performed for the typical impedimetric
immunosensors, the conductive measurements are easier to execute, because impedance
spectroscopy is not required and the fitting procedure to the equivalent circuit model is also
completely avoided.

3. Functionalization of the immunosensors

For the immunosensors development, the biofunctionalization (immobilization) of the
biological element onto the transducer surface is required

Over the coated layer of antigen, the free specific antibody is captured by affinity. In the case
of the conductimetric immunosensor, a secondary antibody labelled with a gold nanoparticle
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is attached to the primary specific antibody in order to amplify the affinity event and obtain a
good conductive response.

As the dielectric properties of the biological systems are very remarkable, the developed

devices can exhibit a good impedimetric response.

3.1. Functionalization of the impedimetric immunosensor

In the case of the impedimetric immunosensor, the passive adsorption technique was used.
By means of this method the chemical changes on the impedimetric immunosensor surface
follow basically two steps:

i Step I, antigen immobilization on the IDUE;
ii. Step 11, specific antibody capture in the competition step.

The chemical recognition layer was deposited on top of the interdigitated p-electrodes area
(fingers and inter-digits space). These chemical procedures are schematically shownin Figure 3.

Fatalala’s

antigen
[ ] immobilization

Interdigitated p-electrode (IDUE)

AAAAA ARAAA
- 6 coated antigen

antibody “ antibody
capture

Figure 3. Schematic diagram of the complete assay system performed on the IDpE’s for the impedimetricimmunosensor.

3.2. Functionalization of the conductimetric immunosensor

In this case, a covalent immobilization technique was applied. Then, the chemical changes on
the conductimetric immunosensor surface follow five steps, two previous steps for the
immunosensor surface functionalization and other three steps for the immunosensor reaction:

i Step I, protection of interdigitated pi-electrodes with N-acetylcysteamine;
ii. Step II, immunosensor surface functionalization with GPTS;
iii. Step 1II, covalent immobilization of the antigen on the IDUE;
iv. Step 1V, specific primary antibody (Ab,) capture in the competition step;

V. Step V, secondary labelled with gold antibody (Ab,) capture.
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Due to the covalent immobilization, the chemical recognition layer was deposited only on the
gap of the interdigitated p-electrodes. The complete functionalization procedures of the
conductimetric immunosensor are schematically shown in Figure 4.

(@ coated antigen
" primary specific antibody
fseoondary antibody labelled with gold nanoparticles

Figure 4. Schematic diagram of the complete assay system performed on the IDUE's for the conductimetric immuno-
sensor.

4. Pesticide residues detection

Both types of immunosensors described in previous sections (impedimetric and conductimet-
ric) have been tested for the detection of free pesticide samples. For that, atrazine, a widely used
pesticide in the wine industry, as well as for the test of novel biosensors [8-12], has been used
as pesticide of test.

Atrazine, a widely used selective herbicide for the control of annual grasses and broadleaved
weeds, has often been found in drinking water, and therefore, they are a potential threat for
the public health [13-16]. The European Community has established maximum residue level
for residues of this herbicide in wine grapes in 50 ug L.

The competitive reaction carried out on the interdigitated pi-electrodes has been performed in
buffer solution (impedimetric and conductimetric immunosensor) and in wine samples
(conductimetric immunosensor). The performance details of both types of devices as atrazine
detectors are detailed below.
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4.1. Impedimetric immunosensor based on singly frequency impedance measurements

In this case, experiments were carried out with different atrazine concentrations (1.6 — 1000
pg L) during the competition step in order to qualitatively show how the impedimetric
immunosensor is sensitive to the atrazine concentration using the detection method of single
frequencies. These experiments were performed using different ID’s samples for every
concentration.

Several frequencies of work between 35 kHz to 1 MHz were chosen in order to take into account
all regions of the impedance spectrum between the middle and high frequencies. Frequencies
below 30 kHz were excluded from the sensor characterization because their unstable response.
Asitis well known, these frequencies are related to the Warburg impedance and to the double-
layer capacitance. Typically, in the impedimetric immunosensors, some scattering was found
in the impedance variations at these frequencies due to the influence of these parameters.
Therefore, these frequencies were found inadequate to obtain confident results.

Measurements were also differential in order to suppress the non-ideal effects related to the
geometry or technology of the IDUE’s. Due to that, the change in the impedance (AZabs and
AZrel) was calculated between the Step I and the Step II of the impedimetric immunosensor
functionalization. The impedance variations, in relation with different atrazine concentrations
and with the frequency of work, were analyzed and the results are shown below. Several
detection curves at different frequencies of work have been executed using the variation of the
module of impedance (1Z1), the variation of the real part of the impedance (Zre) and the
variation of the imaginary part of the impedance (Zim). These changes have been obtained
taking into account the absolute and relative differences described above. In order to analyze
the impedimetricimmunosensor response, detection curves obtained at these frequencies were
compared and studied separately for each frequency range, as it can be seen in Figures 5, 6
and 7.

These figures only show some examples of the detection curves obtained by means of the
relative difference of impedance. Detection curves using the absolute difference of impedance
are not included in this manuscript because their shape is very similar to the detection curves
using the relative difference of impedance and because, as it will be noticed, important
improvements in the features of the atrazine assay (LOD) have been found, at middle fre-
quencies (35.37 kHz to 131.95 kHz), when the relative difference is used, in comparison to the
absolute difference in all cases.

Figure 5 shows the response of a typical impedimetric immunosensor using the relative
difference of |Z| at three different frequency ranges: from 35.37 kHz to 131.95 kHz (curves
5a); from 401.96 kHz to 602.70 kHz (curves 5b); from 738.01 kHz to 1 MHz (curves 5c). As
additional examples, Figure 6 and 7 show the response of a typical impedimetric immuno-
sensor using the relative difference of Zre and Zim respectively, for the frequency range from
738.01 kHz to 1 MHz. As it can be seen in the figures, the inclusion of the antibody in the Step
II implies a higher increase in the absolute value of the impedance when low atrazine concen-
trations are included in the competition step at all the frequency ranges under study.
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Figure 5. Impedimetric immunosensor responses using the relative difference of Zre at high frequencies from 738.01
kHz to 1 MHz.Impedimetric immunosensor responses using the relative difference of |Z| at: a) middle frequencies from
35.37 kHz to 131.95 kHz; b) high frequencies from 401.96 kHz to 602.70 kHz; c) high frequencies from 738.01 kHz to
1 MHz. Reprinted from Sensors and Actuators B, 129/2, Angel Rodriguez, Enrique Valera, Javier Ramén-Azcon, F.-J.
Sanchez, M.-P. Marco, Luis M. Castafier, Single frequency impedimetric immunosensor for atrazine detection, 921-928,
Copyright (2008), with permission from Elsevier.
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Figure 6. Impedimetric immunosensor responses using the relative difference of Zre at high frequencies from 738.01
kHz to 1 MHz.Reprinted from Sensors and Actuators B, 129/2, Angel Rodriguez, Enrique Valera, Javier Ramoén-Azcdn,
F.-J. Sanchez, M.-P. Marco, Luis M. Castafier, Single frequency impedimetric immunosensor for atrazine detection,
921-928, Copyright (2008), with permission from Elsevier.

Figure 7. Impedimetric immunosensor responses using the relative difference of Zim at high frequencies from 738.01
kHz to 1 MHz. Reprinted from Sensors and Actuators B, 129/2, Angel Rodriguez, Enrique Valera, Javier Ramén-Azcén,
F.-J. Sanchez, M.-P. Marco, Luis M. Castafier, Single frequency impedimetric immunosensor for atrazine detection,
921-928, Copyright (2008), with permission from Elsevier.

A characteristic of the behaviour of the impedimetric immunosensor and the detection method
to single frequencies is that the difference between the response curves is very small, almost
imperceptible. This can be appreciated in Figures 5a and 6. This could be used for the auto-

tuning of the sensor and to reduce the effect of the dispersion of the initial capacitance of the
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devices in the measurement, by using two or more frequencies in the measurement instead of
only one.

The main influence of choosing the absolute or the relative difference is observed in the values
of the features assays (LOD) obtained for the different ranges of frequency of work. This table
summarizes the values of the LOD in ug L for some frequencies of work used to represent
each part of the spectrum and for the three kinds of impedance considered.

In Table 1 an important improvement in the LOD at middle frequencies (35.37 kHz to 131.95
kHz) is found when the relative difference is used, in comparison to the absolute difference in
all cases. On the other hand, at high frequencies, from 401.96 kHz, the differences in LOD
between the absolute difference and relative difference are small in comparison with the
differences obtained at middle frequencies. In some cases the LOD of the absolute difference
becomes the minimum.

Features frequency of work (kHz)
of the
. Az
atrazine 35.37 64.95 131.95 401.86 738.01 1000
assays
[1z1ab)-1Z [(AT)] 13.77+0.16  13.34%0.16 11.95+0.18 11.93+0.17  9.79+0.19  9.57+0.17
_ 12.06+0.1
‘IZl(Ab) IZl(AT)‘ 10.02+¢0.21  8.32+0.22 6.87+0.23 9.87+0.20  8.56+0.23
ZT(AT) 7
LoD | Zre(Ab)-Zre(AT)| 14.30+0.13 13.63+0.16  1596+0.17  11.03+0.39  9.83+0.23 8.41+0.22
pgL? w’ 895+0.22  7.62+0.23 5.7620.25 19.16+0.37  8.25+0.30 8.01+0.25
Zre(AT)
|Zim(Ab)-Zim(AT)| 28.61+029  19.60+0.25 9.55+0.36 7.43+028  7.19x023 7.81x0.23
‘M ‘ 12526021 1195017 7512021 9104023 8612022 9.46+0.21
Zim(AT)

2 Parameters extracted from the four-parameter equation used to fit the standard curve.

Table 1. Features of the atrazine assays . Reprinted from Sensors and Actuators B, 129/2, Angel Rodriguez, Enrique
Valera, Javier Ramon-Azcén, F.-). Sanchez, M.-P. Marco, Luis M. Castafier, Single frequency impedimetric
immunosensor for atrazine detection, 921-928, Copyright (2008), with permission from Elsevier.

Comparing directly the three cases, it is clear that the best response is obtained using the Zre
variation by means of relative difference at middle frequencies (5.76 —8.95 g L"), and that the
worst response is obtained using the Zim variation by means of absolute difference also at
middle frequencies (19.60 - 28.61 ug L), although in all cases the limits of detection obtained
are still lower than the MRL (50 pg L) established by European Union.

These results can be seen more clearly in Figure 8. This figure shows the evolution of the LOD
in the frequency ranges analyzed, for the variation of |Z| (curve 8a), Zre (curve 8b) and Zim
(curve 8c). In Figure 8b is clear the improvement in the limit of detection at middle frequencies,
when the relative difference of the Zre is used instead of the other impedance variation, as it
was observed above.

Although the best responses were obtained using the real part of the impedance, when the
module of the impedance is used to find the features of the assay, measurements show lower
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dispersion between different devices, what means a better compensation of the effects of
geometry or technology of the IDUE’s. As consequence the immunosensor resolution (LOD)
is almost constant in the whole range of frequencies under study, both in the case of the
absolute difference or relative difference, as it can be comprehended in Figure 8a. This is
important because, the frequency of work can be chosen independently of the immunosensor
resolution, therefore providing a degree of freedom to the design of the circuitry of control.

Figure 8. Evolution of the limit of detection by means of absolute and relative variation of: a) module of impedance;
b) real part of impedance; c) imaginary part of impedance Reprinted from Sensors and Actuators B, 129/2, Angel Ro-
driguez, Enrique Valera, Javier Ramén-Azcdn, F.-J. Sanchez, M.-P. Marco, Luis M. Castafier, Single frequency impedi-
metric immunosensor for atrazine detection, 921-928,

4.1.1. Multi-sine burst signal

The characterization technique previously shown is based on the monitoring of the electrical
response of the device under test after application of only one AC signal in a single frequency.
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By the burst technique, a multi-sine signal is used in order to perform simultaneous measure-
ments at different frequencies at the same time. These signals are useful for fast measuring
biological objects which electrical properties changes quickly with time, in order to obtain the
frequency transfer function free of modulation.

Mathematically, amulti-sine signalis formed by the sum of N tones, each one withits own phase.
To be precise, in bio-impedance measurement scenario is just necessary a signal burst and not a
continuous time signal. An example of a multi-sine burst signal can be seen in Figure 9.

i(t)
- 3 -

0 1 2 3 - 5

Figure 9. Five multi-sine burst signal with 1ms of period.

Signal generation and acquisition is a crucial part in the hardware implementation since they
are the connector between the analog world and the discrete world of digital signal processing
algorithms. Multi-sine signal is based on Bilateral Quasi-Logarithmic (BQL) [17] frequency
distribution and is implemented on a custom arbitrary signal waveform generator based on a
Field Programmable Gate Array (FPGA). Acquisition is done with a specific front-end
connected to a fast A/D board which transfers the data to the Digital Signal Processor (DSP)
silicon for real time processing. Thus, it is possible to make simultaneous measurements in a
wide spectrum in a short time. The main idea is to use broadband signals because the energy
is spread over the desired frequency range. A photo of the waveform generator can be seen in
Figure 10, whereas Figure 11 shows a schematic of the signal generation and acquisition
configuration.
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Figure 10. Multi-sine generator board.
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Figure 11. Signal generation and acquisition configuration.

In this case the data acquisition system was designed to only interpret the region semicircle
and not the area of diffusion (Nyquist plot). Likewise, the number of points (fundamental
frequencies) was chosen in 21 because some hardware limitations related to the memory, such
as capacity and velocity (reading and writing) and to avoid difficulties in the design and
benefits worsen. An example of the plots obtained by this method is shown in Figure 12.

Figure 12. Immunosensor response obtained from a multi-sine burst signal.

In this figure we can see how the system is able to represent different curves that are related
to the antibody concentration. Although in these curves the bandwidth is smaller in compar-
ison with the previous case, the curves obtained are enough to appreciate differences in the
impedance contribution. Then, these differences could be also related to differences in
parameters of the equivalent circuit, and thus, this system could be used as detection system.
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The work related to the multi-sine burst signal was performed in collaboration with Dr. R.
Bragds and co-workers, members of the Divisio Intrumentacio i Bioenginyeria (UPC).

4.2. Conductimetric immunosensor

In the case of the conductimetric immunosensor, impedimetric measurements were discarded
as detection method, because the inclusion of the gold particles (conductive elements) subtracts
the contribution of the secondary antibody (resistive element). Therefore, only DC measure-
ments were applied in this case.

4.2.1. Atrazine detection in buffer samples

Atrazine concentrations between 0.32 to 2000 pig L™ during the competition step (Step IV) were
included. The electrodes were covered by a diluted PBS solution and the measurements were
executed to +25 and +100 mVdc bias. The results obtained by this method are represented in
Figure 13.

The limits of detection obtained for the atrazine residues detection using the conductimetric
immunosensors, when the competitive assay was performed in buffer solution, were 0.446 ug
L1 (100 mVdc bias) and 1.217 ug L (25 mVdc bias), both far below the MRL.

Figure 13. Response curve of the conductimetric immunosensor, using the covalent immobilization technique, for the
atrazine detection in relation with the presence of gold particles (40 nm). Buffer solution was used for the competitive
reaction. Measures were taken in diluted PBS solution. See Table 2 for the features of the atrazine assay.
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Features of the atrazine assays 2 Conductimetricimmunosensor (buffer)
25mV 100 mV

ICsp, g L 8.47+0.19 5.29+0.14

LOD, pg L 1.217 0.466

R? 0.89 0.91

2 The parameters are extracted from the four-parameter equation used to fit the standard curve.

Table 2. Features of the atrazine assays @

4.2.2. Atrazine detection in red wine samples

After the demonstration of both types of immunosensors for the detection of free pesticide in
buffer samples, the conductimetric immunosensor was also studied using a complex matrix
such as red wine samples. Red wine was chosen instead of other matrixes such as white wine,
water or grape juice, because its strong matrix effect. Therefore, if the red wine matrix effect
can be measured, the other matrix effects will be easier. Again, atrazine was used as pesticide
of test.

Red wine samples were obtained from a local retail store and used, on a first instance, to
evaluate the extension of the potential non-specific interferences. Prior measurements with the
immunosensors, the wine samples were purified by solid-phase extraction (SPE) using
LiChrolut RP-18 (500 mg, 6 mL) sorbent (Merck, Darmstadt, Germany) pre-conditioned with
MeOH (3 mL), and MeOH:Mili-Q water (15:85, v/v, 3 mL) at a flow rate of 3 mL min™. The
wine samples (3 mL) were loaded at 5mL min”, and the SPE cartridges washed with of
MeOH:Mili-Q water (70:30, v/v, 1 mL), dried, and finally eluted with of MeOH:Mili-Q water
(80:20, v/v, 1 mL). The fractions collected were diluted 1:50 in PBST and used for the impedi-
metric measurements [1].

Again, the experiments carried out in this section included atrazine concentrations (0.32 — 2000
pg L) during the competition step (Step IV), the electrodes were covered by a diluted PBS
solution, and the measurements were performed to +25 and +100 mVdc bias.

The results obtained by this way are shown in Figure 14. The limits of detection obtained for
the detection of residues of atrazine, when the competitive assay was performed in red wine
samples, were 0.489 ug L (100 mVdc bias) and 0.034 ug L (25 mVdc bias). As in the previous
cases, the MRL required by EC was largely reduced.

4.2.3. New approach: A flexible device

As it was proven in the previous sections, both types of immunosensors described in this
chapter have been able to detect residues of atrazine when buffer samples were used for the
competitive assay. In both cases, the transducer was supported by a PYREX substrate. In this
section a new approach, flexible plastic substrates, is introduced, in order to hardly reduce the
cost of the device.
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Figure 14. Response curve of the conductimetric immunosensor, using the covalent immobilization technique, for
atrazine detection in relation with the presence of gold particles (40 nm). Red wine samples were used for the com-
petitive assay. Measures were taken in diluted PBS solution. See Table 3 for the features of the atrazine assay.

Features of the atrazine assays ? Conductimetric immunosensor (red wine)

25mV 100 mV
ICso, pg L 19.05+0.10 20.5420.07
LOD, pg L 0.034 0.489
R? 0.96 0.98

2 The parameters are extracted from the four-parameter equation used to fit the standard curve.

Table 3. Features of the atrazine assays ®

4.2.3.1. Flexible interdigitated p-electrode (FIDuE)

Although Pyrex properly complies with the conditions of isolation and compatibility neces-
sary, the possibility of a flexible sensor was also explored. Therefore, flexible interdigitated
p-electrodes (FIDUE) for biosensor applications were fabricated. A sample of the FIDUE’s
developed can be seen in Figure 15.

The flexibility of the FIDUE’s was reached using a plastic substrate. The plastic chosen as new
substrate was polyethylene naphthalate (PEN), 0.075 mm, purchased from Goodfellow
Cambridge Limited.

The fabrication procedure of the FIDUE'’s is as follows: Thin Au (150 - 200 nm thickness)
interdigitated p-electrodes (IDUE’s) with, 30 um thick with electrode gap of 30 um were
patterned on a PEN substrate. As a good adhesion between gold and the PEN substrate exist,
the chromium layer was avoided. Before metal deposition (performed by sputtering), the PEN
substrate was cleaned using absolute ethanol. Then, the interdigitated p-electrodes were then
patterned by a photolithographic metal etch process.



Immunosensors: Concepts and Structures for Fast and Accurate Sensing 215
http://dx.doi.org/10.5772/55969

(@) (b)

Figure 15. Flexible interdigitated p-electrodes fabricated: a) top view; b) demonstration of flexibility. Reprinted from
Microelectronic Engineering, 87/2, Enrique Valera, David Mufiz, Angel Rodriguez,, Fabrication of flexible interdigitat-
ed p-electrodes (FIDuEs) for the development of a conductimetric immunosensor for atrazine detection based on anti-
bodies labelled with gold nanoparticles, 167-173, Copyright (2010), with permission from Elsevier

In order to apply FIDuE’s as biosensor, the electrodes surface must be activated. For this
reason, SiO, was deposited by sputtering on the electrodes surface, because silicon oxide
surface contains reactive SiOH groups, which can be used for covalent attachment of organic
molecules and polymers [18].

4.2.3.2. Conductimetric immunosensor using FIDUE'’s

The functionalization performed in this case followed the covalent immobilization technique
previously explained. Atrazine concentrations between 0.32 — 2000 pig L' were included. The
electrodes were covered by a diluted PBS solution and the measurements were performed with
a bias of +100 mVdc. The response curve obtained can be seen in Figure 16. In this case, the
curve is based on the current through the electrodes, related to amount of gold particles.

Figure 16. Response curve of the conductimetricimmunosensor, using the covalent immobilization technique, for the
atrazine detection in relation with the presence of gold particles (40 nm). Buffer solution was used for the competitive
reaction. Measures were taken in diluted PBS solution. See Table 4 for the features of the atrazine assay.
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In this case, the LOD is 2.975 ug L' and the R* was 0.9922. Nevertheless, another important
conclusion is that in this case, a very small gap is not needed to achieve the atrazine detection
in low concentrations.

The most relevant analytical features of the conductimetric atrazine assay are summarized in

Table 4.

Features of the atrazine assays ? Conductimetric immunosensor (buffer)
ICso, g L 24.1720.03

LOD, ug L 2.975

R? 0.99

2 The parameters are extracted from the four-parameter equation used to fit the standard curve.

Table 4. Features of the atrazine assays @

5. Conclusions

In this chapter, two immunosensors based on interdigitated pi-electrodes together with three
strategies for the excitation and readout of their response are described. The goal of the readout
methods was to reduce the time of measurement. They have been implemented and charac-
terized in depth.

It can be concluded that each of the methods represent an important reduction of the time of
measurement and a reduction of the complexity, and cost of the electronics required for its
implementation compared to broadband spectroscopy. Each of the proposed methods has
particularities: Using the method of single frequency measurements, the use of non labelled
antibodies is allowed, and the complexity of the electronics required is low. The maximum
simplicity in the electronics circuitry is probably achieved with DC measurements but this
makes necessary the use of antibodies labelled with conductive particles. In these two cases
the measurements can be done in seconds. The expense in terms of sensitivity is low as it can
be seen from the LOD obtained with each of them: in both cases the LOD is well below the
MRL established for the detection of atrazine by the EC.

The third method, based in burst signals, allows for the fast measurement of the impedance
of the devices, also in a few seconds, in the broad band from low to high frequencies used in
the conventional impedance spectroscopy. Its advantage comes from the fact that it uses a
broad band measurement and therefore it is expected to provide LOD similar to the conven-
tional broadband spectroscopy. This method requires more complexity in the electronics to be
used for the excitation of the sensors and also a higher complexity in the analysis of the readout
signals of the devices. Nevertheless can been readily programmed in common portable devices
with little extra electronics.
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1. Introduction

In the 1950s, a new weed biotype was first reported to be resistant to the herbicide 2,4-dichloro-
phenoxyacetic acid (2,4-D) [1]. Since then, the number of weed biotypes resistant to various
herbicides has increased dramatically and reported worldwide. There are 393 biotypes of 211
weed species that have evolved resistance to compounds from all the major groups of herbi-
cides [2]. Biotypes of 127 weed species were found to be resistant to herbicides in the acetolac-
tate synthase (ALS) inhibitor group, one of the most successful of the herbicide groups [2].

To control weeds efficiently, it is necessary to identify their herbicide resistance before
applying herbicides in the field; however, some herbicides, including ALS inhibitors, act
slowly. Therefore, it is difficult to quickly identify whether the weeds in the field are resistant.
Recently, some rapid methods for identifying resistance to ALS inhibitors have been devel-
oped. For example, an identification method based on an in vivo ALS activity assay [3-7] and
one based on the regrowth of roots or shoots from weed samples treated with herbicide [8-10]
have been developed for identification of sulfonylurea (SU), the major compound group in
ALS inhibitors. Here, we propose an alternative method of biophoton measurement for
identifying herbicide resistance more simply and rapidly. In this chapter, we introduce the
method by providing examples, particularly for detecting SU herbicide-resistant weeds.

2. What are biophotons?

All living organisms spontaneously generate ultraweak photon emissions, commonly refer-
red to as “biophotons,” which originate from biochemical reactions in their cells. Biophotons

© 2013 Nukui et al,; licensee InTech. This is a paper distributed under the terms of the Creative Commons
I m Ec H 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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can be detected easily, nondestructively, and in real time by using a photon counter equipped
with highly sensitive photomultiplier tubes. They have accordingly gained considerable
attention as a new tool by which to identify the condition of living organisms. The emission
intensity of biophotons is extremely weak at 10°~10° photons per second per square centimeter
of surface area, and in a nearly continuous spectrum within the optical range of at least 200
800nm[11,12]. Biophotonsare considered tobeassociated with the oxidativemetabolicreactions
essential for life activities, unlike the bioluminescence observed in fireflies, which employs a
luciferin-luciferase system. Biophotons were first observed by Coli (1955) in seedlings of plants
such as wheat and lentils [13]. Thereafter, this ultraweak biophoton emission was reported by
many researchers at the organism, tissue, and cellular levels [11, 14]. It has been suggested that
reactive oxygen species (ROS) are the driving force behind biophoton emission because
biophotons disappear if the oxygen supply is cut off [15]. The majority of biophotons, if not all,
are believed to be emitted in the process of oxidation of substances such as unsaturated fatty
acids, amino acids, and polyphenols. These substances are peroxidized and excited by ROS or
enzymes such as NADPH oxidase, peroxidase, lipoxygenase, and cytochrome P450. Excited
carbonyl compounds generated through this process are considered to be important emitting
molecules [15]. In some cases, the excited carbonyl compound is produced as a result of free
radical recombination reactions [16]; however, because the quantum efficiency of excited
carbonylis relatively low, the biophotons detected from the living body, to some extent, appear
to originate in fluorescent substances in cells, to which the excess energy of exited carbonyl is
transferred[17].Inplants, chlorophyllisagood exampleofthisenergytransfer.Ingreenseedlings
containing large amounts of chlorophyll, biophoton emission was observed only in the range of
red light, whereas its original spectrum of biophoton emission was between yellow and orange
[18]. In addition, among ROS, only singlet oxygen species emit light. However, exceptin special
cases, the concentration of singlet oxygen in the cell is not sufficiently high to produce biopho-
tons that can be detected with a photon counter [17]. Therefore, the detailed mechanism of
biophoton emission in the living body has not been fully clarified. Biophoton research is
particularly advanced in the medical field, where photon counters have been experimentally
applied to tumor detection [19], brain monitoring [20], and diagnosis of renal failure [21].

3. Biophoton emissions from plants in response to stress

In plants, the most important role of biophotons is to respond to biological (e.g., pathogens,
insects, and wounds) and non-biological (e.g., temperature, drought, salt concentration, and
chemicals) stimuli to which biophoton increments are primarily observed in plants that
acclimatize to these stimuli. Biophoton emission occurs in response to the destruction of cells
and as a result of controlled biochemical reactions in cells. Many studies have attempted to
detect stress responses in plants using biophotons.

3.1. Response to biological stress

Itis well known that pathogenic infections induce a significant increase in biophoton emissions
in plants. On the basis of the disease-resistance reactions of plants, biophotons are classified
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into two types: the relatively weak emissions observed during the early stages of the resistance
reaction [22], and strong emissions from cells exhibiting programmed cell death (PCD) during
the middle stages of the resistance reaction to localize the pathogen from healthy cells [23]. In
sweet potatoes undergoing PCD as a result of inoculation with Fusarium oxysporum, it was
reported that the wavelength composition of photon emission considerably shifted toward a
shorter wavelength as compared with that of untreated samples, indicating that this was a
luminous phenomenon quantitatively different from the one observed under normal condi-
tions [24]. In addition, in the early stage of the resistance reaction, biophoton emission has been
proven to occur through the signaling cascade that occurs in resistance reactions [25]. Taking
into consideration the first report on the direct link between resistance reaction and biopho-
tons, the subsequent report presents a very important finding. Because of this direct linkage,
biophotons were enhanced during the early resistance reaction in plants pretreated with plant
activators that enhance the resistance reaction to pathogens [22]. Thus, the two types of
biophoton emissions found in disease-resistance reactions are clearly based on controlled
biochemical oxidative reactions in cells.

Other than pathogenic infection, exogenously applied plant hormones (gibberellins, auxins,
salicylic acid, jasmonic acid) and herbivore damage are reported to induce biophoton emis-
sions [24, 26, 27].

3.2. Response to non-biological stress

Biophoton emission from plants has been reported to dramatically increase under high
temperatures that are fatal to plants [28]. This is a good example of biophoton emission in
response to cell destruction, in which uncontrolled oxidative reactions occur. In addition, an
increase in biophoton emission was observed during acclimation of the plants to high tem-
perature (but not fatal levels) [24]. In contrast, because a transient increase in biophotons is
also caused by a sudden decrease in temperature, it has been proposed that this phenomenon
can be applied for testing the resistance of plants to frost damage [29].

In addition to the response to temperature, plants also exhibit biophoton emission responding
to salt and drought stresses. When azuki bean sprouts were treated with NaCl solution,
biophoton emission weakened up to 1 M, but increased at 4.5 M [30]. A mild increase in
biophoton emission also occurred under dry conditions, and an extremely strong increase in
biophoton intensity was observed when the sprouts that had been dried over many hours were
permitted to absorb water again [31]. Thus, under conditions of severe stress that are rarely
conducive for the survival of plants, the increment in biophoton emission is a result of the
destructive oxidative process of cells.

3.3. Response to herbicide treatment

Chemicals such as herbicides can also act as a non-biological stress for plants. Paraquat is a
typical photosystem I inhibitor that acts on the photosynthetic membrane system in photo-
system I. Paraquat causes tissue damage by generating ROS through the reduction of molec-
ular oxygen. Intense biophoton emission was observed from the leaves of tobacco plants
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treated with paraquat (Figure. 1) [32]. Furthermore, it was confirmed that biophoton emission
from leaves treated with paraquat decreased when antioxidants such as catechin were
additionally applied [32]. Therefore, it was suggested that the biophoton emission from
paraquat treatment was strongly related to the ROS generated in cells.
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2500 - 100 pm paraquat

2000 + 10um catechin
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Figure 1. Effectiveness of catechin on biophoton emissions from leaves of tobacco treated with paraquat [32].

The effects of 18 herbicides on biophoton emission from cultured rice cells have been examined
(Nukui et al., not published). Among the herbicides investigated, 10 increased the biophoton
emissions from rice cells compared with solvent treatment, whereas six decreased emissions,
and two had little effect when treated at 100 ppm (Table 1). Some typical results are shown in
Figure 2.
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Figure 2. Biophoton emission from cultured rice cells treated with herbicides. (a), bensulfron-methyl; (b), glyphosate.
Values represent the average of duplicates. Arrows indicate the time when cells were treated with the herbicides.
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Herbicide Biophoton? Mode of action

Bensulfuron-methyl ® Inhibition of acetolactate synthase (ALS)

Simetryn ¢} Inhibition of photosynthesis at photosystem ||

Atrazine ® Inhibition of photosynthesis at photosystem |l

Linuron ® Inhibition of photosynthesis at photosystem Il

Oxadiazon o Inhibition of protoporphyrinogen oxidase(PPO)

Oxadiargyl ® Inhibition of protoporphyrinogen oxidase(PPO)

Diflufenican Bleaching: Inhibition of carotenoid biosynthesis at the phytoene
* desaturase

Amitrole A Bleaching: Inhibition of carotenoid biosynthesis (unknown target)

Glyphosate A Inhibition of EPSP synthase

Glufosinate-ammonium A Inhibition of glutamine synthetase

Asulam X Inhibition of DHP (dihydropteroate) synthase

Dithiopyr A Microtubule assembly inhibition

Trifluralin A Microtubule assembly inhibition

Propham ® Inhibition of mitosis/microtubule polymerization inhibitor

Isoxaben ® Inhibition of cell wall (cellulose) synthesis

Dinoterb ® Uncoupling (Membrane disruption)

Dichlorprop ® Synthetic auxins (action like indoleacetic acid)

Pyributicarb A Unknown

z) @, increased remarkably; O, increased; A, no effect; A, decreased; x, decreased remarkably

Table 1. Effects of herbicides on biophoton emissions from cultured rice cells

Herbicides such as bensulfuron-methyl (BSM) induced an increase in biophoton emission from
rice cells and then a decrease to control levels within 12-24 h after herbicide application (Figure
2). Although the precise mechanisms of biophoton emission in these cases (except for BSM
treatment) were not investigated, these changes must reflect the biochemical reactions of rice
cells to these chemicals. As described in detail below, in BSM-treated plants, the oxidative
detoxification of BSM by P450 is responsible for biophoton emission.

4. How to measure biophotons from plant segments

4.1. Apparatus for biophoton measurement

Biophotons can be detected using a photon counter equipped with a highly sensitive photo-
multiplier tube. In our laboratory, we mainly use multi-sample photon counters, namely,
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PCX-100 and CCSPC-01 (Hamamatsu Photonics, Hamamatsu, Japan) (Figure 3). The PCX-100
counter was equipped with a photomultiplier tube (R329; Hamamatsu Photonics, Hamamatsu,
Japan) that provided a spectral response from 240 to 630 nm. It has a sample holder for 16 Petri
dishes in the dark box and as the photomultiplier moved onto the samples, the biophotons
from the samples were measured in rotation. The CCPPS-01 counter was equipped with a
photomultiplier tube (R331P; Hamamatsu Photonics, Hamamatsu, Japan) that provided a
spectral response from 300 to 650 nm. In the CCSPC-01 system, the photomultiplier was fixed,
and a disc with 24 samples rotated under the photomultiplier. Because temperature affects
biophoton emissions through e.g. changes in enzymatic activities, the photon counter was
placed in an air-conditioned room.

Figure 3. Appearance of photon counter CCSPC-01

4.2. Sample preparation

Samples such as cut plant segments and cultured cells were used with the PCX-100 and
CCSPC-01 counters for biophoton measurements. The procedure using cut plant segments
treated with herbicides with the CCSPC-01 counter is shown in Figure 4. Plants were cut into
5-mm-long segments, and 0.5 g of these segments were set in the Petri dishes (60 mm in
diameter), to which 2 mL of appropriate concentrations of herbicide solution or solvent (e.g.,
distilled water) were added. Dishes were then set in a sample holder in the dark box of the
photon counter. Biophotons from each sample were continuously measured every 10 s.
Because biophotons are luminescent from biological reactions, no special reagent was needed
for their detection.
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1. Collect and cut the target plants 2. Set 0.5 g of the segments in the 3. Add 2 mL of herbicide
into 5-mm-long segments. Feiri dishes (60 mm in diameber). solutions or solvent.
]
1 [ ]

Y = S

4. Set the dishes into sample holder 5. Shut the lid of the dark box 6. Wait about 40 h and
in the dark box of the photon counter. analyze the data.
:
1271

Figure 4. The procedure of measuring biophotons with the CCSPC-01counter using plant segments treated with
herbicide.

It is preferred that all steps after sample collection are performed in a dark room because
fluorescence from plant segments, or the Petri dishes due to excitation with room light during
the sample preparation, contribute to measurement “noise”.

5. Biophoton emissions in sulfonylurea herbicide-resistant weeds

5.1. Sulfonylurea herbicide resistance

Weed biotypes resistant to ALS-inhibiting herbicides have been reported worldwide [33], and
have increased to 127 species [2]. Sulfonylurea (SU) herbicides are among the most potent ALS-
inhibiting herbicides used worldwide, and biotypes resistant to SU herbicides have been found
in many weed species. For example, Scirpus juncoides Roxb. var. ohwianus T. Koyama has
evolved resistance to herbicides used in the paddy fields of Japan [34, 35], and the resistant
biotypes cause serious problems for weed control in Japanese rice production [36, 37].
Mutations in the ALS genes, the target site of SU herbicides, have been reported as the
molecular basis of SU resistance in weeds [36]. S. juncoides is reported to have at least two ALS
genes, and an amino acid substitution at Pro197 or Trp574 in either of the two ALS proteins
encoded by the two genes in all the examined resistant biotypes. This type of resistance is
referred to as “target-site resistance.”

Another type of herbicide resistance is referred to as “non-target-site resistance.” Mutations
in a non-target site, such as activation of herbicide metabolism or reduction of herbicide
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absorption and translocation are the molecular bases underlying this type of herbicide
resistance. For example, it has been reported that there is SU tolerance in cut leaves in rice and
barnyardgrass (i.e., the metabolic half-time of SU was 2.6-4.8 h in rice and 12-50 h in bar-
nyardgrass compared to 50 h or more in susceptible weeds) [38]. Herbicide-resistant weeds
with non-target-site resistance have become a more serious problem than those with target-

site resistance because non-target-site resistance tends to cause multiple herbicide resistance
[39, 40].

5.2. Biophoton emissions in SU-resistant plants through target-site resistance

Biophoton emissions in S. juncoides have been investigated by employing 12 biotypes (seven
SU-resistant and five SU-susceptible plants) collected from paddy fields in various regions of
Japan [41]. Typical results of biophoton emissions from the culms of S. juncoides treated with
BSM, one of the SU herbicides most commonly used in paddy fields in Japan, is shown in
Figure 5 [41].
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Figure 5. Examples of a typical time course of biophoton emissions from the culms of Scirpus juncoides treated with
bensulfron-methyl (BSM) and water. (a) Typical resistant biotype and (b) typical susceptible biotype. The black line in-
dicates the 100 ppm BSM treatment and the gray line indicates the water control [41].

It was observed that the resistant biotypes exhibited an increase in biophoton emissions with
a peak at 25 h after 100 ppm BSM treatment. The emission intensity of the biophoton emissions
varied depending on the concentrations of BSM. The difference in biophoton emission between
resistant and susceptible biotypes is obvious with 10 and 100 ppm BSM treatment, whereas
there were few differences with 1 ppm BSM treatment [41]. The emission intensity was
different between plant organs (Figure 6) [41]. The increment in the biophoton emission was
greater for the culms than for the roots. In the resistant biotype, a relatively higher increment
in biophoton emission was observed in both the culms and roots, while the increment was
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lower in the susceptible biotypes. This increment of biophoton emission in a resistant biotype
was independent of the seed source or mutations in the ALS genes [41]. All seven resistant
biotypes showed a higher increment in biophoton emissions than the five susceptible biotypes.
The biophoton emissions in the resistant biotype were higher than those in the susceptible
biotypes from the vegetative growth to the flowering stage. In particular, the difference in
biophoton emission between the resistant and susceptible biotypes widened during the
vegetative growth stage, and reached the maximum level at the flowering stage. However, at
the seed-setting stage, the biophoton emissions were markedly enhanced in the susceptible
biotypes. Therefore, at this stage, there were no distinct differences in biophoton emissions
between the resistant and susceptible biotypes [41].

200
(a) (b)

T 150 +
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Figure 6. Biophoton generation in the (a) culm and (b) roots of resistant and susceptible biotypes of Scirpus juncoides.
The bars indicate standard deviations (+SD). Bensulfron-methyl treatment (solid column); control (open) [41].

InadditiontothecaseofS.juncoides, thisincrementinbiophotonemissioninSU-resistantbiotypes
has been confirmed in Monochoria vaginalis [42]. Figure 7 shows the result of biophoton emis-
sions after BSM treatment from leaf segments of four SU-resistant and four SU-susceptible
biotypes of M. vaginalis [42]. In the four resistant biotypes, distinct increments were independ-
ent of differences in the mutation sites of the ALS genes. In contrast, increments in the four SU-
susceptiblebiotypeswerelessthanthatinthefourSU-resistantbiotypes. Therefore,itissuggested
thatbiophoton emission could be anew indicator of SU-resistant biotypes in various weeds.

5.3. Biophoton emission in SU-resistant plants through non-target site resistance

For biophoton emission in SU-resistant plants through non-target site resistance, biophoton
emissions from leaf segments of rice and 11 paddy weeds treated with BSM were measured
[43]. There was a definite difference in biophoton emission among plant species, and rice and
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Figure 7. Biophoton generation from leaf segments of resistant and susceptible biotypes of Monochoria vaginalis. Val-
ues are the differences in averages from 24 to 40 h after treatment between the bensulfron-methyl application and
water control. The bars indicate standard deviations (+SD). Different letters indicate a significant difference at the 5%
level according to Tukey's Studentized Range Test [42].

barnyardgrass, which are reported to be tolerant of SU herbicide as described above, showed
considerably higher biophoton emission than those of other weed species. The enhancement
of biophoton emission in BSM-treated leaf segments compared to the water-treated control
was 3.8 times higher in rice and 3.0 times higher in barnyardgrass [33]. It seems that the distinct
differences in biophoton emissions among rice, barnyardgrass, and other weed species are
consistent with their selectivity against SU herbicides.

6. Mechanism for biophoton emission in plants treated with SU herbicides

Chemical reactions such as oxidation are considered to be the source of energy for biophoton
emissions. We previously studied biophoton emissions during plant disease response,
particularly with regard to the involvement of ROS. During the disease response of cultured
rice cells to N-acetylchitooligosaccharide elicitor, ROS seemed to be directly involved in
biophoton emission [25, 44].

As shown in Figure 1, ROS is also involved in biophoton emission in paraquat-treated
tobacco. Hideg and Inaba (1991) demonstrated that the leaves of paraquat-resistant tobacco
treated with paraquat emitted weaker biophotons compared with tobacco plants sensi-
tive to paraquat [45]. The superoxide dismutase (SOD) activity of the resistant plant was
3 to 6 times greater than that of sensitive plants. Apparently, higher SOD activity in
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resistant tobacco contributes to the elimination of the ROS induced by paraquat, result-
ing in weaker biophoton emission.

Recent studies suggested that oxidative metabolism by cytochrome P450 monooxygenase
(P450) might be involved in biophoton emissions from herbicide-treated plants [42, 43]. P450s
are a class of heme-containing enzymes that catalyze the biosynthesis of lignin, terpenoid,
alkaloids, and many secondary compounds in plants. P450s are also known to play important
roles in metabolizing herbicides, including SU [46,47], and are involved in non-target site
herbicide resistance [48].

As described above, leaf segments of non-target site resistant plants such as rice and barnyard-
grass, emit strong biophotons when treated with SU herbicide, and this biophoton emission was
inhibited by the P450 inhibitor (malathion and piperonyl butoxide) treatment [42].

The involvement of P450s in biophoton emission from SU herbicide-treated plants was also
confirmed in another experiment employing P450 gene-silenced cultured rice cells. P450s
are known to make up one of the largest superfamilies of enzymes and catalyze diverse
reactions in both animals and plants. In rice, CYP81A6, a P450 gene responsible for
resistance to BSM, has been identified by map-based cloning [49]. We silenced the CYP81A6
gene in rice cells and analyzed their response to BSM (Nukui et al., unpublished). P450-
silenced cells showed increased BSM sensitivity as expected. As shown in Figure 2, cultured
rice cells, as well as leaf segments, emit biophotons when treated with BSM. Treatment
with 100 ppm BSM induced an obvious biphasic biophoton emission in the control cell
line. In contrast, P450-silenced cells did not show biophoton emission after BSM treat-
ment. The enhancement of biophoton emission in BSM-treated cells compared to the water-
treated control was 1.6 times greater in the control line and 1.0 times in the P450-
silenced cell line (Figure 8). Moreover, the effects ALS inhibition on BSM-responsive
biophoton emissions have been investigated. BSM inhibits the reaction of ALS, the first
step in the biosynthesis of branched-chain amino acids (BCAA: Valine, Leucine, Isoleu-
cin) [50], and the herbicidal activities of BSM is canceled by the application of BCAA [51].
Although the externally applied 1 mM BCAA recovered the cell growth of BSM-treated
P450-silenced rice cells, it failed to recover BSM-responsive biophoton emissions. These
results suggest that it was not decreased cell activity but the suppressed detoxifying
reaction of P450 that reduced biophoton emissions in P450-silenced cells.

On the other hand, the fate of SU compounds is not well known for the target site-
resistant weeds such as S. juncoides and M. vaginalis described above. There are only
suggestive results. Figure 9 shows the effect of the P450 inhibitor malathion on biopho-
ton emissions from leaf segments of M. vaginalis, which have been confirmed to be target
site resistant to SU [42]. In resistant biotypes, malathion decreased biophoton emission from
leaf segments treated with BSM, whereas in susceptible biotypes, malathion had no definite
inhibitory effect on biophoton emission. This indicates that P450s are also involved in
biophoton emissions from target site SU-resistant weeds. Therefore, we hypothesize that
SU, which cannot bind to ALS because of ALS mutations, would also be detoxified with
P450s, resulting in biophoton emission.
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Figure 8. Biophoton emission from P450-silenced rice cells (P450-silenced) and control cells (Cont). Values represent
the ratio of total biophoton emission from BSM-treated cells to that from solvent (control)-treated cells during 0-12 h
after BSM or solvent application.
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Figure 9. Effect of P450 inhibitor on biophoton emissions from leaf segments of Monochoria vaginalis. Values are the
differences in averages 24-40 h after treatment between the bensulfron-methyl (BSM) or BSM + P450 inhibitor (mala-
thion) and water control, respectively. The bars indicate standard deviations (+SD). * and ** indicate the significant
differences at P < 0.05 and 0.01, respectively [42].

7. Conclusion

As described above for SU resistance, it is confirmed that both target site-resistant and non-
target site-resistant plants can be distinguished from susceptible plants. In addition, from the
analysis of the mechanisms of biophoton emissions, it is considered that weed biotypes with
target site resistance to herbicides other than SU might also be distinguished from susceptible
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biotypes by biophoton measurement, as long as the herbicides are subjected to detoxification
by P450 enzymes. It is well known that P450s play major roles in the detoxification of many
types of herbicides, and many resistant weed biotypes with enhanced P450 activities have been
reported [48]. For example, rigid ryegrass has been reported to be resistant to diclofop-methyl,
diuron, atrazine, simazine, and chlorsulfron for resistance mediated by P450s [48]. Biophoton
measurement might be able to distinguish all these resistant biotypes from susceptible
biotypes.

Although it is necessary to clarify the applicable range of herbicide resistance by using weed
biotypes resistant to herbicides other than SU, our study suggests that biophoton measurement
can be used in the identification of a broad spectrum of herbicide resistances and will become
a useful tool for efficient weed control.
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1. Introduction

The world population is projected to become a staggering 8.3 billion by 2030 from about 6
billion today, which will aggravate food insecurity especially in developing countries [31]. By
2050, developing countries will account for 93% of cereal and 85% of meat demand growth
[73]. In agricultural crop production systems, insects, diseases and weeds continue to threaten
sustainability and account for ~40% loss in crop production. Availability of farm land and
productivity is decreasing because of soil erosion, degradation and annexation of farm land
for alternative uses. The availability of water for agricultural crops is also decreasing. Drought,
storm, flood and heat waves are predicted to occur more frequently and would have a large
impact on crop productivity [19]. Since atmospheric concentrations of greenhouse gases
continue to rise at rates that are both unprecedented and alarming, efforts have been made to
understand their implications on crop production [2]. Higher growing season temperatures
can have dramatic impacts on agricultural productivity, farm incomes and food security [8].
Salinity and other soil toxicities are likely to be much more problematic in some areas. In semi-
arid regions, reduction in production of primary crops including maize (Zea mays L.), wheat
(Triticum aestivum L.) and rice (Oryza sativa L.) are predicted in the next two decades [58].

Ability of the agriculture sector to support a growing population has been a concern and
continues to be on high priority on the global policy agenda [5]. Simultaneous demands for
replacement of oil-based fuels and plant-based bio-products, the desire for reduction in
pesticide usage and crops to tolerate abiotic stress will place pressure on agricultural produc-
tion systems. New agricultural technologies are required to ensure global food security and
support conservation of water and land. Crop cultivars with higher yields and resistivity are
required to meet food requirements in a sustainable manner without causing disruption to the
environment. In her book “Silent Spring”, Carson R. suggested finding a biological solution
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of pest control in agriculture as an alternate of using chemical pesticides [18]. One approach
is to develop genetically engineered crops. Technological responses to the need for bio-
products, new crops and stress-tolerant crops have been predicated on the use of genetic
engineering.

In addition to traditional uses of crops for food, feed and fiber, agricultural crops are being
utilized for biodiesel, bio-products, industrial chemicals, bio-degradable plastics and plant-
based pharmaceuticals [14]. Genetic engineering is increasingly used to accomplish this goal
and viewed by researchers as a key technology to provide innovations. Long-term sustaina-
bility of technical applications has become quite important during the last two decades
resulting from ecological concern, environmental awareness and new rules and regulations.

Introduction of herbicide-resistant crops at a commercial scale was controversial; however,
this new technology has provided many benefits to growers, consumers, and environment [3].
In many parts of the world, agricultural pesticides have been used in excess of requirements,
leaving residue in food and soil resulting in environmental pollution. Agro-chemicals are
ineffective against viruses and only partly effective against many plant pathogens. The most
cost effective and environmentally friendly method would be to deploy cultivars that have
been developed for resistance to various agents causing biotic stress. For example, transgenic
cotton in India, which is genetically engineered to contain the Bt toxin, has led to decrease use
of insecticides and improved yields [12]. China is the major producer of cotton and Chinese
growers are amongst the largest users of pesticides in cotton. A survey suggests that following
introduction of Bt cotton, reduction in pesticide use was from 55 to 16 kg formulated product
per hectare and the reduction in number of pesticide application was from 20 to 7 [46]. The
other benefits of herbicide-resistant crops have been described in [9, 25].

Besides the benefits of herbicide-resistant crops, their commercialization has created great
controversy among government agencies, business consortia, researchers and certain non-
profit organizations about the consequences of herbicide-resistant crops and their negative
impact on food, feed and environment [3, 27, 80]. The relevance of assessing weedy charac-
teristics when considering the invasiveness of herbicide-resistant crops has been the subject of
much debate [90]. Gene flow from transgenic plants to wild relatives may cause wild plants
to acquire traits that improve their fitness [29]. Mere presence of wild relatives in a given area
does not necessarily imply interspecific gene flow would happen; however, a long term co-
existence in a given habitat may signal the need to assess the likelihood of spontaneous gene
transfer from GE crops to their wild relatives [68]. For example, jointed goatgrass (Aegilops
cylindrica), a wild relative of wheat can acquire the herbicide tolerant trait of wheat, and can
therefore, thrive in crop fields unless applications of other herbicides are made [41, 42].
Similarly, the survey work in Africa suggested that wild and weedy sorghum occurred
intermixed with and adjacent to cultivated sorghum and may pose risk of inter-specific
transgene movement [64]. Weedy rice is an important weed in rice growing regions in more
than 50 countries [57]. The concern for the introgression of the transgene into the weedy rice
may result in more difficult to manage hybrid is a serious consideration for commercial
production of novel rice [21, 93].
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Plant-derived pharmaceuticals and industrial compounds may have an impact on human and
animal health or public perception if they are found in the food or feed systems [38]. For
example, the “Starlink” maize incident illustrates how genetically-engineered crop cultivars
intended for special purposes may mix with commodity crops. The maize was grown exclu-
sively for animal consumption before determination of whether it was suitable for human
consumption. Within a single year, it entered the commodity corn grain supply of the USA
[43]. Lack of a channelized production system left growers to decide whether to sell the grains
for human or animal consumption. Management of externalities and of the possible unin-
tended economic effects that arise in this context is critical and poses different concerns. The
regulatory agencies worldwide are struggling to develop a risk assessment procedure prior to
commercial release of engineered crops intended for plant molecular farming and for specialty
chemicals [4, 83].

Adventitious presence (AP) is the low level presence of genetically engineered seeds in
conventional and organic seeds, in addition to other unwanted materials [53]. Commingling
has long been acknowledged and thresholds for AP have been established in conventionally
grown crops. However, more recently AP became an issue after commercialization of trans-
genic crops. With respect to approved crops, the issue is not agronomic performance, food
safety, environmental protection, or animal or human health; however, AP is more related
with economic concerns, market access, contract specifications, and consumer preferences [53].
Pollen-mediated gene flow from herbicide-resistant to conventional crops and their crop
volunteers are the major source of AP in subsequent crops and may create the problems in
trade, especially with the European Union (EU) where strict regulations are prevailing for
growing, importing and regulating herbicide-resistant crops [11]. These issues related with
market and trade will become more complicated as the number of herbicide-resistant crops
and traits increase in the future and there is little harmony in regulation of novel crops or their
threshold levels internationally.

The aim of the research described in this chapter was to test the following objectives:
1. To discuss risk assessment of herbicide-resistant crops with flax as a model species

2. Todetermine the occurrence and distribution of weedy and wild relatives of flax and their
potential hybridization with commodity flax to predict the risk of inter-specific transgene
movement

3. To determine intra-specific pollen-mediated gene flow in flax under natural field condi-
tions and to evaluate the potential for co-existence of herbicide-resistant and organic flax

2. Risk assessment of herbicide-resistant crops with flax as a model species

The cultivation of flax dates back to more than 6,000 years mainly for seed oil and fiber [1]. In
addition to the traditional industrial and non-food uses of flax, with the increasing information
on molecular biology derived from identification and expression of genes, the potential for the
production of novel flax for quality traits has been developed [58, 62]. With the introduction
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of high a-linolenic acid (ALA) flax cultivars [73], the world market is increasing dramatically
for the flax based products [61].

Flax is a poor competitor and thus, flax fields should be kept free from weeds [89]. Herbicide
resistant flax was registered and withdrawn due to market considerations. Few effective
herbicides have been registered for controlling weeds in flax [15]. There is an opportunity to
develop flax cultivars with enhanced agronomic traits including reduced maturity period and
better nitrogen use efficiency. Considering the utility of flax or flax based products for various
purposes, genetically engineered flax is under development in Canada. Before genetically
engineered flax is commercialized; however, environmental biosafety assessment must be
quantified. The following are five considerations of environmental risk assessment of geneti-
cally engineered crops adopted by the Canadian Food Inspection Agency (CFIA):

* Potential of the plant with novel trait (°PNT) to become a weed of agriculture or be invasive
of natural habitats

* Gene flow to wild relatives whose hybrid offspring may become more weedy or more
invasive

* Potential for the PNT to become a plant pest
* Impact of the PNT or its gene products on non-target species, including humans

* Impact on biodiversity

3. Inter-specific pollen-mediated gene flow in flax

If the transgene(s) move by pollen-mediated gene flow (transfer of genetic information between
sexually compatible plant populations via cross-pollination) from herbicide-resistant crops to wild
relatives and if it has effect on fitness, weediness, diversity or population size, it is considered
as one of the consequences of genetically engineered crops [65]. Gene flow is a natural,
biological process which occurs to some degree in all flowering plant species [28]. There is a
possibility that generating novel crops for food quality, better weed control or insect control
may have effects on other plant populations, especially to closely related species of crops [26,
27]. Some traits may provide a possible benefit to wild or weedy relatives [68, 69]. Therefore,
to evaluate the potential introgression of herbicide-resistant flax with its closely related species,
a meta-analysis to study the occurrence of wild relatives of flax, their hybridization with
cultivated flax and the possibility of transgene movement was quantified.

The evolution of many crop plants has been the result of recurrent cycles of hybridization from
wild and weedy relatives [69]. In plant breeding and cultivar development programs, crop
wild relatives have been used as a source of gene pool which can be transferred into crop
cultivars to expand genetic basis by transferring desirable traits to increase resistivity to biotic
and abiotic stresses. However, after commercial production of herbicide-resistant crops,
concerns have been raised about the possibility of the sexual transfer of crops’ genes to wild
relatives through recurrent back crossing [27]. Natural hybridization is known to occur in
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many cultivated crops and the potential for transgene movement from herbicide-resistant
crops to closely related species has been documented [17].

Flax belongs to family Linaceae which is composed of 22 genera [88] and approximately 300
species [45]. Linaceae is placed in the order Malpighiales [6]. It has been estimated that about
63 wild and weedy species of flax occur in North America [47]. The North American species
of Linum were grouped into two sections, Linum (Eulinum) and Cathartolinum. Based on petal
color, North American Linum includes two groups: the blue flowered and yellow-flowered [87,
71]. Twenty five yellow-flowered species of Linum are found in western North America and
Central America. The greatest density of this segment of the genus is in east-central Mexico
and point to that region as the probable area of origin and establishment of the yellow flowered
Linum species in North America [71]. Linum rigidum Pursh occurs in extreme southern Florida
and also has a vast range in the Great Plains extending from the northern Mexico to western
Canada [63].

Interspecific hybridization has been attempted in many crops to improve germplasm, how-
ever, in Linum, such achievements have been very limited because of the difficulties in the
successful hybridization between different species of the genus [47]. Attempts have been made
to transfer the rust resistance from a wild relative to cultivated flax [23]. We hypothesize that
cultivated flax is more likely to hybridize with closely related species having a similar ploidy
level based on reported work [7, 36, 37, 75, 92]. Our objective was to predict the potential risk
of inter-specific transgene movement from herbicide-resistant flax prior to commercial release.

Interspecific hybridization in Linum was first reported between flax and L. narbonense [101].
Later, successful hybridization of L. usitatissimum with L. africanum, L. angustifolium, L.
corymbiferum, L. floccosum, L. pallescens and L. tenue were reported [7, 36, 54, 66, 85]. All crosses
produced fertile F, hybrids in at least one direction, presumably due to their similarity in ploidy
levels and size of chromosomes (Fig. 1). Crosses among five taxa, L. africanum, L. angustifolium,
L. corymbiferum, L. decumbens and L. usitatissimum were highly successful in at least one
direction with hybrid progeny exhibiting 80 to 90% germination [44]. Inter specific hybridi-
zation between species other than cultivated flax are also successful. When L. strictum was
used as a male parent, it successfully hybridized with L. africanum, L. angustifolium, and L.
floccosum [75].When Linum crepetans and L. humile crossed with L. hirsutum and L. hispani-
cum, respectively, they produced fertile plants [36, 37, 75] (Fig. 2).

In summary, interspecific hybridization studies indicate that cultivated flax has the potential
to hybridize with at least nine wild relatives with a haploid chromosome number of 15 (Fig.
1). Linum africanum, L. angustifolium, and L. pallescens were c