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ABSTRACT: Amaranthus tuberculatus is a major weed of crop fields in the midwestern United States. Making this weed particularly
problematic to manage is its demonstrated ability to evolve resistance to herbicides. Herbicides to which A. tuberculatus has evolved
resistance are photosystem II inhibitors, acetolactate synthase inhibitors, protoporphyrinogen oxidase inhibitors, and glyphosate.
Many populations of A. tuberculatus contain more than one of these resistances, severely limiting the options for effective herbicide
control. A survey of multiple-herbicide resistance in A. tuberculatus revealed that all populations resistant to glyphosate contained
resistance to acetolactate synthase inhibitors, and 40% contained resistance to protoporphyrinogen oxidase inhibitors. The
occurrences of multiple-herbicide resistances in A. tuberculatus illustrate the need for continued herbicide discovery efforts and/or
the development of new strategies for weed management.
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’ INTRODUCTION

Large-scale agronomic crop production systems currently
depend on herbicides for weed management. A weakness in this
approach lies in its strength: because herbicides are so effective,
they exert tremendous selection pressures that, over time, result
in resistant weed populations as natural outcomes of the evolu-
tionary process.1,2 There are now nearly 350 herbicide-resistant
weed biotypes worldwide, and the number continues to increase.3

Despite this, herbicides continue to be utilized intensively for
weed management.

Several herbicides are labeled for use in most crops and,
therefore, a herbicide-resistant weed population typically can be
managed with an alternative herbicide to which the weed popula-
tion has not yet evolved resistance. Furthermore, many cases of
herbicide-resistant weeds are isolated occurrences that affect
relatively few fields.3 Although one species in a field may be
resistant to a particular herbicide, other species in the same field
remain sensitive to it. This fact, together with the often isolated
nature of herbicide-resistant weed biotypes, means that resis-
tance to a particular herbicide does not necessarily negate use of
that herbicide. For example, resistance to triazine herbicides
(such as atrazine) initially was documented 40 years ago,4 and
there are now 68 weed species resistant to triazines;3 yet atrazine
continues to be used on the majority of corn hectares in the
United States.5 Thus, although the threat of herbicide-resistant
weeds is real, for the most part they have posed a manageable
problem to date. We argue, however, that burgeoning multiple-
herbicide resistance (the occurrence of resistance to more than
one herbicide group in a weed biotype) in significant weed
species has the potential to become an unmanageable problem
with currently available tools.

Amaranthus tuberculatus (Moq.) Sauer var. rudis (Sauer)
Costea & Tardif (common waterhemp) is a significant weed of
corn and soybean throughout much of the midwestern United

States. Although considered native to the region, it has been only
during the past two decades that A. tuberculatus has risen to
prominence as a Midwest weed.6-8 Its high reproductive poten-
tial (hundreds of thousands of seeds per plant) provides a wealth
of genetic variants on which herbicide selection acts, promoting
evolution of resistance. As a dioecious species, and thus an
obligate outcrosser, it is ideally suited for evolving multiple-
herbicide resistance by sharing resistance genes among popula-
tions and biotypes via wind pollination.6-8 In this paper, we
briefly review cases of herbicide resistance in A. tuberculatus and
present new data on the occurrence of multiple-herbicide resis-
ance in this species. Herbicide resistance in A. tuberculatus
appears to be on the threshold of becoming an unmanageable
problem in soybean.

’RESISTANCE TO PHOTOSYSTEM II (PSII)-INHIBITING
HERBICIDES

Biotypes of A. tuberculatus resistant to PSII-inhibiting herbi-
cides were first identified in Nebraska in 1990 9 (Figure 1) and
subsequently in other midwestern states and Canada.3 Chlor-
ophyll fluorescence and gene sequence data identified an altered
D1 protein as a mechanism of triazine resistance in A. tubercu-
latus.8,10 More recently it was reported that triazine resistance in
A. tuberculatus alternatively can be conferred by a nontarget-site
mechanism.11 Segregation within half-sib populations (i.e., po-
pulations from single female plants) arbitrarily collected through-
out Illinois indicated that the nontarget-site rather than the
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target-site mechanism was predominant among triazine-resistant
A. tuberculatus populations in Illinois.12

The relatively isolated occurrence and slow spread of the
triazine-resistant A. tuberculatus biotype were attributed to the
target-site-based mechanism of resistance.8 Specifically, this
resistance mechanism is maternally inherited and, therefore,
unable to be widely transmitted by pollen, and it typically has
an associated fitness penalty. In contrast, the nontarget-site
mechanism can be transmitted via both seed and pollen and,
therefore, is expected to disseminate more rapidly. Importantly,
pollen dissemination of the nontarget-site triazine resistance
mechanism will enable sharing of resistance genes among A.
tuberculatus populations, thereby fostering the evolution of
multiple-herbicide resistances.

’RESISTANCE TO ACETOLACTATE SYNTHASE (ALS)-
INHIBITING HERBICIDES

Resistance to herbicides that inhibit ALS was identified in A.
tuberculatus in 1991 and, within about a decade, became the norm
rather than the exception within populations of this species.12-14

In Illinois, for example, we estimate over half of A. tuberculatus
plants in any given field are resistant to ALS inhibitors.12

Extensive use of ALS-inhibiting herbicides, high initial frequen-
cies of resistance-conferringmutations, and low associated fitness
penalties likely contributed to widespread resistance to these
herbicides in A. tuberculatus as well as in other weed species.15

Furthermore, the dioecious nature of A. tuberculatus likely
enabled particularly rapid dissemination of the resistance trait
in this species.

As is the case with most weeds resistant to ALS inhibitors,
resistance in A. tuberculatus is conferred by mutations in the ALS
gene.10,16 The Trp574Leu ALS mutation is most common in A.
tuberculatus, although mutations also have been identified at the
Ser653 position.17 The Trp574Leu mutation confers broad
cross-resistance among the ALS inhibitors (e.g., sulfonylureas,
imidazolinones, and other classes). Because sulfonylurea and
imidazolinone herbicides were widely used in midwestern corn
and soybean production, it is not surprising that the Trp574Leu

mutation predominates over other mutations (such as Ser653
mutations), which generally confer narrower cross-resistance
patterns.15

’RESISTANCE TO PROTOPORPHYRINOGEN OXIDASE
(PPO)-INHIBITING HERBICIDES

Diphenyl ether herbicides, which inhibit PPO, were used for
postemergence control of broadleaf weeds in soybean in the
1980s. Use of these herbicides in soybean greatly escalated in the
1990s, however, and was driven at least in part by the widespread
occurrence of resistance to ALS inhibitors in A. tuberculatus.18

An A. tuberculatus biotype resistant to PPO inhibitors was
identified in Kansas in 2000, representing the first case of evolved
resistance to this group of herbicides.19 Soon thereafter, other A.
tuberculatus populations from Missouri, Illinois, and Iowa were
identified with resistance to PPO inhibitors.3

The mechanism of resistance to PPO inhibitors was first
elucidated in an Illinois biotype. Resistance was shown to result
from a deletion of an amino acid codon for a glycine residue at
position 210 (ΔG210) of the PPX2 gene.20 This gene encodes
the mitochondrial isoform of PPO and, via a 50 extension
encoding a chloroplastic targeting sequence, can also encode a
plastid-targeted PPO. The ΔG210 mutation was subsequently
identified in other Illinois A. tuberculatus populations resistant to
PPO inhibitors and in resistant populations from Kansas and
Missouri.21,22 Despite being an unusual mutation (a codon
deletion rather than a single-nucleotide substitution), the ΔG210
mutation is the only mechanism identified to date for resistance
to PPO inhibitors in A. tuberculatus.

Biochemical analysis and molecular modeling of the resistant
enzyme provided insights into the favorable attributes of the
ΔG210 mutation.23,24 In particular, the mutation reduced herbi-
cide sensitivity 100-fold while not appreciably affecting substrate
affinity and only modestly decreasing (about 10-fold) catalytic
turnover. It is thought that a short microsatellite repeat spanning
the wild-type G210 codon enables the codon deletion to occur.20,25

The presence of this microsatellite repeat and the favorable
enzymatic consequences of the ΔG210 mutation may account
for this mutation being, at least to date, the exclusive mechanism
of resistance to PPO inhibitors in A. tuberculatus.

Diphenyl ether herbicides were once widely used for post-
emergence control of A. tuberculatus and other broadleaf weeds
in soybean. However, when A. tuberculatus populations resistant
to the PPO inhibitors were first reported, use of these herbicides
had already declined dramatically with the widespread adoption
of glyphosate-resistant soybean.5 Thus, it is somewhat surprising
that the frequency of resistance to PPO inhibitors in A. tubercu-
latus continues to increase. In Kansas, for example, a survey
conducted in 2002 found resistance to PPO inhibitors in A.
tuberculatus from over a third of sites sampled within a 16 km
radius of the original site where the resistance was identified.14 In
Illinois, A. tuberculatus biotypes with resistance to PPO inhibitors
have now been confirmed from over 30 counties (B. Young and
P. Tranel, unpublished data). Continued use of PPO inhibitors
applied preemergence, along with an apparent lack of associated
fitness penalty,26 likely contributes to the maintenance of the
resistance allele. Regardless, it is apparent that had glyphosate-
resistant soybean not become available, resistance to PPO
inhibitors, coupled with the already widespread resistance to
ALS inhibitors in A. tuberculatus, would have eliminated all

Figure 1. Chronology of resistance and multiple resistance to herbicide
or herbicide groups in Amaranthus tuberculatus. References are shown in
parentheses.
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effective postemergence herbicide options available at that time
for control of this species in soybean.

’RESISTANCE TO GLYPHOSATE

Since farmers began relying on glyphosate in conjunction with
glyphosate-resistant crops for weed control, the number of
glyphosate-resistant weeds has steadily increased.3 Glyphosate-
resistant A. tuberculatus was identified in Missouri in 2004, at a
site grown in soybean and exposed to glyphosate for at least six
consecutive years.27 Glyphosate-resistantA. tuberculatus biotypes
have now been confirmed additionally from Illinois, Kansas,
Minnesota, Iowa, and Mississippi.3 As with other glyphosate-
resistant weeds, the level of resistance in A. tuberculatus is modest
(about 10- vs >100-fold for many other types of herbicide
resistance). This fact, along with A. tuberculatus’s naturally
variable responses to many herbicides, has sometimes blurred
the distinction between glyphosate resistance and tolerance. For
example, Zelaya and Owen 28 reported an A. tuberculatus popula-
tion that was not effectively controlled by glyphosate in 1998, the
first year the producer adopted glyphosate-resistant soybean.
Whether this population had evolved glyphosate resistance in
response to selection or was naturally tolerant to glyphosate is
unclear. Subsequent selection experiments, however, demon-
strated that the decreased glyphosate sensitivity was genetically
inherited, although likely as a multigenic trait.

Even among A. tuberculatus biotypes that likely evolved
glyphosate resistance in response to selection, the mechanisms
underlying resistance are not known, nor is the nature of inheri-
tance clear. Preliminary data 29 suggest the glyphosate-resistant
biotype identified in Missouri contains increased copy numbers
of EPSPS (the glyphosate target-site gene), although not to the
extent that has been reported in glyphosate-resistant Amaranthus
palmeri.30 More research is needed to fully understand the
glyphosate resistance mechanism in A. tuberculatus. Regardless
of the underlying resistance mechanism, it is clear that glypho-
sate-resistant A. tuberculatus, as well as other glyphosate-resistant
weeds, poses a serious threat to current cropping systems, which
are dominated by glyphosate-resistant crops and heavily depen-
dent on glyphosate for weed control.

Of the herbicide resistances that have evolved in A. tubercu-
latus, resistance to glyphosate is the only one to evolve in a
transgenic-based cropping system (e.g., glyphosate-resistant
crops).27 The other herbicide resistances were selected in non-
transgenic crops. From a management standpoint, however, this
distinction likely is of little significance. Regardless of the system
in which resistance was selected, the end result is one less alterna-
tive for managing the weed.

’MULTIPLE-HERBICIDE RESISTANCE

Resistance in a weed population to one herbicide (or to a
group of herbicides having the same site of action) typically is
overcome by using a herbicide having a different site of action.
For example, as stated previously, resistance to ALS inhibitors in
A. tuberculatus was largely managed by replacing these herbicides
with PPO inhibitors. Iteration of this process, however, can lead
to the accumulation within a population of different resistance
alleles for different herbicides. As a consequence, effective herbi-
scide options become more and more limited.

Subsequent to the identification of A. tuberculatus biotypes
resistant to either PSII inhibitors or ALS inhibitors, all new cases
of resistance in this species have been associated with multiple

resistance (Figure 1). A biotype resistant to both ALS and PSII
inhibitors was identified in 1996.10 When resistance to PPO
inhibitors was identified in A. tuberculatus, the population was
also found to have resistance to ALS inhibitors.19 Similarly, when
the first glyphosate-resistant A. tuberculatus biotype was identi-
fied, the population contained resistance to ALS and PPO
inhibitors.27 In themost extreme case to date withA. tuberculatus,
a population was identified in Illinois with resistance to four
different herbicides/herbicide groups: PSII inhibitors, ALS in-
hibitors, PPO inhibitors, and glyphosate.31 Using combinations
of herbicide efficacy studies and molecular assays for resistance
genes, it was further determined that some plants within this
population contain all four resistances. In other words, all four
resistances are present not only within the population but also
within individual plants. This is significant in that if the four
resistances were only at the population and not at the individual
plant level, then a tank mix of multiple herbicides could provide
effective control. In the case of this particular population,
however, even a tank mix of herbicides from the four different
sites of action would not provide effective control.

The occurrence of multiple resistance in A. tuberculatus
particularly threatens the ability of producers to manage this
weed in soybean. Although there remain several soybean pre-
emergence herbicides that are effective on A. tuberculatus, con-
tinuing seedling emergence of this species relatively late into the
growing season often necessitates the use of postemergence
herbicides for adequate control.32-34 Herbicides that can be used
postemergence in soybean and may potentially control A.
tuberculatus are limited to diphenyl ethers (e.g., lactofen), ALS
inhibitors (e.g., imazethapyr), glyphosate, and glufosinate (the
latter two requiring the use of resistant crop varieties). Of these,
glufosinate is the only one for which resistance in A. tuberculatus
has not yet been reported.

Farmers currently rely largely on glyphosate for postemer-
gence control of A. tuberculatus in soybean. As glyphosate-
resistant A. tuberculatus becomes more common, we expect this
approach to result in an increasing number of control failures.
With this in mind, we conducted research to examine the
occurrence of multiple resistance within glyphosate-resistant A.
tuberculatus populations. The specific practical question we
wanted to address was, if glyphosate fails to adequately control
a specific A. tuberculatus population, what is the likelihood that
alternative postemergence options (ALS inhibitors or diphenyl
ethers) would be effective? We did not consider glufosinate in
this research, because resistance has not yet evolved to this
herbicide. Plus, in a current-year rescue situation, glufosinate
would not be an option on glyphosate-resistant soybean.

A total of 93 individual plants were assayed from 18 fields (1
from Missouri, 17 from multiple counties in Illinois). Glypho-
sate-resistant A. tuberculatus had been confirmed or was sus-
pected (on the basis of glyphosate efficacy) in most of these
fields. Tissue samples from plants were either collected by
ourselves or provided to us by producers or weed management
professionals. DNA extracted from the tissue samples was
subjected to molecular assays for resistance to ALS inhibitors
(Trp574Leu ALS mutation), PPO inhibitors (ΔG210 PPX2
mutation), and glyphosate (EPSPS amplification), essentially
following published procedures.21,30,35 Resulting data will under-
estimate resistance to any one of the herbicide/herbicide groups
if a resistance mechanism other than the one assayed was present
within the populations. The trade-off for this limitation is that the
molecular assays required only leaf tissue (which is relatively
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insensitive to storage and shipping conditions) as sample ma-
terial, and they allowed for simultaneous detection of the three
different resistances within single plants. Furthermore, on the
basis of information that was discussed above, we expect the
molecular alterations assayed to comprise the majority of resistance
cases for each of the three respective herbicide/herbicide groups.

Results of the assays for multiple resistance are summarized in
Figure 2. Eight of the fields were found to not contain glyphosate-
resistant A. tuberculatus. Although this might indicate there is an
alternative glyphosate-resistance mechanism in this species, we
have found it not uncommon that a producer suspects resistance
when, in fact, poor control was due to other factors. As expected,
a majority of the plants contained resistance to ALS inhibitors.
Resistance to this group of herbicides was present in every field
and, therefore, an ALS-inhibiting herbicide would not be an
effective option on a glyphosate-resistant A. tuberculatus popula-
tion. Resistance to PPO inhibitors was found in 14% of the
plants, which came from seven different fields. Four of these
fields were the same as those that contained glyphosate-resistant
A. tuberculatus. On the basis of these findings, the odds are nearly
50-50 that a glyphosate-resistant A. tuberculatus population
from Illinois will also contain resistance to PPO inhibitors.
Overall, only 9 of the 93 total plants were identified as being
sensitive to all three herbicides, and 5 were identified that were
resistant to all three herbicides.

The multiple-resistance survey data just described illustrate
the problem of multiple herbicide resistance in A. tuberculatus.
Glufosinate may soon be the only effective postemergence
herbicide option for A. tuberculatus control in soybean, and this
herbicide has several limitations. These limitations include con-
tact-like activity (making efficacy dependent on thorough spray
coverage), lack of soil residual activity, and restrictive application
timing relative to weed size.36 Thus, a species such as A.
tuberculatus, which exhibits rapid growth rates, a prolonged
seedling emergence pattern, and high population densities, can
be challenging to effectively control with glufosinate. Further-
more, on the basis of A. tuberculatus’s history, there is no reason
to expect it will not evolve resistance to glufosinate if this
herbicide is widely used. If this happens, and no new soybean
postemergence herbicides are commercialized, soybean produc-
tion may not be practical in many Midwest U.S. fields.

To be sure, A. tuberculatus is not the only weed to have evolved
multiple-resistant populations and biotypes. Other members of

the Amaranthus genus, Lolium spp., Avena fatua, and Kochia
scoparia, are but a few of the others.3 Although the affected crops
and specific herbicides would vary, ongoing evolution of multi-
ple-herbicide resistance in these weeds would lead us to the same
conclusion. We urgently need new herbicide options or a new
weed management paradigm if we are to maintain our ability to
effectively manage weeds such as A. tuberculatus in large-scale
crop production systems.
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