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Abstract Widespread adoption of glyphosate-resistant crops and concomitant reli-
ance on glyphosate for weed control set an unprecedented stage for the evolution of
herbicide-resistant weeds. There are now 48 weed species that have evolved glyph-
osate resistance. Diverse glyphosate-resistance mechanisms have evolved, including
single, double, and triple amino acid substitutions in the target-site gene, duplication
of the gene encoding the target site, and others that are rare or nonexistent for
evolved resistance to other herbicides. This review summarizes these resistance
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mechanisms, discusses what is known about their evolution, and concludes with
some of the impacts glyphosate-resistant weeds have had on weed management.

Keywords EPSPS - Evolution - Glyphosate - Herbicide resistance - Resistance
mechanisms - Weed management

Abbreviations

AKR Aldo-keto reductase

AMPA Aminomethylphosphonic acid
C-p Carbon-phosphorus

eccDNA  Extrachromosomal circular DNA

EPSPS 5-Enolpyruvylshikimate-3-phosphate synthase
FISH Fluorescent in situ hybridization

GOX Glyphosate oxidoreductase

1 Introduction

Glyphosate competes with phosphoenolpyruvate to bind the enzyme
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), preventing synthesis of
the essential amino acids phenylalanine, tyrosine, and tryptophan (Steinriicken and
Amrhein 1980; Schonbrunn et al. 2001). It was commercialized for use as a
herbicide in 1974 for nonselective weed control (i.e., in non-crop areas or prior to
planting) (Duke and Powles 2008). In this Volume of Reviews of Environmental
Contamination and Toxicology, Duke (2021) provides a detailed review of the mode
of action and use of glyphosate, and Green and Siehl (2021) discuss the development
of glyphosate-resistant crops, which led to the unprecedented reliance on glyphosate
for weed control.

Prior to the commercialization of these glyphosate-resistant crops, it was infa-
mously argued in a 1997 paper (Bradshaw et al. 1997) that “the probability of
evolution of glyphosate resistance seems low.” To be fair, resistance to glyphosate
does appear to arise spontaneously at a lower frequency than it does for other
herbicides (Jander et al. 2003; Brotherton et al. 2007). Nevertheless, the probability
that herbicide resistance occurs in weeds depends not only on the ease at which
resistance to that herbicide evolves but also on the selection intensity imposed by
that herbicide. In regards to glyphosate, perhaps not even Bradshaw et al. (1997)
anticipated the unprecedented selection pressure that would be applied by this
herbicide in the years following their publication.

After about a decade of very successful weed control, the beginning of the end of
glyphosate as a stand-alone herbicide used in conjunction with glyphosate-resistant
crops occurred around 2005, with the evolution of glyphosate-resistant populations
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of Amaranthus palmeri and Amaranthus tuberculatus (Culpepper et al. 2006;
Legleiter and Bradley 2008). Although these were not the first two weeds to evolve
glyphosate resistance (Heap 2020), they are driver weeds in USA cotton and
soybean fields — the two crops for which glyphosate-resistant varieties were first
rapidly adopted.

Heap and Duke (2018) provided a relatively recent and comprehensive descrip-
tion of the occurrence and distribution of 38 glyphosate-resistant weed species
known at the time. Since then, 10 additional glyphosate-resistant weeds have been
reported, bringing the total to 48, equally split between grass and broadleaf species
(Heap 2020). Glyphosate-resistant weeds now have been documented in 30 countries
(Table 1). Of these 30 countries, however, most (24) have reports of less than five
species, with Australia, the USA, and Argentina being notable exceptions, with
19, 17, and 15 glyphosate-resistant species, respectively. The earliest glyphosate-
resistant weed species reported, including Lolium spp., Conyza spp., and Eleusine
indica, are also now the most widely distributed glyphosate-resistant species among
different countries. Early and widespread occurrence of glyphosate-resistant
populations of these species likely reflects some combination of these species’
widespread occurrence, their propensity for gene flow [e.g., Conyza spp. seeds are
wind dispersed over broad geographies (Weaver 2001)], and their innate abilities to
evolve glyphosate resistance.

When considering the timeline of the appearance of glyphosate-resistant weeds, it
is important to keep in mind that glyphosate selection might have occurred prior to
the adoption of glyphosate-resistant crops (through traditional use of glyphosate),
only after the adoption of such crops, or both, depending on the species. For
example, glyphosate-resistant Lolium rigidum was reported in Australia in 1996,
representing a clear case of glyphosate resistance occurring due to the traditional use
of glyphosate. In contrast, A. tuberculatus, for example, occurs primarily in crop
fields and germinates relatively late in the growing season (Costea et al. 2005).
Consequently, there likely was a relatively limited selection for glyphosate-resistant
biotypes of this species prior to 1996. Conyza canadensis, first reported glyphosate-
resistant in 2000, likely was selected by glyphosate applied both traditionally and in
glyphosate-resistant crops (VanGessel 2001), contributing to this species evolving
resistance sooner than, e.g., A. tuberculatus.

It is interesting that in the USA and Brazil, where glyphosate-resistant crops were
first widely adopted, most of the glyphosate-resistant weed species were reported
within a decade after the adoption of those crops, with no new species having been
reported from these countries since 2015. The recent lack of new glyphosate-
resistant species in these countries cannot be explained entirely by local curtailing
of glyphosate use: glyphosate often is used even in areas where glyphosate-resistant
weeds exist to provide control of other weed species. For example, in the USA as
recently as 2017, glyphosate was still used on three-fourths of the soybean hectares
(https://www.nass.usda.gov). Perhaps evolutionary rescue of glyphosate selection is
not possible, or highly improbable, in several weed species. Alternatively, after the
evolution of an initial glyphosate-resistant weed species in a given field, glyphosate
was more likely to be applied at higher use rates and in combination with one or more
other herbicides, limiting the subsequent evolution of glyphosate-resistant species.
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The most recent reports of new glyphosate-resistant weed species have come
from other South American countries and Australia. In fact, of the 10 species added
to the list since Heap and Duke’s review (2018), half were in Australia and the other
half were in the South American countries of Argentina, Columbia, or Paraguay.
Glyphosate selection from both traditional use and in glyphosate-resistant crops is
continuing to increase the number of glyphosate-resistant weeds.

Just as humans have to think “outside the box” when confronted with new
challenges, weeds had to evolve “outside the box” when confronted with glyphosate
selection. Hence, the combination of the difficulty in evolving glyphosate resistance
and the intense glyphosate selection pressure resulted in diverse and unusual resis-
tance mechanisms (Gaines et al. 2019). In this review, we discuss these diverse
resistance mechanisms and what is known about their evolution. We conclude with a
discussion of how the vast, real-world glyphosate evolutionary experiment has
impacted weed management.

As is the case for any other herbicide, resistance mechanisms for glyphosate can
be broadly grouped into target-site and nontarget-site mechanisms (Gaines et al.
2020). Historically, target-site resistance was described as a mutation in the gene
encoding the protein that directly interacts with the herbicide, leading to a reduced
affinity between the herbicide and its target site. Nontarget-site resistance includes
all other mechanisms, primarily including herbicide detoxification (metabolism),
reduced herbicide uptake, and reduced herbicide translocation. In general,
nontarget-site mechanisms confer resistance by essentially reducing the concentra-
tion of herbicide that reaches the target site. A relatively new resistance mechanism,
associated primarily with glyphosate resistance, is increased expression of the target
site via gene duplication (discussed in Sect. 3.2). Duplication of the target-site gene
has been categorized as another form of target-site resistance (Gaines et al. 2020).
From a physiological perspective, however, resistance due to increased expression of
the target site is more like nontarget-site resistance in that the net result in both cases
is reduced concentration of herbicide per unit of target site. Additionally, from a
genetic perspective, gene duplication in some cases results in resistance being
inherited from multiple loci — as often is the case with nontarget-site resistance
(Délye 2013) — whereas traditional target-site resistance involves a single locus.
Nevertheless, in this review we will include EPSPS duplication as a form of target-
site resistance.

2 Nontarget-Site Resistance

2.1 Uptake, Translocation, and Sequestration

The effectiveness of any herbicide is highly dependent on the active ingredient
reaching the target site. The delivery of the herbicide to the target site is defined
by the uptake and translocation of the herbicide in the plant, which, in turn, are
dependent on factors such as plant cuticle physiology, herbicide formulation,
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environmental factors, and molecular properties of the herbicide (e.g., size and
polarity) (Hess and Duke 1985).

The polar nature of glyphosate makes it poorly absorbed by leaves, but once
absorbed, it can be rapidly translocated into plant meristems (Preston and Wakelin
2008). Glyphosate is mainly translocated via phloem following the source-to-sink
pattern of photoassimilates. Translocation via xylem can also occur, but it rapidly
goes back into the phloem and accumulates more in sink tissues (Bromilow et al.
1990).

Reduced translocation and absorption of glyphosate are known mechanisms of
nontarget-site resistance documented in some weed species (Sprankle et al. 1975;
Feng et al. 2004; Wakelin et al. 2004; Preston and Wakelin 2008; Shaner 2009;
Vazquez-Garcia et al. 2020). Glyphosate uptake reduction occurs when chemical or
morphological changes in the leaf cuticle or leaf shape reduce the amount of
herbicide entering the plant. Most cases of reduced glyphosate uptake show a
variation in leaf angle and cuticle properties and were observed in grass species
(Michitte et al. 2007; Vila-Aiub et al. 2012; de Carvalho et al. 2012; Alcantara-de la
Cruz et al. 2016b).

Reduced glyphosate translocation occurs when the herbicide molecules have
limited or no movement to the plant meristem, a factor that can profoundly affect
herbicide efficacy, and has evolved as a resistance mechanism. In some species, such
as Conyza spp. and Lolium spp., the reduced translocation is attributed to a rapid-
vacuolar sequestration mechanism (Ge et al. 2010, 2012). Such sequestration pre-
vents translocation of the glyphosate molecules to meristematic tissue.

Vacuoles are degradative organelles, similar to lysosomes in animal cells, and are
the largest organelles of plant cells, representing around 80% of the total cell space
(Martinoia 1992). These large cell compartments serve as reservoirs for ions and
metabolites and play fundamental roles in detoxification and maintaining cell
homeostasis (Marty 1999). Studies have shown that active tonoplast transporters
such as ABC transporters are possibly linked with the movement of glyphosate into
the vacuoles, suggesting that ABC transporter genes regulate this resistance mech-
anism (Nol et al. 2012; Ge et al. 2014; Tani et al. 2015).

Environmental factors are also known to affect these key genes in the uptake and
translocation of glyphosate. Studies suggest that glyphosate uptake may vary in
different light regimes, showing greater uptake when conditions are optimum for
high ATP levels (Kells and Rieck 1979; Devine et al. 1983; Ge et al. 2010).
Temperature can also play a role in glyphosate uptake and translocation (Vila-
Aiub et al. 2013; Palma-Bautista et al. 2019). Vacuole sequestration was shown to
vary with temperature: with low temperature, glyphosate-resistant plants showed a
reduction in the resistance level and herbicide retention in the vacuoles (Ge et al.
2011). Because vacuolar sequestration provides a relatively low level of resistance
(Fig. 1), it potentially could be overcome by making applications when temperatures
are low. Further studies of vacuolar sequestration are still required for a better
understanding of this nontarget-site resistance mechanism at the molecular level.
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Type Il Non-target I Target + non-target
e l Target: duplication § Target: mutation

Triple mutation

Double mutation

Gene duplication

Single mutation + translocation
Single mutation

Reduced translocation

Double mutation

Single mutation + gene duplication
Gene duplication

Metabolism

Single mutation + translocation
Reduced translocation

Single mutation

Resistance mechanism

Resistance index

Fig. 1 Comparison of resistance index conferred by different glyphosate-resistance mechanisms.
Mean resistance indices (£1 standard error) were calculated from resistance ratios obtained from
the literature. Data aggregated from: (Baerson et al. 2002b; Wakelin et al. 2004; Culpepper et al.
2006; Yu et al. 2007, 2015; Perez-Jones et al. 2007; Dinelli et al. 2008; Lamego and Vidal 2008;
Jasieniuk et al. 2008; Kaundun et al. 2011; Chandi et al. 2012; Salas et al. 2012; Vila-Aiub et al.
2012; de Carvalho et al. 2012; Gaines et al. 2012; Gonzalez-Torralva et al. 2012a; Bell et al. 2013;
Moretti et al. 2013; Nandula et al. 2013, 2014; Mohseni-Moghadam et al. 2013; Lorentz et al. 2014;
Wiersma et al. 2015; Alcantara-de la Cruz et al. 2016b, a; Brunharo et al. 2016, 2019; Kleinman and
Rubin 2017; Yanniccari et al. 2017; Amaro-Blanco et al. 2018; Morran et al. 2018; Ngo et al.
2018b, a; Pandolfo et al. 2018; Beres et al. 2018; Li et al. 2018; Brunharo and Hanson 2018; Takano
et al. 2019; Perotti et al. 2019)

2.2 Rapid Response (Phoenix Phenomenon)

Because glyphosate’s herbicidal activity involves plants starving for aromatic amino
acids, it generally takes several days for plants to die after application. First
documented in 2008, some biotypes of Ambrosia trifida have evolved a rapid-
response glyphosate-resistance mechanism in which leaves treated with the herbi-
cide quickly wither and fall from the plant (Brabham et al. 2011; Moretti et al. 2018;
Van Horn et al. 2018). This rapid cell death limits the ability of the herbicide to move
throughout the plant and, therefore, can be considered a “reduced translocation”
mechanism. After shedding tissue containing glyphosate, the plant begins new
growth, seemingly from the ashes of a dead plant, and hence the name “Phoenix”
phenomenon. This rapid cell death also affects the efficacy of other herbicides
included in the spray mixture, because translocation is generally inhibited (Harre
et al. 2018). Though this mechanism is still not well understood, it can be reversed
with the application of exogenous phenylalanine and tyrosine, indicating that it is
somehow involved with a deregulation of the shikimate pathway (Moretti et al.
2018). Increased accumulation of reactive oxygen species following glyphosate
application in leaf discs displaying the rapid-response phenotype when compared
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to sensitive leaf discs points to the possibility that an accumulation of reactive
oxygen species plays a role in rapid cell death, though this remains to be elucidated.
It is assumed that this resistance mechanism requires an actively metabolizing plant,
given rapid-response plants do not display rapid cell death in the absence of light and
sucrose (Moretti et al. 2018).

Recently, Queiroz et al. (2020) reported a similar resistance phenotype to the
auxinic herbicide 2,4-D in Conyza sumatrensis, in which herbicide application
results in hydrogen peroxide accumulation and rapid cell death. While this report
means the rapid-response resistance mechanism no longer is unique to glyphosate, it
is unknown how similar the two resistance mechanisms are at the molecular level.

2.3 Metabolism

Studies of metabolic-based herbicide-resistance mechanisms began occurring in
earnest in the United Kingdom and Australia in the mid-1980s due to increasing
cases of resistances particularly in Alopecurus myosuroides and Lolium spp. (Moss
and Cussans 1985; Heap and Knight 1986). Documented cases have become more
common in recent years with the innovation of biochemical and genetic tools that
allow researchers to identify specific genes and metabolic pathways conveying such
resistance. Given that glyphosate is a relatively slow-acting herbicide that causes
depletion of aromatic amino acids, enhanced metabolism would be a highly effective
mechanism of resistance; one in which plants would be able to detoxify the herbicide
before the significant injury occurred.

Many known cases of metabolic herbicide resistance are due to mutated or
overexpressed cytochrome P450, glucosyltransferase, or glutathione S-transferase
enzymes (Yuan et al. 2007; Yu and Powles 2014). These enzymes belong to large
protein families and have many roles in primary and secondary metabolism, with
some having specificity to herbicide molecules. To date, there has been no report of a
protein from either of these families that significantly interacts with glyphosate in
plants. However, Van Etten et al. (2020) reported several genomic regions of
Ipomoea purpurea that are associated with an increase in glyphosate tolerance and
enriched for genes from these families. Further physiological validation to confirm
the roles of these gene families in glyphosate metabolism may help elucidate
previously reported variation of glyphosate tolerance within and among populations
of this species (Baucom and Mauricio 2010; Kuester et al. 2015).

Two enzymes have been reported to metabolize glyphosate: glyphosate oxidore-
ductase (GOX), which cleaves a C-N bond within glyphosate, and carbon-
phosphorus (C-P) lyase, which cleaves glyphosate’s C-P bond (Liu et al. 1991;
Van Eerd et al. 2003; also see Fig. 3 in Green and Siehl 2021). An unknown enzyme
that acts similarly to GOX is suspected to be the primary catalyst for glyphosate
detoxification in plants (Reddy et al. 2008). Along with the primary product of
GOX-mediated detoxification of glyphosate, aminomethylphosphonic acid
(AMPA), several other metabolites of glyphosate have been detected in higher
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plants, including glycine, glyoxylate, sarcosine, formaldehyde, and inorganic phos-
phate (Marshall et al. 1987; Duke 2011; Rojano-Delgado et al. 2012; Gomes et al.
2014). Formaldehyde and hydrogen peroxide are compounds associated with C-P
lyase-mediated metabolism of glyphosate, and their phytotoxicity in plants may
explain why C-P lyase has not evolved to be the primary catalyst of glyphosate
degradation in plants (Mutters et al. 1993; Goyer et al. 2004; Reddy et al. 2008).
Although most metabolites of GOX-mediated glyphosate degradation are common
compounds in plants and are unlikely to cause damage, AMPA has some evidence of
phytotoxicity in plants. For example, AMPA was shown to accumulate as a result of
glyphosate application and to cause injury in glyphosate-resistant soybean
(Hoagland 1980; Duke 2011). Gomes et al. (2014) hypothesized that AMPA’s
phytotoxic effects are the result of competitive inhibition of glycine decarboxylase,
thereby inhibiting chlorophyll biosynthesis. However, a microbial GOX has been
used as a transgene to successfully confer glyphosate resistance to tobacco and rape,
indicating that these plant species — and likely others — possess the molecular
machinery sufficient for further metabolizing any products of GOX-mediated glyph-
osate metabolism (Duke 2011; Pollegioni et al. 2011).

Previously, de Carvalho et al. (2012) showed increased metabolism of glyphosate
in resistant varieties of Digitaria insularis when compared to sensitive varieties, but
failed to tease this effect from other possible mechanisms in the population. Addi-
tionally, Rojano-Delgado et al. (2012) proposed that glyphosate metabolism worked
in conjunction with limited uptake and translocation to convey glyphosate tolerance
in Mucuna pruriens but failed to quantify these effects. Recently, an aldo-keto
reductase (AKR) enzyme was found to metabolize glyphosate to AMPA and
glyoxylate in an Australian population of Echinochloa colona, just as GOX does
in bacteria (Pan et al. 2019). While no variation in coding sequence of this AKR
delimited resistant and sensitive populations, increased expression was shown to be
associated with resistance to glyphosate. To further verify this AKR as the causative
agent of glyphosate resistance, rice was transformed with AKR cDNA from
E. colona. Calli and seedlings overexpressing the transcript and displaying increased
AKR activity were resistant to glyphosate (Pan et al. 2019). McElroy and Hall
(2020) later revisited this population of E. colona, however, and discovered the
presence of the Pro-106-Thr substitution encoded within EPSPS, a target site
mutation previously shown to reduce EPSPS affinity for glyphosate in this species
(Alarcén-Reverte et al. 2015; Han et al. 2016). This discovery obscures, but does not
eliminate, the effect of increased expression of AKR on the evolution of glyphosate
resistance in E. colona. In any case, the discovery of AKR’s role in glyphosate
metabolism emphasizes the need for future metabolism research efforts to treat all
candidate genes as true candidates in lieu of searching solely for common herbicide
metabolism genes such as cytochrome P450s or glutathione S-transferases. In short,
metabolism of glyphosate seems to have the potential to be a viable mechanism of
resistance, and it is surprising that more cases of metabolism-based resistance have
not been documented.
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3 Target-site Resistance

3.1 Insensitive Target Site

Within the context of glyphosate resistance, an insensitive target site occurs through
modifications to the primary amino acid sequence of EPSPS (Heap and Duke 2018).
When considering the total length of the enzyme (520 amino acids — GenBank
accession AT2G45300), relatively few amino acids are associated with resistance.
That there are few target-site mutations for glyphosate resistance is attributed to the
similarity in how glyphosate and phosphoenolpyruvate bind the EPSPS enzyme
(Schonbrunn et al. 2001). Such similarity means that structural changes that reduce
EPSPS affinity for glyphosate likely will also reduce its affinity for the phospho-
enolpyruvate substrate. Indeed, only three amino acid positions have been impli-
cated in evolved herbicide resistance in weed species: Thr-102, Ala-103, and
Pro-106 (Murphy and Tranel 2019). Amino acid substitutions at the Pro-106 posi-
tion, to Ser, Leu, Thr, or Ala, alone are sufficient for resistance to glyphosate (Heap
and Duke 2018; Morran et al. 2018; Brunharo and Hanson 2018). Substitutions at
Thr-102 and Ala-103 generally have only been observed coexisting with Pro-106
substitutions. Previously, Thr-102 substitutions observed in combination with
Pro-106 substitutions contained Ile as the substitute amino acid, and it was suggested
that this Thr-102-Ile mutation would not occur on its own because of its negative
effect on EPSPS enzyme activity (Sammons and Gaines 2014). Recently, however, a
Thr-102-Ser substitution was identified to confer glyphosate resistance in the tetra-
ploid Tridax procumbens (Li et al. 2018). Effects of substitution at Ala-103 are not
well known, and this substitution has been observed only in a triple substitution
referred to as TAP-IVS (Thr-102, Ala-103, and Pro-106 are substituted with Ile, Val,
and Ser, respectively) in Argentinian Amaranthus hybridus, (Garcia et al. 2019;
Perotti et al. 2019). Green and Siehl (2021) in this same Volume provide further
discussion of the effects of different amino acid substitutions on EPSPS kinetics, and
a database of EPSPS amino acid changes conferring glyphosate resistance in weeds
is maintained by Gaines and Heap (2020).

Experiences with resistance to other herbicide groups, particularly to inhibitors of
photosystem II, acetolactate synthase, and acetyl-CoA-carboxylase, have indicated
that single amino acid changes to herbicide target sites confer very robust levels of
resistance relative to nontarget-site resistance mechanisms (Powles and Yu 2010). In
the case of glyphosate, however, resistance derived from a single target-site substi-
tution is often associated with weak resistance relative to other glyphosate-resistance
mechanisms (Fig. 1). Consistently, single mutation events provide some of the
lowest levels of resistance when compared to all other mechanisms in both grass
and broadleaf weed species. In comparison, the documented double and triple sub-
stitutions to EPSPS confer resistance levels greater than those provided by
nontarget-site mechanisms. This is consistent with attempts to develop glyphosate
resistance traits in crops through site-directed mutagenesis. The pairing of Thr-102-
Ile and Pro-106-Ser substitutions, which has evolved in weeds, also resulted in
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commercial resistant germplasm developed through site-directed mutagenesis (Dill
2005). Indeed, the introduction of single point mutations through ethyl
methanesulfonate was widely unsuccessful in the creation of an acceptable resis-
tance phenotype for commercial use, consistent with modest levels of resistance
conferred by single amino acid substitutions in EPSPS.

3.2 EPSPS Gene Duplication

Beginning with its discovery in A. palmeri in 2010 (Gaines et al. 2010), EPSPS gene
duplication has become a relatively common mechanism of glyphosate resistance.
Thus far, three other broadleaf species (A. tuberculatus, Amaranthus spinosus, and
Bassia scoparia) and six grass species (Lolium perenne, Bromus diandrus, E. indica,
Chloris truncata, Poa annua, and Hordeum glaucum) have evolved glyphosate
resistance via this mechanism (Salas et al. 2012; Nandula et al. 2014; Lorentz
et al. 2014; Jugulam et al. 2014; Chen et al. 2015; Malone et al. 2016; Ngo et al.
2018a; Adu-Yeboah et al. 2019; Brunharo et al. 2019). These species appear to
require differing levels of genomic copies for resistance. Three of these species,
A. tuberculatus, B. scoparia, and H. glaucum, show resistance with relatively low
numbers of EPSPS genomic copies (Fig. 2), often between 3 and 14, with a
minimum of three copies needed to confer glyphosate resistance (Lorentz et al.
2014; Wiersma et al. 2015; Chatham et al. 2015; Godar et al. 2015; Adu-Yeboah
etal. 2019). One study has reported plants with >15 EPSPS copies in A. tuberculatus
(Dillon et al. 2017), but this appears to be the exception to the norm. EPSPS
expression mostly correlates with EPSPS genomic copy number for B. scoparia
and A. tuberculatus but does not correlate well with resistance level, with most
resistant accessions showing similar levels of glyphosate resistance despite varying
levels of EPSPS copies (Fig. 2). Few studies examine all potential glyphosate
resistance mechanisms, so some of this disconnect between EPSPS copy number
and resistance may be due to the presence of alternative mechanisms of resistance.
For H. glaucum, there was no correlation between copy number and expression, but
some evidence of correlation between copy number and glyphosate resistance
(Adu-Yeboah et al. 2019).

In contrast, for all other species with this resistance mechanism, at least 10 EPSPS
gene copies have been shown to be necessary for resistance. Around 10-36 copies
have been documented in B. diandrus (Malone et al. 2016), 32-48 copies in
C. truncata (Ngo et al. 2018a), and 33-37 in A. spinosus (Nandula et al. 2014).
These mid-range levels of EPSPS copy numbers confer approximately the same
level of resistance to glyphosate (compared to a sensitive control) as observed in
B. scoparia and A. tuberculatus, with resistance between about 3- and 7-fold. Much
higher EPSPS copy numbers have been observed in A. palmeri (35-160); (Gaines
etal. 2010), L. perenne (11-151); (Salas et al. 2012), and E. indica (89); (Chen et al.
2015), with both A. palmeri and L. perenne demonstrating increasing levels of
glyphosate resistance with increasing numbers of EPSPS gene copies (Fig. 2).
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Fig. 2 Average EPSPS genomic copy number plotted against the resistant:susceptible (R:S) ratio
for glyphosate-resistant populations. Each dot is a single population and each color indicates a
different weed species, with linear regression lines plotted separately for each species. Data
aggregated from (Gaines et al. 2010; Chandi et al. 2012; Salas et al. 2012; Nandula et al. 2014;
Lorentz et al. 2014; Wiersma et al. 2015; Godar et al. 2015; Malone et al. 2016; Chahal et al. 2017;
Ngo et al. 2018b; Singh et al. 2018; Adu-Yeboah et al. 2019)

Eleusine indica has shown a positive correlation between EPSPS gene copy number
and expression, but whether this translates to higher levels of glyphosate resistance is
not yet known (Chen et al. 2015). A population of P. annua was reported with
18-fold resistance to glyphosate but with only seven EPSPS copies (Brunharo et al.
2019). This was a novel case, however, in which, for the first time, it was reported
that the duplicated EPSPS gene also encoded a glyphosate-resistant enzyme
(Pro-106-Leu). The relative contribution of each (duplication and mutation) to
glyphosate resistance is unknown, but they both likely contributed, because the
magnitude of resistance was greater than that typically conferred by either mecha-
nism alone (Fig. 1).
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The correlation of EPSPS genomic copy number and the resistance phenotype
has been investigated in multiple species, as indicated with some examples just
discussed. At a population level, a positive correlation between genomic copy
number and resistance has been reported within B. scoparia; however, this relation-
ship does not appear to be linear (Godar et al. 2015; Gaines et al. 2016). In some
cases, relationships may be population-specific, suggesting that each evolved event
may follow a distinct relationship (Gaines et al. 2016). In fact, this is well supported
by the meta-analysis shown in Fig. 2, because a diversity of relationships are
observable among species. For instance, while a strong linear correlation is observed
within A. palmeri data points, such a correlation is not consistent in other species.
The relationship between genomic copy number and resistance should be established
for each species, if not for each evolved instance of this mechanism. Breakdowns in
the relationship between genomic copy number and resistance are not wholly
unexpected. For example, an increase in genomic copy number is several steps
removed from an increase in protein abundance. Consequently, demonstration of
an elevated protein abundance is necessary to attribute increases in genomic copy
with the resistance phenotype. And, as previously mentioned, the coexistence of one
or more other resistance mechanisms within individual plants can be a confounding
factor and typically can be ruled out only by further genetic analyses.

4 Distribution of Resistance Mechanisms Among Species

Of the 48 glyphosate-resistant weed species, there is strong evidence for the exis-
tence of a particular resistance mechanism in 29 of them (Table 1). Although only
one glyphosate-resistance mechanism has been documented in 16 weed species,
there are 9 species for which two mechanisms have been reported and 4 species in
which three different mechanisms have been reported. Reduced uptake/translocation
and single EPSPS amino acid substitutions are the most common mechanisms, with
each having been reported in 14 different weed species. As mentioned above, gene
duplication, although not known as a herbicide-resistance mechanism prior to
glyphosate resistance, is now also a quite common glyphosate-resistance mecha-
nism, being reported in 10 different weed species.

In general, there do not appear to be significant differences in the distributions of
glyphosate-resistance mechanisms between grass and broadleaf weed species. In
fact, the three most common categories of mechanisms shown in Table 1 (reduced
uptake/translocation, single EPSPS substitution, and EPSPS duplication) are sur-
prisingly evenly distributed, with EPSPS duplication showing the greatest deviation
from 1:1 (4 broadleaf species:6 grass species). However, as noted above (Sect. 2.1),
reduced glyphosate uptake tends to be more common in grass than in broadleaf
species.

There are 19 reported glyphosate-resistant weeds for which resistance mecha-
nisms have not yet been confirmed. It will be interesting to see what new glyphosate-
resistant mechanisms might be found in these weeds. To be sure, there very well
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might be additional resistance mechanisms, which simply have not been identified
yet, in the 29 species for which mechanisms have already been reported. And, of
course, new glyphosate-resistant species certainly will be added to the list shown in
Table 1. It should also be noted that the categories of resistance mechanisms listed in
Table 1 underreport the variety of mechanisms at the molecular level. For example,
as discussed in Sect. 3.1, a variety of single amino acid substitutions can confer
glyphosate resistance, but they are all grouped together under the category of “single
target site mutation” in Table 1. Additionally, quite a variety of molecular mecha-
nisms associated with a variety of different genes could contribute to altered
glyphosate uptake/translocation. Clearly, weeds have evolved diverse mechanisms
to survive glyphosate, and more mechanisms likely await future discovery.

5 Evolutionary Origins of Resistance

As described in Sects. 2 and 3, glyphosate resistance can be mediated by a variety of
mechanisms. These resistance mechanisms arise as a result of changes to one or
more locations in the genome, resulting in structural or regulatory changes to gene
products. Genetic changes that are beneficial (e.g., confer reduced sensitivity to
glyphosate) are selected and increase in frequency in the selected populations. The
source of the genetic differences that can be selected include standing genetic
variation (i.e., they already exist in the population before the onset of selection),
immigration from a different population or species, or new mutations. As is the case
with resistance to other herbicides, the relative contribution of these sources for
glyphosate-resistance evolution are largely unknown (Casale et al. 2019). Ulti-
mately, a better understanding of the evolution of herbicide resistance could lead
to novel strategies to mitigate it (Neve et al. 2009).

Naturally occurring plant tolerance cases to a given chemistry may provide
insight into what mechanisms may evolve in the future. Several plant species have
exhibited a natural tolerance to glyphosate, although the underlying mechanisms
have been investigated in few cases. In both Convolvulus arvensis and lilyturf
species, gene copy number has been attributed to at least part of the observed
tolerance phenotype (Mao et al. 2016; Huang et al. 2019). However, these tolerance
cases are frequently due to a combination of mechanisms. In lilyturf species, for
example, EPSPS structural differences were also noted, relative to other plant EPSPS
enzymes, due to multiple amino acid substitutions and deletions Both modeling and
in vitro enzyme assays indicated that these structural differences resulted in reduced
glyphosate sensitivity (Mao et al. 2016). In C. arvensis, a promoter-mediated
overexpression, associated with glyphosate application, was also observed in addi-
tion to increased EPSPS copy number (Huang et al. 2019). Reduced glyphosate
translocation was associated with increased tolerance in Ipomoea lacunosa (Ribeiro
et al. 2015), whereas increased glyphosate metabolism is hypothesized to confer
tolerance in I. purpurea (Van Etten et al. 2020). While there does not appear to be an
overarching trend in tolerance mechanisms among species, similar mechanisms are
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observed across plant tolerance and resistance. The structure-based tolerance of
lilyturf could be considered analogous to target-site resistance. Promoter-mediated
overexpression, resulting in an increase in EPSPS protein abundance, also has been
occasionally associated with evolved resistance (Baerson et al. 2002a). Gene copy
number increase and reduced translocation both have been implicated in both
tolerance and evolved resistance. The investigation of tolerance mechanisms to a
given chemistry, even beyond the scope of glyphosate, can provide insight into what
mechanisms might evolve in response to selection.

There have been a couple of cases in which a weed evolved glyphosate resistance
via gene flow from a related species. In one case, the weed Brassica rapa acquired
the transgene (CP4 EPSPS) conferring glyphosate resistance from cultivated rape
(Warwick et al. 2003). This evolutionary path to glyphosate resistance in B. rapa
subsequently has been shown to be a common event and has occurred in multiple
countries (Simard et al. 2006; Pandolfo et al. 2018). Another case involves weed-to-
weed gene flow, in which A. spinosus acquired EPSPS gene duplication that had
evolved in A. palmeri (Nandula et al. 2014). These cases are the exception to the
norm, however, and most weed species have evolved glyphosate resistance from
either standing genetic variation or new mutations.

5.1 Nontarget-Site Mechanisms

In general, nontarget-site glyphosate resistance mechanisms are still poorly under-
stood, and even less is known about their evolutionary origins. In regard to enhanced
detoxification, because glyphosate is metabolized readily through multiple pathways
in bacteria, horizontal gene transfer could certainly be a source of resistance, though
no evidence exists for this having occurred. As discussed above, AKR likely plays a
role in glyphosate resistance in E. colona, perhaps via enhanced expression, and
remains the only plant protein proven to directly metabolize glyphosate (Duke
2019). The evolutionary origin of enhanced expression of AKR in E. colona, or of
any other herbicide-metabolizing enzyme selected in weed populations, remains
unknown. Now that AKR has been identified to metabolize glyphosate, evaluation
of homologous genes in other weed species likely will follow and should reveal the
potential of AKR to confer glyphosate resistance in other species.

Because inheritance studies have not yet been published regarding the rapid-
response glyphosate-resistance mechanism, its genetic complexity is not known.
Additionally, though similarities exist with a recently identified resistance mecha-
nism to 2,4-D (Queiroz et al. 2020), it is unclear if these rapid response mechanisms
have any evolutionary relatedness. The similarities with plant pathogen response
(e.g., hypersensitivity and rapid cell death) suggest this mechanism evolved by
somehow co-opting a pathway for plant defense against abiotic attack (Roden and
Ingle 2009).
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As discussed above, glyphosate resistance due to vacuolar sequestration might be
mediated by an ABC transporter and has been most studied in C. canadensis. Just as
enhanced herbicide metabolism can evolve through increased expression of a
herbicide-metabolizing enzyme, sequestration could evolve through increased
expression of an ABC transporter. A previous study found glyphosate resistance in
C. canadensis to be mediated by a single gene (Zelaya et al. 2004), although the
identity of that gene is unknown. Increased expression of both EPSPS and ABC
transporters in a glyphosate-resistant C. canadensis biotype prompted
Margaritopoulou et al. (2018) to investigate methylation of the EPSPS gene. Their
finding of differential EPSPS methylation between resistant and sensitive biotypes
suggests epigenetic changes could be playing an evolutionary role. The contribution
of epigenetic changes to herbicide-resistance evolution in general, not just specifi-
cally to glyphosate, remains an unanswered question (Markus et al. 2018).

Nontarget-site herbicide resistance offers the field of weed science many novel
research questions to be answered through a variety of omics-based approaches
(Maroli et al. 2018; Patterson et al. 2019a). The recent establishment of an Interna-
tional Weed Genomics Consortium promises the development of reference genome
assemblies for many of the world’s most problematic weeds (Ravet et al. 2018). This
effort will supplement other recent but less coordinated efforts to produce genomic
resources for driver weed species, including L. multiflorum (Copetti et al. 2019),
A. tuberculatus (Kreiner et al. 2019), B. scoparia (Patterson et al. 2019b), and
C. canadensis (Laforest et al. 2020). The availability of these genomic resources
enables genetic mapping of traits such as glyphosate resistance (Korte and Farlow
2013; Van Etten et al. 2020) and will complement previous transcriptomic studies
designed to identify candidate genes that may be involved in herbicide resistance
(Piasecki et al. 2019). The identification of genomic regions associated with the trait
of interest, via a genetic mapping experiment, allows for the filtering of candidate
genes identified via expression- or variant-based transcriptomic analyses and hedges
against the possibility that the trait is ultimately controlled by some regulatory
element located far from the genes that would be identified through expression-
based transcriptomic approaches. These filtered candidates should be judged, based
on physiological characteristics of the trait, and functionally validated via loss- or
gain-of-function experiments (Sauka-Spengler and Barembaum 2008; Housden
et al. 2017). Pan et al. (2019) provide a good model for functional validation of a
glyphosate-resistance gene (AKR), but additional genetic study may have identified
the second locus (EPSPS, see Sect. 2.3) contributing to glyphosate resistance. With
the identification of the genes involved in nontarget-site glyphosate resistance,
researchers will be able to better understand the evolutionary origins of such
resistance and predict how likely it is that other species will evolve similar resistance
mechanisms in the future.
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5.2 EPSPS Gene Duplication

Because of the novelty and importance of EPSPS gene duplication as a resistance
mechanism, its evolutionary origin is of great interest and has been addressed in
several studies (Patterson et al. 2018). Except for the case of A. spinosus, wherein the
EPSPS amplicon from A. palmeri introgressed into the A. spinosus population after a
hybridization event (Nandula et al. 2014), EPSPS gene duplication evolved inde-
pendently in each of these species. Accordingly, the mechanism of duplication and
the length and content of the EPSPS amplicon varies across the different species. For
two species with relatively low EPSPS copy numbers, A. tuberculatus and
B. scoparia, cytogenomic analysis using fluorescent in situ hybridization (FISH)
has shown the duplicated EPSPS genes are arranged as tandem repeats along one
chromosome pair. In B. scoparia, these tandem repeats of EPSPS occurred at the
distal end of one pair of homologous chromosomes, with approximately 40-70 kb
between EPSPS genes and one copy inverted compared to the rest (Jugulam et al.
2014). The tandem arrangement of the EPSPS genes and their location in the
telomeres suggests an unequal recombination-based mechanism of gene duplication
since unequal crossing over occurs most frequently in telomeric regions of the
chromosome and leads to tandem duplications. Similarly, in A. tuberculatus, the
EPSPS repeats were found to occur at a single locus in one set of homologous
chromosomes, but unlike in B. scoparia, these repeats were in the pericentromeric
region of the chromosome, where recombination is less likely to occur (Dillon et al.
2017). Whether the mechanism of gene duplication in this species is also unequal
recombination or some other form of chromosomal rearrangement or segmental
duplication is unknown.

To further complicate the story, some A. tuberculatus individuals with higher
EPSPS copy numbers (>15 copies) showed multiple EPSPS signals on an additional
small chromosome (Dillon et al. 2017). Further cytogenomic work found this extra
chromosome to be a ring chromosome that was derived from the pericentromeric
region of the chromosome with multiple EPSPS gene duplications (Koo et al.
2018a). FISH assays of F; progeny showed variation in the size and EPSPS copy
number of these ring chromosomes across different individuals and, surprisingly,
additional EPSPS gene copies on other pairs of chromosomes, indicating reintegra-
tion of the ring chromosomes into the linear chromosomes through ectopic recom-
bination (Koo et al. 2018a). The hypothesized model of ring chromosome formation
includes breakage of the linear chromosome at two spots flanking the original
EPSPS gene duplicates (perhaps via aneuploidy-triggered destabilization), followed
by fusion of the broken chromosome ends into a shortened linear chromosome. The
excised middle region containing one or more EPSPS genes then undergoes fusion
of its proximal ends to form a ring chromosome, that may then form varying sizes of
ring chromosomes via a breakage-fusion-bridge cycle model (Koo et al. 2018a).
Work looking into the EPSPS gene duplication mechanism in A. palmeri has found
similar results, with the additional EPSPS gene copies occurring on extrachromo-
somal DNA. In the initial report of gene duplication in this species, a FISH image
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showed EPSPS gene signals distributed across all 34 chromosomes of A. palmeri
(Gaines et al. 2010), but a later study (Koo et al. 2018b) showed these gene signals
were not actually on the linear chromosomes but were located on extrachromosomal
circular DNA (eccDNA) tethered to the main chromosomes. Inheritance of these
eccDNA molecules was highly variable and displayed unequal mitotic segregation,
illustrating the need for glyphosate selection for retention of glyphosate-resistant
plants with high numbers of EPSPS copies. Further work has highlighted that these
eccDNA molecules are highly structured with 59 genes, 41 of which are expressed
under glyphosate application, and a complex array of mobile genetic elements,
repeat sequences, and clustered palindromes (Molin et al. 2017, 2020). The contri-
bution of these additional genes/sequences to the overall resistance phenotype is
unknown. Syntenic analysis using genomic assembly of closely related species
(Amaranthus hypochondriacus and A. tuberculutus) suggested that the eccDNA
was built from several regions across the genome, rather than derived from a single
locus (Molin et al. 2020). Consequently, some of the genes (in addition to EPSPS)
within the eccDNA may have been selected by glyphosate. An alternative hypothesis
is that one or more genes in the eccDNA were selected in the evolutionary past by
some other plant stress, and EPSPS happened to get captured within the amplicon,
priming the species for the later evolution of glyphosate resistance.

In grass species with the EPSPS gene duplication mechanism, some recent
publications have begun to shed light on the arrangement and origin of the EPSPS
gene copies. In L. perenne ssp. multiflorum, FISH mapping of the EPSPS gene on
somatic metaphase chromosomes revealed a similar pattern as that observed in
A. palmeri, with EPSPS signals distributed across all chromosomes in plants with
high EPSPS gene copy number (Putta 2017). As with A. palmeri, the signals
appeared to be on the outer edges of the chromosomes, perhaps indicating a similar
mechanism of gene duplication involving circular extrachromosomal DNA tethered
to the main chromosomes, but conclusive evidence of this does not yet exist.
Conversely, in E. indica, EPSPS gene copies in a resistant individual appeared to
be restricted to two pairs of homologous chromosomes, as indicated by FISH work
in this species (Chen et al. 2019). In B. diandrus, no FISH assays have yet been
published, but inheritance work has shown F, offspring to have a range (3-30) of
EPSPS gene copies, with all F, offspring showing an increase in the baseline copy
number (Malone et al. 2016). If the EPSPS gene copies were inherited as a single
locus, as would be expected in a tandem repeat model, 25% of the F,s should have a
single EPSPS copy, and the fact that this is not observed indicates these EPSPS gene
copies likely occur on multiple chromosomes. For the other three grass species
(C. truncate, H. glaucum, and P. annua), no cytogenetic or inheritance work has
yet been completed and the mechanism of EPSPS gene duplication is unknown.

Gene duplication as a herbicide-resistance mechanism thus far has been reported
in only one other case, resistance to acetyl-CoA-carboxylase inhibitors (Laforest
et al. 2017). Why, then, has it repeatedly evolved for glyphosate resistance? As can
be seen in Fig. 1, besides multiple amino acid substitutions in EPSPS, gene dupli-
cation confers the highest magnitude of resistance among the known resistance
mechanisms evolved to date. Perhaps EPSPS duplication is the evolutionary “path
of least resistance” for robust glyphosate resistance (Tranel 2017).
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Recent population genetics analysis of glyphosate-resistance evolution in
A. tuberculatus indicated that EPSPS duplication in this species — which appears
to be due primarily to tandem duplications — independently occurred multiple times
(Kreiner et al. 2019). In contrast, the EPSPS-containing eccDNA in A. palmeri was
nearly identical among geographically dispersed populations, suggesting a single
evolutionary origin (Molin et al. 2018). Conservation of the eccDNA among these
populations suggests a relatively recent evolutionary event, arguing against the
hypothesis mentioned above, that the amplicon was selected by some plant stress
prior to glyphosate selection. Kreiner et al. (2019) presented evidence suggesting
EPSPS duplication preexisted as standing genetic variation in A. fuberculatus, in
contrast to the eccDNA in A. palmeri being a relatively recent event. Certainly, more
work is needed, but comparison of these two species suggests that tandem duplica-
tion is a higher probability event than the eccDNA-based duplication. Why these two
related species used different evolutionary paths to EPSPS duplication is unknown.
One possibility is that tandem duplication may not have evolved as a glyphosate-
resistance mechanism in A. palmeri because this species is inherently more sensitive
than A. tuberculatus to glyphosate. Therefore, A. palmeri needed tens of copies of
EPSPS for resistance, which was enabled only after evolution of the EPSPS-
containing eccDNA. In fact, if the linear correlation between EPSPS copy number
in A. palmeri and resistance magnitude shown in Fig. 2 is extrapolated, resistance
would not be observed below 10 copies. As mentioned above, it is also possible that
other genes within the eccDNA augment the glyphosate resistance conferred by
EPSPS duplication.

5.3 Target-Site Mutations

The relative contributions of standing genetic variation versus new mutations for
target-site resistance likely vary among herbicides. In the case of target-site resis-
tance to glyphosate, repeated occurrence of double mutations and the occurrence of a
triple mutation (discussed in Sect. 3.1) present additional evolutionary questions.
These multiple-mutation alleles could preexist in a population as part of the standing
genetic variation, or the multiple mutations could arise sequentially during the
course of herbicide selection. In addition, the spontaneous occurrence of a double
or triple-mutation allele (e.g., both or all three of the mutations occurring in a single
generation) is formally possible, but the probability is so low that this route probably
can be considered inconsequential (Ossowski et al. 2010). Sequential evolution
could occur by a second mutation occurring in an allele that already has one
mutation, or via recombination between two alleles each carrying one of the two
mutations. Given the close proximity of the double and triple mutation sites in the
gene, however, recombination between them will be exceedingly rare. Therefore, the
two most likely evolutionary paths to the multiple-mutation alleles are either they
existed prior to selection or a single-mutation allele increased in frequency as a result
of herbicide selection, and then acquired one or more additional mutations.



114 Y. Baek et al.

If a multiple-mutation allele preexisted in the population, then one would expect
it to have a limited fitness cost, because a large fitness cost would result in it having
been purged from the population. From limited studies to date on fitness costs of
multiple-mutation EPSPS alleles, however, at least some seem to have significant
fitness costs (see Sect. 5.4). Additionally, if a multiple-mutation allele preexisted,
one would expect to find this allele in essentially all resistant plants, i.e., occurrence
of alleles containing only one of the mutations would be rare (since they would only
come about via recombination or a mutation back to wild type). In an E. indica
population with the Thr-102-Ile + Pro-106-Ser double mutation, both the double
mutant and the single mutant Pro-106-Ser, but not the single mutant Thr-102-Ile,
allele were found at high frequencies, leading the authors to conclude that the two
mutations evolved sequentially (Yu et al. 2015).

In the cases of multiple-mutation EPSPS alleles in Bidens subalternans (double
mutant) and A. hybridus (triple mutant), however, only the multiple-mutant alleles
were observed (Perotti et al. 2019; Takano et al. 2020), which is consistent with the
alleles preexisting in the population. Furthermore, because B. subalternans is tetra-
ploid, it was suggested that fitness cost of the double-mutation allele could be
masked by the second, wild type EPSPS gene (Takano et al. 2020), which could
explain how such an allele persisted in the population prior to glyphosate selection.
Because the multiple-mutation alleles confer higher resistance than the single-
mutation alleles, there are caveats with the expectation that lack of finding the
single-mutation alleles is evidence of the multiple-mutation alleles preexisting in
the population. For example, with repeated selection of glyphosate, especially with
high doses, the multiple-mutation alleles will be favored over the single-mutation
alleles and, therefore, the single-mutation alleles will be purged over time. Thus, one
must consider the glyphosate selection timeframe. In addition, if the multiple-
mutation allele arose sequentially in one population, but then migrated to a second
population, analysis of the second population would incorrectly lead to support of
the hypothesis that the multi-mutation allele preexisted.

In summary, there is good evidence that multiple-mutation EPSPS alleles evolved
from sequential events in at least some cases. More evidence is needed, however, to
conclude that glyphosate resistance also has evolved via selection of multiple-
mutation EPSPS alleles that preexisted as part of the standing genetic variation of
a population.

5.4 Fitness Costs

In many organisms, the evolutionary adaptation to a new environment or to a new
selection pressure is often accompanied by tradeoffs that can affect the general
fitness of the organism, commonly referred to as fitness cost (Purrington 2000;
Strauss et al. 2002; Vila-Aiub 2019). The presence of resistance alleles in a biotype
can cause pleiotropic effects that will enhance some negative phenotypes, such as
lower number and viability of seeds, less biomass, and less attraction to pollinators.
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All of these effects can prevent the fixation of resistance alleles, making the
adaptation process occur slower (Tian et al. 2003; Vila-Aiub 2019). On the other
hand, studies have also shown that, in some cases, no fitness cost was observed due
to the presence of herbicide-resistance alleles (Vila-Aiub 2019). Understanding
fitness costs related to the presence of herbicide resistance traits is important to
understand the evolution patterns that these traits will follow (Cousens and Fournier-
Level 2018).

Studies to investigate fitness cost due to glyphosate resistance have shown
different results according to the mechanism of resistance involved. In the case of
target-site glyphosate resistance, there is generally a correlation between higher
levels of resistance and greater fitness costs (Vila-Aiub et al. 2019). For example,
substitution of two amino acids in EPSPS in E. indica was accompanied by a high
fitness cost, whereas a single mutation in the same species—which provided lower
resistance—conferred a negligible fitness cost (Yu et al. 2015; Han et al. 2017).
Fitness studies of EPSPS gene duplication generally have identified little if any
fitness costs, although costs may be higher in certain genetic backgrounds
(Giacomini et al. 2014; Vila-Aiub et al. 2014; Martin et al. 2017; Osipitan and
Dille 2019). That EPSPS duplication does not confer a large fitness penalty is
particularly surprising in A. palmeri, given both the large number of copies in
resistant plants and the size of the amplicon (Vila-Aiub et al. 2019). The EPSPS
amplicon in A. fuberculatus also appears quite large (Kreiner et al. 2019) but,
nevertheless, only modestly decreased in frequency in a multi-generational fitness
study (Wu et al. 2017). Vila-Aiub (2019) provides a recent and more comprehensive
review of fitness costs associated with glyphosate resistance. When considering
fitness costs of herbicide-resistance mechanisms, it is important to keep in mind
that those mechanisms that confer extremely high fitness penalties are unlikely to be
selected. Consequently, our vantage point is skewed by studying only those mech-
anisms that have evolved in weed populations.

6 Impacts on Weed Management

Widespread adoption of glyphosate-resistant crops resulted in reliance on glyphosate
for weed control in those crops and a dramatic drop in the use of alternative
herbicides (Young 2006). A primary impact of glyphosate-resistant weeds has
been a reversal of that trend. Initially, farmers typically responded to glyphosate-
resistant weeds by increasing the glyphosate use rate (Weller et al. 2010). However,
because glyphosate-resistant weeds often can withstand maximum labeled use rates,
such an approach was largely futile. The second approach often was to use a tank
mix, spraying a second herbicide with glyphosate. For example, in the case of
glyphosate-resistant A. fuberculatus and A. palmeri, a herbicide that inhibits
protoporphyrinogen oxidase often was added. This is reflected in the use of these
herbicides in the USA declining precipitously, beginning in 1996, but then begin-
ning to increase in 2013, coinciding with increasing occurrence of glyphosate-
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resistant Amaranthus populations (Dayan et al. 2018). Similar management
responses, i.e., initially increasing the glyphosate rate, and then adding an appropri-
ate tank-mix partner, were not restricted to USA farmers (Valverde 2010). Other
chemical strategies such as returning to the use of soil-residual herbicides and
rotating herbicides (e.g., not using glyphosate ever year) also were implemented in
response to glyphosate-resistant weeds.

From the broader weed science industry perspective, a major impact of
glyphosate-resistant crops was a decrease in herbicide discovery efforts (Duke
2012). Consequently, there are essentially no new herbicide options for farmers to
turn to for combatting glyphosate-resistant weeds. This is particularly problematic
for those weed populations that possess multiple resistance to other herbicides.
Therefore, some farmers reluctantly responded to glyphosate-resistant weeds by
implementing nonchemical strategies, including hand-weeding, tillage, and growing
cover crops (Sosnoskie and Culpepper 2014; Duzy et al. 2016). Ironically, farmers
are having to use diverse tactics to control glyphosate-resistant weeds, which are the
same tactics that would have mitigated the evolution of these biotypes in the first
place (Powles 2008).

Widespread adoption of glyphosate plus glyphosate-resistant crops also may have
contributed to the range expansion of some of the weed species that evolved
glyphosate resistance. Conyza canadensis, for example, was one of the first weeds
to evolve glyphosate resistance, occurring originally in Delaware, USA (VanGessel
2001). Although at that time it was already a widespread weed in the USA (and
elsewhere), long-distance wind dispersal of seeds with glyphosate resistance across a
landscape heavily dominated by glyphosate-based weed management undoubtedly
contributed to its invasiveness as a weed (Weaver 2001; Shah et al. 2014). Glyph-
osate resistance in both A. fuberculatus and A. palmeri also likely fostered their
expansions. For example, glyphosate-resistant A. fuberculatus was identified in
Canada, and at least one such population likely arrived via seed movement from
the USA Midwest (Kreiner et al. 2019). Perhaps even more widespread dissemina-
tion of A. palmeri has occurred over the past few years, both within and beyond the
USA, as a seed contaminant in, e.g., harvest equipment, livestock feed, and
conservation-planting mixtures (Kistner and Hatfield 2018) and by migratory water-
fowl (Farmer et al. 2017). To be sure, glyphosate resistance is not a prerequisite for
the expansion of weed species, and maybe these weeds would have similarly
expanded in a non-glyphosate scenario. However, it cannot be discounted that
these weeds evolved glyphosate resistance in an era in which glyphosate was the
sole means of chemical weed control in many fields, allowing populations of these
species to explode in size. The increased population sizes increased the likelihood
that seeds of these species would be disseminated.

Over the past few years, dicamba, coupled with dicamba-resistant crops, has been
rapidly adopted in USA soybean and cotton production, largely to provide a solution
for managing glyphosate-resistant weeds (Byker et al. 2013; Cahoon et al. 2015). It
is unfortunate that glyphosate-resistant weeds have created such a demand for this
technology, given the off-target concerns with dicamba, which are only exacerbated
by wider adoption (Soltani et al. 2020).
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The emergence of glyphosate resistance was the motivation behind an epidemi-
ology approach to understand the spread of this resistance in A. tuberculatus (Evans
et al. 2016). As expected, frequent use of glyphosate was identified as a key driver.
However, this study also identified that, at least for glyphosate resistance in
A. tuberculatus, the use of annual herbicide rotation was ineffective, whereas the
use of herbicide mixtures was effective, at mitigating resistance evolution. A follow-
up modeling study predicted that glyphosate-resistant A. fuberculatus evolution
could have been even more effectively mitigated if practices such as herbicide
mixing were coordinated at regional scales (Evans et al. 2018). Subsequently to
these A. tuberculatus studies, a somewhat similar epidemiological approach was
taken to proactively predict glyphosate-resistance evolution in A. myosuroides
(Comont et al. 2019). Although glyphosate resistance has not yet been reported in
this species, the study identified heritable variation for glyphosate sensitivity and that
directional selection towards glyphosate resistance was occurring. Recently, there
has been a call to increase the use of these types of epidemiological approaches to
better predict, understand, and ultimately mitigate herbicide-resistance evolution in
weeds (Comont and Neve 2020).

Currently, there is substantial interest in the development of novel, nonchemical,
weed management technologies; much of this interest is largely (although not solely)
attributable to glyphosate-resistant weeds. Examples of such new technologies
include gene drives and robots (Neve 2018; McAllister et al. 2019). In retrospect,
perhaps a positive outcome of the occurrence of glyphosate-resistant weeds will be
spurred development of novel, nonchemical weed management strategies, which are
particularly needed because the glyphosate-resistant crop era stifled the development
of new herbicides.

Herbicide resistance is not a new phenomenon. In the 1990s, the widespread and
rapid occurrence of resistance to inhibitors of acetolactate synthase taught us the
importance of not relying on a single weed-control tactic (Tranel and Wright 2002).
Apparently, that lesson was largely forgotten and then relearned through glyphosate-
resistant weeds. Hopefully, this lesson will not be forgotten again.

7 Conclusion

Investigation of glyphosate-resistant weeds has revealed new mechanisms that
weeds can evolve in response to intense herbicide selection. Although some of
these mechanisms have been thus far associated exclusively or nearly exclusively
with glyphosate resistance, now that they have been identified, it will be interesting
to see if corresponding mechanisms for other herbicides are indeed rare, or simply
have been overlooked. The source, i.e., new mutations vs. standing genetic variation,
of adaptive glyphosate-resistance mechanisms remains largely unknown. Beyond
herbicide resistance, the source of adaptive alleles is a fundamental and unresolved
question in evolutionary biology. We suggest that glyphosate resistance, given its
recent and rapid evolution, and the evolution of multiple adaptive mechanisms,
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provides an appropriate model system for this broad evolutionary question. There is
a need to increase the use of genomics approaches to better understand resistance
mechanisms to glyphosate, as well as to other herbicides. In particular, genetic
mapping, which is just beginning to become a viable strategy with the availability
of assembled weed genomes, offers great promise for elucidating previously intrac-
table herbicide-resistance mechanisms. Such studies, together with epidemiological
and population genetics approaches, should shed much light on glyphosate-
resistance evolution. Lessons learned from studying the evolution of glyphosate-
resistant weeds likely could be broadly translated to inform mitigation strategies for
future herbicides. However, a major challenge posed by glyphosate-resistant weeds
is that they evolved in an era coinciding with reduced research and development for
alternative herbicides, ironically owing to the success of glyphosate/glyphosate-
resistant crops. Consequently, there is a dearth of new herbicides to manage
glyphosate-resistant weeds. Although only time will tell, glyphosate-resistant
weeds should serve as a lasting example of the perils of relying on a single pest-
management strategy.
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