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NEED HERBICIDE RESISTANCES HAVE EVOLVED? GENERALIZATIONS
FROM AROUND THE WORLD

J. Gressel
Plant Genetics, Weizmann Institute of Science, Rehovot, Israel

Summary. Resistance has evolved most rapidly in monoculture situations, where only one
herbicide chemistry was used, often without any cultivations. The herbicides usually had high
persistence. These evolutionary trends were predicted over 10 years ago using simple
population models, which were vindicated. The first resistances to evolve were due to
mutations at the herbicide targets, and cross resistance was limited to herbicides acting at the
same site of action. The recent broad cross-resistances to herbicides used in wheat, suggests
that the wheat genome is limited and needs augmentation of new resistance genes by genetic
engineering.

INTRODUCTION

Herbicides have played a leading role, along with fertilizers, allowing further domestication of
crops to give much higher yields in the second half of the twentieth century. Herbicides have
allowed plant breeders to produce cultivars that did not need to compete with weeds for space,
light, water and minerals; they concentrated mainly on yield, allowing for an ever-expanding
human population. There is a dark side to this success story; these techniques encouraged
monoculture. The inexpensive fertilizers allowed breeders to ignore fertilizer efficiency, crops
to become less efficient mineral extractors than the weeds, further accentuating the need for
herbicides. An inevitable outcome of relying on single methods is problems from resistance.
Monoculture cotton growers relying on single insecticides quickly learnt this in 2-3 years. It
took longer with herbicides, as the generation times of plants that are pests are far longer than
that of insects and fungi that are pests.

Abel (1) was the first to predict that herbicide resistance would evolve; but in the ensuing 20
years this prophesy was not fulfilled. For another 15 years there were only sporadic cases, but
lately there has been an evolutionary vengeance that has stimulated worry, symposia such as
this, and the first thoughts on mandated management strategies. The reasons for the initial slow
and now rap’d evolution will be examined, so that we may more wisely advise strategies to
retain safe herbicides in our never ending war with weeds. Some cases, like the broad
spectrum cross-resistance to wheat selective herbicides that has evolved in Australia will require
deep thought and novel strategies.

Changes in weed spectrum due to changing technologies are not new. Many previously
pernicious weeds have been virtually eliminated. Seed cleaning equipment eliminated some
weeds, deep cultivation eliminated many perennials, draining eliminated wetland weeds,
fertilizers selected against those that did not respond well (22). Rotations kept many weeds at
bay. Weeds often mimic crops in morphology and phenology (2). By rotating crops,
phenologies and morphologies were changed preventing any species from building up to the
explosive levels possible in monoculture. Herbicide rotations had the same effect, as different
herbicides left different weeds, and herbicide rotations controlled most weeds at some time
during the rotational cycle. Prior to 1945 farmers had only sulfuric acid as a selective herbicide
for wheat. It was not widely used. Wheat fields were transformed from mustard yellow in
color to drab grain with the advent of 2,4-D. As ecology abhors a vacuum, all empty niches are
rapidly filled. Thus monoculture with one herbicide can be expected to leave vacuum to be
filled. These niches were filled in many cases by weeds that were always resistant (e.g. grasses
resistant to 2,4-D in wheat) as well as newly evolved biotypes. The message of this
introductory chapter is that the farmer and his/her advisors can no longer rely on spray, spray,
spray. They must understand the crop, its weeds, the physiological, biochemical modes of
action and crop resistance of the available herbicides, the full implications of each herbicide use
to decide when to spray and when not, and what to spray and what not. Alternatives to
herbicides must be sought, so that we will still have the herbicides available when needed. All
this is vis a vis resistance.
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There are enormous pressures being imposed to lower pesticide use based on some real and
some perceived dangers to humanity and the environment. The agricultural economists have
been teaming up with weed scientists providing computer programs that compute the economic
threshold for weed control. We will see that most often the economists' "less is better” can fit
well with the ecologists' "use less" resulting in cheaper weed control, less environmental
impact and less resistance.

Definitions Resistance must be defined, for uniform usage. Herbicide resistance is : "the
inherited ability not to be controlled by a herbicide". The term resistance should always be
followed or preceded by modifiers. An important modifier is the rate applied. Resistance to
agricultural rates is assumed here, but rates should be stated. Thus, with a selective herbicide,
the crop is naturally resistant. In evolution, one must talk about resistant individuals and
resistant populations. Evolution of resistance is then the process whereby the rare resistant
individual becomes the majority - i.e., a resistant-population. We can talk about resistance
factors, or "X" fold resistance. This is usually described as the I5() of the resistant individual
divided by the 150 for the susceptible. The resistance factor for the 19() to 199 is harder to
measure but is more significant for field situations, and need not be the same as for I5()s. There
may be full resistance at an agricultural use-rate, - or partial resistance. The latter occurs when
the plant is severely inhibited but still produces some seed. Tolerance was previously used for
partial resistance (28), but this meant other things to other researchers, and has been dropped
(15).

Some species have evolved resistance to more than one herbicide. If this is due to sequential
selection (after the weed became resistant to herbicide A, then B was used and resistance
evolved to herbicide B), this is multiple resistance. These are separate evolutionary events and
are usually due to mutations in different genes. If evolution of resistance to one herbicide
immediately endowed resistance to other herbicides we have cross resistance. This is target
site cross-resistance if all the herbicides affect the same precise target or metabolic cross
resistance if all the herbicides or their toxic products are degraded by the same mechanism.
Negative cross-resistance occurs when the resistant plant is more susceptible to some other
herbicide than the wild type susceptable biotype.

THE RESISTANCE SITUATION

In most cases where experts have been called in to identify resistance, weed control failure was
due to other factors. The best way to predict if a patch of uncontrolled weeds in a field is due to
resistance or to other shortcomings is to look at weed species distribution. If the patch containg
a mixed species population, the sprayer probably missed or some other factors limited control
of these species. If the patch is comprised of one species, with clear control of other species,
then resistance may have reared its ugly head. Initially many cases were obfuscated, as many
involved did not want to admit resistance. Now resistance to some herbicides has become so
common that many cases go unreported.

The first verified resistances to evolve were to the triazine herbicides, both along rights ol way,
orchards and especially in monoherbicide monoculture maize. For example, areas in Hungary
now infested with resistant weeds are so extensive that atrazine cannot be used alone in any
maize field, and Hungary is the major eastern bloc maize producer. Similarly, there are triazine
resistant infestations in over 2 million hectares of French and German maize fields, requiring a
complementary herbicides. Of over the 50 resistant species only one, recently evolved, is due
to degradation of atrazine (20). The rest are target site mutants, having target site cross
resistance to all triazines, many phenylureas (but not diuron), uracils and other photosystem II
herbicides (28).

Target site resistance evolved to the tubulin binding herbicide trifluralin in goosegrass (Eleucine
indica) in the U.S. South in cotton (40 ) and in green foxtail (Setaria viridis) in vast areas of
Western Canada (31) where it has been used in both wheat and oilseed rape for 20 years.
Target site resistance to the highly-persistent soil-residual chlorsulfuron appeared in five
species within 3-5 years of use (37). The areas currently infested are limited and the major
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producer has taken measures that they hope will delay resistance (37). Most of the resistant
biotypes have cross resistance to imidazolinones and other sulfonylureas.

Paraquat resistance has evolved in three Conyza=Erigeron species, Epilobium ciliatum, Poa
annua, Lolium perenne in various places in the world and in the species described in a later
chapter, in Australia. There are various thoughts on the mode of resistance, which may vary
from species to species. There is often a low level cross-resistance to photosystem Il and
diphenylether type herbicides (7, 38).

After more than four decades of use, 2,4-D/MCPA resistance has recently been reported in the
giant buttercup (Ranunculus acris) and nodding thistle (Carduus nutans) in New Zealand (3), as
will be elaborated further in this symposium. Unverified reports have previously appeared in
the literature for other species (28).

The most disturbing resistances are those to virtually all selective herbicides used in wheat.
Blackgrass (Alopecurus myosuroides) evolved resistance to chlorotoluron in the U.K. and there
are new reports yearly of co-evolution in other areas in the U.K.(6). Annual ryegrass (Lolium
rigidum) has evolved resistance to diclofop methyl at many sites in four Australian states as is
well summarized in a later chapter. This type of resistance is clearly a threat to wheat growing
areas worldwide, and we must learn how to prevent similar cases from evolving.

The first cases of multiple resistance have begun to evolve. Both in Hungary (32) and in
England (7). Paraquat was used to control triazine-resistance Conyza canadensis and
Epilobium ciliatum, respectively, and resistance then evolved. Such multiple, sequentially
evolved resistances are common with insecticides. We can expect more of the same with weeds,
first on roadsides and then in fields.

UNDERSTAND EVOLUTION TO PREVENT OR DELAY RESISTANCE

If the relative importance of each of the factors controlling rates of evolution is understood,
cultural practices can be modified to delay resistance. The relative importance of each factor can
be assessed by modelling. Much of the biological and chemical data that needs to be inscrted
into the models is lacking. The first model describing different rates of evolution of herbicide
resistance un-er different conditions was published about 13 years ago (16). Our basic model
has remained, but it has been modified through the years to consider more information that has
appeared (17,18). A major advantage of models, besides their assistance in prediction, is that
they identify gaps of knowledge. This in turn can suggest priorities for research. Other groups
have rightly started designing more sophisticated models (30,35). Surprisingly, there are no
major differences in the predictions. Models must explain why the vast majority of cases of
resistance have appeared in monoculture, monoherbicide situations. Monoherbicide is defined
as using one or more herbicides with the same precise site of action, or one or more herbicides
that are degraded in the same manner, or whose toxic products are degraded in the same
manner. There are many cases where a large number of generations were treated with a given
herbicide, but herbicides were rotated and resistance did not evolve. The same numbers of
treatments in monoherbicide culture elicited resistance.

The factors in the models are usually the same, although our earlier model (16) lumped many
together under the same heading. These factors include:

The initial frequency of resistant mutations in the gene pool. Mutations are always occurring,
whether we use a herbicide or not. Most mutations are lethal. Virtually all of the non-lethal
mutants are somewhat deleterious in the "pristine” environment. Thus, most mutants are found
in a population at a frequency lower than the mutation rate because of their inadequacices when
in competition with more fit genotypes.

Genes conferring resistances to the various herbicides will be in populations at different
frequencies. A few experiments with sulfonylurea herbicides have shown that about one in a
million to ten million plants has a semi-dominant mutation in the gene conferring resistance at
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the target site, acetolactate synthase. This gene appears in the nucleus, and resistance to most
agricultural rates is dominant. In contrast, target-site triazine resistance is recessively inherited
on the psbA gene of the chloroplast (28). Chloroplast mutations occur at far lower frequencics
than nuclear mutations, frequencies that can only be guessed to be near 10-20. Thus triazine
resistance can be expected to evolve much more slowly than sulfonylurea resistance based on
the time it would take for a resistant individual to dominate a population. Indeed, sulfonylurea
resistance appeared within 3 years of limited use whereas triazine resistant populations were
only evident after 7-10 years of continual use on a much larger scale.

We have no idea what the frequency of resistance is to "pre-triazine" era herbicides, such as the
phenoxy type. 2,4-D and MCPA are considered to be multi-site inhibitors (mainly because no
specific sites have been found). Thus, to have target site resistance, you would have to
compound the frequencies of resistance to each target to get a resistant individual. For instance
if 2,4-D affects had 7 targets in Brassica sp. and each target was mutated to resistance in one

plant in a million, then there would be one plant resistant to 2,4-D in 107%6= 1042, There are

probably not 1042 Brassica seeds in Australia to choose from, so evolution of target-site
resistance would be unlikely. A dicot weed would have to "learn" to degrade 2,4-D like the
Graminae, i.e. evolve levels of a metabolic pathway to detoxify the herbicide before it kills the
weed. We do not know the frequencies of detoxification mutants, but from history, it is clear
that they must be rarer than single target site mutations.

Some pest species are clearly more "adaptable” from an evolutionary point of view than others.
They evolve resistance more quickly for reasons that are still obscure. The protozoan pathogen
causing Coccidiosis has evolved resistance to each new drug marketed in 2-3 years, even
though each has different modes of action (5). The Colorado potato beetle has evolved
resistance to each new insecticide more quickly than other insects and is resistant to all
commonly used insecticides. Some have attributed this to its evolution to live on Solanaceous
plants that are far more toxic than insecticides giving it a broad genetic base for degrading
xenobiotics and small mutations just change substrate specificity. One weed genus Lolitm has
a similar propensity to evolve herbicide resistance more rapidly than its neighbors (Table 1).
Although many weed species co-exist with Lolium in the environments described in Table I, no
other weed has evolved resistance to half as many xenobiotics. The fascinating aspect of the
Lolium story is the multiplicity of means it evolved to protect itself. In two places (at least) it
has evolved -esistance to oxidants (paraquat and SO? ) by elevating levels of the oxygen
detoxification pathway (25,38) under polygenic control (10). It seems to have evolved two
different methods to cope with diclofop methyl; in the U.S. it is probably resistant at the level of
the target site enzyme, acetyl CoA carboxylase. The U.S. strain is resistant to all "-fops” but
not the "-dims" that affect the same site (21). The Australian Lolium has probably evolved a
metabolic cross-resistance as it is resistant to a multiplicity of herbicides that have in common
the ability to be oxidized by monooxygenases (12,13 ). Simultaneous target site mutations in
the various sites (which seems genetically impossible) have been experimentally ruled out (34).
This will be discussed at length in later papers.
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Table 1. The propensity of Lolium species to rapidly evolve resistance to xenobiotics.

Species Resistantto  Location Type of Type of Ref.
selection resistance
L. perenne SO2 N.Y.C., fumes oxidant- (4,38)
U.K. degradation
L. perenne paraquat U.K. no-till oxidant - (10,25,38)
degradation
L. perenne glyphosate N. Ireland purposeful unknown (26)
L. perenne amitrole N. Ireland purposeful unknown (26)
L.multi- diclofop- U.S. in wheat target site 21)
florum methyl
L. rigidum atrazine Israel roadsides target site (42)
L. rigidum atrazine + Australia railroads unknown (34)
amitrole
L. rigidum wheat Australia in wheat degradation (34)
herbicides M

Selection pressure - the greatest influence. Selection pressure is the ability exerted by a
herbicide to decimate the wild type and leave only the resistant biotype. Some herbicides exert
greater selection pressure than others, and the selection pressure of the same herbicide can be
different on different weed species. The totality of factors included in selection pressure is
measured as the ratio of survival of resistant to susceptible propagules over a growing season.
Selection pressure is heavily affected by herbicide persistence. The longer a herbicide remains
active, the greater its selection pressure. Weeds often germinate throughout the season and
any given flush germinating after a low residual herbicide has sufficiently dissipated will leave
susceptible seeds. This gives a low selection pressure. We have already described how 2,4-D
resistance is probably at a very low frequency in untreated populations. Now let us analyze
why 2,4-D bns such a low selection pressure. The two factors together are the major reasons
for the lack of wide-spread resistance to this herbicide, even though there have been more
"hectare-years" of this herbicide used than any other. 2,4-D is used mainly post-emergence in
wheat. Many weed species, in the photoperiods when wheat is planted can produce a complete
life cycle of miniature plants with susceptible seeds before a postemergence herbicide is
sprayed. Amaranthus spp. and Chenopodium spp. will yield 15-40 seeds on two cotyledons
in short days. Additionally, because of the post emergence usage some other weed seedlings
are "shaded" by the crop and escape the herbicide. After 2,4-D has dissipated, weeds can
germinate forming an innocuous understory in the crop, hardly affected by the combine and
then leaving susceptible seed. All this susceptible seed will depress the rate of evolution of 2,4-
D resistance. The best verified cases of 2,4-D resistance have recently been reported from
New-Zealand (3), not in wheat but in pastures. In pastures there is better herbicide coverage,
with less likelihood of 'escape’ from the spray.

Some herbicides exert exceedingly strong selection pressure because of their soil persistence.
Chlorsulfuron, atrazine, simazine and trifluralin are often residual in soil at levels that still
control many weed species a year later (and often susceptible crops). It is not surprising that
resistance is widespread to these three chemical groups. Resistance to triazines on a worldwide
scale appeared first to broad leaved weeds having an 199 ten fold or less than the rates used.
The harder to control grass weeds appeared later, and often where triazines were used as
'sterilants’ along roadsides.

Resistance has also evolved to herbicides with lower persistence. Paraquat is biologically
ephemeral within hours. In many cases farmer persistence replaced chemical persistence.
Paraquat persistence is like chlorsulfuron persistence when the farmer sprays paraquat monthly
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for five years. Persistence is also related to weed biology. If a weed germinates in a single
flush in an agronomic situation, a herbicide with a short persistence at the time of that flush will
exert high selection pressure. This may well be an important factor in difenzoquat resistance in
Avena fatua in Israeli wheat fields and Lolium resistances to diclofop-methyl. These
herbicides do not have the persistence of chlorsulfuron or atrazine.

Modifying biological factors . Fitness - a major modifier. In most cases a mutant is less fit
than the wild type when the selector is not present, (otherwise the mutant would be the wild
type). This is measured as competition between the resistant mutant and susceptible wild type.
Under such competitive situations, triazine- resistant mutants yield 10-50% the seed yield of the
susceptible wild type (17, 28). The resistant biotype is even less productive when grown
alone. Similar documentation is also appearing for other resistances (17).

With low persistence herbicides, susceptible weeds can compete with the less fit resistant weeds
after the herbicide has dissipated, suppressing the relative yield of resistant seed. Differential
fitness will not assist in delaying the rate of evolution of resistance to high persistence
herbicides used in monoherbicide culture; there is no time for the fitness difference to be
expressed. Herbicide rotation can allow for fitness to depress the rate of enrichment of resistant
individuals in a population, but only in the "off" years when the particular herbicide is not used.
We have modelled this effect to show the suppression of resistance (17). For example if
resistant individuals are one in a million (10‘6) in a population (log1( frequency of resistance

= -0), then we can see what rotational strategies give a million fold enrichment of resistance
(log10 enrichment = 6) in a given period (Table 2). We can see that there are many rotational
strategies where there is adequate weed contro! in "on" years, to keep even a herbicide with a
high initial frequency of resistance in use for many years. There are even some strategies where
there is negative enrichment for resistance or just a negligible enrichment of resistance. These
strategies do not preclude the use of herbicides in the off years; they require that the "off" year
herbicides do not select for the same resistance genes as the "on" year herbicides. This requires
understanding the weeds and the herbicides.

The soil seed bank. Much weed seed is incorporated into the soil, entering a seed bank, and
only finite amounts are released every year. When we start treating with herbicide, the resistant
seed entering the soil is diluted by the susceptible seed from previous years. The longer the life
in the seedbe .k, the greater the buffering effect of susceptible seed from previous years,
decreasing the rate of evolution of resistance. Senecio vulgaris has evolved triazine resistance
in orchards, nurseries and roadsides where there was no mechanical cultivation, but not in
cultivated maize fields. The Senecic seed is incorporated into the soil seed bank in such maize
fields, where it is viable for many years (41) . All Senecio seed falling on undisturbed soil on
roadsides or orchards either germinates, or dies during the following season (36).
Resistance thus evolved where there was the shortest average seed bank life time, as predicted
(15). Such information must be considered in formulating strategies for resistance
management. Many other species do not have a seed-bank under specific agronomic situations,
i.e. in minimum - till agriculture. Many grass species such as Lolium have a very short life in
the seed bank, partly explaining their propensity for rapid evolution. In cases of limited seed
bank it is clear why rotational strategies can be so effective. Crops can be used that confuse
weed phenology, and alternate herbicides can be used to control the weed.

Negative cross resistance in rotations to delay resistances. Many herbicides are more toxic to
resistant individuals than to susceptible ones (Table 3). Table 3 only contains data for such
"negative cross-resistances”, but these are not the preponderant cases and are clearly not
universal. Still, negative cross resistance should be elucidated and incorporated into rotational
strategies for preventing resistance, both before and after populations become resistant. The
delaying effect of negative cross resistance must be added or compounded to the lack of finess
of resistant weeds, when considering rotations. The negative cross-resistances in atrazine-
resistant weeds include herbicides that act at or near the same site in photosystem [T (DNOC and
dinoseb) as well as herbicides acting on other photosystems (paraquat). There was negative
cross-resistance to other tubulin binding herbicides in dinitroaniline resistant Eleucine (Table 3),
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but not to six commercial herbicides on this weed ( 40). Most of the data in Table 3 on negative
cross resistance are from in vitro studies, the rest from small scale pot studies, often without
full dose response curves. We have a lack of field data on this potentially powerful tool to
prevent resistance from evolving. Negative cross resistance may not be a simple tool to use. In
one study with three weed species having triazine resistant biotypes, there were differing cross-
resistances to bentazon at the whole plant level. Triazine-resistant biotypes of Chenopodiium
album and Solanum nigrum were (positively) cross-resistant to bentazon, whereas only
Amaranthus retroflexus exhibited the desired negative cross resistance. (Unpublished data of
Wiirzer presented in (18). Such differences have been previously reported at the thylakoid
level; a triazine resistant Brassica was 5 times more sensitive to BNT than the wild type, yet
resistant and susceptible

Table 2. (Log) enrichment of resistant individuals in weed populations over
a 9 period under different herbicide rotations.

Rotation Selection Fitness in "off" years
strategy pressure (%
effective kill 0.9 0.5 0.3
Logi( of enrichment factor
No 50 1.0 1.0 1.0
Rotation 90 5.1 5.1 5.1
95 74 7.4 7.4
99 13.4 13.4 13.4
2 on; 50 0.6 0.5 0.4
1 off 90 34 3.2 3.1
95 4.9 4.7 4.6
99 8.9 8.7 8.6
1 on; 50 0.5 0.3 0.2
1 off 90 2.8 2.6 24
95 4.1 3.8 3.7
99 7.4 7.1 7.0
1 on; 50 0.3 -0.1 -0.3
2 off 90 1.6 1.3 1.1
95 24 2.0 1.9
99 4.4 4.0 3.8

If the enrichment factor is larger than the log of the frequency of resistant individuals resistance
is to be expected. Effective kill of weeds is for a whole season, assuming no effect on resistant
weed seeds. A seed bank half life of 2 years is used. The fitness in "off years" is the ratio of
seed set by resistant plants to that of susceptible plants. The fitness in on years is assumed to
be 1. From equations in(17).

Chenopodium were almost equally affected (39). Negative cross resistance is well documented
in the literature on antibiotic-resistant bacteria in medicine, and in fungicide and insecticide-
resistant pathogens and arthropods, and is used as part of resistance management strategies.

Our recent models (18) show how by utilizing negative cross resistance there can even be a
negative enrichment for resistance at normally used rates i.e., the resistant individuals are
depleted to a lower than natural frequency. This can be illustrated by plotting the type of data
shown in Table 3. For example, the mixtures presently used may well affect atrazine-resistant
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biotypes to a far greater extent than the sensitive biotypes. The selection pressure is then
negative as shown in Fig. 1 (dashed line). This is probably the case with pyridate, the main
herbicide used (in mixture with atrazine) in Europe once resistance has evolved. Other
herbicides such as alachlor and metolachlor, which normally control Amaranthus and
Chenopodium spp. may exert negative cross resistance, but no evidence is available. These
chloroacetanilides are the herbicides mostly widely mixed with atrazine by virtue of their
superior grass weed control.

Table 3 . Examples of negative cross-resistance in resistant biotypes.

Negative Parameter Rate giving Ref.
Cross- measured 50% inhibition
(R/S)

s-Triazines

Brassica napus dinoterb thylakoids 07 (V)
dinoseb thylakoids 12 )
medinoterb thylakoids 20 )
pyridate thylakoids 21 C)
ioxynil thylakoids 45 V)
bromoxynil thylakoids 1 9)

Dinitroaniline

Eleucine indica chlorpro- Single (40)
pham rate

Mecoprop

Stellaria media benazolin FW 53 (29)

MSMA-DSMA

Xanthium paraquat S0 (23)

pensylvanicum bentazon .65 (23)

Paraquat

Conyza glufosinate PS .26 (32)

4 Pyridate is metabolically activated to CL 9673, which was used directly with isolated
thylakoids.

It is not known whether the 2 to 10 fold lower rates of herbicide required to affect resistant vs.
susceptible biotypes (Table 3) will carry over to the field situation. One could use lower rates
of these herbicides to achieve the identical level of weed control of the resistant biotype as
atrazine gives with susceptible biotype. When rates are thus balanced, there will be no
selection pressure for atrazine resistance and no enrichment of resistance in the population (Fig.
1, thick line). This could be used prophylactically i.e. before resistant populations predominate
or just after resistance occurs. Lower rates will be much more "cost effective” than full rates.
The low rates may also allow using herbicides that at normal rates are phytotoxic to maize.

Field and pot data are needed to elucidate the magnitude of negative cross resistance in
mixtures. The modelling shows how such data can be used as preventative as well as after the
fact strategies to manage the most widespread resistance that has appeared. Those involved with
production of herbicides and those engaged in management of weeds are encouraged to try to
obtain the necessary data and test the strategy in field situations. In places where resistant
populations have evolved, the depletion of resistant populations should be followed, using
various rates of the herbicide exerting negative cross-resistance.
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Figure 1. Modelling the effect of negative cross resistance on resistant weed evolution: Atrazine

as an example. Note: the frequency of resistance is shown on an exponential scale. (From ref.
18).

Thin line: The presumed rate of evolution of atrazine resistance when no other herbicide is
used. It is assumed that the herbicide is in effective on resistant individuals and less 99%
effective kill (season long suppression of seed output) on susceptible individuals.

Thick line: The effect of herbicides having strong negative cross resistance when mixed with
atrazine at normal use rates. These control resistant biotypes more effectively than atrazine
affects the susceptible biotype.

Dashed line: The effect of specially balanced mixtures with atrazine at a (normal rate) and a
herbicide having negative cross resistance used at a low rate. The rates are balanced and atrazine
controls the susceptible biotype to the same extent that the mixed herbicide controls the resistant

biotype. Itis assumed that the mixed herbicide is ineffective on the susceptible biotype at this
rate. _

Other mixtures as a tools to delay/prevent resistance. Besides the mixtures having negative
cross-resistance there can be simple heterologous mixtures and synergistic mixtures. These can
be interrelated and/or overlapping with each and with mixtures exerting negative cross-
resistance. Heterologous mixtures are of more than >1 herbicides acting on the same weed at
different sites of action. The best documented case is that of alachlor and atrazine. Alachlor is
mainly used as a grass killer, but it is quite effective on Amaranthus spp. and Chenopodium
spp., species often evolving triazine resistance.

The effect of heterologous mixtures is manyfold. One effect is to lower the initial frequency by
compounding the frequencies of resistance to both herbicides. If the frequency to herbicide "A"
is 1077 and that of "B" is 10-3, the compounded frequency is 10712 e, if all else is equal, it
will take ca. twice as long for resistance to evolve. In the case of the alachlor/atrazine mixture,
there is no information on the frequency of resistance to alachlor (or to atrazine). No alachlor
resistance has evolved, despite its widespread use. Perhaps there can be no resistance? Therce
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have been no reports of in vitro attempts to isolate resistance to chloroacetamide herbicides.
The slowness of spread has other implications. There is considerable reluctance to release
genetically engineered herbicide-resistant crops into the fields for fear that the weeds may
'catch’ it by gene transfer. Elaborate tests (bordering the impossible) are called for to preclude
gene transfer. No cases have been reported where weeds 'caught’ herbicide resistance from
crops that are naturally resistant despite considerable possibilities. Even when the grasses
seemingly evolved biochemical mimicry to wheat, the cross-resistance spectrum is greater in the
grasses than the wheat, so it is highly unlikely that the genes came from wheat. The major
foreseeable problems are only where there are closely related crops and weeds; e.g. oats/ A.
fatua , rape/ B. campestris. Such field experience should be considered as part of the risk
assessment process. A separate problem might arise from crops becoming volunteeer weeds,
which can be handled as it now is, by alternative herbicides. Volunteer weeds could become a
problem if multiple resistances are engineered into the same strains of one crop variety.

A synergistic mixture in the general sense is one where the herbicidal effect of the mixture is
greater than the effect of the sum of the components. This allows using less of each
component, often giving an economic advantage to a mixture. The atrazine-alachlor mixture has
been shown to be synergistic against some weeds (cf. 14). Assuming this to be so for
Amaranthus and Chenopodium spp., then the rate of use of atrazine can be dropped. This can
clearly be done in the field when the high levels of atrazine are not required for controlling
grasses not controlled by alachlor. The lowering of the rates lowers the selection pressure for
resistance to each herbicide, lowering the rate of evolution for each. This effect is synergistic
beyond the compounded frequencies.

Another type of synergistic mixture is one containing a herbicide and an otherwise inactive
adjuvant. Synergistic adjuvants are used to control insecticide-resistant insects that evolved
high levels of monooxygenases. Piperonylbutoxide inhibits monooxygenases, allowing both
resistant and susceptible arthropods to be controlled by lower doses. Laboratory studies have
indicated that the addition of monooxygenase inhibitors allows control of the Alopecurus and
Lolium biotypes that evolved cross-resistance to wheat selective herbicides (27, 34). The
problem with the synergists tested so far is that they abolish selectivity in wheat. Chelators that
remove copper and/or zinc from the enzymes that detoxify active oxygen species act as
synergistic adjuvants, controlling of paraquat-resistant weeds at 10 fold lower concentrations
of paraquat than were previously used (19).

THE SPREAD OF RESISTANCE

It appears from the 'founder effect’ studies of Gasquez and colleagues with triazine resistance in
France, that each population evolved separately; not by transfer (8). The slight differences in
the cross resistance spectra to different herbicides in the Australian Lolium and the British
Alopecurus indicate that there must have been co-evolution at many foci, and not spread of
seed or pollen. Harvesting equipment does blow weed seeds within a field (33) and manure
spreaders will spread undigested weed seeds from silage, for short distances, within fields.

Presumably vehicles will move resistant seed along rights of way. The sight of thousands of
miles of Kochia scoparia along U.S. railroads supports this. Interestingly, it took ten years
before there were reports of this triazine-resistant Kochia appearing in neighboring maize fields
(O.N. Burnside pers. comm. 1989) and Kochia is a 'tumble weed'. Thus, usually 'spread’ can
be contained; it is the co-evolution that must be delayed or prevented.

NOVEL STRATEGIES

The chemical strategies outlined in the previous section may not be effective in all cases. This
seems especially the case in wheat where a biochemical mimicry seems to have evolved,
rendering two grass weeds concurrently resistant to all wheat selective herbicides. Some of the
strategies being tested in Australia are discussed in a later chapter. A few others worthy of
consideration and testing are:
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Placement-selective herbicides. These are herbicides which bind to the upper layer of soil
where small-seeded weeds usually germinate. They require that good seed-drills be used to
place crop seeds uniformly beneath this level. A new thiocarbamate with these properties,
which should control the cross-resistant Lolium and Alopecurus has recently been described
(11). So far no weeds have evolved thiocarbamate-herbicide resistance, but evolution of
microbial populations that rapidly degrade thiocarbamates, when repeatedly used, have been
reported.

Night-tillage. The brief flash of light when the soil is being tilled is enough to induce
germination of many weeds. If the last tillage and seeding is done in total darkness the weed
seeds remain dormant . In one experiment there was 2% soil coverage with weeds with night
tillage vs. 80% coverage with day tillage (24). Weeds could evolve biotypes that germinate in
the dark. Such "biotypes" were selected by ancient farmers when they domesticated crops.

Biological control. Mycoherbicidal pathogens and weed eating insects are described that are far
more selective than most herbicides. Such agents could be found that specifically attack weeds
that are closely related to crops; e.g. Lolium in wheat.

Genetic Engineering. Some crops, especially wheat seem to have too limited a genetic capacity
to degrade herbicides by many different type enzyme reactions. Thus the weeds of wheat had
to evolve one basic type mechanism, monooxygenase reactions. The only viable mechanism to
afford selectivity between wheat and these grass weeds is to engineer new genes into wheat that
will allow wheat to detoxify other herbicides. These genes can come from other crops or other
organisms. Degradation is preferred to target site resistance because of the lesser likelihood of
fitness losses and the longer times it takes for resistance to evolve (12,13).

CONCLUDING REMARKS

The war we have with weeds was hard enough before resistances evolved. We can continually
win battles (but the war is never ending) if we use wise strategies. We cannot continue
successfully to use the same strategy year after year; the enemy overcomes them. We must use
a wide variety of strategies, herbicide and crop rotations, cultivation and fallows, molecular
biology and biochemistry, to continually confuse the enemy and not lose battles. The advent of
metabolic broad spectrum cross resistances to wheat selective herbicides was a major set-back,
requiring a major effort. We have waited far too long to "know thine enemy" and have put in
too little intelligence effort, too late. The few, albeit excellent, researchers grasping at the
problem are not enough considering the magnitude of potential losses, if the enemy continues
this strategy on many fronts. The weaknesses of wheat's defences were not realized early
enough. The world may soon be eating more rice, a species with many modes of herbicide
degradation, but rice cannot be grown in most wheat lands.
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