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Where abbreviations are necessary the following are permitted withoutdefinition

acceptabledaily intake

acetolactate synthase

acetyl CoA carboxylase

acid dissociation constant

acid equivalent

active ingredient

approximately

base pair

becquerel

body weight

boiling point

British StandardsInstitution

by the author last mentioned

centimetre(s)

Chemical Abstracts Services Registry Number

coefficient of varience

colony-forming unit(s)

compare

concentration x time product

ADI

ALS

ACCase

pKa

a.e.

aii.

&

bp

Bq

b.w.

b.p.

BSI

idem.

cm

CAS RN

cv

cfu

cf.

ct

concentration required to kill 50%of test organisms LCso

correlation coefficient

counts per minute

cultivar

cultivars

dalton

day(s)

daysafter treatment

degrees Celsius(centigrade)

degrees of freedom

Department of Environment,

Food & Rural Affairs
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dry matter

Edition

editor

editors

emulsifiable concentrate

enzyme-linked immuno-sorbant assay

fast-protein liquid chromatography

Food and Drugs Administration

for example

freezing point

gas chromatography-mass spectrometry
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genetically modified

genetically modified organism

gram(s)
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D
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growth stage

hectare(s)
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high volume

hour

infrared

inner diameter

integrated crop management
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mg
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no observedeffect level

no significant difference

nuclear magnetic *esonance

numberaverage diameter

number median diameter

octanol/waterpartition coefficient
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page

pages
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ABSTRACT

Bromus species are serious arable weeds in Germany, becoming moreprevalentin

winter cereals. Not commercially controlled by standard selective cereal

herbicides, farmers commonly used metribuzin (Sencor). This usage however, has

beenforbiddensince July 1“, 2001.

Propoxycarbazone-sodium (Attribut) can be applied post-emergence in spring to
winter wheat, rye and triticale at rates of 28 to 70 g a.i./ha against grasses such as

Bromus species. Single applications of propoxycarbazone-sodium showed

moderate to good control. By adding adjuvants, or applying propoxycarbazone-

sodiumina split application or sequences following an autumnstandard treatment,

good to very good control could be achieved. No single measure or herbicide can

solve the Bromus problem on its own. Propoxycarbazone-sodium howeveroffers

a highly effective treatment as an important part of an integrated Bromus

managementstrategy.

INTRODUCTION

Bromus sterilis and other Bromus species are serious arable weeds in Germany. Based ona

survey carried out by Bayer Vital GmbH in 1999, more than 100,000 ha ofthe winter cereal

acreage were found to be heavily infested. Bromus is mainly a problem in winter wheat and

winter barley (75 % and 15 %respectively ofthe total infested area). The situation may even

become worse as current trends in cereal production such as minimumtillage, early drilling

and narrowcroprotations favour Bromus occurrence

Whereas Bromus can be controlled in sugar beet and oil seed rape by applying graminicides

based on aryloxyphenoxy-propionate or cyclohexanediones, there is no standard selective

herbicide providing commercial control in cereals. Farmers commonly used metribuzin in

combination with otherherbicides like flufenacet & diflufenican (Herold), providing temporary

suppression of Bromus, in order to manage Bromusspecies in winter barley and winter wheat

(Balgheim & Kirchner, 1998). Although highly effective (Table 1), the usage of metribuzin

was restricted due to the risk of crop damage under certain climatic and soil conditions

However,its off-label usage was forbidden bylaw as ofJuly 1“, 2001. 



In the absence of any herbicidal solution for autumn post-emergence application the control

has to rely on spring applications. Herbicides which can beused as early as possible and in

manycerealcrops as possible are requested.

Table 1. Herbicidal efficacy of metribuzin and flufenacet & diflufenican on B. sterilis in

winter cereals at different timings and different rates (Germany 1993-1999)

 

Treatment Rate (g a.i./ha) Timing Efficacy (%)
 

Metribuzin 280 post-em. autumn 87

Metribuzin 350 post-em. spring 77

Flufenacet & diflufenican 240 & 120 post-em. autumn 61

Flufenacet & diflufenican 240 & 120 post-em. autumn

+ metribuzin 140

fb metribuzin 140 post-em.spring
 

(& =ready mix; += tank mix; fb = followed by; n= numberoffield trials)

METHODS AND MATERIALS

Propoxycarbazone-sodium (BAY MKH 6561) is a sulfonylaminocarbony]-triazolinone

herbicide discovered and developed by Bayer AG (Feuchter a/., 1999}. [ts mode of action is

inhibition of the enzyme ALS. Uptake by plants is via leaves and, in the absence of

adjuvants, predominantly via roots. The compound provides some residual activity, so weeds

emerging during the few weeks after application are also controlled. Propoxycarbazone-

sodium will be registered in Germany for applications post-emergence in winter wheat, rye

andtriticale at rates of 28 to 70 g a.i./ha. The application windowlasts from growth stage 13

to 29 (BBCH)ofthe crop. Target weeds are Alopecurus myosuroides Huds., Apera spica-

venti (L.) P.B., Bromussterilis L. and Elymus repens (L.) Gould. It has been tested against B.

sterilis in several series of trials. All trials were conducted according to EPPO-guidelines

using a WG formulation (700 g/kg propoxycarbazone-sodium). Only the final efficacy

assessments after heading of the weeds are presented.

RESULTS

Propoxycarbazone-sodium has been tested in winter cereals in Germany since 1993. It was

highly selective in winter wheat, rye and triticale, but must not be applied in winter barley

due to a strong risk of crop damage.

Rates against Bromus species vary from 42 to 70 g a.i./ha, depending on species, growth

stage, application timing, soil type and soil conditions. The core rate of propoxycarbazone-

sodium for Bromus control was 42 g a.i./ha, resulting in good controlof all important Bromus

species. In greenhouse experiments conducted by Bayer AG and Augustin (2000) as well as

under field conditions the least susceptible Bromus species was found to be B. sterilis 



(Table 2) representing 80 to 90 % of Bromus infestations in Germany. The rate was

established for the control of B. sterilis as all the other species will also be controlled.

Table 2. Herbicidal efficacy of propoxycarbazone-sodium ondifferent Bromus species

(42 g a.i/ha, applied at different weed growth stages (BBCH), greenhouse
experiment, Bayer AG 2000)

 

Herbicidal efficacy (%)

Species Weed growth stage (BBCH)

1] 13
 

B. arvensis 95

B. commutatus 95

B. japonicus 98

B. mollis 98

B. secalinus 95

B. sterilis 80

B. tectorum 90

90

90

98

95

90

70

70
 

In field trials, single applications in spring achieved on average 76 % and 81 % control

respectively at rates of 42 and 70 g a.i./ha propoxycarbazone-sodium (Figure 1). Splitting of

the maximumrate in early and late treatment was more effective in controlling B. sterilis

than single sprays, achieving 89 % control on average. In more than 90 % ofall trials an

efficacy higher than 73 % was observed. In the modified box and whisker plot the box shows
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Figure 1. Herbicidal efficacy of propoxycarbazone-sodium on B. sterilis in winter wheat

(applied in post-emergence in spring, Germany 1994-2001, n = numberoftrials)
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the interquartile range, the horizontal bar the median and the medium dash the arithmetic

mean. The whisker extends from the ends ofthe box to the 10 % and 90 % quantile excluding

the 5 % and 95 % quantile, which are shown as detached points form the whisker.

Analysing the observed variability by clustering the results to the growth stage of the weed

and plotting them against weed controlit can be seenthatfinal control depends on the growth

stage at application (Figure 2): The more advanced the growth stage, the less susceptible the

weedresulting in a lowerfinal control. To maximise herbicidal efficacy it is crucial to apply

at early growth stages. Application should be made before mid-tillering.

Efficacy (%)

100 4

 

 
 80 4

  

60 4

n=12 n=6 n=13           
 

21-22 23-25 26-30

Growthstage B.sterilis (BBCH)

Figure 2. Herbicidal efficacy of propoxycarbazone-sodium on B.srerilis at different growth

stages (42 g a.i/ha, applied post-emergence in spring, Northern Europe 1995-

2000, n= numberoftrials)

As Bromus species can emerge in flushes, different growth stages being more orless

susceptible might be found side by side in one field. Sequences of sprays increase the chance

to hit the weedsat their most susceptible stage and to avoid the regrowth of advancedplants

which are not fully controlled by an single treatment. It is recommended to apply thefirst

spray as early as possible in spring and to apply the second whenthe regrowth starts, i.e. two

to three weeksafter the first one.

Propoxycarbazone-sodium predominately acts via the roots. Therefore, it is more effective in

controlling weeds whensoil is moist. Under dry conditions it recommended to increase leaf

absorption by adding appropriate adjuvants or applying in fluid urea ammonium nitrate

fertiliser (UAN), which is quite common in Germany. Adding an adjuvantis of advantage as

well, if high crop or weed densities prevent spray solution reaching the ground.

In field trials the efficacy of propoxycarbazone-sodium on B. sterilis was increased about

5%, if applied in UAN (Figure 3). Comparable results were achieved by the addition of the
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rape seed oil Rako-Binol. By far the strongest effect was observed, whenthe tallow amine

ethoxylate Frigate was used. At a rate of 42 g a.i/ha an average increase in B. s/eri/is control

of approximately 13 % was achieved.

Efficacy (%)

100 ]

80

60

          
PCA + UAN PCA + Rako-Binol PCA

_

+ Frigate
42 ga.i/ha 200 L/ha 42 gai/ha 1 L/ha 42 ga.i/ha 0.5 L/ha

Figure 3. Herbicidal efficacy of propoxycarbazone-sodium (PCA)alone onB. steri/is and in

combination with UAN or different adjuvants (applied post-emergence in spring,

Germany1999-2001, n= numberoftrials)

DISCUSSION

Propoxycarbazone-sodium, applied at the recommendedrate, timing and in combination with

an adjuvant has provento be a highly effective tool for B. steri/is control in winter wheat, rye

and triticale, provided the weed is not too far developed in spring. In early drilled winter

cereals however, B. steri/is growth stage in spring might be beyond the most susceptible

stage, causing less consistent control. Therefore, a two-pronged approachusing cultural and

chemical methodsis still the best way to keep B. srerilis at manageable levels.

In addition to crop rotation ploughing deeper than 15 cmis one ofthe best measure to control

Bromus species. Where ploughing is not practical, drilling of subsequent crops should be

delayed in order to gain more time for stubble cultivation. B. s/erilis populations generally

have low dormancy (Peters e¢ a/., 1993), thus the majority of seed will germinate more orless

immediately after harvest if sufficient moisture is available. Cultivating as soon as possible

after harvest in order to cover B. s/eri/is seeds prevents the onset oflight enforced or induced

dormancy and encourage germination. The first flush of seedlings then can be destroyed by

further cultivations or using a non-selective herbicide based on glyphosate

Subsequently, in later drilled cereals less Bromus seedlings emerge expressing less competition

to the crop as temperature requirements for germination favour the cereal crop in later
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autumn. In addition a later seeding date of the crop will result in less advanced B. sverilis

plants in spring, which are more susceptible to propoxycarbazone-sodmim.

For in crop control of Bromus species in pre- or post-emergence in autumn no herbicide 1s

registered in Germany.If an earlydrilling is preferred due to economical reasons, farmers have

to rely on flufenacet & diflufenican providing some suppression on 38. sferilis (Table 1). By

controlling parts of the B. sferilis infestation and reducing atleast the vitality of the other, this

treatment supports spring applications in early drilled winter cereals as the B. sferilis

development gets delayed.

For winter barley however, there is no chemicalsolutionavailable, neither in the fall nor in the

spring. Bromuscontroltotally relies on cultural methods.

CONCLUSION

Tenyears experience of Bromus management in Germany have shown. that no single measure

in cereals can solve the Bromusproblem. An integrated approach hasto be taken adjustingall

available tools like crop rotation, drilling date and different herbicides in different crops. As

metribuzin is forbidden in winter cereals since July 2001, there is im short term no herbicide

available for Bromus control in autumn and especially in winter barley. The use of

propoxycarbazone-sodium however will provide new opportunities for Bromus control in

winter wheat, rye andtriticale and will allow a further increase of minimum soil tillage

systems
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ABSTRACT

Field trials were set up at ADAS Boxworth on claysoil, for two seasons, 1997-

1998 and 1998-1999 to assess the activity of the herbicides isoproturon and

clodinafop-propargyl on Alopecurus myosuroides in winter wheat. The

herbicides were sprayed at 4 different rates, on 8 and 10 occasions between 29

October 1997 to 25 February 1998 and 23 November 1998 to 14 April 1999

respectively. There was a considerable variation in the efficacy of the herbicides

on the different dates and between seasons, with the EDs as a fraction of the

recommended dose varying between 0.28 and 1.17 for isoproturon and 0.22 and

1.51 for clodinafop-propargyl. The effects of the weather factors were

investigated using multiple regression techniques for the period of 1 to 14 days

before and after spraying. Significant (p<0.001) regressions were produced for

each herbicide in each season, however the climatic factors identified in each

season were not the same.

INTRODUCTION

The unnecessary application of pesticides has become an increasingly important issue from

both an economic and environmental view point. Rapidly growing weed plants are generally

expected to absorb herbicides more efficiently and translocate them more easily (Legg,

1983), hence lower doses can be more active. The objective of this study was to optimize

herbicide dose and to understand the optimumclimatic conditions for herbicide activity

(Kudsk & Kristensen, 1992; Collings et a/, 1999).

Two herbicides were chosen for this study. Isoproturon (IPU) is largely active through

uptake from the soil, and hence enters the plant through the roots. In contrast, clodinafop-

propargy! (CP) enters the plant solely throughthe foliage.

The results of field trials on winter wheat during two seasons (1997-98 and 1998-99), in

whicha range ofherbicide doses were sprayed on a numberofdifferent occasions throughout

each season are reported, and the relationship with climatic factors are discussed in this

paper. 



MATERIALS AND METHODS

Layout anddrilling

Each season the field trials were marked out on a heavyclaysoil of Hanslopeseries, in a

different field at ADAS Boxworth, knownto be relatively free of natural populations of

grass-weeds. Plots measured 6 x 3 m. In 1997/1998 there were three blocks in a fully

randomised design. In 1998/99 there were four blocks in a randomised block split plot, with

herbicide timings as the main plots.

A. myosuroides seed (of knownon-resistant source) was broadcast by handat a rate of 400
=2 ; a: . .

seeds m™ prior to drilling winter wheat (cv. Equinox) on the same day, on 2 October 1997

and 19 October 1998 respectively.

Treatments

The herbicide clodinafop-propargyl was applied at a rate of 15, 30, 60 (full rate) g a.icha’',

and isoproturon at 625, 1250, 2500 (full rate) g a.icha!, with an untreated control for each

date. Sprays were applied on eight occasions between 29 October 1997 to 25 February 1998

and on ten occasions between 23 Novemberto 14 April 1999 respectively(Figure 1).

A. myosuroidesgrowth stage at treatment ranged between 1-2 leaves at the first timing up to

2-3 tillers at the last timing in each season.

Herbicides were applied using a knapsack sprayer and 3m boom,operating at a pressure of

2.0 bars delivering 225 litres ha’ through 02 F 110 nozzles set at a height of 35cm above the

targetleaf.

Noother grass-weedherbicides were applied to thetrials, but normal farm practice occurred

for all other inputs, in both years.

Assessments

Effectiveness of the herbicides was assessed by counting panicles of A. myosuroides on 19
x . ec -2

June 1998 and 22 June 1999 respectively, using 5 x 0.1m™~ quadrats perplot.

Analysis of data

Estimation of EDs»

The mean percentage reduction in A. myosuroidespanicle numbers from the untreated control

plots were calculated for each herbicide at all doses and timings. Log fractions of label dose

to response curves werefitted to these data using combined controls and the Whadley’s

problemvariant ofprobit analysis (Ross, 1987). From the fitted curves the log dose andits

95% confidencelimits required to kill half the 4. myosuroides plants (EDs9) was calculated

and the values back transformedto fractional dose. In practice muchhigherlevels ofkill are 



required but these higher levels are near the asymptotes, and thus can only be very poorly

estimated and are unsuitable for further analysis.

Meteorological data

Data collected were dailytotals ofrainfall (R, mm), solar radiation (1, MJ m”) windrun (W,

km) and daily maximum (Tx, °C) and minimum(Ty, °C) temperatures and 10 (Ty. °C) and

20cm(T,, °C) deep average daily soil temperatures. Dry Bulb (Tp, °C) and wet bulb (T,,,

°C) temperatures were recorded at 0900 daily and vapour pressure (V, mbar) and relative

humidity (H, %) calculated. Potential evaporation (P, mm d'), was also calculated using

standard methods (Thompson ef a/.,1981). The data were collected from a meteorological

station within 1 km except Tp and Ty which were collected at Cambridge Botanic Gardens

10 kmfrom thesite. All the above factors, summedinto periods of up to 14 days before and

after spraying were then included in a stepwise multiple linear regression analysis. The

factors explaining most of the variation in EDsy for each of the two herbicides were

identified.

RESULTS

The mean number of A. myosuroides panicles in the untreated control plots for the two

seasons was 244 and 260m”respectively.

The percentage reduction in A. myosuroides panicles, compared to the untreated controls by

the full dose of IPU and CP (Figure 1), illustrated a wide variation in the level of control with

both herbicides in both seasons.
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Figure 1. The % reduction from the untreated controls of A. myosuroides, sprayed with

isoproturon (IPU) and clodinafop- propargyl (CP), at range of spray timings in

1997/98 and 1998/99. Standard errors are shown as a vertical line where greater

than the thickness of the edge ofthe histogrambar. 



In 1997/98: IPU, at the field rate, gave between 56-87% control, whereas CP gave between

71-99% control. The most effective spray timings for IPU were 29 October 1997 (date 1) at

83% and 25 February 1998 (date 8) at 87%. For CP,also at the field rate, the most effective

spray timings were 25 November 1997(date 3), 1 December 1997 (date 4) and 15 December

1997(date 5), giving 99.4%, 95.4% and 99.8% respectively.

In 1998/99 IPUwasslightly more effective giving between 52-95%control, but CP varied

greatly between 27-98% control. The three most effective spray timings for IPU were 15

December 1998 (date 4) at 92%, 22 January 1999 (date 6) at 95.8% and 15 March(date 9) at

90.8%. Between the 23 November 1998 to 15 December 1998 (dates 1,2,3,4) CP gave less

than 50%control. Between 29 January 1999 to 15 March 1999 (dates 7,8,9) control from CP

ranged between 80-89%. The most effective spray timings for CP in 1998/99 were 22

January 1999 (date 6) at 96.9% and 14 April 1999 (date10) at 98.0%.

A multiple linear regression analysis was done on the EDs» values, for a period of 14 days

before and after each application of herbicide for both seasons. The range ofefficacy of the

two herbicides, in 1997/98 was reflected in EDs) values varying between 0.42 and 0.94 for

IPU and 0.22 and 0.67 for CP (Figure 2).
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Figure 2. The ED.» values for clodinafop-propargyl (CP) and

isoproturon (IPU)applied to 4. myosuroides, at a range of

spraytimings in 1997/98 and 1998/99.

For IPUin 1997/98 the procedure resulted in a highlysignificant (p<0.901) regression which

accounted for 96.8%ofthe total variation in ED.9, with the following relationship:

EDsp = 1.126 -0.0780 Pao -0.0357 Ty go + 0.00474 Ty ag

For CP in 1997/98 the procedure also identified a significant (p<0.001) regression with only

one driving variable which accounted for 86.3 %oftotal variation:

EDgp = 0.645 - 0.0257 Ras 



In 1998/99 there was again a range in EDs between timings from 0.28 and 1.17 for IPU and

0.32 and 1.5] for CP (Figure 2). There was a pattern of lower activity from both herbicides

encountered early in the season compared with later in the season.

For IPUthe regression was again highly significant (»<0.001), accounting for 95.1%of the

total variation in EDso, with the followingrelationship:

EDsp = 0.280 - 0.0759 R pg + 0.00239 W gy; + 0.0359 R giz -0.0234 Ty pi

For CP a significant (p<0.001) regression accounting for 96.4 % ofthe variation in EDs) was

found, with the following relationship:

EDgq = - 0.563 + 0.153 R 43 - 0.0190 R a7 - 0.000208 W gi4 + 0.00512 Hgs

DISCUSSION

This series of experiments demonstrated that the performance of CP and IPUvaried both

between and within seasons, even at full field rate, which would have been chosen to even

out variation and be consistent.

Asthese experiments were doneat the samesite, the main differences between timings would

be climatic factors and weed growthstage. The climatic factors were over-riding, since better

control occurred on early and late application timings, when plants were either small or large.

In 1998/99 plant counts in fixed quadrats established that there was no significant emergence

after the first spray date and hence poor control cannotbe attributed to late emergingplants.

This was perhaps not surprising, as the A. myosuroides used in these trials was a planted

population, resulting from similar aged seed, sownat a similar depth.

The analysis of EDs) values was donetoidentify key variables and good fits were achieved

for each herbicide in each season. These factors were not the same in both seasons. Soil

temperature was identified as a positive factor for IPU activity and not for CP, which is

perhaps not surprising considering the mode ofaction of IPU. Other factors that were

identified as having positive effects for IPU activity were potential evaporation and air

temperatures. These factors would all promote the uptake of IPU, as these are someofthe

conditions favourable for active plant growth. At this stage it was difficult to see any pattern

of weather factors associated with CP activity. These data are being investigated in more

detail and in conjunction with results from a third season of field experiments. The

regression acrossall three seasons will be compared.

Climatic variables pre-spray can be taken into accountat the time of spraying: for example.

IPUworks better whenthe soil is moist (Blair et a/, 1994). Post-spraying climatic variables

are more difficult to immediately incorporate into recommendations, although weather

forecasting is improving all the time. IPU whichis predominately soil acting, will require

soil moisture and an actively growing plant to optimise herbicide uptake through the plant

roots. In contrast, CP which enters through the foliage, could potentially be washed off the

plant. if rainfall occurred shortlyafter spraying. 



A better understanding of the principles should enable us to identify sets of conditions for
optimumherbicide application dose and timing. If we know the herbicide will work well,
there is a potential to reduce thefull rate of herbicide, or equally importantly, if conditions are

unfavourable more suitable alternatives could be used. It may be that this will need to take the

formofa risk analysis, looking at particular weather patterns.
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ABSTRACT

Twoseries of experiments on herbicide application strategies, each with five field

trials, were initiated in 1987 and 1988 in the south and centre of Sweden. Thetrials

comprised herbicide application at a full dose and at reduced doses every year,

alternation between full and reduced doses during different years and the use of

guidelines. for choice of dose. In 1998, ie. one year after the last herbicide

application, and in comparison with an untreated control, the weed density was

reduced atall 10 sites by 47%-80% whena full herbicide dose was used each year.

Compared with a full dose, a 75%-dose decreased the weed density at one site, while
the density was increased at another. A significant weed density increase as a

response to a dose reduction from 75% to 50% was found only at one sites. Changing

every second year between a full and a zero herbicide dose caused higher weed plant

density than most other treatments. Where guidelines were used, the mean amount

of herbicides applied as a percentage of a full dose varied at different sites between

20% and 70%, with 50% as an average over years and sites. The developmentof the

weed flora was more influenced by different herbicide application strategies than

were the grain yields. The use of guidelines proved to be a fruitful way of adapting
the dose reduction to the specific conditions at different sites, thereby avoiding a

stereotypical application strategy.

INTRODUCTION

In Sweden,the debate concerning the use of herbicides and pesticides within agriculture started

at the end of the 1960s and gradually led to a programmefor reducing the risks connected to the

use of pesticides, starting in 1986 (Bellinder et al. 1994) and initiated by the Swedish

government. Thereafter, another two programmes on reduced herbiciderisks started in 1990 and

1997, respectively. The total reduction in use of these chemicals (a. i.) so far has been 2900tons,

from the average use 1981-1985 until 1998, which corresponds to a reduction of about 65%. The

desired reduction goal is 75% of the average used between 1981-85.

Besides reduced herbicide use,all the programmes comprise the following measures: change

over to pesticides with fewer health and environmental risks, regulation of training and

information on safer handling of pesticides and control ofpesticide residues in food and water.

A large part, 75%, of the pesticide reduction obtained was due to reduction in herbicide use.

Around 70-80% of the reduction in herbicide use in cereals can be explained by an increased use
of sulfonylureas, a decrease in arable area and a changeoverto organic farming. The remaining

20-30% of the reduction in herbicide use can therefore be attributed to better dose adaptation

through increased research development, voluntary tests of sprayers, integrated weed
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management and improved advisory services.

Essential constituents in dose adaptation research and development have been long-term trials

with different dose strategies combined with non-chemical methods and in different crop

rotation systems. Here, we will present results on the developmentof the weed flora and on

grain yields in continuous cereal cropping as a response to the long-term use ofherbicides at

reduced doses and using guidelines for choice of herbicide dose, which were developedforfield

use.

MATERIALS AND METHODS

Treatments

Twoseries of experiments, each with five field trials, were initiated in 1987 and 1988in the

south and centre of Sweden. The experiments comprised different herbicide application

strategies as follows: (1) herbicides applied at a full dose (the dose recommended by the

manufacturer) each year (100%), (2) alternation betweena full dose and no herbicide application

every secondyear, respectively (100%,,), (3) half of the full recommended dose every year

(50%), (4) a quarter ofa full dose each year (25%), (4) half the full dose during two out of three

years and a full dose the third year (50%,,;), (5) a quarter of the full dose during two out ofthree

years and a full dose the third year (25%,,), (6) dose application accarding to guidelines and

(7) an untreated control. The treatments were applied to the same plots between the years 1987

and 1997 in Series I and between 1988 and 1997in Series I. Herbicide application was carried

out post-em.in spring.

Between the years 1987 and 1993, a commercial mixture of bromoxynil+dichlorprop-

P+ioxynil+MCPA(165; 120; 54; 36 g a.i. I”) was used at 2.8 | ha" as a full dose. Since Swedish

authorities forbade this mixture in 1993/1994, the herbicides were changed in 1993 and

thereafter to a commercial mixture of dichlorprop-P+MCPA(285; 265 g a.i. I’)in Series I. In

Series II, a herbicide rotation was initiated in 1993 and alternated every second year between

dichlorprop-P+MCPA(285;265 ga.i. I")and tribenuron+a wetting agent(750 g a.i. kg; 0.1%).

A full dose of dichlorprop-P plus MCPAwas684 + 636 g a.i. ha’ and a full dose of tribenuron

was 6 g ai. ha,

The crop rotation included only spring-sown cereals: oats, wheat and barley. In the two

treatments 25%,,, and 50%),a full dose was applied to wheat, i.e. the least competitive crop

species, while reduced herbicide doses were used in the more competitive barley and oats. The

experimental design was a completely randomised block with four replicates. The plot-size was

6m x15 m. Atall 10 experimental sites, herbicides had been regularly used during the last 20

or more years befcre the commencementofthe study.

Guidelines

Duringthefirst 3 (Series II) or 4 (Series I) years, the herbicide dose in the guideline treatment

was chosen according to weed plant density: a full dose was applied at a weed plant density >

250m, 75%, 50% and 25% ofa full dose at densities 150-249 m7, 100-149 m? and 50-99 m”,

respectively, while no herbicides wasused at plant densities < 50 m”,
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In 1991 and thereafter, printed guidelines for use of herbicides in spring-sowncereals directly

in the field was adopted. The guidelines were developed at the Swedish University of

Agricultural Sciences, based on results from a very high number of Swedish field trials on
herbicide efficacy performed during the past 10 years. Based on: crop performanceat the time

of herbicide application; weed plant density; density of weed species which are difficult to

control; competitive ability of species present; and actual weather conditions, the guidelines

recommendedherbicide application in the dose-steps 0, 13%, 25%, 50%, 75% or 100% ofa full

dose.

Assessments

In 1998, i.e. one year after the last herbicide application, weed counts were made in three

quadrants of 0.08-0.25 m* each. The size of the quadrant was adjusted according to weed

density. All weeds were separated into species. Crop grain yields were estimated in 1996 and

1997 in areas varying between 21 and 44 m”atdifferent sites and years.

Weed species were classified as either easy (90% efficacy) or difficult (<90% efficacy) to

control by the commercial mixture of bromoxynil+dichlorprop-P+ioxynil +MCPA. This

classification was based on data from the ‘Official Programme for Herbicide Approval’ in

Sweden.

RESULTS AND DISCUSSION

The herbicides used did not have any effect on the grass weed E/ymus repens, hence this species

was excluded from the data. Since sitextreatment interactions were found (P<0.01) for weed

plant density and percentage of difficult-to-control weeds in 1998 and for barley grain yield in

1996, results are reported separately for eachsite.

Experimentalseries

Oneyear after the last herbicide application, treatments influenced the total number of emerging

weedssignificantly (P < 0.05) at all sites. However, no indication was found of any response

to the herbicide rotation initiated in 1993 in Series II. It is possible that any differences between
the twoseries in treatment response was concealed by long-lived seeds in the seedbank andthis

indicates that the experiment should have been continued for a few moreyears.

Theuntreated controlvs. a full dose

Frequent precipitation and favourable temperatures during the spring of 1998 favoured seed

germination at the 10 experimental sites and probably resulted in weed densities that did not

diverge from normal.

In plots where herbicides had not been used duringthe previous 10-11 years, the weed density

was 135-250 plants m”at three sites, 335-380 plants m” at twosites and 525-715 plants m*

at five sites (Table 1). In Sweden, the weed density at sites treated with herbicides since the

1960s usually varies between 200 and 300 annual weeds m”, i.e. close to the five sites in this

study with the lowest weed densities. This showsthat in competitive crops with rapid canopy
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Table 1. Impact of herbicide application strategy on total number of weeds (log+1) m” and

on proportion ofdifficult-to-control species (%) in the spring of 1998 andgrain yields
(log+1) kg ha’ in 1996. Herbicides wereused at a full (100%) orat reduced rates. An

untreated control wasincluded.

Site and Control 100%. 25% 25%; 50% 50%; 75% 100% Guide- LSD Signi-

Series® lines ficance

 

 

Weed density
Bjillésal 22.82 21.91 18.41 14.75 12.22 11.94 20.05
BrunnbyI 19.36 17.38 15.02 13.99 14.18 11,71 13.78
LannaI 15.74 10.91 12.81 9.72 8.32 7.24 12.45
LonnstorpI 26.67

+

18.90 19.04 15.41 13.25 13,05 16.22
StenstuguI 24.44 19.66 17.68 17.13 12.69 16.04 15.35

Branneberg If 11.51 9.41 7.43 7.76 8.41 6.32 7.77

EndreII 24.17 23.31 17.40 14.48 14.03 15.23 18.01

Kloster II 26.50 23.58 20.26 16.02 14.55 14.02 19.07

Lysekil II 18.23 15.53 16.37 13.75 13.51 13.19 13.63

SalebyI 15.66 9.80 O17 8.20 7.26 6.94 8.52

Proportion ofdifficu’t-to-control species

BjallosaI 38.6 42.2 57.4 41.7 63.5 68.6 62.6 58.2 46.6

Brunnby| 50.4 475 459 415 43.2 424 346 41.6 51.2

LannaI 48.2 50.1 67.4 51.7 46.8 448 53.0 49.9 50.2

LonnstorpI 20.1 16.4 22.8 26.3 25.6 29.2 294 27.1 23.3

Stenstugu I 6.4 12.6 19.9 225 256 25.3 236 264 21.7

Branneberg IT 18.1 12.7 250 11.1 141 149 13.5 21.3 15.2

EndreII 20.3 25.0 27.6 464 47.3 37.6 45.8 44.1 27.2

Kloster II 60.1 70.2 65.0 67.9 485 764 63.8 618 59.8

Lysekil II 69.4 71.8 77.9 86.7 77.0 76.7 814 87.1 75.8

Saleby II 45.6 45.5 60.6 63.7 72.2 74.1 83.6 714 63.3

Grain yield

Bjallésa I 8.41 8.43 852 853 851 851 852 849 8.50

BrunnbyI 8.67 8.68 8.67 8.69 8.67 868 869 8.70 8.69

LannaI 860 8.64 868 8.68 865 8.68 8.64 8.67 8.67

LénnstorpI 8.52 8.50 846 847 846 844 847 847 8.4]

StenstuguI 8.54 852 859 8.56 848 857 857 849 8.60

Branneberg II 8.69 8.70 8.69 8.71 871 870 871 8.69 8.71 ns.

Endre IJ 8.53 850 854 848 852 848 852 845 8.53 nS.

Kloster II 8.52 8.50 8.55 8.50 8.57 857 852 8.50 8.48 ns.

Lysekil II 8.50 8.53 8.56 862 855 859 8.58 8.49 8.56 nS.

SalebyI 8.69 8.72 8.73 8.74 8.73 8.72 8.73 8.70 8.74 0.04 ~*

* The trials had been treated with herbicides during 1987-1997 in Series I and during 1988-1997

in Series II. Index 2/3 denotes that the reducedrate was used during twoout of three years while

a full dose was used the third year. Index 1/2 denotes that the application rate alternated every

second year between a full dose and a zero dose. LSD = leastsignificant difference, n.s. = not

significant, ‘ P < 0.05," P< 0.01," P< 0.001. The species Elymus repensis excluded from

all data.

  



closure, like in spring-sowncereals, it will take some time before an extreme increase ofthe

weed population can be observed.

A full dose resulted in weed densities varying between 50 and 270 plants m*. Compared with

the untreated control, a full dose each year reduced weed density significantly (P<0.05) at all 10

sites, by 47%-80%.

Alternation between a full dose and zero dose every second year

In the one treatment where it was changed every second year betweena full and zero herbicide

dose the weed density compared with the control wassignificantly reduced (P<0.05) at six sites.

At these sites the reduction compared with the control varied between 28% and 61%.

Taken as an average over twoyears, the same amountof herbicidesis used in this treatment as

when a 50%-dose is used every year. Despite this, alternation between a full dose and a zero

dose every second year generated higher weed densities than the 50%-doseatsix sites (P<().05).

Reduced dose every year

Compared with a full dose, a 75%-dose influenced weed density significantly only at twosites.

At one ofthese site, Stenstugu, the full dose contained more weeds than the 75%-dose. A

significant weed density increase as a responseto a dose reduction from 75% to 50% was found

only at onesites(P<0.05). That herbicides may be used now andthen at reduced doses without

accumulation of weed problems has been pointed out by others (Salonen 1992, Richardsetal.

1997). At sevensites, a dose-reduction from 75% to 25% ofa full dose caused the weed density

to increase by 48-137% (P <0.05).

Reduced dose during two outof three years

Only at two sites were statistically significant differences obtained in weed response between

the treatments 25%,,, and 25% or 50%,,, and 50%. Atboth thesesites a reduced dose during two

out of three years and a full dose the third year caused the weed density to increase in

comparison with a reduced dose every year.

Guidelines

The dose recommendedbythe guidelinesdiffered not only betweensites but also between years

within the same site. The mean amount ofherbicides applied as a percentage ofa full dose

varied at different sites between 20% and 70%, with 50% as an average over years andsites.

Onlyat two sites were significant differences obtained between the guideline treatment and 50%

dose eachyear. At nine sites, the use of guidelines reduced the weed density by 38-71% when

compared with the untreated control.

Weedspecies whicharedifficult to control

Herbicide application influencedthe proportion of difficult-to-control weedssignificantly atfive

sites (P<0.05) (Table 1). At four of thesesites, the proportion increased where herbicides were

applied each year at doses 100%, 75% or 50% compared with the control, the increase varying
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between 20 and 31 percentage units. Where guidelines were used, the proportion increased

compared with the control at twosites, the increase being 15-18 percentage units. In contrast,
at Brunnby,the proportion washigher in both the control and in the guideline treatment thanin

75%-dose. At threesites, a50%-dose generated a higher proportion ofdifficult-to-control weeds

than whenalternations were made every year between full and a zero dose (P<0.05), although

the same amountofherbicides are used when summarized over two years.

Cropyields

In 1996, the barley yields in the untreated control varied between 3700 and 6700 kg ha” at

different sites, while in 1997 the yields of oat varied between 4500 and 5500 kg ha’. These

yield levels are well in line with yields from herbicide-treated crops in the same area

(Anonymous 2000). Treatments did not significantly influence the grain yield ofoats in 1997.

In 1996, herbicide application increased the barley yields at three sites (P<().05) (Table 1). At

two of these sites, the yields were lower in the control thanin all other treatments while yields
at the third site were lowerboth in the control and in 100%,,, than in all other treatments.

CONCLUSIONS

The development of the weed flora was more influenced by different herbicide application
strategies than were the grain yields. There was a rather close connection between the sum of

the amount of herbicides applied during the experimental time and the density of weeds one

year after the last application. A herbicide rotation initiated in 1994 did not significantly
influence the weed flora when compared to treatments where the same herbicides had been used

since 1987. Changing every second year between full and a zero herbicide dose caused higher

weed plant density than most other treatments. The proportion ofdifficult-to-control weed

species also increased when herbicides were used every year when the dose reduced to 50% or

75% of a full dose. However, compared with the control, the total weed density was reduced,

and the density was reduced moreat high than at low doses. The use ofguidelines proved to be
a fruitful way of adapting the dose reductionto the specific conditions at different sites, thereby
avoiding a stereotypical applicationstrategy.
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ABSTRACT

Propoxycarbazone-sodium will be registered in the United States for the
selective control of annual grasses including Bromus tectorum, B.

secalinus, B. rigidus, B. japonicus, Avena fatua, Phalaris minor, P.

paradoxa in wheat. The product also can be used to selectively suppress

Aegilopscylindrica. Best efficacy on A. cylindrica was observed after two

sequential treatments of 30 g a.i./ha + non-ionic surfactant in autumn and

spring. Single applications of 45 g a.i/ha made in autumnor spring

provided less consistent suppression than sequential applications. Yields

responded favorably to A. cylindrica suppression and increases varied

from 5 to 71 % of the untreated control depending on environmental

conditions and efficacy reached.

INTRODUCTION

In the USA A. cylindrica infests 2 million hectares of winter wheat and 1 million

hectares of fallowland and is increasing by 20 000 hectares or more every year. The

infestation level varies with environmental conditions and is promoted by warmand

dry conditions. Currently no herbicide for the selective control of A. cylindica is
registered in the US and growers depend on the use of various cultural practices to

limit the impact of the weeds on the crop. Most emerging chemical control

technologies are based on the use of glyphosate or imazamox onherbicide resistant

crops. Propoxycarbazone-sodium has demonstrated the potential to selectively

suppress A. cy/indica in wheat. The product is the active ingredient of the herbicides

Olympus and Attribut, which was submitted for registration for wheat in the US in

1999. The use pattern will include a single application of up to 45 g ai./ha, or two

sequential treatments of up to 30 g a.i./ha in both autumnand spring. Mixture with a

minimum of0,25 %(v/v) of a non-ionic surfactant will be required.

METHODS AND MATERIALS

Field experiments were conducted 1993 — 2000 throughout the winter wheat

producing areas of the western half on the United States. Trials were conducted in 



growers’fields using natural infestations of the target weed. Replicated small plot (25

m2) trials were used for rate and timing studies. To determine suitability under

commercial conditions, and to account for inherent variations in soil type and weed

pressure, large plotstrip trials (200 m2, 2 replications) were conducted as well.

Equipmentusedfor small replicatedtrials consisted of knapsack sprayers, while strip

trials were applied with tractororall terrain vehicle mounted sprayers. In both cases

spray volumereflected commercial practices commonin the USand ranged from 110

to 220 litres/ha.
Spray solutions were prepared using a 70 % WG formulation of propoxycarbazone-

sodium and contained 0.25 % (v/v) non-ionic surfactant and were applied post-

emergence. Efficacyin field tests was rated visually as % biomass reduction. Onlythe

final ratings at heading of the weedare represented.

Yields were measured after the center portions of the strip plots were harvested using

a small plot combine. The relative difference in yield of the treatments was expressed

as percentofthe untreated control.

RESULTS AND DISCUSSION

Different levels of sensitivity of Triticum aestivum, Bromus secalinus, Bromus

tectorum, Bromus japonicus and A. cylindrica to propoxycarbazene-sodium were

demonstrated in a greenhouse study and could be confirmed underfield conditions.

All three Bromus species were highly susceptible to the herbicide. 7. aestivum was

not affected by the product confirming excellent crop tolerance. A. cylindrica

exhibited intermediate susceptibility.
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Figure 1. Differential plant response after post-emergence application of

propexycarbazone-sodium in the greenhouse 



Dose response studies showed inconsistent efficacy against A. cylindrica with

herbicide doses ranging from 30 to 90 g ai./ha applied as a single treatment in

autumnor spring. The arithmetic mean values of control ratings taken after autumn

application showed an almostflat dose-response curve. Individual ratings ranged from

0 to 73 % control with yield increases of up to 14 %. Theefficacy of spring treatments

increased slightly. Individual ratings ranged from 0 to 85 % control and yield

increases of up to 71 % were observed. Sequential treatments starting with an autumn

application, which then was followed by a second application in spring provided

better and more consistent performance than single applications. Within the limits of

the label, which will permit the application ofa total dose of 60 g a.i/ha per growing

season in two sequential treatments, 4. cylindica control never was lower than 25 %.

The average control rated over 13 trials was 60 % and a maximum level of 94 %

control was reached.
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Figure 2. ResponseofA. cylindica to different propoxycabazone-sodium

rates and timingsofapplication

Average efficacy against A. cylindica based on 91 ratings from 31 different

experiments in which propoxycarbazone-sodium was applied at proposed label rates

as a single application in autumn, spring or as sequential treatments, was 51 % with a

standard deviation of 20 %. Single applications in autumn or spring were rated at 32

and 36 % suppression respectively. Sequential applications provided 65 %

suppression.

Quantitative research on the impact of propoxycarbazone-sodium on A. cylindrica

propagationisstill under evaluation. Visual assessment of the developmentofplants,

which showed suppression, but survived the herbicide treatment indicates several

effects of the herbicide. Elongation growth and numbers oftillers per plant are

reduced and the biomass production is decreased. Seed heads are smaller and

frequently show malformations (kink). Numberof seed heads perplant and number of

seeds per seed head appear to be reduced. Seeds harvested in the field from

suppressed plants were viable and germinated whentested in the greenhouse. 
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Figure 3. Averageefficacy against 4. cy/indrica based on 91 observationsin 31 trials

To analyze consistency of performance, efficacy ratings were grouped into five

categories: Low (0 — 30 %), Visible (31 — 50 %), Suppression (51 — 70 %),

Acceptable (71 — 85 %), and Good (> 85 %). More than twothirds ofall ratings taken

after single applications fell into the “low” or “visible” efficacy categories. After

sequential applications over 70 % ofall treatments provided suppression, acceptable,

or even good control ofA. cylindrica.
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L= Low 0-30% S=Suppression 51-70%

V=Visible 31-50% A=Acceptable 71-85%

G = Good >85%   
 

Figure 4. Distribution of efficacy ratings over efficacy categories 



Risk of treatment failure was analyzed using a box and whisker plot. Sequential

treatments provided best efficacy. Only 10 % ofall treatments resulted in less than 40

% suppression. Spring treatments were superior to autumn applications. For all

treatments “Mean” and “Median” values of were almost identical indicating a nearly

normal distribution of the results. The width of the box containing 50 percent of all

results indicated almost identical consistency of performance (on different absolute

levels) of spring and sequential treatments. The results of autumn treatments were

clearly more variable.

Yields taken in test plots depended on density of weed infestation, timing of

application, and environmental conditions all influencing the level of efficacy

achieved. Yield increases varied from 5 to 71 % compared to untreated control plots.

Yield increases were minimal whenefficacy was lowand reached the maximum when

85 % control of a dense A. cylindrica infestation was achieved.
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Figure 5. Analysis of consistency of performance of propoxycarbazone-sodium

against Aegilops cylindricaat different application timings.

n= numberofobservations

CONCLUSIONS

Propoxycarbazone-sodiumis active against A. cylindrica. Consistencyof efficacyis

not sufficient to label the herbicide for control, but supports labeling for suppression.

The product is seen a one additional tool to selectively manage A. cylindrica in the

wheat crop andit does not depend on the productionofa herbicide resistant crop. The

herbicide offers the potential to reduce crop competition and increase yields. It can

reduce the propagation of the weed and the expansion ofthe infested area. It will 



assist wheat producers in dealing with the A. cylindrica problem until improved
technologies are commercially available and accepted by consumers.
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ABSTRACT

It is widely recognised that climatic conditions before, at and after herbicide
application can affect the efficacy of herbicides and can be the cause of much

variation in herbicide performance. Most studies on climatic conditions have

been done in controlled environment chambers under controlled or semi-

controlled conditions allowing the manipulation of one climatic parameter while

the others have been kept constant. Such studies provide a better understanding
of the plant-herbicide interactions and allow for a ranking of the climatic
parameters buttheir relevance to the more complex field situation where climate

parametersfluctuate and interact are questionable. As a matter of fact despite the

abundance of information on the role of climatic parameters on herbicide

performance the information has not been widely used in dose
recommendations. A significant improvement is to replace the traditional

controlled environment chambers, where climatic parameters can only be

examined at fixed levels, with climate simulators where the natural diurnal

fluctuations and interactions can be simulated. In common with field

experiments one compares climate scenarios rather than studying the impact of
individual climatic parameters, but in contrast to field experiments, climatic

conditions will be the only parameter varying. Another approachis to conduct

field experiments under contrasting climatic conditions recording all relevant

climatic parameters and then subsequently establish correlations between

herbicide activity and climatic conditions before, during and after spraying. This

approach is costly and rarely produces conclusive data partly because many

other factors besides the climatic conditions inevitably will vary and this tends to

confound anycorrelation. A recently published approach is to use a so-called

spline method to analyse data from field experiments where climatic conditions

at and around the time ofapplication have been recorded. This method holds

promise for improving the interpretation of field data and to develop

recommendationsonbasis ofa set offield data.

INTRODUCTION

Herbicide activity is influenced by many complex interactions involving weed flora, growth

stage of weeds, environmental conditions and competitive ability of the crop. Under

favourable conditions satisfactory weed control can be obtained with doses several times

lower than the recommended dose while under unfavourable conditions not even the highest

dose recommended onthe label mayprovidesatisfactory weed control. 



Herbicide labels often contain information on what is considered optimum conditions for

application and what is considered unfavourable conditions where the herbicide should not

be applied. The labels, however, rarely contain information advising reduced doses under

optimum conditions.

Generally, the performance of foliage-applied herbicides is influenced more by environment

than is the performance ofsoil-applied herbicides; the effects of the latter being primarily

affected by soil moisture (Kudsk & Kristensen, 1992) and consequently most studies on

environmental effects on herbicide performance have been on foliar-applied herbicides. The

pre-spraying climatic conditions primarilyaffect the development and physiological status of

the plants, e.g. the cuticular characteristics of the shoot and root development which may

subsequently affect the response of weeds and crops to the herbicide. The climatic conditions

during and immediately after spraying are very important to the effect of foliage-applied

herbicides as temperature, humidity and rain mayhave a significantly influence on herbicide

uptake. Climatic cenditions in the long-term post-spraying period wil! determine the growth

of weeds and crops which mayaffect, e.g. herbicide translocation, the ability of weeds. to

recover from application of non-lethal herbicide doses and crop competitiveness.

Studying the influence of environment on herbicide performance has been the subject of

numerous studies and different approaches have been applied. Broadly classified four

different experimental approaches have been applied viz. controlled environment chambers,

climate simulators, modified conditions in field experiments and fielc experiments repeated

in time and space. The purpose of this paperis to give an overviewof the methods that have

been used and to discuss the pros and cons of these approaches. Previous reviews on

experimental appreaches to study the influence of environmental conditions on herbicide

performance have been written by Caseley (1979) and Devine (1988) and the present paper

is an update on these reviews describing new approaches andincluding recent data.

CONTROLLED ENVIRONMENT CHAMBERS

The majority of the studies have been conducted in controlled environment chambers or

growth chambers. In these experiments pot-grown plants, either raised in the glasshouse or

in the controlled environment chamber, are subjected to typically two or three levels of one

climate parameter while the other climate parameters are kept constant. The parameters most

frequently studied are temperature, humidity and light intensity.

Controlled environment chambers are very suitable to study the influence of individual

climate parameters and effects of pre- and post-spraying environment can easily be separated

but there are also a number of methodical problems associated with the use of controlled

environment chambers.

Although the advances in lighting technology have made it possible to avoid some the

growth anomalies observed in earlier days on plants grown in controlled environment

chambers the quality ofartificial light is different from natural light. Furthermore, in most

studies light intensity is considerably lower than that experienced in the field during the

spraying season. The main reasonsforthis is that increasing light intensity is expensive and

will produce excessive heat which is costly to remove from the chambers and would make

temperature contre! more difficult. Improvements in reflector technology have made it
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possible to increase light intensity without increasing costs. Low light intensity and

differences in light quality can have a pronounced effect on the morphological and

physiological appearanceofthetest plants, e.g. leaf size, leaf angle and stem length and may

also affect the cuticular characteristics and the number and size of stomata (Davies and

Blackman, 1989), An unsuitable spectral quality may also lead to radiation stress resulting in

increased leaf temperatures (Omrod & Krizek, 1977).

Often a 16h photoperiod is used and although different levels of temperature and humidity

are applied during day and night time the climate regimes are very different from the

fluctuating temperature and humidity in the field. The lack of natural fluctuations in

temperature and humidity will also contribute to that plants are morphologically and

physiologically different from plants in the field (Devine, 1988).

The problems associated with unnatural light, temperature and humidity conditions in

controlled environment chambers can be partly overcome by raising pot-grown plants

outside and only keep them in the controlled environment chambers during the period when

they are exposed to different climatic conditions, Besides outdoor-grown plants will be

exposed to wind and rain damaging and eroding of the epicuticular wax which can promote

herbicide retention and uptake (Caseley, 1989). This approach has rarely been used probably

because such experiments are not reproducible.

Anotherlimitation to controlled environment chambersis the restricted root volume. Plants

are watered frequently as it is normally the intention to avoid soil moisture stress. In

contrast, in the field plants will typically experience periods with at least a mild moisture

stress. Mild moisture stress will affect leaf and cuticular development as well as the growth

of primary roots (Davies & Blackman, 1989). The limitations ofa restricted root volume can

be assumed to be most prevalent in experiments using plants at later growth stages. The

differences in root volume may also have implications if the purpose of an experiment is to

examine the effect of soil moisture stress. Pot-grown plants have been found to be more

susceptible to soil moisture stress than field grownplants, e.g. both leaf expansion and

photosynthesis decline at a much lowerplant water potential in pot experiments thaninfield

experiments (Begg, 1978). Similarly, much lower plant water potential was required to cease

leaf expansion and photosynthesis ofplants in the field thanin pots.

In controlled environment chambersit is necessary to maintain arelatively high constantair

flow otherwise temperature and humidity cannot be controlled adequately. The air flow can

be either across the plants or from the bottom of the chambers. The air flow is generally not

sufficient to cause major movements of the plants and mimic wind abrasions as it is

experiences in the field but due to the lack of a crop canopy the air flow may affect the

climate immediately around the leaf surface. Under field conditions it is expected. that

humidity 1s close to 100% RH onthe leaf surface due to transpiration but with a constantair

flow around the plants this may not be the case in a controlled environment chamber. An

indication that this can alter herbicide performance is the findings of Savory & Hibbitt

(1972) that the activity of ioxynil and bromoxynil was considerably lower in controlled

environment chambersthan in the glasshouse and that a similar difference in effect could be

produced in the glasshouse by using a fan to blow air over the plants. Uptake of the water-

soluble salt formulation of bromoxynil has been shown to be strongly influenced by

humidity in contrast to the lipophilic ester formulation (Savoryer al., 1975) and accordingly

the effect of wind was more pronounced with salt than with the ester formulations of ioxynil
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and bromoxynil. The constantair flow will also have the effect that despite a humidity close

to 100% r.h. dew will never form on theplants. Plants in the field will often be wet due to

either dew or fog and re-wetting of leaves within the first days after herbicide applicationhas

been shownto promote the activity of many foliage-applied herbicides (Behrens, 1977). The

lack of dew may also diminishthe herbicidaleffect.

Controlled environment chamberstudies can provide a better understandingofthe principles

of plant-herbicide interactions and allowfor a ranking of the climatic parameters but their

relevance to the more complex field situation where climate parameters fiuctuate andinteract

are questionable. As a matter of fact despite the abundanceofinformationintheliterature on

the role of individual climatic parameters on herbicide performance the information has not

been widely incorporated in dose recommendations.

CLIMATE SIMULATORS

In this context climate simulators are defined as advanced controlled environment chambers

where natural climates can be simulated. The only example in the literature of the use of

climate simulators in herbicide research is at our department. In the climate simulators we

can change climate parameters every fifth minute and consequently natural diurnal

fluctuations in temperature, humidity and light intensity can be accurately simulated

(Kristensen, 1992). Ratherthan studying the influence ofindividual climatic parameters, as

done in controlleé environment chambers, climate simulators are developed to study the

performance of herbicides under various climate scenarios.

In principle any set ofclimatic data can be used to run the climate simulators but in the

majority of the experiments a set of standard climate scenarios have been used. The standard

climate scenarios were developed using a simple model assuming that water vapour pressure

is constant throughout the day,i.e. that the daily water vapourpressure is determined as the

saturated water vapourpressure at the lowest temperature. This assumptionis normally valid

in a period without rain but in case ofrain the water vapour pressure will increase. Assuming

constant water vapour pressure means that the fluctuations in relative humidity are

determined by the difference between daily maximum and minimum temperature. Another

assumption made developing the standard climate scenarios was that temperature

fluctuations can be described using sinus curves. The model was verified by comparing

observed and calculated values for temperature, humidity, water vapour pressure and water

vapourdeficit (Mathiassener al., 1994),

The standard climate scenarios were selected by plotting daily temperature differences

versus daily mean temperature collected at two locations over several years during the peak

seasons for herbicide application (Figure 1). Neglecting any observation with temperatures

belowzero nine climate scenarios were selected covering the whole spectrumof

environmental conditions that farmers may experience during the time of the year when

herbicides are applied in Denmark. 
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Figure 1. Daily temperature difference plotted against mean daily

temperature at twolocations in Denmark from | April-31 May

and | August-15 Novemberin 1987 to 1989. The nine selected

climate scenarios are marked as circles (from Mathiassener

al., 1994).

The climate simulators have been used to generate information on the impactofvariations in

climatic conditions on the performance of numerous foliage-applied herbicides. Plants are

raised outside, moved to the climate simulators one day prior to application and moved

outside again 5 daysafter application. In some experimentsall nine climate scenarios were

studied while in others only three of the nine climates were included. The purpose of the

experiments has been to examine if weather conditions within the period covered by the

weather forecasts will affect herbicide performance and the information generated has been

incorporated in the Danish decision support system on crop protection providing adjustment

of herbicide doses according to environmental conditions around the time ofapplication

(Kudsk, 1999).

The effect on herbicide performance of natural diurnal fluctuations in temperature and

humidity compared to fixed day and night levels was examined by Mathiassen & Kudsk

(1996). Three herbicides were applied at six climate scenarios. Three of the climates had

fixed day and night levels of temperature and humidity while the other three climates were

characterised by having the same average temperature and humidity as the other three

climates but temperature and humidity was following a diurnal fluctuation. It was concluded

that the responses to temperature were less pronounced with diurnal temperature fluctuation

whereas the response to humidity tended to be more significant. Bethlenfalvay & Norris

(1977) studying desmedipham injury on sugar beet found no phytotoxicity when

temperature, humidity and light intensity were held constant irrespectively ofthe time ofday

of application while morning applications injured sugar beet more than late afternoon

applications when temperatures were cycled.

In a kind ofvalidation studythe climate simulators were running the same climate scenario

as outside and herbicide performance in the climate simulators was compared to the
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corresponding effect on pot-grownplants placed outside and field-grown plants (Mathiassen

et al., 2000). Only minor differences were observed between the activity on pot-grownplants

in the climate simulators and outdoor indicating that outdoor conditions can accurately be

mimicked. In contrast the effect on field-grown plants of the same species was significantly

lower. Soil moisture stress in the field around the time of application was suggested as a

likely cause of this difference highlighting the limitations imposed by growing plants in pots

with limited root volume and frequent watering.

Dueto the lack ofa crop canopy and the constant air flow the microclimate around the plants

will be almost identical to the macroclimate registered above the plants. In the field the

micro- and macroclimate can differ significantly (Legg, 1989) and from an extrapolation

point of view it would be more correct to simulate the microclimatic conditions. However

very little is known about the relation between macroclimate above the crop and the

microclimatic conditions in the crop canopy. Anyhow many herbicides are applied at the

early crop growth stages when differences between macro- and microclimate can be

expected to be minor.

In principle the experimental approach adopted using climate simulators is very similar to

doing field experiments repeated in time or space. The approach has some of the same

limitations as mentioned for controlled environment chambers, e.g. the restricted root
volume but in contrast to field experiments climate will be the only parameter varying

between experiments. Climate simulators also allow study of the influence of time of day of

application which may also be an important parameter to considerin studies onthe influence

of environmental factors.

FIELD EXPERIMENTS

Twodifferent approaches have been used when studying the influence of environmental

factors in field experiments. Either the growing conditions are modified or field experiments

are repeated in time or spacecollecting relevant climatic information and subsequently it is

determined which environmental factors contribute to the observed variation in herbicide

performance.

Modifying field conditions

To a certain extent it is possible to grow plants in the field and modify the environmental

conditions the plants are growing under. Shading can be used to study the effects of light

intensity and rain before andafter herbicide application. Minkey & Moore (1996) used a rain

shelter catching 50 % oftherain to established different soil moisture levels. The rain caught

by the shelters was used to irrigate anotherplot,i.e. three levels of soil moisture was created.

Therelative water contents of wheat leavesat the time of application varied from 85 to 65%.

resulting in EDgo doses of glyphosate varying from 113.8 to 1292.4 g a.e./ha. Permin (1988)

used a shelter put up in the evening before application to study the influence of dew on the

performanceof the growth regulator ethephon but found noeffect of dew.

It is only possible to modify a limited number of climatic parameters including light

intensity, rain and soil moisture (shading orirrigation). Although done underfield conditions

caution is required wheninterpreting the results because a shelter may also influence other

500 



climatic parameters such as temperature and humidity. It is therefore imperative to monitor

other relevant climatic parameters in such studies.

It should be mentioned that modifying growing conditions 1s also possible using outdoor-

grown pot plants but this approach will have some of the limitations mentioned for

experiments in controlled environment cabinets and climate simulators.

Field experiments repeated in time or space

The influence of environmental conditions have also be studied in field experiments by

replicating the same experiment in time and space. Ifall relevant information concerning

environment, plant factors (e.g. weed flora and growth stage) and soil factors is collected

then, in theory, it should be possible to determine the influence of environmental factors on

herbicide performance bystatistical analyses. If the main objective of a studyis to assess the

influence of environmental factors all other factors should be kept as constant as possible but

this is rarely possible. Conducting this type ofstudyis costly but has become easierin recent

years with the development with portable weather stations which can automatically record

data on, for example, an hourly basis. A similar approach can be used with pot-grownplants

as exemplified by the study of Savoryer al. (1975), They conducted continuous outdoorpot

experiments over a 4-year period examining the influence of climatic factors on the efficacy

of ioxynil and bromoxynil and foundthat solar radiation and humidity affected the activity

of the salt formulations whereas the corresponding ester formulations were less affected by

climatic conditions.

Devine and Vanden Born (1998) studied the performance of a numberof foliage- and soil-

applied herbicides in spring-sown crops at five locations in Alberta in Canada over a 4-year

period. They recorded a number of environmental parameters using data loggers. They found

good weed control in all experiments and were consequentlynot able to find any correlations

between herbicide performance and environmental conditions. Only the recommended dose

was included in the experiments and the lack of any correlations can most likely be

attributed to the fact that the efficacy of the applied dose was so high that not even adverse

climatic conditions resulted in anysignificant reduction in performance.

Lundkvist (1997a) conducted field experiments with two cereal broadleaf herbicides. at six

sites in Southern Sweden over a 4-year period. In contrast to Devine and Vanden Bom

(1988) the herbicides were applied at reduced rates (1/8, 1/4, 1/2 and 3/4 of the

recommended dose). The herbicides were applied at three occasions in each experiment viz.

the cotyledon stage, 7 days following the first application and 7 days following the second

application. The timing of the second andthird application was flexible to accommodate as

contrasting conditions as possible.A number of climatic parameters were recorded at an

hourly basis. General linear models were used to explain the influence of individual climatic

parameters on herbicide efficacy. The effect of environment was analysed for seven different

periods (7, 2 and 1 day(s) before and after application and the day of application), as

suggested by Caseley & Coupland (1985), Although the reduced doses resulted in less than

full effect and EDgy doses were estimated only fewsignificant interactions were found. The

most pronounced effects of environment were found on the day of application, suggesting a

strong influence of environment on herbicide uptake, and the day before application. The

mixture of the two phenoxyalkanoic herbicides dichlorprop and MCPA generally responded

more to environment then the sulfonylurea herbicide tribenuron-methyl. 



In an attempt further to explain the observed differences in herbicide performance

Lundkvist (1997b) correlated herbicide performance to growth rate of the weeds at the time

of application. Growth rates calculated for 17 of the experiments were classified into four

classes. The statistical analyses revealed that the two herbicides generally performed better

when applied to weeds having an increasing growthrate and it was suggested that on-line

calculations of growth rate could provide a means for determining the optimum time of

application.

Minkey & Moore (1998) conducted a numberof dose response experiments with glyphosate,

paraquat + diquat and diclofop-methyl over a 3-year period in Western Australia targeting a

limited number of weed species. For each experiment the EDo9 dose was estimated using

non-linear regression. Very pronounced differences were found in the EDog doses which

most likely reflects that the conditions in western Australia in comparison to Northern

Europe can be very variable and sometimes harsh. The EDoo doses varied by a factorof ca.

30, 20 and 8 for glyphosate, paraquat + diquat and diclofop-methy], respectively and highly

significant correlations were found between herbicide performance and, e.g. mean degree-

days and days since receival of 5 mmrain. A prototype decision support model was develop

on basis of linear regression models. Based on input of environmental andplant factors the

decision support system will provide farmers with a herbicide dose that is expected to

produce satisfactory weedcontrol.

The aboye-mentioned studies were based on experimental series specifically designed to

produce the requested information. These experiments are costly and, with the exception of

the study by Minkey and Moore (1998), have so far not produced conclusive results which

could improve label recommendations.

Whena newherbicide is introduced numerous experiments are undertaken by the companies

and governmentalinstitutes to test the herbicide under the conditionsit is intended for. These

experiments will typically run for several years and in contrast to the experimental series

discussed above the experimental lay-out in terms of formulations, doses etc. may change

during the years. Increasingly such experiments are conducted according to standard

guidelines as this is a required for registration in many countries. Another approach to study

the influence of environmental conditions on herbicide performance could therefore be to

explore such sets of data. The only example of this hitherto is the study by Medd er al.

(2001) who collated information from 59 Australian experiments conducted by the producer

of clodinafop-propargyl on Avena spp. in wheat. A spline method was usedto analyse set

of observed and interpolated covariates and they found significant correlations between

clodinafop-propargyl performance and environmental parameters as well as application

factors supporting and complementing the label recommendations. Using a spline method

with the logarithm of dose a natural smoothing spline bears much similarity to fitting logistic

dose response curves; thus information concerning adjustment of doses according to

environmental conditions around the time of application can be generated. So far the study

by Medder al. (2001) is the only publication using the spline method but considering the

numerous experiments conducted with new herbicides the approach holds promise for

improving the interpretation of data from field experiments where climatic conditionsbefore,

during and after application are recorded. 



CONCLUSION

Controlled environment chambers will probably continue to be a popular tool for studying

the influence of environmental conditions on herbicide activity because such experiments are

easy to conduct and relatively inexpensive. Due to the limitations of controlled environment

chambers only very simple label recommendations can be generated but they can be used to

confirm or disprove the importance of specific climatic parameters. Climate simulators

provide a significant improvement in simulating natural climate and some of the complex

interactions occurring in the field but still have some of the limitation of controlled

environment chambers mainly because pot-grown plants are used. Climate simulators are

costly and expensive to operate and most likely very few institutes will establish such a

research facility. Field experiments specifically designed to study the influence of

environmental factors on herbicide performance are expensive and have rarely produced

conclusive data and are not a viable approach. Specific experiments studying the influence

of individual environmental parameters could however produce valuable information. In

contrast, analysing existing data using a spline method or similarstatistical procedures holds

promise for extracting additional information out of field experiments conducted for other

purposes, but to be successful it requires a certain standardisation regarding collection of

relevant climatic data. If this approach was combined with experiments in controlled

environment chambers or even better in climate simulators, using the field data to validate

findings from controlled conditions or vice versa, it would provide a very strong

experimental set-up for developing more precise label recommendations on herbicide doses

undercontrasting climatic conditions.
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ABSTRACT

Weather can strongly influence acetolactate synthase (ALS) inhibiting herbicides

when applied to the soil or plant foliage. The weather factors influencing

herbicidal activity are rainfall, humidity, temperature, light, soil moisture, and

wind, Weather conditions can influence ALS-inhibiting herbicide performance

before, during, and after application. Generally, weather conditions that favour

weed growth will favour herbicide uptake, translocation, and overall activity.

Stressful weather conditions often inhibit ALS-inhibiting herbicide weed control

and may increase crop injury. Cold and dry conditions also can reduce

degradationin the soil and influence rotational crop safety. Much workis done to

understand these conditions and define recommendations on herbicide labels that

ensure consistent and satisfactory performance. Wind, rainfall, moisture, and

temperature conditions are often specified on ALS-inhibiting herbicide labels.

Although these factors can strongly influence ALS-inhibiting herbicide

performance, this class of herbicides is not particularly susceptible to weather

conditions compared to other herbicide classes. Official label restrictions on their

use are notstrict. This paper reviews ourcurrent understanding of the influence of

weather conditions on ALS-inhibiting herbicide performance.

INTRODUCTION

Scientists working at DuPont and American Cyanamid independently discovered acetolactate

synthase (ALS) inhibiting herbicides in the 1970s. ALS-inhibiting herbicides rapidly became

important tools worldwide for weed control because oftheir versatility, ability to control many

difficult-to-manage weeds, high safety to crops, low toxicity, and recognized safety to the

environment. Currently there are approximately 56 differentALS-inhibitor herbicides in five

chemical classes: sulfonylureas (35), imidazolinones (8), pyrimidinylthiobenzoates (5),

sulfonylaminocarbonyltriazolinone (2), and triazlopyrimidines (6). Despite concerns over

market saturation, loss of patent protection, and weed resistance, companies are still

developing new ALS-inhibiting herbicides.

ALS-inhibiting herbicides are generally weak acids with intermediate water solubility.

Making these herbicides salts or formulating at neutral or high pH increases their water

solubility. Their formulations range can be dryor liquid and range from very concentrated to

very dilute. ALS-inhibiting herbicides enter plants through the roots and shoots and move in

both the xylem (apoplast) and phloem (symplast). Some are formulated with activator

adjuvants to enhancefoliar activity while others must be tank-mixed with adjuvants to ensure

activity. 



When companies guarantee weed control with ALS-inhibiting herbicides, they are essentially

guaranteeing the weather. Such guarantees discourage growers from paying close attention to

label recommendationsthat specifically define weather conditions to ensure weed control and

crop safety. Weather conditions before, during, and after application are important. Weather

conditions that favour weed growth usually favour herbicide uptake, translocation, and

activity. Stressful weather conditions often reduce weed control and increase crop injury.

ALS-inhibiting herbicides are generally most effective when humidity is moderate to high,

temperature is moderate, and diurnal temperature fluctuations are modest

RAINFALL AND HUMIDITY

Rainfall and irrigation frequency and amount influence ALS-inhibiting herbicide activity by

changingsoil moisture, humidity, dew, and rainfastness.

Soil Moisture

ALS-inhibiting herbicides require significant rainfall to activate and mustbe in soil solution

for roots to absorb. Whenappliedto the foliage, soil moisture helps ensure that weedswill be

growing and susceptible to these herbicides. Adequate soil moisture ensures ALS-inhibiting

herbicide translocation throughout the weed and subsequent control (Olson er al., 1999),

metabolic inactivation and crop safety (Olson ef al., 2000). Soil moisture also determines

uptake of organophosphate insecticides that are commonly used in-furrow in maize and thus

affects their interaction with ALS-inhibiting herbicides that often results in crop injury (Bailey

& Kapusta 1994). Overabundant soil moisture reduces activity by promoting leaching out of

the zone of greatest effectiveness (near the soil surface) or enhancing degradation. Effects of

rainfall on leaching are well understood. Degradation in the soil generally increases as soil

moisture increases, reducing the herbicide available for weed control (Dinelli et al., 1998),

Drysoil has the reverse effects. Weeds stop growing and are moredifficult to control and less

water is available to solubilize the herbicide for root absorption. Dry soil slows chemical and

microbial breakdown processes and mayincrease croprotationintervals.

Rainfastness

Rainfall soon after application reduces spray residues on leaves and herbicidal activity. The

most important characteristics of rainfall are amount, intensity, drop size, and time interval

after application. The general rule is that the more hydrophilic the herbicide, the longer the

required rainfree time interval. The rainfree time interval after application is usually the most

important factor (Kudsker al., 1990, Malefyt & Quakenbush 1991), but specific studies have

shown gradually reduced activity as rain increased up to 4 mm(Nalejawaer al., 1991)

Although many ALS-inhibiting herbicide are dry particulate formulations and thus potentially

more vulnerable to wash-off, their uptake is fairly rapid and labels require only a fewrainfree

hours for maximumactivity. Rainfastness is not considered a serious limitation.

High Humidity

Some ALS-inhibiting herbicide labels address temperature and humidity with the following

recommendation: “When making applications under hot and dry conditions, set up equipment 



to produce larger droplets to reduce effects of evaporation.” Relative humidity describes the

“drying power”of air and is a function of actual water vapour and temperature. Herbicides are

generally more active under high humidity because spray droplets dry more slowly and the

cuticle is more hydrated aiding penetration. Kudsk and Streibig (1993) showed much higher

herbicidal activity at high relative humidity with and without surfactant (Table 1). Cereal ALS-

inhibiting herbicides often successfully control young dicotyledonous weeds under cool and

humid conditions withoutsurfactant. Surfactant is always necessary when weedsare large and
conditions are dry and sunny.

Table 1. Effect of relative humidity on the relative potency of chlorsulfuron on

white mustard (Sinapis alba) (adapted from Kudsk & Streibig 1993),

 

Relative ————_ Relative Potency ———————_
Humidity Without Surfactant With 0.1% v/v Surfactant

35% 1.0 4.9

85% 5.4 8.0
 

Dry Conditions

Under dry conditions weed problems do not dry up, but become progressively harder to

control. Weeds growslowly and create barriers to conserve moisture that also serve as barriers

to herbicide uptake. Dry conditions slow weed growth and thus reduce the visually apparent

effect of ALS-inhibiting herbicides. The dry conditions that make weeds more difficult to

control also minimize risk of crop injury. The highest recommendedherbicide rates and the

most potent adjuvant systems can thenbe usedsafely.

Plants grown under low humidity and drysoil conditions tend to have smaller leaves, thicker

cuticles with more trichomes, and a more compact leaf structure (Caseley 1989). These

attributes reduce herbicide interception, retention and penetration. Changing the humidity

before application can change the amount of wax and alter its morphology and chemical

composition; during application, humidity affects droplet formation and size; and after

application, humidity affects the physical form and drying time of spray deposits.

Dry conditions change the adjuvant requirement needed for optimum activity. For example,

Hull et al. (1975) found lipophilic surfactant performed better during dry growth conditions

while hydrophilic surfactants were better during the humid season. The hypothesis is that

ALS-inhibiting herbicides can penetrate better through hydrophilic pathways with hydrophilic

adjuvants under humid conditions when cuticles are thin, but would need lipophilic adjuvants

to penetrate thick, waxy cuticles. Small weeds are much easier for ALS-inhibiting herbicides

to control and a practical way to improve efficacy under dry conditions.

Dew

Many ALS-inhibiting herbicides are formulated as dry particles and often their spray deposits

dry to particles on the leaf surface. Dew, aided by the adjuvants in the spray deposit, can

solubilize these particles into small concentrated droplets. The more concentrated these

droplets, the greater the absorption and herbicidal activity (Al-Khatib et al., 1994). Dew may 



also reduce herbicide activity by increasing spray runoff when high spray volumes are used.

Most companies only recommendapplication only to dry surfaces,

TEMPERATURE

The effect of temperature can be dramatic when ALS-inhibiting herbicides do not control

weeds under cold temperatures or injure crops under hot temperatures. Plant systems must be

functioning normally to achieve expected weed control and crop tolerance. Varying the

temperature from 1° to 20° C increased the potency of flumetsulam nearly 100-fold

(Madafiglio et al., 2000). The effect of temperature was greatest at the lowest and highest

temperatures. Planting crops adapted to local climate fluctuations and using safeners

minimizes crop injury due to temperature conditions (Berzsenyi et al., 1997). Temperature

also influences chemical and microbial degradation rates in the soil and can changerotational

crop intervals.

Cold

Extended cold weather alone can cause symptoms that may be attributed to ALS-inhibiting

herbicides by slowing growth and causing leaves to yellow. Frost immediately before orafter

application stops normal metabolic inactivation and translocation processes. Frost

dramatically increases crop injury for ALS-inhibiting herbicides that depend on metabolic

inactivation. Practise dictates that application should not be made when temperatures can

decrease below freezing. If the plants are already damaged, applications should be delayed

until better weather returns and the plants have recovered. Cold weather slows crop recovery,

but canalso reduce efficacy by slowingtranslocation to meristems anddelaying the expression

of injury.

The herbicidal activity of acid imidazolinones is generally greater at cooler temperatures

because acid imidazolinones are more rapidly deactivated via metabolism at warmer

temperature (Malefyt & Quakenbush 1991). Herbicide safeners can help overcome ALS-

inhibiting herbicide injury in monocotyledonous crops by stimulating metabolic deactivation,

but safeners would not help when extreme temperatures have stopped metabolism.

Heat

Similar to cold temperatures, hot temperatures can slow or stop metabolic inactivation and

other plant processes. The temperature ofthe leaf tissue is most important because leaves are

the primary organsthat deactivate ALS-inhibiting herbicides. In practice, effects of sunlight,

humidity, and temperature are difficult to separate. Bright sunny conditions can raise leaf

temperatures significantly higher than ambient air temperature. Transpiration can cool leaf

temperatures below ambientair temperature whensoil moisture is plentiful and humidity is

low. However, leaves usually have higher temperatures. Leaf temperatures with a canopy

exposedto sunlight are often 2° C hotter than ambient leaf temperatures and can be over 10°C

hotter (Sharkey 1996). Leaf temperature shifts can have a dramatic effect on crop physiology

and herbicide tolerance. For example, maize does not metabolically inactivate rimsulfuron at

temperatures greater that 35° C (data not given) and whole plant studies showed it is six times

more sensitive at 35° C compared to 20° C (Figure 1). 



 
 

Rate (g/ha)

Figure 1. Effect of greenhouse temperature immediately following application on

rimsulfuron inhibition of maize (Zea mays).

ALS-inhibiting herbicides have low vapour pressures, among the lowest ever reported for

agricultural chemicals (Shaner & O’Connor 1991; Schmuckler et al., 2000), and are not

generally subject to drift or loss through vapourization, even at high temperatures.

LIGHT

Sunlight influences herbicide activity in the plant and on the soil by changing degradation

rates, plant growth habit, cuticle thickness, and translocation. Light is essential for

photosynthesis to create the energy and chemicals needed to drive translocation, metabolism,
and growth and developmentprocessesin a healthycrop.

Cuticle

When light conditions are low, cuticles are thin and easy for ALS-inhibiting herbicides to

penetrate. Whenrelative humidity is high, an activator adjuvant may not even be needed

(Kudsk et al., 1990). In contrast, whenlight intensity is high and humidity is low, the cuticles

become thick and the weeds become verydifficult to control. Growth chamber experiments

that varied light and humidity clearly showed that adjuvants enhanced activity underall

situations (Table 2). High light and low humidity made the weed moredifficult to control and

together these factors created a much more difficult situation than either situation alone.

Under the most difficult conditions for control, high light and low humidity, nonionic

surfactant (NIS) was not effective with the 35 g/ha nicosulfuron and 1% v/v modified 



vegetable oil concentrate (MVO) was required. These results support a common

recommendation in the U.S. to use MVO with ALS-inhibiting herbicide when conditions are

sunny and dry. Oil concentrates generally help when spray deposits dry fast and the cuticles

are thick.

Table 2. Interaction oflight and humidityongiant foxtail (Setaria faberi) with nicosulfuron

under different adjuvant conditions (adapted from Green & Casini 1998).

 

Environmental Conditions Adjuvant Conditions

Light Intensity Relative Humidity No Adjuvant 0.25% w/v NIS_—-1% v/v MVO
 

(E/m”/s) (Yo ————_ 50% Control Rate (g/ha)

 

12 0.9

2.4

500 6.6

37
 

Uv degradation

Some ALS-inhibiting herbicides, particularly imidazolinones, can degrade rapidly when

exposed to uylight in aqueous solution (Mallipudi er al., 1991), but phetodecomposition has

not been a serious use limitation. Photodegradation in soil is much slower than on the surface

of leaves or dry soil. Degradation rates are slow enoughto allowincorporationinto the plant or

soil and special protective measures have not beenneeded.

Leaf Angle

Diurnal leaf movement is a significant factor for the control of some weeds with some

herbicides (Anderson & Koukkari 1978). The vertical orientation of many monocotyledonous

weeds usually makes them more difficult targets for herbicide sprays than the broader and

more horizontal leaves of most dicotyledonous weeds. However, during the night or under

heavycloud cover or shade many dicotyledonousleaves also reorient their leaves. The solution

to this problem is to encourage mid-day spraying when wind velocity is often highest.

Fortunately, the weeds mostlikely to showthis behaviour are usually very susceptible to ALS-

herbicides andthis issue has not been a major problem.

WIND

You cannot control wind velocity, direction, and atmospheric stability. In windy conditions,

proportionally less herbicide is deposited on the targeted weeds and more movesoff-target.

Cold and humidconditions allow windto carryfine spray droplets significantly fartheras there

is minimal spray droplet evaporation. The high potency of ALS-inhibiting herbicides under

field conditions, particularly the sulfonylurea herbicides, has created the perception that this

class is particularly susceptible to spray drift. However, when non-target plant sensitivityis

considered as a proportion of the rate applied and other exposure and environmental fate 



factors, sulfonylurea herbicides are not generally more hazardous than other herbicides

(Obrigawitch er al., 1998).

To combat spray drift, labels restrict spraying herbicides under windy conditions, Such

restrictions are easy to make butdifficult to follow when conditions are constantly windy. To

reduce spray drift, labels usually recommend: spray slowly with ground equipment when wind

speed is 5 to 16 km/h; use high spray volumes (> 150 L/ha) and lowpressures (< 200 kPa);

replace worn nozzles; and use spraydrift control adjuvants. The spraydrift control adjuvants

increase spray droplet size and donot reduceactivity.

Drift potential also increases when wind speeds are low (less than 5 k/h) because wind

direction varies and there is an increased potential for temperature inversions. Inversions often

begin whenthe sun sets and continue into the morning if the air is very stable and there is no

mixing between air layers. The lower warmerair can rise and act as a blanket over coolerair

trapped underneath. Particles and droplets suspended in the cooler air can form a concentrated

cloud and movelaterally over a long distance. Eventually, the suspended cloud will encounter

a downdraft and return to the surface. The best way to avoid drift associated with temperature

inversions is to monitor conditions closely and spray when there is some air movement.

Some ALS-inhibitor herbicide labels warn against application on dry, powdery soils where

wind canerode the soil surface and carry soil particles to off target areas. Unwanted injuryto

susceptible crops may result when contaminated soil particles are moved by the wind. Wind

also can abrade leaf surfaces by causing leaves to rub against each other and by blowing soil

particles against leaf surfaces. Wind abraded leafsurfaces in sugar beets are known to be more

sensitive to herbicides.

SUMMARY

Weather conditions such as rainfall, humidity, temperature, light, rainfall, soil moisture, and

wind influence ALS-inhibiting herbicide performance. Generally, conditions that favour plant

growth favour weed control while conditions that stress plants reduce control and increase crop

injury. ALS-inhibiting herbicides are usually most effective when humidity is moderate to

high, temperatures moderate, and diurnal temperature fluctuations modest.

Our understanding of weather effects is still growing and we cannot yet make precise

adjustments in rates and other application parameters based on weather conditions. Adjuvants

can help weatherproof herbicides by reducing drift, making applications rainfast, adding

humectancy, and increasing penetration throughthick cuticles under dry conditions. Although

weather can strongly influence ALS-inhibiting herbicides, label recommendations are

specifically defined to ensure performance andare not strict comparedto other herbicides.

REFERENCES

Al-Khatib K; Gealy D R; Boerboom C M (1994). Effect of thifensulfuron concentration

and droplet size on phytotoxicity, absorption, and translocation in pea (Pisumsativum).

WeedScience 42: 482-486. 



Anderson R. N; Koukkari W L (1978). Leaf movements of weeds as a factor in herbicide

efficiency. Weed Science 26: 393-395.

Bailey J A; Kapusta G (1994). Soil insecticide and placementinfluence corn (Zea mays)

tolerance to nicosulfuron. Weed Technology8: 598-606.

Berzsenyi Z; Gyorffy B; Arendas T; Bonis T; Lap D Q (1997). Studies on the phytotoxicity

of herbicides in maize (Zea mays L.) as affected by temperature and antidotes. Acta
Agronomica Hurgarica 45: 443-448.

Caseley J C (1989). Variations in foliar pesticide performance attributable te humidity,

dew, and rain effects. Aspects ofApplied Biology 21: 215-225.

Dinelli G; di Martino E; Vicari A (1998). Influence of soil moisture and temperature on

degradation ofthree sulfonylurea herbicides in soil. Agrochimica 42: 50-58.

Green, J M; Casini M S (1998). Effect of light and humidity on nicosulfuron acvitity with

and without adjuvants: In: Fifth International Symposium on Adjuvants for Agro-

chemicals, ed. P McMullan, pp. 229-232. Chemical Producers and Distributors

Association, Memphis.

Hull H M; Morton H L; Wharrie J R (1975). Environmental influences on cuticle

developmentandresultant foliar penetration. Botanical Review 41: 421-452

Kudsk P; Oleson T; Thonke K E (1990). The influence of temperature, humidity and

simulated rain on the performanceof thiameturon-methyl. Weed Research 30: 261-269.

Kudsk P; Streibig J C (1993). Formulation and adjuvants. In: Herbicide Bioassays, eds. J

C Streibig & P Kudsk, pp. 99-116. CRC Press: Boca Raton.

Light G G; Dotray P A; Mahan J R (1999). Thermal dependenceofpyrithiobacefficacy in

Amaranthus palmeri. Weed Science 47: 644-650.
Madafiglio G P; Medd R W; Cornish P S; Van de Ven R (2000). Temperature-mediated

response of flumetsulam and metosulam on Raphanus raphanistrum. Weed Research

40: 387-395.
Malefyt T; Quakenbush L S (1991). Influences of environmental factors on the biological

activity of the imidazoline herbicides. In: The Imidazolinone Herbicides, eds. D S

Shaner & S L O'Connor, pp. 103-128. CRC Press: Boca Raton.

Mallipudi N M; Stout S J; DaCuncha A R; Lee A (1991). Photolysis of imazapyr (AC

243997) herbicide in aqueous media. Journal of Agriculture and Food Chemistry 39:

412-417.

Nalewaja J D; Woznica Z; Manthey F A (1991). DPX-V9360 efficacy with adjuvants and

environment. Weed Technology1: 92-96.

Obrigawitch T T; Cook G; Wetherington J (1998). Assessmentofeffects of non-target plant

from sulfonylurea herbicides using field approaches. Pesticide Science 52: 199-217,

Olson B L S; Al-Khatib K; Stahlman P; Parrish S; Moran S (1999). Absorption and

translocation of MON 7500 in wheat and other grass species. Weed Science 47: 37-40.

Olson B L S; Al-Khatib K; StahIman P; Isakson P J (2000). Efficacy and metabolism of

MON 37500 in Triticum aestivum and weedy grass species as affected by temperature

andsoil moisture. Weed Science 48: 541-548.

Schmuckler M E; Barefoot A E; Kleier D A; Cobranchi D P (2000). Yapor pressures of

sulfonylurea herbicides. Pesticide Management Science 56: 521-532.

Shaner D L; O’ConnorS L (1991). The Imidazolinone Herbicides. CRC Press: Boca Raton.

Sharkey T D (1996). Emission of low molecular mass hydrocarbons fromplants. Trends in

Plant Science 1: 78-82. 



THE BCPC CONFERENCE —- Weeds 2001
 

Theeffect of environmental factors on the activity of glufosinate

H Kocher

Aventis CropScience GmbH, D-65926 Frankfurt am Main, Germany

Email: helmut.koecher@aventis.com

ABSTRACT

Research work dealing with the effect of environmental factors on the activity of

the foliar-acting herbicide glufosinate is reviewed. High light intensities at and

after glufosinate application tend to increase herbicidal efficacy. Darkness

immediately after herbicide application delays symptom development, but final

herbicidal action under normal day/night cycling is not dependent on the time of

day at which the herbicide is applied. Glufosinate is a water soluble compound

and the post-application period required to obtain full rainfastness of this

herbicide is dependent on the weed species and the intensity of rainfall. High

relative humidity increases foliar uptake and herbicidal efficacy. Low

temperature after glufosinate application delays the appearance of visible

damage symptoms. The temperature factor appears to be less crucial for the

efficacy of glufosinate than the role of relative humidity.

INTRODUCTION

The compound DL-homoalanin-4-yl(methyl)phosphinic acid (glufosinate), in the form of the

monoammonium salt, was initially developed as a non-selective post-emergence herbicide.

Non-selective uses include directed spray to weeds between the rows in crops such asfruit

trees, plantation crops and vines and end of season application to crops such as potato and

oilseeds for desiccation purposes. Morerecently, glufosinate-tolerant transgenic crops have

been developed, e.g. rapeseed and maize, which permits selective weed control by spraying

the herbicide "over the top" ofthe tolerant crop.

Glufosinate acts by inhibition of the enzyme glutamine synthetase (GS). This enzyme

catalyzes the synthesis of glutamine from glutamate and ammonia and plays a central role in

plant nitrogen metabolism,particularly in the process of ammonia assimilation into organic N.

Inhibition of GS by glufosinate results in a rapid build-up of high ammonialevels and a

concomitant depletion of glutamine and other amino acids. These effects are accompanied by

a rapid decline of photosynthetic CO>-fixation, and are followed by chlorosis and desiccation

of the shoottissue.

Since 1981, when glufosinate was introduced as a newherbicide, the investigation of the

influence of environmental factors, mainly light, relative humidity, rain and temperature, on

the activity of this herbicide have found continued interest. The aim of this paper is to

evaluate the information which has accumulatedin thisfield to date. 



LIGHT

Early modeofaction studies revealed, that plants kept in permanent darkness immediately

after application of glufosinate showed a retarded developmentof visible damage symptoms

and much less accumulation of ammonia in the leaf tissue than plants kept under a normal

day/night cycle. For example, visible damage on soybean plants kept after treatment for 48

hours under a day/night cycle (light intensity 40 W/m? ) was 35%, and the ammonialevel in

the leaf tissue was 1060 pg NHy-N/g fwt. After the same period under continuous darkness,

however, no visible damage was observed and the ammonia level was only 144 pg NH:Nig

fwt. Damage ratings and ammonia values at reduced light intensities of 8.5 and 2.5 W/m*

were significantly lower than at 40 W/m’(Kécher, 1983). The observed influence oflight on

glufosinate effects can be explained by the fact that the main ammonia-generating process in

green plants is the photorespiratory conversion of glycine to serine, hence a process being

dependent on light. While the released ammonia is normally reassimilated by GS, the

inhibition of this enzyme by glufosinate results in a rapid build-up of high ammonia

concentrations in the planttissue and a depletion of organic N compounds,leading finally to a

general disruption ofcellular functions. In a recent study with Galium aparine and Brassica

rapa (Petersen & Hurle, 2001) plants were placed, beginning 5 days prior to glufosinate

treatment, in a growth chamber under two different light regimes (300 and 130 pEm™s"

day/night rhythm of 12 h). Similar to the findings mentioned above, the low light intensity

resulted for both species 10 days after herbicide application in roughly a doubling of the EDs,

hence in a lowered susceptibility to glufosinate. In agreement with these findings field

observations pointto a higheractivity of glufosinate at high than at low light intensities.

Whenplants (e.g. Sorghum halepense) were kept after spraying with glufosinate for one day

under continuous darkness and then exposed to a day/night cycle, ammonia levels and

damage symptoms,being retarded in the dark period, increased rapidly after the beginning of

the day phase and soon reached the same level as in plants kept under a day/night cycle

immediately after treatment (Kécher, 1983). This shows that darkness does not prevent or

reduce the activity of glufosinate, but just causes a transitory delay. Similar trends were seen

for barley in a growth chambertrial where final injury ratings were about the same when

plants were treated with glufosinate at either the beginning or end of a 16 h-photoperiod.

Visual injury in Setaria viridis was even slightly higher when glufosinate was applied at the

end of the photoperiod (Andersonef al., 1993a).

A different situation arises, when weeds grow up from emergence under shady conditions,

e.g. in matured plantations. Trials in rubber plantations in Malaysia revealed that under

conditions of strong and uniform shade Paspalum conjugatum was controlled more

effectively by glufosinate than underhigher light conditions (Purusotman ef al., 1985). These

data and further observations of better glufosinate performance within matured plantations

suggestthat a lowered efficacy of glufosinate by low light conditions may be compensated or

even overcome under the permanently shady plantation situation. This is probably a result of

increased weed susceptibility, owing to a shade type plant morphology and/or higherrelative

humidity in the plantation compared to the open field. 



RELATIVE HUMIDITY

Data on the role of relative humidity (r-h.) for herbicidal efficacy of glufosinate were first

published by Langeliiddeke ef a/. (1988). Barley plants were raised outside and placed in two

growth chambers maintained at 95% and 40%r.h., respectively, for two days immediately

following glufosinate treatment. Thereafter, both groups were placed together into a

greenhouse until the end of the experiment. The plants subjected for 2 days to continuous

95% r.h. were significantly more damaged by glufosinate 17 days after application (EDgo =

180 g/ha) than the plants kept for 2 days continuously at 40%r.h.(EDgo = 550 g/ha). It was

interesting that addition of ammoniumsulfate or of the wetting agent sodium C)2/C;4-fatty

alcohol-diglycolether sulfate (FAEO-sulfate) to the application solution effectively increased

the efficacy of glufosinate under the low humidity regime. The observed decrease of

glufosinate efficacy at low humidity can be attributed to a lower rate of foliar penetration,

while penetration is stimulated by ammonium sulfate or the wetting agent (K6cher, 1989).

Andersonef al. (1993) studied in barley and Setaria viridis the influence of relative humidity

on glufosinate efficacy. The plants were precultivated at 52% r.h. and 22/17°C (day/night )

and, starting 3 days prior to herbicide application, subjected in growth chambers to different

humidity regimes (95%vs. 40% r.h., continuously during day and night). A dose of 800 g/ha

was lethal to barley at 95% and sublethal at 40% r.h. The same dose was lethal to Setaria

viridis, regardless of the humidity regime, due to the high glufosinate susceptibility of this

species. At the low dosage of 100 g/ha Setariaviridis survived at 40% r.h., but waskilled at

95% r.h. In the same paper these authors also reported on the effect of temperature (see

below) and came to the conclusion that the humidity factor had a much higher impact on
glufosinate efficacy than temperature. Petersen & Hurle (2001) tested the impact of different

humidity regimes, starting 5 days prior to glufosinate application, on control of Galium

aparine and Brassica rapa, When 80% r.h. was compared with 55% (both continuously

during day and night), the EDs9 for Galium aparine was 142 g/ha at the high, and 398 g/ha at

the low humidity regime. For Brassica rapa it was 30 g/ha at the high, and 72 g/ha at the low

humidity. When the plants were exposed to a regime of 55/80% r.h. (day/night), an EDsy of

290 g/ha was obtained for Galium aparine and 44 g/ha for Brassica rapa, hence this regime,

which is closer to natural conditions than continuously low or high humidity, resulted in

intermediate efficacy.

Recently Ramsey & Hall (2001) demonstrated that high relative humidity (95% vs 40%)

increased the effectiveness of glufosinate on Avena fatua. In subsequent experiments these

authors looked at the reaction of Avena fatua, when the continuous 40% r.h. regime was

interrupted by a short period of high humidity beginning prior to and after spraying. Even

whenthe plants were exposed to only very short periods (40 min before and after spraying) of

>95% r.h., the efficacy of glufosinate was higher than at continuous 40% r.h. Efficacy was

increased to the same extent, when the plants were exposed to 40 min of high humidity only

after spraying, while the same period of high humidity given only prior to spraying did not

increase herbicidal effectiveness above the level obtained at continuous 40% r.h. These results

indicate the importance of the post-treatment period for herbicidal effectiveness. Furthermore,

Ramsey & Hall (2001) showed that there was greater foliar uptake of ['“C]glufosinate in

plants grown at 40% r.h. with an interruption at >95%r.h. for 30 min before and after

('*C]glufosinate application than in plants grown continuously at 40% r.h. Hence, humidity

conditions resulting in improved herbicide efficacy were correlated to foliar uptake of this

herbicide. 



Mathiassen & Kudsk (1993) simulated in growth chambers natural climates by diurnal

cycling programs for humidity and temperature. Barley plants, cultivated outdoors, were

transferred to the growth chambers 2 days before spraying and kept under 6 different climate

types. All high humidity climates resulted in higher efficacy of glufosinate than the low

humidity climates. The relative potency of the herbicide under high humidity climates

increased with increasing temperature (5, 11 and 17°C on average). Under low humidity

regimes the relative potency of the herbicide increased when the average temperature was

raised from 5 to 11°C, but decreased again at an average temperature of 17°C. The authors

concluded that the limitation ofherbicidal activity by the high vapour pressure deficit at 17°C

overcame the promotion of herbicidal activity by increasing temperature. These authors

found, similar to Langeliiddeke ef al. (1988), that the lowered herbicidal effectiveness under

low humidity regimes could partially be overcome byaddition of ammonium sulfate (2%) or

of the wetting agent FAEO-sulfate (0.5%) to the spray solution.

Henceall research data gathered so far points to an increase ofglufosinate effectiveness with
an increase of relative humidity. The positive effect of high humidity onfoliar uptake of this

herbicide maybe explained by an increased rate and prolonged period ofherbicide diffusion

from the spray deposit at the leaf surface into the cuticle. This happens possibly in

conjunction with increased hydration of the cuticle, which would be expected to improve the

cuticular permeation of the highly hydrophilic glufosinate molecule.

RAIN

The question regarding the influence of rain on the herbicidal effectiveness of glufosinate is
of particular interest, considering the high water solubility of this herbicide. Published data

and in-house experience onthe rainfastness of glufosinate resulted in the use recommendation
that glufosinate should not be applied if there is a risk of rain in a period less than 6 hours

after spraying the weeds. This recommendation will usually cover the situations occurring in

agricultural practice. In rain simulation experiments the period required io obtain rainfastness

can differ widely, depending on herbicide dosage, susceptibility of plant species and rain

regime. This can be illustrated by a study with barley and Setaria viridis by Anderson et al.

(19932), who simulated rain of 4, 9 and 22 mmbetween 10 min and 12 hours after glufosinate

application at dose rates of 200, 800 and 1200 g/ha. Generally the minimum rain-free period

after spraying, required to prevent loss of efficacy, increased as the intensity of rainfall

increased, and decreased with increasing dose rate. At a dose of 800 g’ha barley required a

rain-free period of 1-8 hours, depending on rain volume, while Setariaviridis, a species much

more susceptible te glufosinate, required less than 20 minof rain-free period at the same dose

rate. Several research programs paid attention to the question whether the rainfastness could

be improved with the use of spray additives. Langeltiddeke er a/. (1988) reported that to some

extent FAEO-sulfate wetting agent (0.2%) and more effectively ammonium sulfate (10 kg/ha)

could compensate the reduced efficacy of glufosinate caused by 10 mmofartificial rain in
barley, spring rape, Ottochloa nodosa and Paspalum conjugatum. Similar results were

obtained with these additives by Mathiassen & Kudsk (1993)in rainfastness trials with barley,
Sinapis alba and Veronica persica. The improved rainfastness is attributed to the already

mentioned ability of these additives to increase the rate of foliar penetration of glufosinate. 



TEMPERATURE

Temperature can modify herbicidal activity in plants via an influence on herbicide uptake,
translocation and degradation as well as on plant metabolism in general. In growth chamber

studies a significant influence of the temperature regime on glufosinate performance was

observed in dicotyledonous weed species (Chenopodium album, Galium aparine), when

exposed in the post-application period to different temperature regimes. High temperatures

(26/18°C, day/night) resulted in optimum weed control, whereas at low temperatures (10/2°C,

day/night) the herbicidal effectiveness was markedly reduced, resulting in EDgo values 3-5

fold higher than at 28/18°C, 3 weeks after treatment. When the grass weeds Cynodon dactylon

and Sorghum halepense were kept under differential temperature regimes (32/14°C vs.

18/10°C, day/night) after glufosinate application, the EDgo values were not significantly

influenced by temperature. However, when these weed species were kept under the same

regimes in the pre-application as well as in the post-application phase, they needed about

double the herbicide dosage at 18/10°C compared to 32/24°C, to obtain an equal herbicidal

effect. Similar tests were carried out with Agropyron repens, but even the lowest temperature

regime (10/2°C) did not significantly reduce the efficacy on this species. A general

observation made in these tests was that damage symptoms appeared after only 1-2 days

under a 18/10°C regime, but took about 4-7 days to appear at a regime of 10/2°C (Donn,

1982).

When barley and Setaria viridis were kept at constant relative humidity (60%) and were

subjected to temperature regimes of 8/5°C, 15/10°C and 22/17°C (day/night), beginning 1 day

prior to glufosinate treatment, the visual injury to both species was significantly delayed as

temperature decreased. After 12 days, however, there was little difference in the level of

injury among these temperature regimes (Anderson etal., 1993), Studies with Galium aparine

and Brassica rapa (Petersen and Hurle, 2000) gave a contrasting finding. Plants which were

kept continuously under 80% r.h. and subjected to differential temperature regimes (24/16°C
vs. 16/12°C, day/night), beginning 5 days prior to glufosinate application, were controlled

with about doubled efficay at the high compared to the low temperature regime.

Asalready pointed out, Mathiassen & Kudsk (1993) simulated natural climates in the growth

chamber by diurnal cycling of humidity and temperature. At high humidity regimes the

activity of glufosinate on barley increased with temperature (S°C < 11°C < 17°C on average),

while at low humidity regimes the potency of glufosinate was higher at 11°C than at 5°C or

17°C on average. Though there was an effect of temperature, the authors derived from the
results of their climate simulation trials, that the temperature factor was less crucial for the

efficacy of glufosinate than the relative humidity.

CONCLUSIONS

With the exception of rain simulationtrials growth chamber techniques were used to study the

influence of environmental factors on glufosinate activity. There is no doubt that the complex

interaction of environmental factors in nature cannot be satisfactorily mimicked by growth

chamber techniques, which usually compare different levels of one or two factors while

leaving the others constant. But despite of such limitations, growth chamber experiments can

provide us with information which of the environmental factors play a significant role for the

performance ofa herbicide. 



In the case of glufosinate such studies led to the conclusionthat high humidity and high light
intensity increase the activity of this herbicide. These findings are supported bythe evaluation

ofglufosinate performancein field trials and their correlation with weather recordings at the

time of herbicide treatment (Bickers; 2001). As to the temperature factor, obviously

increasing temperatures speed up the appearance of visible glufosinate symptoms in

dicotyledonous and grass weeds. Furthermore, it can be concluded fromthe available growth

chamberdata that in dicotyledonous species also the final herbicidal efficacy increases with

temperature. Why such a temperature dependence wasless apparent in grass species, remains

an open question.
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ABSTRACT

The herbicides, fenoxaprop-P-ethyl and clodinafop-propargyl are used to control

grass weeds in cereals at rates of 55-68 g a.i./ha. Reductions in their activity have

been reported under drought conditions. Studies were undertaken to reproduce
this phenomenon and quantify the level and duration of drought likely to reduce

activity against blackgrass (A/opecurus myosuroides) and wild oats (Avenafatua).

Shoot fresh weight data showed that for both species, plants exposed to drought

conditions were significantly less susceptible to foliar applications of fenoxaprop-

P-ethyl and clodinafop-propargyl than plants grown under normal soil moisture

conditions. In some cases, the dose needed to cause 50% inhibition was up to

200% greater for drought-stressed plants. Results also showed that the level of

drought-induced tolerance was greatest at doses below recommended application

rates and was typically dependent on the duration of drought prior to spraying

rather than after spraying, Furthermore, plants subject to drought periods that were

alleviated prior to herbicide treatment, or imposed immediately after treatment, did

not show increased tolerance to these herbicides. Therefore, the occurrence of

drought-induced tolerance in the field may be minimised by ensuring the use of

maximum recommended rates, spraying at the onset of a drought period or

delaying applications until drought has beenalleviated

INTRODUCTION

The aryloxyphenoxypropionoate herbicides, fenoxaprop-P-ethyl and clodinafop-propargyl. are

widely used to control grass weeds in cereals. These herbicides are foliar-acting, fatty acid

biosynthesis inhibitors, intended for use at rates of 55-68 g ai/ha. However, their activity

against several weed species has been reported to be reduced under drought stress conditions

(Rossi ef al., 1994; Lemerle & Verbeek 1995). This paper reports the results of studies

designed to quantify the level and duration of drought likely to reduce activity of these

herbicides against blackgrass (A/opecurus myosuroides) and wild oats (Avenafatua)

MATERIALS AND METHODS

Blackgrass and wild oat seeds were germinated for 7-10 days and transplanted into sealed pots

containing a weighed quantity of sandy loam soil mixed with grit and slow-release fertilizer.

Soil was maintained at 75%field capacity (FC) by daily gravimetric addition of water via a

pertorated tube in the centre of each pot. Plants were maintained in controlled environment 



rooms with a 14-hour daylength and day-night temperature and relative humidity of 10-16°C
and 75-85%, respectively. Drought was imposed by with-holding water until the soil moisture

content dropped to the specified level. During this period, air circulation was increased and
relative humidity dropped to 65-75% to accelerate moisture loss. Once attained, the moisture
level was maintained by daily watering. After the required stress period, soil moisture content

was returned to 75% FC.

The herbicides, fenoxaprop-P-ethyl (Cheetah Super) and clodinafop-propargyl (Topik) were

applied at 20, 40, 60, 80 and 100%of recommendedfield rates to plants between GS12 and
GS31. Stock solutions of the formulated products were prepared in deionized water and

applied as foliar sprays, using a track sprayer calibrated to deliver 200 L/ha at 200 kPa. After 3
weeks, plants were harvested for measurement of shoot fresh weights. Material was thendried

at 60°C forat least 48 hours before measurement ofdry weights.

Experimental design andstatistical analysis

The effects of moisture stress on herbicide dose responses were investigated in randomised

factorial experiments incorporating 5 or 6 herbicide doses, including control, applied at several

levels of drought stress. Drought treatments were defined according the duration and timing of

the drought period relative to herbicide treatment. All experiments included a control herbicide

dose response in which plants were maintained continuously at 75% FC. Experiments

incorporated 3 or 4 replicate pots containing 2 plants. Analysis of variance (ANOVA)followed

by Student’s Protected t-test, were used to detect significant effects of herbicide treatments

and soil moisture stress. on fresh and dry weight data. Significant dose responses were

described by a logistic curve to enable estimation of ECs» (concentration required to cause

50%effect) parameters for each drought treatment.

RESULTS

Fenoxaprop-p-ethy! x blackgrass

In experiments investigating the effects of drought on fenoxaprop activity in blackgrass,

drought wasinitiated 8 days before spraying such that soil moisture content dropped to 30%

FC 4 days before herbicide application. Drought wasalleviated 5 days after spraying.

This drought treatment did not significantly reduce the fresh or dry weight of untreated plants

but did increase the tolerance of blackgrass to fenoxaprop (Table 1). Comparison of mean

fresh weights showed that fenoxaprop activity at doses up to 41.3 g ai/ha was not

significantly altered by drought treatment. However, unstressed plants treated with the

recommended dose of 55 g a.i/ha, suffered 81% reduction in fresh weight while those exposed
to drought suffered significantly smaller reductions of only 56%. Dose response models fitted

to fresh weight data, confirmed that the ECso wassignificantly increased from 33.2 g a.i./ha in

unstressed plants, to 51.7 g a.i./ha in drought- stressed plants. 



Fenoxaprop-p-ethyl x wild oats

In experiments investigating the effects of drought on fenoxapropactivity in wild oats, drought
periods wereinitiated 8 or 4 days before spraying such that soil moisture content dropped to

20% FC 3 and 0 days before herbicide application, respectively. Drought was then alleviated 2

or 6 days after treatment.

While drought periods of 8+2 and 4+2 days did not cause significant reductions in fresh or dry

weight of untreated plants, drought periods of 8+6 and 4+6 days significantly reduced fresh

weight by 25 and 21%, respectively. All drought treatments reduced fenoxaprop activity

against wild oats. The magnitude of the reduction was correlated with the duration of drought

such that longer periods caused greater reductionsin activity (Table 2).

Drought periods of 4+2 and 4+6 days significantly increased the ECs» for fenoxaprop from

32.3 g ai/ha in unstressed plants to 45.6 and 51.3 g a.i/ha, respectively. Fresh weight data

confirmed that unstressed plants treated with doses of 41.3 g a../ha, suffered a 68% reduction

in fresh weight while those exposed to drought beginning 4 days before spraying, suffered

significantly smaller reductions of 37-45%. However, neither drought treatment significantly

reduced the activity of fenoxaprop at the recommended doses of 55 and 68.8 g a.i./ha

Drought periods of 8+2 days and 8+6 days further increased the EC;y for fenoxaprop to 55.4

and >68.8 g ai/ha, respectively. Comparison of mean fresh weight data showed that

unstressed plants treated with doses of 41.3 g a.i./ha, suffered a 68% reductionin fresh weight

while those exposed to drought periods beginning 8 days before spraying, suffered significantly

smaller reductions of 20-22%. Furthermore, while the fresh weight of unstressed plants was

reduced by 83% following treatment with 55 g a.i./ha, the fresh weight of plants subject to

these drought periods was reduced by 37-46%. The durationof the stress period after spraying

did not significantly affect this response. However, at the recommended dose of 68.8 g a.t./ha,

only those plants subject to a drought period of 8+6 days were less susceptible to inhibition by

fenoxaprop. Inthis case, unstressed plants suffered 87% reductionsin fresh weight while those

exposed to a drought period of 8+6 days suffered 55% reductions in fresh weight.

Table 1. Effect of drought stress on fenoxaprop-P-ethyl activity against blackgrass

Dose (ga.i/ha) _ Fresh weight (%reduction from untreated control)

Drought stress duration (days before + after spraying)

845

 

15

55.0 81
Estimated ECs, 33.

SE 3

 

 

df=40: SED= 12.3%: LSD (p=0.05)= 24.8% 



Table 2. Effect of droughtstress on fenoxaprop-P-ethyl activity against wild oats

 

Dose(g a.1./ha) Fresh weight (% reduction from untreated control)

Droughtstress duration (days before + after spraying)
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Clodinafop-propargyl x blackgrass

In experiments investigating the effects of drought on clodinafop activity in blackgrass,

drought periods wereinitiated 9,7 or 5 days before spraying such that soil moisture content

dropped to 20% FC 3, 2, and | days before herbicide application, respectively. Drought was

thenalleviated either immediately or 3 days after treatment.

Drought stress treatments did not significantly affect the fresh or dry weights of untreated

plants but did significantly reduce clodinafop activity against blackgrass (Table 3). ECso

parameters weresignificantly increased from 29.8 g a.i./ha in unstressed plants to 42.3-52.3 g¢

ai./ha in stressed plants. The magnitude of reduction in activity was not correlated with the

duration or timing of the drought treatment and comparisonof dose response models,fitted to

fresh weight data, showed that there were no significant differences between the level of

tolerance induced by eachtreatment. Fresh weight data confirmed that, with the exception of
plants deprived of water for 7+3 days, drought stressed plants were significantly less

susceptible to clodinafop applied at 36 and 48 g a.i./ha. In particular, unstressed plants, treated

with 36 g a.i./ha clodinafop, suffered a 81% reduction in fresh weight while those exposed to

drought for any length of time, suffered significantly smaller reductions of 20-42%,
Furthermore, with the exception of plants deprived of water for 7+3 days, treatment with 48 g

a.i/ha clodinafop caused a 91% reduction in the fresh weight of unstressed plants but only a

37-53% reduction in drought stressed plants. Plants subject to drought periods of 7+3 days did

not showincreased tolerance to 48 g a.i./ha clodinafop and, for al! drought treatments, stressed

plants were not significantly less susceptible to clodinafop doses of60 g a.i/ha. In a separate

experiment, a 7-day drought period, beginning immediately after spraying, did not significantly

affect the response of blackgrass to clodinafop applied at doses between 12 and 60 g a.i./ha

(data not shown).

Clodinafop-propargyl x wild oats

In experimentsinvestigating the effects of drought on clodinafopactivity in wild oats, drought

periods wereinitiated 9, 7 and 4 days before spraying suchthat soil moisture contents dropped

to 20% FC3 days before spraying, 20% FC 2 days before spraying and 30%FCon the dayof

application, respectively. Drought was thenalleviated either immediately, 1 or 3 days after

522 



treatment. In the case of the drought period beginning 9 days before spraying, moisture content

was returned to 75% FC, | day before spraying.

Drought treatments did not significantly affect the fresh or dry weights ofuntreated plants but

several treatments did reduce clodinafop activity against wild oats (Table 4). The magnitude of

reduction was correlated with the duration or timing of the drought treatment such that those

treatments initiated 7 days before herbicide application caused greater reductions in activity. In

particular, drought periods of 7+0, 7+1 and 7+3 days significantly increased the ECs for

clodinafop from 38.5 g a.i./ha in unstressed plants to >60, 55.4 and 50.1 g a.t./ha, respectively

Fresh weight data confirmed that unstressed plants treated with doses of 36 g a.1./ha, suffered a

53% reduction in fresh weight while those exposed to drought beginning 7 days before

spraying, suffered significantly smaller reductions of 10-24%. Furthermore, while the fresh

weight of unstressed plants was reduced by 72%following treatment with 48 g a.t/ha. the

fresh weight of plants subject to drought stress for 7 days before spraying was reduced by up

to 47%. Significantly greater reductions in activity were seen when drought was alleviated

immediately after spraying. This trend was also seenat the recommended dose of 60 g a.i./ha,
where only those plants subject to a drought for 7+0 days wereless susceptible to inhibition by

clodinafop. In this case, unstressed plants suffered 81% reductions in fresh weight while those
exposed to a drought period of 7+0 days suffered 53% reduction in fresh weight. Continuation

of the drought period for 3 days after herbicide application did not significantly increase the

tolerance ofwild oats to 60 g a.i/ha clodinafop.

In contrast, fresh weight data showed that clodinafop activity was not affected by a 8-day

drought period that wasalleviated 1 day before spraying. However, plants subject to drought

periods of 4+1 and 4+3 days were significantly less susceptible to clodinafop, but only when

treated with 36 g ai/ha. For example, unstressed plants suffered a 53% reduction in fresh

weight while those exposed to drought beginning 4 days before spraying, suffered significantly

smaller reductions of 22-26%. Neither treatment significantly affected clodinafop activity at

doses of 48 and 60 g ai/ha. Comparison of dose response models showed that ECso

parameters were not significantly increased by drought treatments of (9-2)+0, 4+] or 4+3

days

CONCLUSIONS

Shoot fresh data showed that, for both species, plants exposed to drought conditions were

significantly less susceptible to foliar applications of fenoxaprop-P-ethy! and clodinafop-

propargyl, than plants grown under normal soil moisture conditions. In some cases, the ECs»

was up to 200% greater for drought-stressed plants. Results also showed that the level of

drought-induced tolerance was greatest at doses below recommended application rates and

was typically dependent on the duration of drought before, rather than after, spraying.

Furthermore, plants subject to drought that was alleviated prior to herbicide treatment, or

imposed immediately after treatment, did not showincreased tolerance to these herbicides.

Therefore, the occurrence of drought-induced tolerance to these herbicides in the field may be

minimised by ensuring the use of maximum recommended rates. spraying at the onset ofa

drought period or delaying applications until drought has beenalleviated. 



Table 3. Effect of drought stress on clodinafop-propargylactivity against blackgrass

 

Dese(g a.i./ha) ____ Fresh weight (%reduction from untreated control)

Droughtstress duration (days before + after spraying)
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Table 4. Effect of drought stress on clodinafop-propargyl activity against wild oats

 

Dese (g a.i./ha) Fresh weight (% reduction from untreated control)

Drought stress duration (days before + after spraying)

(9-1)+0 7+0 T+1 +3 4+]
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SE _ ai 2.2 _ind. 3.0 2.6 2.2

* indicates significant difference from unstressed means at same herbicide dose

df=126: SED= 10.4%: LSD (p=0.05)= 20.6%; n.d. not determined
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ABSTRACT

The herbicide safener MG-191 (2-dichloromethyl-2-methyl-1,3-dioxolane) and its

structural analogue dichloromethyl dioxolanone (NO-17; 2-dichloromethyl-2,5-

dimethyl-1,3-dioxolane-4-one) were tested for their ability to differentially enhance
the expression of members ofthe glutathione S-transferase (GST) superfamily in

maize. Maize seedlings were treated via root application with the safeners at a final

concentration of 10 4M. The GSTsin root and shoottissue were then resolved by

gel electrophoresis and detected by Western blotting, using antisera raised to

specific GST isoenzymes. MG-191 and to a lesser extent NO-17 selectively

enhanced the expression of tau class ZmGSTU1in both root and shoottissues after

one day of treatment. Addition of cycloheximide to the treatment solutions
suppressed the enhancement of expression of ZmGSTU1 in the roots. It was

concluded that MG-191 is a more specific inducer of maize GSTs than other

compounds commonly used to safen thiocarbamate or chloroacetanilide herbicides

in maize.

INTRODUCTION

Herbicide safeners protect crop plants from herbicides without altering their toxicity to weeds.

A strongcorrelation between the ability of a safener to increase GSTactivity andits efficacy in

protecting maize from herbicide injury has been demonstrated (Davies & Caseley, 1999).

MG-191 is a highly active, non-dichloroacetamide safener used in safening maize against

thiocarbamate and to a lesser extent chloroacetanilide herbicides (Dutkaef a/l., 1987a). The MG-

191 induced elevation ofglutathione synthesis and glutathione-related enzymeactivities such as

cytosolic and microsomal GSTsas well as glutathione reductase in protected plants have been

shown as majorfactors in its protective mechanism ofaction (Dutka & Komives, 1987b).

GSTsare multifunctional enzymes, each composed of two subunits which catalyse conjugation

of broad range of electrophilic substrates with glutathione (Marrs 1996). Analysis of the

isoenzyme profile of maize GSTs revealed that phi(F) class of GSTs predominate, with

ZmGSTF1 as the major subunit which is present constitutively and showshighspecificity to 1-

chloro-2,4-dinitrobenzene (CDNB) substrate (Dixon et al., 1997). A second phi type GST

termed ZmGSTF2 accumulates following treatments with herbicide safeners. These subunits can 



dimerise together to form ZmGSTF1-1 and ZmGSTF2-2 homodimers as well as ZmGSTF1-2

heterodimer. In addition to these three phi GST isoenzymes a phi type GST ZmGSTF3 and

three tau (U) class GSTs ZmGSTU1, ZmGSTU2 and ZmGSTU3arepresent in lower amounts

(Dixonet al., 1998 and Dixon et al., 1999).

The objectives of our study were to test MG-191 andits less active structural analogue (NO-

17) for their ability to differentially enhance the expression of members of the glutathione S-

transferase (GST) superfamily in maize.

METHODS AND MATERIALS

Chemicals

MG-191 and NO-17 were prepared in our laboratory from 1,1-dichicroacetone and purified

by distillation (Dutka 1991). Cycloheximide (CH) andall other chemicals were purchased

from Sigma.

Plant material amd enzymeisolation

Seeds of maize (Pioneer 3394) were planted in trays ofsterile vermiculite and maintained at

25 °C under 16-h photoperiod at a light intensity of 510 mol ms". Plants were watered as

required. Ten uniformly sized 5-day-old green maize seedlings were selected and transferred

to plastic rectangular jars (80 x 80 x 110 mm)containing the solution (40 ml) of MG-191 (10

uM), NO-17 (10 1M), and MG-191 or NO-17 (10 UM) plus cycloheximide (1 14M). The

treated plants were grownin light and harvested 1 and 2 days after treatment.

After weighing, the harvested plants were cut into shoot and root tissues. Shoot and root

tissues were frozen with liquid nitrogen and homogenized with 1 g of sand in a mortar and

pestle then extracted with 5 volumesof Tris-HCI buffer (100 mM,pH 7.5) containing 2 mM

EDTA, 1 mMdithiothreitol, and 5 % (w/v) PVPP. The homogenates werefiltered through

two layers of Miracloth and the filtrates were centrifuged at 10,000 x g for 10 min. The

supernatants were collected and the protein was precipitated by the addition of solid

(NH,)2SO, to 80% saturation. After centrifugation at 10,000 x g for 30 min aliquots of the

protein precipitates resuspended in 20 mM of potassium phosphate buffer (pH 6.5) were

desalted bygelfiltration (PD-10, Pharmacia).

Analysis of GSTs

Glutathione S-transferase activities of desalted enzymes were determined photometrically

using CDNB substrate and expressed as nmol product formed per second (nkat) per mg

protein (Dixon e¢ a/., 1998). Protein contents were measured by a commercial Bio-Rad dye-

binding assay with (y-globulin as reference protein as recommended by manufacturer. The

polypeptide composition of the GST preparations were analysed by sodium dodecylsulphate

polyacrylamide gel electrophoresis (SDS-PAGE). Western blotting was carried out using

antisera raised to ZnGSTF1-2 and ZmGSTU1-2 (Dixonet al., 1998). 



RESULTS

In safening efficacy experiments the more lipophilic MG-191 was more effective to EPTC

and acetochlor than its structural analogue NO-17 at a 1:10 molar ratio to the herbicide

(Table 1). The effect of chemical treatments on root and shoot GST enzymes 1 and 2 DAT

was analyzed using the non-herbicide CDNB substrate. The crude freshly desalted enzyme

preparations of both untreated and safener-treated roots contained higher GSTactivities than
did the respective

Table 1. Safening effectiveness of dioxolane derivatives in maize to

EPTCand acetochlor

 

Safener logP Protection*® (% ) in maize
against herbicides

EPTC” Acetochlor®
 

MG-191
H.C. _CHCI,
oe . 104+7 64+6

 

NO-17
H.C. CHCl,
oo

0.65 62+5 23.45
O° ‘CH,
 

* Based on shootlength; protection (%) = 100 x [(herbicide + safener)] — herbicide]/[control —

herbicide];

® at 100 LM concentration of EPTC and 10 [1M concentration ofthe safener;

© at 50 4M concentration of acetochlor and 5 UM concentration of the safener

shoot extracts (Table 2). Both safeners elevated GST activities by 50% only in shoot tissues

one day after treatment at 10 micromolar concentrations of these chemicals. A day later this

transient elevation in activity had faded and, in the case of NO-17, had declined to a level

which was no longer detectable. Co-addition of a low concentration (1 1M) of the protein

biosynthesis inhibitor cycloheximide resulted in a decrease in the shoot and an increase in the

root GSTactivities. Previously, Miller et a/. (1994) showed that much higher concentrations

(10 and 100 uM) of cycloheximide caused significant reductions in both basal and

benoxacor-induced levels of GST(metolachlor) activities as well as inhibit the incorporation

of [*H]leucineinto total soluble protein.

Previously it was shown that ZmGSTF1-2 made a minor contribution to the total level of GST

in untreated shoot extracts. However, in untreated roots approximately 40% of the total

GST(CDNB)activity was associated with ZmGSTF1-2. In addition, treatment with the

safener dichlormid resulted in an increase in ZmGSTF1-1 as well as increasing ZmGSTF1-2

in both root and shoots (Dixon et al., 1997). 



Effect of chemical treatments on GST(CDNB)activities (mean + SE, n=3) in

crude extracts of roots and shoots of maize

 

Treatment Enzymeactivity (nkat mg” protein)

shoot treated/control root treated/control

 

control 1.96+0.16 4.60 + 0.34

MG-191 2.98 + 0.19 . 4.59 +932

NO-17 2.94 + 0.24 o 3.59 + 0.30

 

contrel . . 4.37+0.28

MG-191 , , : 5.62 + 0.36

NO-17 2.11+0.15 4.28+0.21

control+ CH 1.97+0.19 4.47 + 0.18

MG-191+CH 2.05+0.17 6.81 + 0.29

NO-17+CH 1.64+0.17 5.14+0.31

 

In order to further clarify which maize GSTs were induced by the dioxolane derivatives the

polypeptide compositions of the GSTsin, treated and untreated, root and shoot tissues were

resolved by SDS-PAGE and Western blotting experiments. The resulting blots were probed

using antisera raised to ZmGSTF1-2 and ZmGSTU1-2 (Dixon et al., 1998). When an

antiserum raised to the heterodimer ZmGSTF 1-2 was used, it selectively recognized 29 kDa

polypeptide expressed in both untreated and safener-treated shoot (Figure 1a) and root (Figure

lb) tissues. Cycloheximide treatment did not influence expression of this isoenzyme at 2

DAT.While the expression of ZmGSTF2 was enhanced by auxins, herbicides, the herbicide

safener dichlormid and glutathione, the ZmGSTU1 subunit was induced more selectively,

only accumulating significantly in response to dichlormid treatment (Dixon ef al., 1998).

Although ZmGSTF2has been considered moreactive in detoxifying metolachior and alachlor

than ZmGSTF1iz is far less abundant (Rossinief a/., 1996).

Blots using anti-ZmGSTU1-2 serum indicated that MG-191 and to a lesser extent NO-17

selectively enhanced the expression of tau class ZmGSTU1in both shoot(Figure 1c) and root

(Figure 1d) tissues after 1 DAT. Addition of cycloheximide to the treatment solutions

suppressed the enhancement of expression of ZmGSTU1 only in the roots. ZmGSTU1 has

previously been shown to play a key role in metabolism of nitrodiphenyl ether type

herbicides (Cole et al., 1997). However, since both dioxolane derivatives safen maize to only

chloroacetanilides and thiocarbamates, the importance of de novo synthesis of the isoenzyme

ZmGSTU1 in their safening action is difficult to explain. The complex mixture of GST

isoenzymespresent makesit difficult to know whether a combination or a single form of GST

is predominantly responsible for herbicide detoxification. 



NO-17 MG-191 contr. NO-17 MG-191 contr. NO-17 MG-191 contr.

+CH +CH +CH

contr. MG-191 NO-I7 contr. MG-191 NO-17 contr. MG-191 NO-17
+CH +CH +CH

© 1DAT 2 DAT

Pit, epee Ae, soot

contr. MG-191 NO-17 contr. MG-191 NO-17 contr. MG-191 NO-17
+CH +CH +CH

2 DAT 1 DAT

eee,

NO-17 MG-191 contr. NO-17 MG-191 contr. NO-17 MG-191 contr

+CH +CH +CH

Western blots of crude GST extracts from maize roots and shoots

(a) Analysis of GSTs from maize shoots using the anti-ZmGSTF1-2 serum.

(b) Analysis of GSTs from maize roots using the anti-ZmGSTF1-2 serum.

(c) Analysis of GSTs from maize shoots using the anti-ZmGSTU1-2 serum.

(d) Analysis of GSTs from maize roots using the anti-ZmGSTU1-2 serum. 



Nevertheless these results indicate that MG-191 is a more specific inducer of maize GSTs than

other compounds commonly used to safen thiocarbamate or chloroacetanilide herbicides in

maize.
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ABSTRACT

Enzymes with N-Glucosyltransferase (NGT) activity toward 3,4-dichloroaniline

and O-glucosyltransferase (OGT)activity toward 2,4,5-trichlorophenol and other

phenols have been extracted and assayed from seedlings and cell cultures, of
soybean, maize and Arabidopsis thaliana Both NGT and OGTactivities were

optimized with respect to assay conditions and found to be stimulated by the
inclusion of thiol reducing reagents and inhibited following exposure to salt and

high temperatures. The formation of conjugated products was foundto bestrictly
dependent on protein content and incubation time. By comparing NGT and OGT
activities in different organs and cultures of the three species it was concluded

that, although the majority of studies to date have concentrated on the use of

soybean as a modelplant source for conjugating activities involved in pesticide
metabolism, Arabidopsis root and Arabidopsis — derived suspension cultures may

be preferable sources of these activities to use in future.

INTRODUCTION

Glucosyltransferases (GTs) conjugate xenobiotics with glucose and are key enzymesofphase II
pesticide metabolism. Although relatively little is known about the GTs in crops involved in
pesticide detoxification, a number of GT activities directed toward the hydroxyl groups of
phenols (O-glucosyltransferases, OGTs) and the amino groups of anilines (N-

glucesyltransferases; NGTs) have been described andpartially purified from soybean (reviewed

by Cole and Edwards 2000). Soybean remains the best characterized source of pesticide

metabolizing GTs with enzymes with conjugating activity toward 2,2-bis-(4-chlorophenyl)-
acetic acid (Wetzel and Sandermann, 1994) and pentachlorophenol and 3,4-dichloroaniline

(Sandermannef a/., 1991) being partially purified and characterized. OGTs active in the
metabolism of the herbicide bentazone have also been described in soybean cell cultures (Leah er
al., 1992). Interestingly, these and other studies suggest that the OGTs and NGTsresponsible

for metabolising phenolics and anilines respectively are distinct enzymes (Sanderman ef al.,
1991: Gallandt and Balke, 1995). Using soybean as a reference species, we are now interested in

extending these observations, further characterizing the OGT and NGTactivities in soybean
plants and cell cultures and comparing these enzymes with those seen in the model

dicotyledenous plant Arabidopsis thaliana and the monocotyledonous crop maize. Having
identified optimal sources of the OGT and NGTactivities of interest it 1s then intended to purify

and characterize the respective enzymes and relate their roles in pesticide metabolism to their
functions in natural product metabolism in different plant species. 



METHODS AND MATERIALS

Seeds of soybean (Glycine max L.) cv. Chapman and maize (Zea mays L.) were obtained from

Aventis crop science and imbibed in water for 1 h prior to sowing on vermiculite. Seedlings

were then either grown in the light or in darkness as described previously (Dixon ef al., 1998).

Soybean suspension cultures were maintained as described by Lao ef a/., (2001). Root cultures
of Arabidopsis thaliana Columbia were initiated from sterile seeds as described by Reiter ef al.

(1992) with cell suspension cultures of Arabidopsis (Landsberg erecta) maintained on MS

medium (Murashige and Skoog, 1962). For induction studies, 5 mMstock solutions of
formononetin and 3,4-dichloroaniline were prepared in methanol and added to the culture

medium at a 1: 100 dilution for 24 h. Prior to assay, whole plants were weighed and frozen in

liquid nitrogen prior to storage at —80°C. Cultured plant material was coliected byfiltration,
rinsed in distilled water priorto freezing.

Tissue was homogenised with a pestle and mortar and extracted with 3 v/wice cold 0.2 M Tris-
HCl, pH8.0 containing 2 mM dithiothreitol (DTT) and 5%w/v polyvinylpolypyrrolidone. After

centrifugation (8,500 g, 15 min), protein in the supernatant was precipitated by adding

ammoniumsulphate to 70%saturation. Prior to assay, protein was suspended in 0.2 M Tris-HCl]
pH 8.0 containing 2mM DTT and desalted on a Sephadex G-25 column (PD-10, Pharmacia).

The protein content was then determined using a Coomassie dye binding reagent (BioRad) using

gamma-globulin as the reference protein. The desalted protein preparations (40-100 yg protein)

were incubated in a total volume of 75 ul with 66 uM phenolic substrate and 50000 dpm UDP-

['*C-glucose] (specific activity 205 mCi mmol") as described by Parry and Edwards (1994)

Reactions were incubated at 30°C for 20 min. When assaying OGT activity toward phenolic

substrates, the reaction was stopped with 125 ul of 0.3 M HCIpriorto partitioning against 200ul
of water saturated ethyl acetate. When assaying with aniline substrates, after the 20 min

incubation, 125 ul of buffer was added and the reaction contents immediately partitioned against

200 ul of water saturated ethyl acetate. In both cases the radioactive conjugates in the organic

phase were quantified by liquid scintillation counting (Parry & Edwards 1994). Enzyme
activities were expressed as pmol product formed min’ mg” protein after correction for the

radioactivity present in the organic phase in the absence of added substraie which resulted from
the conjugation of contaminating endogenous metabolites present in the crude protein

preparation

RESULTS AND DISCUSSION

As a prelude to comparing OGT and NGTactivities in the different plant species, glucosylating

activities toward a range of xenobiotics and natural products were characterized and optimized
using soybean cell suspension cultures as a source of enzymeactivity. The enzyme assays were
based on quantifying the amount of ['“C-glucose] incorporated into the conjugated reaction
product after resolving the radioactive conjugates from the UDP-['*C-glucose] at the completion

of the incubation by partitioning with ethyl acetate and radioassaying the organic phase by liquid
scintillation counting (Parry and Edwards 1994). An initial screen for conjugating activity
revealed that of the xenobiotics, 2,4,5-trichlophenol and 3,4-dichloroaniline were good substrates

for OGT and NGT assays respectively and these were then used te optimize incubation
conditions. With respect to optimal pH, both activities were unaffected by varying the pH

between pH 7 and pH 8.5. Finally pH 8.0 was used in OGTassays and pH 7.5 in NGTassays.
Both activities were increased by reducing agents, and 2 mM dithiothrerol was included inall
buffers used to extract and assay the GTs. The formation of radioactive products was found to
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be strictly dependent on protein content in the range 20-100 yg protein per assay and in this

range product formation was directly proportional to incubation time for up to 60 min. For

comparative assays protein contents were standardized and maintained within the range 40 - 100

ug protein per assay and incubation time limited to 20 min. The enzymes were also found to be

sensitive to temperature and to the presence of salt. Using ammonium sulphate precipitated
protein preparations from soybeancell cultures, under standard assay conditions NGT activity

toward 3,4-dichloroaniline was determined to be 0.13 pmol product formed min™ mg" protein
and OGTactivity toward 2,4,5-trichlorophenol 1.87 pmol min' mg’. After a 30 min exposure

to 40°C, NGT and OGT activities were reduced by 30% and 20%respectively, with both
activities being abolished by a 30 min incubation at 50°C. The twoactivities were also sensitive
to the presenceofsalt, with 0.5 M NaCl reducing NGTactivity by 75 % andtotally inhibiting

OGTactivity. Following these studies, careful attention waspaid in the preparation and assay of

the GTs with respect to incubation temperatures and thoroughdesalting ofall preparations prior

to assay.

After optimizing the enzyme assays, OGT and NGT activities were compared in soybean

seedlings and cell cultures (Table 1). NGT activities were determined with 3,4-dichloroaniline

(3,4-DCA) and OGTactivities with the xenobiotics 4-nitrophenol and 2,4,5-trichlorophenol

(2,4,5-TCP) and the natural products quercetin and coumestrol. When the foliage of light-grown

soybean plants was assayed, no OGT or NGTactivities could be assayed in extracts (data not

shown). As it is well documented that light grown soybean seedlings actively N- and O-

alycosylate a range of xenobiotics in planta (Schmidter al., 1995), this result suggests that the

respective NGTs and OGTs were inactivated in the course of their extraction from green tissue.

This conclusion was partly reinforced by the observation that dark grown soybean seedlings

contained extractable OGT activity but not NGT activity (Table 1). NGT and OGTactivities

could be readily determined in the roots and suspensioncultured cells of soybean.

In order to compare these activities with those determined in a monocotcrop, light grown and
etiolated maize seedlings were also assayed for OGT and NGTactivities (Table 1). Light grown
maize shoots apparently contained a limited range of OGTactivities only. In contrast, etiolated

maize shoots contained high OGTactivities toward 4-nitrophenol, 2,4,5-trichlorophenol and 3,4-
dichloroaniline. As compared with dark-grown soybean seedlings, etiolated maize contained

higher activity toward 4-nitrophenol and 3,4-dichloroaniline and lower activity toward 3,4,5-

trichlorophenol.

 



Table | : OGTand NGTactivities in seedlings and cultures of soybean, maize and

Arabidopsis. Results refer to the mean = variation in replicates of duplicates

extractions. ND= None detected, NT=Nottested.

GT enzymeactivity pmol product min’ mg”protein

Tissues sources p-nitrophenol 2,4,5-TCP Coumestrol Quercetin 3,4-DCA

Soybean cell ND 1.87+0.87 ND 1.08+0.66 0.13+0.07

culture

 

Soybean root (0). 15+0,08 0.26+0.01 1.18+0.09 0.32

Soybean 0.08+0.01 5.51+0.11 0.50+0.15 ND

etiolated

Maize shoot ND 0.07+0.02 ND 0.11+0.01 ND

Maizeetiolated 0.3040, 15 0.37+40.04 0.43+0.07 ND 0.20+0,09

root

Maizeetiolated 1.58+0.01 2.34+0.47 0.42+0.07 ND 3.08+0,05

shoot

Arabidospis NT 8.0941.43 NT 3.7940 23 11.30+1.60

suspension

culture

Arabidopsis 3.714+1.3 0.6940.36 6.71+0.11

root culture

 

As a major objective of the project was to characterize NGTs active in 3,4-dichloroaniline
conjugation, it was of interest to screen other plant sources for this enzyme activity. As

Arabidopsisthaliana is known to contain a diverse range of GT-like sequences in its genome (Li
et al, 2001), root cultures and suspension cultures of Arabidopsis were screened for NGT

activity. The root cultures contained 6.2 pmol product formed min’ mg" protein, while the

suspension cultures contained 10.9 pmol minmg”, making Arabidopsis cultures the optimal

source of NGT activity of all the sources tested. Subsequent analysis showed that the

Arabidopsis cultures also had high OGTactivities toward 2,4,5-trichlorophenol and quercetin

(Table 2). It was therefore opportune to further study these GT activities in cultures of

Arabidopsis rather than in soyabean.

There are a number of reports of OGTactivities toward natural products being enhanced
following exposure ofplants to their natural substrates (reviewed by Vogt and Jones 2000). It

was therefore of interest to use the Arabidopsis culture system to address the question of the

enhancement of OGT and NGTactivities following exposure to a natural product, the isoflavone

formononetin and the xenobiotic 3,4-dichloroaniline. Root cultures and suspension cultured

cells were treated for 24 h in duplicate with either 50 uM formononetin, 50 uM3.4-

dichloroaniline or a 1%v/v solution of methanol and then extracted an analysed for OGTactivity
towards quercetin and 2,4,5-trichlorophenol and NGTactivity toward 3,4-dichloroaniline (Table 



2). In the root cultures, relative to the untreated controls, none of the treatments altered OGT

activity toward quercetin. Activity toward 2,4,5-trichlorophenol were increased in the root

cultures by all three treatments, with formononetin giving a significantly greater response than

3,4-dichloroaniline or methanol alone. Formononetin treatment also resulted in a modest

increase in activity toward 3,4-dichloroaniline, with the other treatments being ineffective. In the

suspension cultures treatment with either formononetin or 3,4-dichloroaniline resulted in no

effect on enzymeactivity toward quercetin and a decreasein activity toward 3,4-dichloroaniline

and 2,4,5-trichlorophenol (Table 2).

Table 2 : Enhancement of NGT and OGT activities towards quercetin, 2,4,5-

trichlorophenol (2,4,5-TCP) and 3,4-dichloroaniline (3,4-DCA) in Arabidopsis

root cultures and suspension cultures following treatment with 50uM

formononetin, 50uM 3,4-DCA, or 1% v/v methanol. Results refer to mean of

duplicate treatments + variation in the replicates.

 

Enzymeactivity pmol product min’'mg”protein

Quercetin 3,4-DCA
 

Root culture Control 0.70.4 J+. 6.740.1

Methanol 0.9+0.1 3+0, 7.3+0.5

Formononetin 1.0+0.2 ; / 8. 140.3

3.4-DCA 1.0+0.4 2+0, 7.5+0.4

Suspension Control 3,840.2
culture Methanol 3,940.2

Formononetin 3.3+0.1 4,040.2
3.4-DCA 3.7+0.2 4.4+0.3
 

Ourresults demonstrate that while previous studies on GTsinvolved in xenobiotic detoxification

havelargely concentrated on soybean, notably on soybean suspensioncultures, that root cultures

and suspension cultures of Arabidopsis contain significantly higher GT activities than either

maize or soybean. Although under-utilized to date, Arabidopsis sp. may well prove to be a

useful biochemical model model organism for studying xenobiotic detoxification.
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ABSTRACT

O-Glucosylation, catalysed by O-glucosyltransferases (OGTs), is a major route

of phase II metabolism of pesticides in wheat, but little is known about the

enzymes involved or of the factors which regulate their activities. OGT

activities toward flavonoids and xenobiotics were identified in crude extracts

from wheat shoots. When wheat shoots were incubated with UDP-['*C-

glucose], together with either quercetin, 4-nitrophenol or 2,4,5,-trichlorophenol,

formation of single major radioactive glucose conjugates was determined in

each case. Product formation was found to be strictly dependent on protein

content and incubation time. To determine whether or not OGT activities in

wheat were enhanced by chemical treatments known to induce other herbicide

detoxifying enzymes, seedlings were treated with the wheat herbicide safener

cloquintocet mexyl and the maize safener dichlormid. Both safeners enhanced

OGTactivities toward a range of xenobiotics and flavonoids, with cloquintocet

mexyl being the most effective inducing treatment. As determined by HPLC,

cloquintocet mexyl also gave rise to subtle modifications in the content of

glycosylated UV absorbing natural products in wheat shoots as compared with

untreated controls. Our results demonstrate that herbicide safeners perturb the

conjugation of both xenobiotics and natural products in wheat.

INTRODUCTION

Plants are able to metabolise a broad range of xenobiotics such as herbicides by a

combination of phase I reactions (oxidations, hydrolyses) followed by phase II conjugation

reactions (glutathionylation, glycosylation). Significantly, the more rapid detoxification of

herbicides in crops as compared with competing weeds is a primary determinantof selectivity

(Owen 2000). In wheat, a major mechanism for the detoxification of herbicides involves

oxidation, mediated by cytochrome P450 mixed function oxidases (CYPs), followed by

glucosylation of the oxidised herbicide by O-glucosyltransferases (OGTs) (Cole & Edwards

2000). A good example is seen in the metabolism of the sulphonyl urea herbicide

metasulfuron-methyl, which is first hydroxylated and then glucosylated, the latter step

rendering the herbicide inactive (Anderson & Swain 1992). Despite their obvious importance

in pesticide metabolism, relatively little is known about the OGTs which conjugate

xenobiotics in wheat (reviewed by Cole & Edwards 2000). With an interest in extending our

understanding of the OGTs in wheat involved in herbicide metabolism, we have identified

OGTactivities toward phenolic compounds of both natural and synthetic origin in wheat 



seedlings. We havealso been interested in how these OGTactivities are affected by herbicide
safeners, compounds which enhance herbicide tolerance in cereals largely due to their ability

to enhance the expression of enzymes involved in herbicide detoxification (Davies & Caseley
1999). Although safeners are well known to induce glutathione transferases (GSTs) and

CYPsin wheat, the effect of safeners on OGTactivities has not previously been reported.

MATERIAL AND METHODS

Plant studies

Wheat seedlings (cv. Hunter) were grown for 10 days under a regime of constant treatment

with either dichlormid or cloquintocet mexyl, both at a concentration of 10mg litre’ or with

0.1% v/v aqueous acetone. Growth conditions and harvesting was as described previously

(Cumminsef al., 1997).

Analysis of OGTactivities

Tissue was homogenised with a pestle and mortar and extracted with 0.2 M Tris-HCl, pH 8.0

containing 2 mMdithiothreitol (DTT) and 5% w/v polyvinylpolypyrrolidone. After

centrifugation (8500 g, 15 min), protein in the supernatant was precipitated by adding

ammonium sulphate to 70%saturation. Prior to assay, protein was suspended in with 0.2 M

Tris-HCl pH 8.0 containing 2mM DTTand desalted on a Sephadex G-25 column (PD-10,

Pharmacia). The protein content was then determined using a Coomassie dye binding reagent

(BioRad) using gamma-globulin as the reference protein. The desalted protein preparations

(40-100 ug prote:n) were incubated in a total volume of 75 ul with 66 UM phenolic substrate

and 50000 dpm UDP-['“C-glucose] (specific activity 205 mCi mmol’) as described by Parry
& Edwards (1994). Reactions were incubated at 30°C for 20 min, then stopped with 125 ul

of 0.3 M HCl prior to partitioning against 200 wl water saturated ethyl acetate. The

radioactive conjugates in the organic phase were quantified by liquid scintillation counting as

well as being analysed by radio-HPLC (Parry & Edwards 1994).

Flavonoid analysis

Wheat shoots were sequentially extracted with ice-cold acetone (10 v/w) followed by 10 v/w

acetone:methanol (1:1) using a pestle and mortar with acid-washed sand as an abrasive. After

filtration the combined extract was concentrated to near dryness under reduced pressure.

Samples were then resuspended in 0.15 M citrate phosphate pH 5.0, in the presence or

absence of Img ml’ cellulase. After incubation at 30°C for one hour, samples were

partitioned with ethyl acetate, dried down and resuspended in methanol. Natural product

profiles were determined by reversed phase HPLC as described previously (Parry & Edwards

1994), with the eluant monitored for UV-absorbing metabolites at 287 nm. 



RESULTS AND DISCUSSION

OGTactivities in wheat

Preliminary experiments indicated that there was significant OGT activity in wheat shoots
extracts towards, 4-nitrophenol and the flavonoid quercetin. These two substrates were used

to optimise OGT assays with respect to incubation conditions. Enzymeactivity was found to

be markedly enhanced in the presenceofthiol reducing agents, so 2 mM DTT wasincludedin

all assay and extraction buffers. Optimal pH conditions were found in the range pH 7.5 to pH

9, with pH 8.0 used in all standard assays. The formation ofradioactive conjugates was found

to be strictly dependent on protein content in the range from 40g to 200g ofprotein per

assay and, at 30°C, on incubation time up to 30 minutes. Inall subsequent assays with wheat

shoot preparations, reactions contained 40-100,1g ofprotein and were incubated at 30°Cfor

20 minutes.

 

Analysis by HPLC of reaction products of 4-nitrophenol (A), 2,4,5-

trichlorophenol (B) and quercetin (C) (aglycones labelled *), in crude wheat

shoot extract. The left hand y-axis refers to UV absorbance at 287nm (_) and

the right hand y-axis correspondsto radioactivity (dpm). The x-axis refers to

retention time (Rt, min)

A range of xenobiotic phenols and flavonoids were then assayed as potential substrates of

wheat OGTs. These included the pesticides chloramben, picloram,  2,4-

dichlorophenoxyacetic acid and pentachlorophenolas well as the pesticide-related metabolites

4-nitrophenol, 2.4,5-trichlorophenol, and 4-hydroxyphenylpyruvic acid. Amongst these,

significant OGT activity was found towards 4-nitrophenol(1.37 pmol minmg”protein) and

2.4.5-trichlorophenol (2.55 pmol min’! mg’) only. Natural product substrates tested included

benzoic acids, coumarins, phenylpropanoids and flavonoids. Amongst these, OGTactivity

appearedto belimited to the flavonoids quercetin, andluteolin, and the isoflavonoids genistein
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and coumesterol. To confirm the nature of the reaction products formed, the ['*C-glucosyl]-

conjugates formed fromthe aglycones 4-nitrophenol, 2,4,5-trichloropherol and quercetin were

analysed by radio-HPLC (Figure 1). A single radioactive peak was identified for both 4-

nitrophenoland 2 4.5-trichlorophenol corresponding to UV-absorbing peakseluting at 5.5 min

and 16.7 min respectively. With quercetin one major radioactive peak was also observed at
9.5 min, though. with this substrate, additional minor radiolabelled products were also
observed. These studies validated the use of the OGT assays for subsequent studies
examining the regulation of these activities by herbicide safeners.

OGTactivity in safener treated wheat shocts and roots

Wheat seedlings were treated with either cloquintocet mexyl, a wheat safener, used to enhance

tolerance to clodinafop propargyl (Kreuz e7 a@/., 1991) or the maize safener dichlormid which

enhances crop tolerance to chloroacetanilide herbicides (Dixon e7 a/., 1998). The effect of
safener application on OGT activity in wheat was measured using the six model substrates
(Table 1). In shoots, treatment with cloquintocet mexyl increased OGTactivity toward all

substrates, notably toward luteolin and comesterol. Treatment with dichlormid gave only a

minor enhancement in OGTactivity in shoots and a reduction in activity towards quercetin

(Table 1). In reots, a modest increase in OGT activity towards 4-mitrophenol and 2,4,5-

trichlorophenol was seen with both safener treatments, with dichlormia slightly less effective

than cloquintocet mexyl (data not shown)

Table 1. OGTactivities in 10 day wheat shoots following treatment withthe safeners

dichlormid and cloquintocet mexyl

OGTactivity pmol product min’ mg” protein_
Control Dichlormid Cloquintocet mexyl

Substrate mean + SE mean + SE mean + SE

4-Nitrophenol 0.67 + 0.00 0.93 + 0.13 1.65 + 0.03

2.4.5-Trichlorophenol 1.65 + 0.01 2.77 + 0.16 3.46 + 0.13

Quercetin 3,79 + 0.17 2.14+0.14 7.11 + 0.42

Luteolin 0.37 + 0.02 041+0.01 1.32 + 0.08

Genstein 0.54+ 0.01 0.69 + 0.00 1.38 + 0.07

Coumesterol 1.01 + 0.06 1.64 + 0.19 3.74+ 0.31
 

The results of these assays clearly demonstrate that OGT activities in wheat can be enhanced

following treatment with safeners. The safeners appear to have differing affects with

cloquintocet mexyl, the wheat safener, producing increasesin activity in both shoots and roots

whereas dichlormid had a morelimited effect, which wasrestricted to the roots. OGTactivity

towards the flavonoid compounds luteolin, genistein and coumesterol was enhanced to a

greater extent than with the other substrates, suggesting that, as is the case with with GSTs

(Cumminse/ al., 1997), safeners are selective with respect to the sub-set of OGT isoenzymes

that they induce. 



Profile of glycosylated natural products in safener treated wheat shoots

The concentrations of glycosylated flavonoids and other UV-absorbing natural products in

wheat are known to change in responseto subtle variations in their environment(Estiarte ef

al., 1999). It was therefore of interest to determine if the content of glycosylated natural

products in wheat wasaffected by treatment with the herbicide safeners which enhanced OGT

activities toward natural products. HPLC analysis of the natural productprofile of shoots and

roots in untreated and cloquintocet mexyl treated wheat was performed. To simplify the

analyses, the plant extracts were treated with cellulase to release the aglycones. The UV

absorbing peaks which appeared following hydrolysis are indicated (Figure 2). Root extracts

revealed verylittle variation in control and safener treated plants profiles. In shoots, after

digestion with cellulase, three new peaks appeared (peaks 1, 2 and 3). While peak 3 was

present at similar levels in untreated and treated shoots, peaks 1 and 2 weresignificantly

increased in the extracts from cloquintocet mexyl treated plants. Compound 4 was unaffected

by cellulase digestion suggesting it was not glycosylated. Interestingly, cloquintocet mexyl

treatment depressed the levels of this compound atleast ten-fold. These results demonstrate

that cloquintocet mexyl perturbs the metabolism of glycosylated and other endogenousnatural

products in wheat.
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Figure 2. HPLC profile of cellulase treated extracts from A. untreated and

B. cloquintocet mexyl treated wheat shoots. The absorbance (y-axis)

was measured at 287nm and the x-axis refers to retention time (min).
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ABSTRACT

Diclofop-methyl, an aryloxyphenoxypropionate herbicide, has been used for

many years both alone and in mixture with the substituted ureas, chlorotoluron

or isoproturon, for the control of many types of grass weeds in the north-east

and south-east of Spain. Since the early 1990s, the control of some Lolium

rigidum populations has becomeincreasingly difficult in winter wheat. Growth

chamber experiments indicated the existence of a range of different biotypes

exhibiting different levels of tolerance to diclofop-methyl. The most highly

resistant, biotype R3, contained an altered isoform of ACCase. In biotype R2

which exhibited a medium level of resistance there was an increased rate of

oxidation of the aryl ring of diclofop, a reaction most likely catalysed by a

cytochrome P450 enzyme. Lastly, a new biotype with a moderate level of

resistance (R1) to diclofop-methyl was found. This biotype did not present any
differences in its diclofop-metabolism or any mutation at the target site.

However['*C]-diclofop-methy! penetration into R1 wassignificantly less than

observed in the resistant (R2 and R3) and susceptible (S) biotypes. Analysis of

the leaf cuticle surface by scanning electron microscopy showed a greater wax

density in the leaf cuticles of biotype R1 than in the other biotypes. Thus,it is

suggested that biotype R1 is tolerant to diclofop methyl because the increased

wax contentof its cuticle permits less penetration ofherbicide into the plant.

INTRODUCTION

Diclofop-methyl (DM), an aryloxyphenoxypropionate herbicide, has been used for many

years both alone and in mixture with the substituted ureas, chlorotoluron or isoproturon, for

the control of many types of grass weeds in the north-east and south-east of Spain (De

Prado et al., 1997). Since the early 1990s, the control of some Lolium rigidum populations

has becomeincreasingly difficult in winter wheat. Growth chamber experiments indicated

the existence of a range of different biotypes exhibiting different levels of tolerance to to

diclofop-methyl (De Prado & Menendez, 1996). Three mechanismsof resistance to DM

need to be considered in these populations. The mosthighly resistant of these biotypes, R3,

contained an altered isoform of ACCase having analtered affinity for herbicide while the 



medium level of resistance appeared to correspond to an enhanced rate of herbicide

metabolism and/or to an enhanced rate of recovery of membrane potential following

herbicide treatment (De Prado er a/., 1999). The latter mechanism is sometimes found by

itself or sometimes alongside one or both of tne other two mechanisms. The objectives of

thie current study were: (a) to quantify the level of sensitivity of the diclofop-resistant and-

susceptible L. rigidum biotypes to DM; (b) to evaluate the role of differential penetration

into leaves as a determinantof resistance to diclofop; and (c) to compare tne waxycells of

R and S biotypes.

MATERIALS AND METHODS

Chemicals

['“C] Diclofop-methyl (specific activity 95.5 kBq mol) was provided by Dr. H. Kécher

(Hoechst AG, Germany). Commercial formulation (Iloxan; 36% w/v EC) ofthis herbicide

used for growth assays was supplied by Aventis Ibérica S.A.

Plant material

L. rigidum seeds were collected from wheat fields where recommended rates of diclofop-
methyl, either alone or in combination with chlortoluron or isoproturon, had failed to

control weeds. Seeds were collected between 1995 and 2000 fromthree winter wheatfields

in Spain. L. rigidum resistant biotype (R2) was collected from a winter wheat field which

had been treated annually with a mixture of diclofop-methy! plus chlortoluron or diclofop-

methyl plus isoproturon for at least 10 years. The other resistant biotypes (Rl and R3)

were collected from fields treated annually with diclofop-methyl alone also for at least 10

years. Control seeds of a susceptible biotype were collected from nearby olive tree groves

which had never beentreated with herbicides {Table 1).

Table 1. Characteristics of L.rigidum biotypes.

 

Mechanism of
j Reference

resistance
Biotype Crop Herbicide

S Olive trees Non treated

Rl Wheat Diclofop-methy!

Enhanced diclofop Menendezet

metabolism and al., 1996

recovery of membrane DePradoet

potential al., 1999

Diclofop-methyl

+ isoproturon or

chlortoluron

Diclofop insensitive De Prado et

ACCase and enhanced al., 1997

recovery of membrane De Prado et

potential al., 1999

Diclofop-methyl 



R and S biotype seeds were germinated in petri dishes with a blotter disk moistened with

distilled water. The petri dish cover was sealed with parafilm and seeds were germinated in

a growth chamberat 23/18 °C (day/night) in a 16-hr photoperiod at 80% relative humidity.

Four or three pre-germinated seeds (for growth and absorption/translocation assays,

respectively) were planted per pot (7 cm diameter, 7 cm high plastic pots) in a peat/soil

mixture (1/2, v/v), Plants were grown in a growth chamber under the same conditions as

for germination.

Comparative herbicide tolerance assays

At the two- to three- leaf stage, the R and S biotypes of L. rigidum were sprayed with a

commercial formulation of diclofop-methy] at several concentrations (S: 0.1, 0.2, 0.4 and

0.8 kg a.i/ha and RI, R2 and R3: 1, 2, 4, 6 and 12 kg ai/ha) using a laboratory track

sprayer (Tee-Jet 8001 flat-fan nozzle) delivering 200 litres/ha at 200 kPa. Treatments were

replicated three times and shoot fresh weight was evaluated after 21 days for each

treatment. The concentration of herbicide that caused a 50% decrease in growth with

respect to the control (EDs9) was determined for each biotype.

[\“C] Diclofop-methy! penetration

['“C] Diclofop-methyl was mixed with commercially-formulated diclofop-methyl to

prepare emulsions with a specific activity of 25000 dpm/ul and a diclofop-methyl

concentration of 6.6 g/litre. This formulation of labelled herbicide was applied to the

adaxial of the second leaf of each plant in four 0.5-~1l droplets using a microapplicator

(Hamilton PB-600), A total of 50000 dpm were applied to each plant.

Plants were harvested in batches ofthree at several time intervals after herbicide application

(0, 3, 6, 12, 24 y 48 h) and separated into treated leaves and the remainder ofthe shoots.

Roots were discarded, as diclofop-methyl herbicide translocation from leaves to roots was

reported as being undetectable in wheat (Brezeanu ef a/., 1976). Unabsorbed [*c]-

diclofop-methyl was removed from the leaf surface by washing the treated area with 1.5 ml

of acetone. Washes from each batch were pooled and analysed by liquid scintillation

spectrometry (LSS) (Beckman LS 6000 TA). Planttissue was dried at 40 °C for 72 h and

combusted in a sample oxidizer (Packard 307). The '4CO, evolved was trapped and

counted in 10 ml of Carbosob/Permafluor E* (3/7 V/V) (Packard Instruments Co.). The

radioactivity was quantified by LSS and expressed as a percentage of the recovered

radioactivity, according to the following formula:

% absorption=['*C in combusted tissue/('4C in combustedtissue + '“C in leaf washes)]x100

The experiment was repeated three times.

Scanning electron microscopy (SEM)

Small pieces of fresh L. rigidum leaves were cut off with a sharp razor blade and fixed in

glutaraldehyde 2% (v/v) in phosphate buffer 0.2 M, pH 7, overnight at 4°C. As described

by Casado & Heredia (2001), the samples were thoroughly rinsed in fresh phosphate buffer

and dehydrated through an ethanol solution series: 20, 40, 60, 80 and 100% (v/v) and 



increasing times, from 15 minutes to 1h 30 min. The pieces were placed on a metallic

holder using a double-faced adhesive and coated with a 0.05 ym thin film of gold. A JEOL
JSM-840 scanning electron microscope operated at 10-20 kV wasused for the examination

of the samples.

RESULTS AND DISCUSSION

Comparative herbicide tolerance assays

The growth responses of L. rigidum biotypes to DM treatment were markedly different.

Whereasthe S bictype waskilled 15 days after treatment at a field rate of DM (Iloxan 2.5

litrefha) the R1, R2 and R3biotypes were 7.20, 13.00 and 36.60, respectively, less sensitive

to DMthanthe S biotype control (Table 2). These different levels of tolerance appear to

reflect different underlying mechanismsofresistance. The resistance of the R2 biotype to

diclofop-induced catabolic breakdown has previously been shown to berelated to a

combination of its decreased sensitivity to membrane depolarization (De Prado ef al.,

1999), and its enhanced ability to form a nonphytotoxic polar metabclite of diclofop via

aryl hydroxylation (Menendezet a/., 1996). The R3 biotype contains a diclofop-tolerant

form of ACCase and, at the same time, exhibits an ability to rapidly recover the

electrogenic membranepotential following herbicide-induced depolarisation (De Prado et

al., 1997 and 1999). As shown herein, the R1 biotype represents an entirely novel uptake-

related mechanism ofresistance. Therelative herbicide tolerances of the different biotypes

have not previously been evaluated. On the basis of this study it would appear that, in

general terms, ‘target site’ alterations in ACCase confer the highest level of resistance to

diclofop, enhanced oxidative metabolism the next and uptake, apparently,the least.

Table 2. Effect of DM on growthofdifferent L. rigidum biotypes.

 

Biotype EDso (kg a.i./ha) EDsoR/ EDs9S

Ss 0.25 + 0.02

Rl 1.80 + 0.06 7.20

R2 3.25. $03 13.00

R3 9.15+0.7 36.60

Note. Data are meansofthree experiments + SE

 

 

('*C| Diclofop-methyl penetration

There were no significant differences in the penetration of ['“C]diclofop-methy] into the
R2, R3 and L. rigidumbiotypes; however, the R1 biotype showed a lawer penetration rate

than the other biotypes (Figure 2). After 24 h of application, about 75%of the recovered

radioactivity had penetratedinto the leaf tissue of the R2, R3 and S £. rigidumbiotypes,

while only 50 % had penetrated into the R1 biotype. Further studies (data not shown)

indicated that the R1 biotype was no different from the susceptible in terms of the rate of

metabolism of [''C]diclofop-methyl or diclofop tolerance of the ACCaseactivity. These
results are consistent with a decreased rate of herbicide penetration being the major

determinantofresistance in biotype R1. 
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Figure 2. Penetration of DM into different biotypes of L. rigidum.

Morphologyofleaf cuticle surface

The outer surface of the cuticle of leaves of the different biotypes of L. rigidum were

studied by SEM.Significant morphological differences were found in the adaxial side of

the leaves. Figure 3 shows scanning electron micrographs of the outer surface of the S and
R1 biotypes. The cuticle appears as a thin, continuous and smooth layer with a noticeable

amount of wax in the form ofisolated platelets thickly distributed over the outer surface of

the cuticle. This epicuticular wax morphology and ultrastructure has been observed in a

wide variety of plant species (Barthlott et a/., 1998). Figure 3 also showsa significant

difference between the two biotypes: the amount of waxplatelets per unit of cuticle area is

significantly higher being perhaps 2-4 fold denser in the case of the R1 biotype.

Potentially, this would provide the cuticle of the R1 biotype with a more effective

hydrophobic molecular barrier to chemical diffusion. Comparative thin layer

chromatography of the isolated cuticular waxes of the two biotypes indicated no major

compositional differences and that wax esters were the main components of the wax of

both biotypes (data not shown). Plant wax esters, together with wax alkanes, constitutethe

most hydrophobic components of plant waxes (Barthlott et a/., 1998). These results permit

the hypothesis that this waxy barrier was responsible for the marked herbicide tolerance

and reduced herbicide penetration exhibited by biotype R1 relative to the susceptible wild-

type of L. rigidum. 
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Figure 3. Scanning electron micrographsofthe outer surface of the S (left) and R1
(right) biotypes ofL. rigidum,
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ABSTRACT

A key challenge in modern agrochemical discovery is characterising the large

numberofhits identified using high throughput screening (HTS) methods. Early

identification of the modes of action (MOA) ofscreen hits can highlight issues

which maycausea lead to fail during development. Traditional methods ofMOA

determination rely upon multiple separate enzyme assays, making it too costlyto

determine the MOA ofa large number of leads. This paper describes an

alternative approach, which is to use 'H NMR to monitor changes in
concentration of a wide range of endogenous plant cell metabolites. Pattern

recognition methods are then used to interpret the large number of changes in the

metabolites that are observed following herbicide treatment. Different types of

ALS inhibitor induce similar metabolite changes to one another but which are

different from changes caused byother herbicide MOA. This demonstrates how

metabolite profiling can identify the MOA of screen leads as the same as, or
different from, known standards. Multivariate regression analysis of 'H NMR

data also allows the identification of endogenous metabolites which accumulate

during herbicide treatment and from this, novel MOA canbe identified. This

approach is successful for ALS and EPSPSinhibitors.

INTRODUCTION

Whole-plant screening has historically been the most successful method of herbicide

discovery, almost all of the main commercially successful herbicides were discovered in

whole-plant screens (Harrison 1999). This success has prompted the development of

whole-plant HTS methods which can screen hundreds or thousands of compoundsperday.

This approach has greatly increased the rate of discovery of compounds with herbicidal

activity. Unfortunately, whole-plant screening gives little information about the MOA of

herbicidal compounds. MOAhasimplications for toxicity, spectrum and marketsize soit is

crucial information for the decision on whether or not to develop a herbicidallead.

The rate of herbicide discovery by HTS poses a serious challenge for MOA identification.

The traditional methods of MOA identification are specialised enzyme assays. which are

costly, not always suitable for high-throughput and can give ambiguous results. An

alternative approach is to examine the changes in endogenous metabolites within a plant
whenit is treated with a herbicide. Many herbicides inhibit or disrupt a specific aspect of

metabolism so different classes of herbicide treatment cause different changes in metabolite

levels (Sauter ef a/., 1991). These changes occur in a wide range of different metabolites due

to both the direct toxic effect of the herbicide, and plants' attempts to counter the toxic effect.

Because of this combination, identifying changes in individual metabolites which are specific

to individual MOA would be time-consuming and would discard useful information about

551 



plant responses to herbicides. Instead, pattern recognition methods can be used to compare

complete sets of metabolite profiles with limited user intervention. This approach has been

successfully applied in mammalian toxicology (Anthonyef a/., 1994).

MATERIALS AND METHODS

Plant cultivation and treatment

Maize plants (Zea mays var. Samsara and Pioneer 3394) were cultivated individually in

potting mix and treated with herbicidesat the 1.25 to 1.5 true leafs growth stage. Application
rates were chosen to give approximately 80% kill within two weeks of treatment, except for

2.4-D which was applied at 125 g/ha. Herbicides were formulated in 53%acetone, 1%
Tween-20, 49% water. Plants were harvested 2-4 days after treatment.

Extraction of metabolites and NMRspectroscopy

Plants were freeze-dried and homogenized in ethyl acetate (10ml) on ice. The extract was

centrifuged and the pellet was resuspended in water (10ml). Particulate matter was removed

bycentrifugation and filtration through centrifuge filters. Potassium hydroxide was used to

adjust the pH to 7 and samples were freeze-dried. After freeze-drying, the samples were

resuspended in water (Iml, 10% D,0, 0.001% d,-trimethylsilylpropionic acid, TSP) and

centrifuged and 6S0ul was transferred to a Smm NMRtube.

NMRspectra were recorded at 23°C on a Vartan INOVA SOOMHz NMRspectrometer. For

1D proton experiments, 256 transients were acquired giving a total duration of 25 minutes per

sample. Spectra were baseline-corrected and divided into 256 equal regions. The regions

were integrated ard those containing the solvent and reference compound (TSP) were

discarded. This reduced the size of the NMR spectrum from 32768 to approximately 200

data-points per spectrum.

Metabolites were identified using standard 1D and 2D 'H and 'H,"C NMR experiments

together with published assignments (Fan, 1996).

Multivariate data analysis

The data-reduced spectra were analysed using Pirouette (Infometrix, Woodville, WA. USA)

and SIMCA-P (Umetrics AB, Umea, Sweden). The following statistical methods were used:

Principal Components Analysis (PCA), Soft Independent Modelling of Cluster Analogy

(SIMCA) and Partial Least Squares - Discriminant Analysis (PLS-DA) (Manly, 1996,

Eriksson ef al. 1999)

DISCUSSION

Figure 1 showsa typical 1D proton NMRspectrum ofa maize plant extract. Even thoughit

has only been acquired for a relatively short time, hundreds of peaks can be observed, so the

spectrum contains information on the concentration of tens or hundreds of different

metabolites present within the plant. 



  
 

Figure 1 Proton NMR spectrum ofthe water extract of a maize plant

This wealth of information suggests that NMR can give useful information regarding the

metabolic state of the plant, but also poses a problem. For MOAprofiling it will be necessary

to compare tens of MOAfor hundreds of screen hits. Comparing such a large number of
NMR spectra would be impractical. An alternative approach capable of doing this is
data-reduction followed by multivariate data analysis. In the data-reduction step, the number
of variables needed to represent the spectrum is reduced from several thousand to
approximately 200 by reducing the spectral resolution. Multivariate data analysis methods can

then be used to compare and contrast large numbers of the data-reduced spectra.

To demonstrate this approach, herbicides with 5 different MOA were used to treat 24
different plants. The metabolites were extracted and NMR spectra were acquired as described

above. The data-reduced spectra were then analysed using PCA. PCA extracts information

from a data-set by identifying variables which are correlated. In this way, it is possible to
replace many different correlated variables with a much smaller numberof variables referred
to as principal components (PCs). With the data from these 24 plants, very little information
is lost by using PCA because about 83% ofthe original variation in the data-set is captured in

3 principal components.

Figure 2 is a graph ofthe first 3 principal components from the set of 24 plants; each point

represents the data reduced NMR spectrum of oneplant. Untreated plants cluster at the top

right of the graph. Thetreated plants cluster separately from the control plants, but are also
separated according to their MOA. This showsthat herbicide treatment causes changes in

metabolites compared with the control plants, and that different herbicide MOA cause
different changes. One of the MOA(2,4D) clusters close to the controls. This is expected

because2,4D is a herbicide for broad-leaved weed control which does not control maize at the

application rate used. 
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Figure 2 Plot ofthe first 3 PCs of metabolite profiles of herbicide-treated plants. To
help visualisation, plants treated with the same herbicide are linked and
there is a line from the centre of each treatmentto the baseplane.

CON:control plants. 2,4-D: 2,4-D-2-ethylhexyl ester. PDS: Norflurazon,
PPGO:Oxyfluorfen. ALS: Sulfometuron-methyl. ACC: Fluazifop-P-buty].

Classification of known modeof actions

A second experiment was run to show that metabolite profiling can automatically classify
MOA.24 plants were treated with glyphosate, with formulation blank or with one ofa range
of ALS herbicides. Metabolite profiles of the plants treated with sulfometuron-methyl were

used to generate a SIMCA model (SIMCAis an extension of PCA used for classification).

Metabolite profiles of plants treated with other herbicides were then tested against this model

to calculate the probability they were different from the sulfumeturonprofile (see Table 1).

Table 1. SIMCA classification of metabolite profiles from treated plants. The

SIMCA model contained 1 componentand probability was calculated using
the supplemented sample residual, as implemented in Pirouette

 

Treatment (n=4) Dp Total (p < 0.8) MOA

Control 0.93,0.91,0.91,0.91 0) -

Glyphosate 0.90,0.90,0.91,0.95 0 EPSPS

Chlorsulfuron 0.61,0.55,0.65,0.63 4 ALS

Metsulfuron methyl] 0.77,0.44,0.74,0.83 3 ALS

Imazaquin 0.46,0.81,0.49,0.78 3 ALS

 

  



SIMCAsuccessfully classifies the metabolite profiles of other ALS inhibitors as being similar
to that of sulfometuron-methy]and classifies those of glyphosate and no treatment as being
different. This example only uses two MOAbut the methodcan be scaled up to includeother
types of MOA.Further advantages of metabolite profiling are thatit is relatively unaffected

by dose, and is reproducible over time (Hole et al., 2000). These features make metabolite
profiling a practical approach for screening large numberof HTSleads.

Identification of unknown modesofaction
The method described in the previous section will identify herbicides that are similar to
known MOAandso, by elimination, will highlight MOA which may be novel. Metabolite

profiling has the potential to identify novel MOA as well. The observation that different
herbicides have different metabolite profiles suggests that metabolite changes are directly

related to the process whichis affected by the herbicide. If this is the case, then from the

metabolite changesit will be possible to identify the process whichthe herbicideis inhibiting

— in other words, to identify the MOA.

This approach wastested using two herbicides with known MOA,sulfometuron-methyl and

glyphosate. Data-reduced spectra from plants treated with these herbicides and controlplants

were compared using PLS-DA.Thisidentifies changes whichare correlated with one another

but which differ between the treatments and control. The results of PLS-DA are regression
vectors which contain a loading for every variable in the data-reduced spectra; high loadings

suggest variables which change upon treatment. Both sulfometuron-methyl and glyphosate
treatments were included in the same PLS-DAcalculation so that general changes caused by

plant death could be distinguished from specific changes caused by individual herbicides.

Because the original NMR spectra were data-reduced, the PLS-DA loadings identify regions
of the 1D NMR spectra which are affected by treatment rather than specific metabolites.
However, the NMR signals which are causing these changes canbe identified by comparing
the parts of the 1D spectra which have high PLS-DAloadings and the NMR signals can then
be assigned to specific metabolites using information from other NMR spectra. Previously
known metabolites are usually identified relatively quickly from published assignments, but
NMR also has the potential to identify metabolites which have not been previously described.
This is an important advantage of NMR over mass spectroscopy for metabolite profiling.

Figure 3 shows parts of 1D spectra of extracts from a contro] and a sulfometuron-methy]

treated maizeplant, together with the PLS-DA loadings for the same region. A high positive

loading is seen for a numberof variables. Comparison with the NMR spectra showsthat most
of these are from bulk metabolites, but the NMR signal at 0.98ppm is only observed in
sulfometuron treated plants. Further work identified this peak as the methyl signal of
2-aminobutyrate. This is the transamination product of 2-oxo-butyrate, a substrate of
acetolactate synthase, so the accumulation can be directly related to sulfumeturon inhibiting
acetolactate synthase. Therefore, it is possible to identify the MOA of sulfometuron-methyl

by metabolite profiling.

Metabolite profiling of glyphosate treated plants highlighted an accumulation of
shikimate,which can also be directly linked to the known MOA.These two successes suggest

that in some cases it will be possible to identify novel MOA using metabolite profiling.
However, in both of these test cases other herbicide specific changes were observed which
could not be related to the known MOA(for example, in fumaric acid, alanine and glucose).

These unrelated changes complicate the use of metabolite profiling for MOA identification. 


