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A B S T R A C T

Synthetic auxin herbicides are designed to mimic indole-3-acetic acid (IAA), an integral plant hormone affecting
cell growth, development, and tropism. In this review, we explore target site genes in the auxin signaling
pathway including SCFTIR1/AFB, Aux/IAA, and ARFs that are confirmed or proposed mechanisms for weed re-
sistance to synthetic auxin herbicides. Resistance to auxin herbicides by metabolism, either by enhanced cyto-
chrome P450 detoxification or by loss of pro-herbicide activation, is a major non-target-site resistance pathway.
We speculate about potential fitness costs of resistance due to effects of resistance-conferring mutations, provide
insight into the role of polyploidy in synthetic auxin resistance evolution, and address the genetic resources
available for weeds. This knowledge will be the key to unlock the long-standing questions as to which com-
ponents of the auxin signaling pathway are most likely to have a role in resistance evolution. We propose that an
ambitious research effort into synthetic auxin herbicide/target site interactions is needed to 1) explain why some
synthetic auxin chemical families have activity on certain dicot plant families but not others and 2) fully elu-
cidate target-site cross-resistance patterns among synthetic auxin chemical families to guide best practices for
resistance management.

1. Introduction to synthetic auxin herbicides

Synthetic auxin herbicides (Weed Science Society of America/
Herbicide Resistance Action Committee Group 4/O) are a class of
herbicides that mimic the activity of the plant hormone auxin (indole-3-
acetic acid, IAA). Synthetic auxins are most commonly used to control
broadleaf weeds in small grain cereals, fallow, and rangeland systems,
although some are used to control grass and sedge species. On a global
scale, synthetic auxin use ranks third behind glyphosate (Group 9/G)
and acetolactate synthase inhibitors (Group 2/B) [1]. The two most
used synthetic auxins by global treated area are dicamba and 2,4-Di-
chlorophenoxyacetic acid (2,4-D). Dicamba has been under particular
scientific and public scrutiny in the USA in part due to potential off-
target movement and damage to neighboring sensitive vegetation when
used later in the growing season during hot summer weather on di-
camba-resistant soybean [2,3] and cotton [4].

In the USA, the proceedings of the Weed Science Society of America
(WSSA) serve as a timeline for the development of important research
topics (Fig. 1). Research on synthetic auxins was the second most
common topic over the 9 meetings included in the meta-analysis from
2011-2019, accounting for 12% of all submitted abstracts. Recently
new crop varieties have been commercialized with stacked transgenic
herbicide resistance traits such as Enlist cotton and Enlist E3 soybean
(2,4-D, glyphosate, and glufosinate resistant) [5] as well as Roundup
Ready 2 Xtend soybean (glyphosate and dicamba resistant) and
Roundup Ready 3 XtendFlex cotton (glyphosate, glufosinate, and di-
camba) [6] by Corteva Agriscience and Bayer CropScience, respec-
tively. Research from WSSA indicates a surge of studies on these traits
and herbicide combinations. Over subsequent years as the adoption of
these technologies grew and use of dicamba and 2,4-D increased, WSSA
data shows a steady rise in evaluations of crop injury directly related to
synthetic auxin use (Fig. 1).
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Reports on synthetic auxin resistance mechanisms in weeds have
recently increased [1,7, Fig. 1]. New publications reporting synthetic
auxin resistance, such as in the important weeds kochia (Bassia sco-
paria) [8] and Palmer amaranth (Amaranthus palmeri) [9], have also
been increasing in frequency in recent years. Research on efficacy and
weed management with synthetic auxin herbicides have been at con-
sistent levels at WSSA over the last 10 years, exemplifying the long-
term interest in studying this growing weed science issue.

Since the introduction of 2,4-D as the first synthetic auxin herbicide
in 1945, resistance to this class of herbicides has been reported in 41
species, with the first report in 1957 [10]. Despite the importance of
this mode of action for weed management, only one molecular re-
sistance mechanism in a weed species has been functionally validated
[11]. Due to this lack of information, our scope of understanding of the
resistance mechanisms in weedy species for synthetic auxins is rela-
tively poor.

The detailed mechanism of action of synthetic auxin herbicides,
specifically the exact genes involved in the phytotoxicity, has long been
a mystery locked by the complexity of the auxin signaling pathways.
Here we discuss the canonical and non-canonical auxin signaling
pathways in model plants and consider potential candidate genes
which, if mutated, could be the keys to conferring resistance to syn-
thetic auxins in weeds. Herbicide resistance mechanisms involve mu-
tations and/or changes in expression of target-site genes, as well as
changes in expression and/or mutations of genes that reduce the con-
centration of herbicide at the target-site, known as non-target-site
mechanisms [12]. For synthetic auxin herbicides, target-site mutations
occur in the auxin perception and signaling complex. Non-target-site
mechanisms include changes in herbicide movement and enhanced

metabolism to inactive metabolites. We aim to address knowledge gaps
in such areas as fitness costs of resistance and effects of ploidy on
herbicide resistance. We also identify research needed to understand
the differential efficacy of synthetic auxins on different plant families
and speculate as to the basis of cross-resistance patterns to chemically
dissimilar families of these herbicides.

2. Known and potential resistance mechanisms in the auxin
signaling pathway

Auxin signaling involves four major classes of proteins: auxin
transporters (influx and efflux: PIN, ABCB, AUX/LAX), transcriptional
repressors (Aux/IAAs), auxin response factors (ARFs), and the Skp1-
Cullin-F-box TIR1/AFB E3 ubiquitin ligase complex (SCFTIR1/AFB).
Auxin is transported within and between cells via PIN, ABCB and AUX/
LAX transporters. Auxin interacts with the SCFTIR1/AFB complex, which
upon creation of the SCF-auxin-Aux/IAA complex, causes ubiquitina-
tion of Aux/IAA transcriptional repressors allowing induction of auxin
response genes [13,14].

Auxin perception is governed by a molecule of auxin binding to the
SCFTIR1/AFB co-receptor complex, which mediates ubiquitination of a
family of transcriptional regulators, the Aux/IAA proteins. Functional
redundancy exists among the 6 TIR1/AFBs and 29 Aux/IAA proteins in
Arabidopsis. Some specificity occurs in the interaction of TIR1/AFBs
with different auxins and specific Aux/IAA proteins, and the auxin dose
dependency of the complexes varies with each specific Aux/IAA protein
[15].

Fig. 1. Research prevalence on topics related to the use of
synthetic auxin herbicides. The numbers of abstracts related to
synthetic auxin research at the annual Weed Science Society of
America (WSSA) conference proceedings from 2011-2019 have
been classified into seven topic categories. Data for each topic was
normalized as a percent of the total published abstracts on syn-
thetic auxins.

Table 1
Assembly of the active SCFTIR1/AFB ubiquitination complex involves several key proteins that affect sensitivity to IAA and synthetic auxins.

Protein Described insensitivity Role in auxin pathway Possible effect on auxin pathway Source

AXR1
ECR1
RCF1

2,4-D E1 and E2 ubiquitin-protein
ligase complex component

Loss of function could lead to mis/malformation of SCFTIR1/AFB ubiquitination
complex

[17,97]

HSP90/SGT1 IAA, 2,4-D, picloram,
florpyrauxifen-benzyl

Molecular Chaperone Loss of function could lead to lack of ubiquitination of Aux/IAAs [16,98–100]

RUB
NEDD8
CAND1

IAA, 2,4-D Ubiquitin complex modulators Loss of function could lead to mis/malformation of SCFTIR1/AFB ubiquitination
complex

[101,102]

COP9 [103,104]
CUL1 E3 ubiquitin-protein ligase

complex component
Missense/loss of function may lead to lowered substrate binding of the SCFTIR1/AFB

ubiquitination complex. May lead to incomplete or lowered ubiquitination of the
targeted Aux/IAA proteins

[105,106]

TIR1 Dicamba, 2,4-D Auxin receptor Lack of auxin perception, lowered posttranslational regulation, leading to
lowered/lack of ubiquitination

[18]
AFB5 Dicamba, picloram Auxin Receptor
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2.1. Mutations in the SCFTIR1/AFB

Assembly of the active SCFTIR1/AFB ubiquitination complex involves
several key proteins, some of which affect sensitivity to IAA and syn-
thetic auxins (Table 1, Fig. 2). The effects of loss of function mutations
or even missense mutation in the genes of the ubiquitination complex
would ultimately lead to lack of Aux/IAA degradation and would
prompt a resistance response. No reports of mutations in the compo-
nents of the ubiquitin-conjugating enzymes or ubiquitin ligase have
been recorded in weeds, but examples in Arabidopsis do illustrate the
potential for resistance from these target sites. For example, several
mutations in Arabidopsis SGT1 chaperone confer resistance to IAA and
some synthetic auxin herbicides [16]. Similarly, mutations in proteins
that are involved in the modulation of components of the SCF complex
such as AXR1 [17] show resistance to IAA and 2,4-D. Critically, mu-
tations in the receptors TIR1 and AFB5 in Arabidopsis cause insensitivity
to dicamba (tir1-1 and afb5) and 2,4-D (tir1-1) [18] or to picloram
(afb5) [16]. We speculate that due to the lack of observed field-evolved
resistance, loss of function mutations in the SCFTIR1/AFB complex may
have severe phenotypic consequences and associated fitness costs.
Consequently, their initial frequencies in weed populations are likely to
be extremely low in the absence of herbicide selection. Alternative re-
sistance mechanisms that are initially more abundant due to a lower
fitness penalty may be more easily selected.

2.2. Mutations in Aux/IAAs

Aux/IAAs are transcriptional repressors and auxin co-receptors. Out
of 29 Aux/IAA proteins in Arabidopsis, many different mutants and
expression variants with unique physiological responses have been
characterized. Of the four domains present in Aux/IAA proteins, do-
main II stabilizes interactions with TIR1/AFBs by providing the surface

that acts as the auxin co-receptor [19]. Mutations in and around the
core motif (GWPPV/I), which is known as the degron, are especially
dramatic. Several characterized mutants in Arabidopsis showed drastic
phenotypic changes such as reduced plant size, leaf morphology,
growth, and formation of lateral roots (Table 2). A double base pair
mutation within the coding region for domain II of BsIAA16 in kochia
causes an amino acid substitution at a core degron position (Gly127Asn,
GWPPV to NWPPV) and confers field-level resistance to dicamba [11].
This is the first Aux/IAA mutation identified to date from natural po-
pulations of synthetic auxin resistant weed species (Fig. 2). The authors
also suggested that the Gly127Asn mutation in BsIAA16 conferred
cross-resistance to fluroxypyr and 2,4-D; however, greenhouse dose
response experiments demonstrated that this kochia line is sensitive to
fluroxypyr and 2,4-D [20]. This observation highlights that much more
work is needed to fully elucidate patterns of cross-resistance across
synthetic auxin chemical families conferred by auxin receptor and co-

Fig. 2. Confirmed and proposed resistance
mechanisms to synthetic auxin herbicides
in weeds. Red X indicates loss of function, red
up arrow indicates increased expression. 1)
Accumulation of Aux/IAA protein dampens the
ubiquitination and degradation responses re-
quired to release ARF transcription factor for
expression of auxin responsive genes due to a,
increased expression of Aux/IAA protein (pro-
posed); b, changes to flexibility of regions near
the degron of Aux/IAA protein (shown as set of
four red triangles, proposed); c, mutation in
degron of Aux/IAA protein co-receptor (shown
as red dot) to restrict binding to SCFTIR1/AFB/
auxin complex (confirmed in model systems,
Table 2, and in weeds [11]); d, mutations in the
regulators of the SCFTIR1/AFB complex restrict
ubiquitination of Aux/IAA and subsequent
Aux/IAA degradation (proposed). 2) Polyploid
containing a mixture of wild-type and resistant
mutant Aux/IAA proteins (proposed, mutations
in degron and regions near the degron illu-
strated). 3) Loss of function of SCFTIR1/AFB re-
ceptor (confirmed in model systems, proposed
in weeds). 4) Loss of function of molecular
chaperones such as SGT1 and HSP90 (con-
firmed in model systems, proposed in weeds).
5) Loss of function of auxin intra-cellular
transporters such as AUX/LAX, ABCB trans-
porters, and PIN transporters (proposed). 6) a,
loss of activation of pro-herbicide by esterases
(proposed); b, enhanced cytochrome P450
metabolism of synthetic auxin herbicides

(confirmed in weeds). 7) Changes to fast-acting, non-canonical auxin signaling pathway such as SCFTIR1/AFB/auxin interactions at the plasma membrane (proposed)
or transmembrane kinases that can stabilize Aux/IAA proteins (proposed in weeds, [42]). Figure created in BioRender (www.biorender.com).

Table 2
Variants in Aux/IAA genes. Several characterized mutants in Arabidopsis Aux/
IAA genes showed severe phenotypic changes in plant size, leaf morphology,
growth, and formation of lateral roots. Mutation in the degron of Aux/IAA16 in
Bassia scoparia caused dicamba resistance. Auxin insensitivity is also caused by
downregulation of Aux/IAA genes in tomato.

Described Mutant Organism Source

axr5-1/IAA1 Arabidopsis thaliana [32]
shy2/IAA3 Arabidopsis thaliana [107]
axr2/IAA7 Arabidopsis thaliana [16,108,109]
iaa16 Arabidopsis thaliana [110]
iaa28 Arabidopsis thaliana [111]
SlIAA3 Solanum lycopersicum [112]
SlIAA15 Solanum lycopersicum [113]
SlIAA27 Solanum lycopersicum [114]
Aux/IAA16 Bassia scoparia [11]
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receptor mutations as well as possible effects on weed fitness due to
these target-site resistance mechanisms, explored below.

In addition to characterized mutations in the degron, variations
occurring in the vicinity of the degron [21] could affect auxin-depen-
dent binding to the SCFTIR1/AFB complex, stability of that complex, and/
or ubiquitination rate. Increases in expression or half-life of Aux/IAAs
could lead to herbicide resistance as such changes would impact the
feedback inhibitor response of auxin-induced gene expression (Fig. 2).

2.3. Mutations in auxin response factors

Auxin response factors (ARFs) are transcription factors that bind to
auxin response elements on the promoter regions of auxin-regulated
genes. A critical auxin-responsive gene regulated by ARFs is 9-cis-
epoxycarotenoid dioxygenase (NCED), which is the rate-limiting step
for abscisic acid (ABA) synthesis. A recent report suggested that ABA
synthesis is a key marker of the phytotoxicity response to synthetic
auxin herbicide application with a role in suppressing transcription of
genes associated with photosynthesis [22]. ARFs comprise four do-
mains, two responsible for DNA binding and regulation, and two for
dimerization with Aux/IAAs. The middle region after domain II de-
termines whether the ARF will be a transcriptional activator or re-
pressor [23,24]. In Arabidopsis, there are 23 ARFs; 18 are negative
regulators of transcription and five are positive regulators. Due to high
functional redundancy, many ARF mutants show only modest changes
in plant phenotype, although the arf5 mutant results in extreme loss of
body plan and double mutants such as arf7/arf19 show dramatic
changes in lateral rooting responses [25]. The double mutant nph4-1
(ARF7) arf19-1 was also highly resistant to 2,4-D and IAA [26]. ARFs 5,
7 and 19 are in the transcriptional activator grouping, and we speculate
that it is likely that the reduced redundancy involved with transcrip-
tional activation is more likely to expose auxin insensitivity responses
leading to herbicide resistance. However, they will also be more likely
to impose fitness costs because there are so few of these activators. No
naturally occurring ARF mutants are known to have led to resistant
weed populations to date.

2.4. Mutations in Transport Proteins

Polar transport of auxin is conducted by PIN-formed (PIN) efflux
carriers and ATP-Binding Cassette class B (ABCB) pump proteins
[27–29]. Influx carrier proteins AUX1/LAX contribute to auxin trans-
port [30–33]. All synthetic auxin herbicides are bioavailable as weak
acids, thus they will accumulate inside the plant cells due to the anion
trap [34]. Some herbicides are not substrates of the AUX1 uptake car-
rier [35] and must bypass AUX1/LAX influx carriers via passive or low
specificity uptake. On the other hand, the phenoxyacetic acids like 2,4-
D have high affinities for AUX1. Therefore, the contribution of AUX1/
LAX proteins to herbicide transport will vary with each herbicide
compound. The aux1 mutant of Arabidopsis is resistant to 2,4-D [36].
Mutations reducing AUX1/LAX activity are enough to reduce herbicide
transport and confer only modest physiological penalty [33,37], and so
loss of AUX1/LAX function could be a candidate for synthetic auxin
resistance for phenoxyacetic acids (Fig. 2).

Reduced translocation from application point to meristems has been
reported for 2,4-D in wild radish (Raphanus raphanistrum) [38], prickly
lettuce (Lactuca serriola) [39], and corn poppy (Papaver rhoeas) [40],
and for dicamba in kochia [41]. In wild radish, reduced movement of
2,4-D throughout the plant in a 2,4-D resistant line was attributed to
loss of cellular transport mediated by ABC transporters [38]. This
conclusion was based on the mimicking of resistance in a sensitive line
when treated with 1-naphthylphthalamic acid (NPA), which inhibits
ABCB and PIN transporter activity. Resistant wild radish populations
varied for reduced 2,4-D translocation as well as the increased ex-
pression of plasma-membrane associated receptor-like kinases and
ABCB19, with no consistent trend across multiple populations for the

role of any single mechanism [42,43]. ABCB4 may be a direct herbi-
cidal target of 2,4-D [44,45]. Binding of 2,4-D to ABCB4 results in in-
creased 2,4-D accumulation in Arabidopsis root epidermal cells and
amplifies herbicidal effects such as swelling and loss of root hairs. It
seems that ABCB4 has a role to control auxin concentrations within the
cell. Functional redundancy within the ABCB protein family helps to
combat loss of function mutations and is a trend seen through the
analysis of the auxin signaling pathway; however, the ABCB family may
have a degree of specificity for synthetic auxins that is not redundant
within auxin transporter gene families. A more common association for
ABCBs in resistance mechanisms is with upregulation to rapidly pump
compounds out of cells as seen in antibiotic and insecticide resistance
for broad-spectrum multi-drug resistance, as opposed to loss of function
[46]. Upregulation of one or more ABCBs could readily translate to non-
target site resistance to several synthetic auxins. This type of cross-re-
sistance mechanism has not yet been identified in weeds.

3. Herbicide Metabolism

Herbicide metabolism includes (1) activation of a biologically in-
active molecule (pro-herbicide) upon entering the plant, and (2) de-
toxification of the biologically active chemical. In general, metabolic
processes work to maintain homeostasis of IAA in cells [47], although
IAA homeostasis is destroyed by the arrival of synthetic auxin herbi-
cides. Such disruptions to endogenous auxin pathways contribute to the
phytotoxicity of synthetic auxin herbicides, on top of overload to the
downstream genetic signaling responses noted above.

Enzymatic activity can contribute to herbicide efficacy through
activation of pro-herbicides. An example is the conversion of fluroxypyr
meptyl-ester to fluroxypyr acid by esterase enzymes. Several other
synthetic auxins are applied as esters including the new aryl-picolinates
florpyrauxifen-benzyl and halauxifen-methyl [48]. If the esterase ac-
tivity is inhibited or reduced, the molecule may not be activated, re-
sulting in no bio-available herbicide to kill the plant. Substantial re-
duction in metabolic activation of the pro-herbicide triallate to the
more toxic triallate sulfoxide confers triallate resistance in wild oats
(Avena fatua) [49]. Currently no examples of loss of synthetic auxin pro-
herbicide activation have been reported in weeds. We predict that loss
of function of an esterase gene is a candidate pathway for evolution of
resistance to pro-herbicides such as fluroxypyr meptyl-ester (Fig. 2),
although such resistance would be recessive, may have fitness costs,
and could be impacted by functional redundancy among esterase genes.
Another pro-herbicide is 2,4-DB. Legumes such as alfalfa (Medicago
sativa) do not metabolically activate 2,4-DB to 2,4-D [50], rendering
them tolerant to 2,4-DB applications and enabling selective dicot weed
control with 2,4-DB in these crops.

Herbicide detoxification can involve one or multiple detoxifying
plant enzymes such as glutathione S-transferases, cytochrome P450
monooxygenases, esterases, and glucosyl-transferases [51]. Synthetic
auxins are subject to various metabolic pathways including reversible
amino acid conjugation in dicots and irreversible hydroxylation fol-
lowed by sugar conjugation in grasses, with variation among species in
the specific metabolic processes [52]. Several examples of enhanced
metabolic detoxification of synthetic auxins have been reported as re-
sistance mechanisms in dicot weeds [53] (Fig. 2), including hemp nettle
(Galeopsis tetrahit) resistant to MCPA [54], chickweed (Stellaria media)
resistant to mecoprop [55], and waterhemp (Amaranthus tuberculatus)
resistant to 2,4-D [56]. Enhanced metabolism by cytochrome P450-
mediated 2,4-D hydroxylation was reversed by the cytochrome P450
inhibitor malathion in A. tuberculatus [56]. In some cases, a metabolic
resistance gene may confer resistance across chemical families within
one mode of action, or even to herbicides from unrelated modes of
action [51]. Resistance to non-auxin herbicides mediated via enhanced
P450 activity can lead to reduced fitness in the absence of the herbicide
[57] and the persistence of such resistance alleles will depend on re-
lative fitness. A similar reduction in fitness may occur for plants
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resistant to synthetic auxins through enhanced detoxification.

4. Limitations in Understanding

4.1. Fitness cost of synthetic auxin resistance in weeds

In order for a resistance trait to increase in frequency in a popula-
tion, the resistance benefit should exceed any fitness cost associated
with the resistance trait [58]. Understanding fitness costs linked to
synthetic auxin resistance could guide management approaches to ex-
ploit fitness costs to decrease the resistance allele frequency. Several
studies investigating fitness cost of synthetic auxin resistance mechan-
isms in weed species have been conducted in kochia [11,59], wild
mustard (Sinapis arvensis) [60–62], as well as other weedy species
[63–65]. Commonly, a fitness cost has been identified. The field-
evolved BsIAA16 mutation endowing resistance to dicamba in kochia
has a 75% and 50% fitness cost for reduced seed mass in homozygous
and heterozygous resistant plants, respectively [11], possibly related to
changes in endogenous IAA signaling as a consequence of the degron
mutation in the Aux/IAA16 gene. On the other hand, a recent report
[66] showed no measurable fitness cost in several wild radish field
populations resistant to 2,4-D after a thorough evaluation of physiolo-
gical responses and crop competition analysis. We conclude that more
understanding of the evolutionary trajectory of synthetic auxin herbi-
cide resistance is needed, and the relative lack of such research, in
particular on a greater understanding of fitness costs for various re-
sistance mechanisms [67], is illustrated by the lack of reports on the
topic presented at WSSA (Fig. 1).

4.2. Variation in response of broadleaf plant families to different synthetic
auxin chemical groups and cross-resistance patterns in weeds

Different chemical families within the synthetic auxins have vari-
able efficacy on certain entire plant families as well as species within
the same family. Fluroxypyr, used widely in the USA on rangeland and
cereals for broadleaf weed control, is in the pyridine-carboxylic acid
group and controls kochia well [68], but has poor control of common
lambsquarters (Chenopodium album) [69] even though both are mem-
bers of the Caryophyllales family. Conversely, 2,4-D, a member of the
phenoxy-carboxylic acid subfamily, has poor control of kochia [68], but
controls common lambsquarters well [70]. The picolinic acid herbicide
clopyralid is used to control Asteraceae and Fabaceae weeds in canola, a
crop in the naturally clopyralid-tolerant Brassicaceae family [71]. Si-
milarly, halauxifen-methyl is used selectively in Brassicaceae forage
crops to control weeds from several other broadleaf weed families,
demonstrating lack of activity on Brassicaceae species but a high activity
on other families [72].

We propose that an ambitious research effort into synthetic auxin
herbicide/target site interactions is needed to 1) explain why some
synthetic auxin chemical families have activity on certain dicot plant
families but not others and 2) fully elucidate target-site cross-resistance
patterns among synthetic auxin chemical families to guide best prac-
tices for herbicide rotation and mixture in resistance management.
Potential explanations include physiological differences such as wax
cuticle thickness and leaf hairiness leading to changes in herbicide
translocation to growing points, differential rates of metabolism, and
differences in target-site sensitivity among plant species [52]. We pro-
pose that the factorial combinations of target-site auxin receptor/co-
receptor complexes in key weeds need further characterization with
regards to binding of synthetic auxin herbicide from different chemical
groups, particularly across the large gene family of Aux/IAA co-re-
ceptors. We currently lack a complete understanding of synthetic auxin
herbicide-plant interactions across key weed species, though binding
efficiency of some of these herbicides to receptors and co-receptors has
been characterized. AFB5 was characterized as the preferred SCFTIR1/
AFB receptor protein for the picolinate auxin herbicides compared to

TIR1 in Arabidopsis, whereas other auxin herbicides preferentially
bound to TIR1 [73]. We speculate that different synthetic auxin her-
bicide families may differ from IAA in their main receptor target/co-
receptor complex. Currently, only one receptor (TIR1) has been crys-
tallized [74]. A homology model for AFB5 has been published with
picloram bound [15]. A limitation of the TIR1 structure is that it was
crystallized with a peptide containing only the degron region that in-
teracts with TIR1 and not the full Aux/IAA co-receptor protein; there-
fore, questions remain as to how the entire Aux/IAA protein interacts
with TIR1. Structures for other auxin signaling proteins have been de-
scribed, namely ARF5 domain III/IV [75], ARF1 [76], and Aux/IAA17
domain III/IV [77]. Given that at least one auxin herbicide resistance
mechanism is based on a mutation in the Aux/IAA co-receptor degron
sequence, more structures could help to guide hypotheses regarding
mechanisms of resistance, their evolution, and perhaps guide decisions
on resistance management using rotations and mixtures among dif-
ferent synthetic auxin chemical families.

4.3. Herbicide interactions with fast acting auxin signaling responses

The auxin signaling pathway via SCFTIR1/AFB (Fig. 2) has been well
characterized and is considered the canonical auxin signaling pathway.
Changes in abundance of Aux/IAAs have been recorded within minutes
of an auxin stimulus. However, other more rapid pathways involving
auxin signaling proteins may also exist. Research within the last three
years suggests that there may be another role for the long-described
SCFTIR1/AFB auxin receptors that acts in seconds, and at the plasma
membrane as opposed to the nucleus [reviewed by 78]. This rapid re-
sponse mechanism affects primary root and root hair growth, poten-
tially valuable traits for herbicides to target, but it is not yet known how
many synthetic auxins activate this pathway. Interestingly, these fast
root responses required an AUX1 uptake carrier for activity and so the
families of synthetic auxins not carried by AUX1 [35] may not engage
with this system. A fascinating recent report describes rapid cell death
(visible leaf necrosis within 2 hr after 2,4-D application) induced by
2,4-D in 2,4-D resistant Conyza sumatrensis [79]. We speculate that this
2,4-D resistance could involve rapid auxin response signaling pathways
such as a plasma membrane receptor leading to H2O2 production and
rapid cell death within 15 min of 2,4-D application, thereby reducing
2,4-D translocation to the apical meristem and causing resistance.

Transmembrane kinases have also been associated with rapid auxin
signaling. In the presence of auxin the C-terminus on a transmembrane
kinase is cleaved and translocated to the nucleus where it stabilizes
specific Aux/IAA proteins [80]. This stabilization regulates auxin re-
sponse factors, inducing transcription of auxin-induced genes [81]. The
transmembrane kinase gene family is composed of four functional
overlapping members, TMK1-4 [82]. Single mutants in these genes have
no observable phenotype. Double null mutants (tmk1; tmk4) are less
sensitive to auxin, and triple mutants (tmk1; tmk3; tmk4) completely
auxin insensitive and have lower seed production phenotypes and re-
duced size. Further work is needed to characterize how activity of these
transmembrane kinases responses may potentially regulate synthetic
auxin herbicide activity and selectivity, as well characterizing a po-
tential role for transmembrane kinases in evolved 2,4-D resistance in
weeds [42].

4.4. Resistance to quinclorac in grasses

Quinclorac is a unique synthetic auxin that is primarily used in rice
and is selective against annual grasses and broadleaf weeds [83]. Re-
sistance to quinclorac in grass weeds has been a management issue,
including quinclorac resistance in smooth crabgrass (Digitaria
ischaemum) [84] and Echinochloa species. One resistance mechanism
reported in Echinochloa has been increased activity in the enzyme beta-
cyanoalanine synthase (β-CAS), the key enzyme in cyanide degradation.
The increase in β-CAS activity is proposed to detoxify hydrogen
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cyanide, which is produced as a consequence of ethylene biosynthesis
following quinclorac application [83,85–88].

Several mutations associated with enhanced activity have been
identified in β-CAS. Met-295-Lys was identified in two resistant
Echinochloa crus-galli var. zelayensis lines, which is the sequence present
in the same position in naturally quinclorac-tolerant rice [86]. Three
mutations in Echinochloa crus-galli var. mitis (Asn-105-Lys, Gln-195-Glu,
and Gly-298-Val) were determined to expand the binding pocket,
conferring higher β-CAS activity [88]. However, in other resistant
Echinochloa lines the same overall effect has been achieved by reducing
ethylene synthesis, hence alleviating the source of cyanide production
[89,90]. Other mechanisms that reduce the impact of elevated cyanide
such as downregulation of genes involved in photosynthesis and elec-
tron transport have been reported from Echinochloa crus-galli var. ze-
layensis, suggesting a broad array of mechanisms have been selected
which allow it to survive quinclorac application [87]. Whether these
confer resistance to other synthetic auxins as well as quinclorac is un-
clear, and further investigation into quinclorac resistance mechanisms
is needed. Both target-site and non-target-site mechanisms may be in-
volved in quinclorac resistance in grass weeds.

4.5. Impacts of polyploidy on synthetic auxin resistance

Polyploidy is common throughout the angiosperms, with 30-70% of
plant species within families estimated to be polyploid [91]. Of the 41
species that have been reported with resistance to synthetic auxins,
35% are polyploid and/or mixed ploidy [10]. Understanding resistance
mechanisms in polyploid weed species can be especially complex as the
presence of multiple genomes results in a suite of regulatory mechan-
isms that are not found in diploid species. Many of the cases of quin-
clorac resistance in grasses occur in the Echinochloa spp., which are
frequently polyploid and similar considerations arise. Allele dosage,
gene sub-functionalization, silencing and redundancy, inheritance
modes, and mutational load all have implications. This may be parti-
cularly true for synthetic auxin resistance mechanisms resulting from
target-site mutations, such as a mutation in an Aux/IAA gene. In this
instance, resistance in a diploid species may be dominant but the same
mutation in a polyploid may have less effect, due to the reduced re-
presentation of the resistance allele in the total gene expression of a
polyploid. By the same measure, high relative fitness may be main-
tained in a polyploid that is resistant because this plant may express
both mutant and non-mutated versions of the affected gene from
homoeologous chromosomes, allowing resistant alleles to remain
cryptic with minimal apparent fitness penalty until their selective ad-
vantage is uncovered by herbicide application. Genome assembly for
polyploids is especially challenging. Therefore, polyploidy in weeds
presents a considerable challenge when investigating herbicide re-
sistance mechanisms for synthetic auxins given the complex gene fa-
milies for auxin co-receptors, transporters, and auxin response factors.
The inheritance of synthetic auxin resistance traits has been determined
mostly in diploids [e.g., 92,93] as well as identification of specific re-
sistance mechanisms [11], but despite these challenges, further in-
vestigation is needed to better understand the evolutionary trajectory of
synthetic auxin resistance in polyploid weed populations.

5. Concluding thoughts and available resources

Research to unlock the mysteries of resistance to synthetic auxin
herbicides and cross-resistance patterns across weed species will re-
quire comprehensive sequence data for the genomes involved. The
availability of weed genomics resources is expanding, through efforts of
individual groups [e.g., 94,95] and the International Weed Genomics
Consortium [96]. With better genomic tools, the identification and
validation of synthetic auxin resistance genes will improve and help
inform the future development and sustainability of synthetic auxin
herbicides. The research that has been done to date enables predictions

of possible genetic mechanisms for evolved synthetic auxin herbicide
resistance (Fig. 2). As we continue to unravel the interactions between
synthetic auxin herbicide molecules and auxin signaling pathways, new
insights may lead to novel inhibitors that bypass existing resistance
mechanisms or enable inhibition of other components of the auxin
signaling pathway.

Declaration of Competing Interest

The authors report no declarations of interest.

Funding

This work was supported by the USDA National Institute of Food
and Agriculture Hatch project COL00783 at Colorado State University,
by the Australian Grains Research and Development Corporation grant
UA00158, and by the EU MSCA-IF project CrysPINs (792329) in sup-
port of MK.

References

[1] R. Busi, et al., Weed resistance to synthetic auxin herbicides, Pest Manage. Sci. 74
(2018) 2265–2276.

[2] G.T. Jones, J.K. Norsworthy, T. Barber, E. Gbur, G.R. Kruger, Off-target movement
of DGA and BAPMA dicamba to sensitive soybean, Weed Technol. 33 (2019)
51–65.

[3] N. Soltani, et al., Off-target movement assessment of dicamba in North America,
Weed Technol. (2020) in press.

[4] J.T. Buol, et al., Effect of growth stage on cotton response to a sublethal con-
centration of dicamba, Weed Technol. 33 (2019) 1–8.

[5] T.R. Wright, et al., Robust crop resistance to broadleaf and grass herbicides pro-
vided by aryloxyalkanoate dioxygenase transgenes, Proc. Natl. Acad. Sci. USA 107
(2010) 20240–20245.

[6] M.R. Behrens, et al., Dicamba resistance: Enlarging and preserving biotechnology-
based weed management strategies, Science 316 (2007) 1185–1188.

[7] V.E. Perotti, A.S. Larran, V.E. Palmieri, A.K. Martinatto, H.R. Permingeat,
Herbicide resistant weeds: A call to integrate conventional agricultural practices,
molecular biology knowledge and new technologies, Plant Sci. 290 (2020)
110255.

[8] V. Kumar, R.S. Currie, P. Jha, P.W. Stahlman, First report of kochia (Bassia sco-
paria) with cross-resistance to dicamba and fluroxypyr in western Kansas, Weed
Technol. 33 (2019) 335–341.

[9] V. Kumar, R. Liu, G. Boyer, P.W. Stahlman, Confirmation of 2, 4‐D resistance and
identification of multiple resistance in a Kansas Palmer amaranth (Amaranthus
palmeri) population, Pest Manage. Sci. 75 (2019) 2925–2933.

[10] I. Heap, The international survey of herbicide resistant weeds, Available on-line:
www.weedscience.com . Accessed April 22, 2020 (2020).

[11] S. LeClere, C. Wu, P. Westra, R.D. Sammons, Cross-resistance to dicamba, 2,4-D,
and fluroxypyr in Kochia scoparia is endowed by a mutation in an AUX/IAA gene,
Proc. Natl. Acad. Sci. USA 115 (2018) E2911–E2920.

[12] T.A. Gaines, et al., Mechanisms of evolved herbicide resistance, J. Biol. Chem.
(2020) in press.

[13] G. Hagen, T. Guilfoyle, Auxin-responsive gene expression: genes, promoters and
regulatory factors, Plant Mol. Biol. 49 (2002) 373–385.

[14] M. Lavy, M. Estelle, Mechanisms of auxin signaling, Development 143 (2016)
3226–3229.

[15] L.I.A.C. Villalobos, et al., A combinatorial TIR1/AFB–Aux/IAA co-receptor system
for differential sensing of auxin, Nat. Chem. Biol. 8 (2012) 477.

[16] T.A. Walsh, et al., Mutations in an auxin receptor homolog AFB5 and in SGT1b
confer resistance to synthetic picolinate auxins and not to 2,4-di-
chlorophenoxyacetic acid or indole-3-acetic acid in Arabidopsis, Plant Physiol. 142
(2006) 542–552.

[17] C. Lincoln, J.H. Britton, M. Estelle, Growth and development of the axr1 mutants
of Arabidopsis, Plant Cell 2 (1990) 1071–1080.

[18] C. Gleason, R.C. Foley, K.B. Singh, Mutant analysis in Arabidopsis provides insight
into the molecular mode of action of the auxinic herbicide dicamba, PLoS One 6
(2011) e17245.

[19] T.J. Guilfoyle, The PB1 domain in auxin response factor and Aux/IAA proteins: a
versatile protein interaction module in the auxin response, Plant Cell 27 (2015)
33–43.

[20] O.E. Todd, T. Gaines, E.P. Westra, P. Westra, Investigating cross-resistance to the
synthetic auxins fluroxypyr and dicamba in Bassia scoparia, Proc. Western Soc.
Weed Sci. 72 (2019) 120.

[21] M. Niemeyer, et al., Flexibility of intrinsically disordered degrons in AUX/IAA
proteins reinforces auxin co-receptor assemblies, Nature Comm 11 (2020) 2277.

[22] C.L. McCauley, et al., Transcriptomics in Erigeron canadensis reveals rapid photo-
synthetic and hormonal responses to auxin-herbicide application, J. Exp. Bot. 71
(2020) 3701–3709.

[23] V.V. Mironova, N.A. Omelyanchuk, D.S. Wiebe, V.G. Levitsky, Computational

O.E. Todd, et al. Plant Science 300 (2020) 110631

6

http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0005
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0005
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0010
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0010
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0010
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0015
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0015
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0020
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0020
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0025
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0025
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0025
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0030
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0030
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0035
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0035
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0035
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0035
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0040
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0040
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0040
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0045
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0045
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0045
http://www.weedscience.com
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0055
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0055
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0055
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0060
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0060
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0065
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0065
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0070
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0070
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0075
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0075
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0080
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0080
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0080
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0080
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0085
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0085
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0090
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0090
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0090
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0095
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0095
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0095
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0100
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0100
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0100
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0105
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0105
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0110
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0110
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0110
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0115


analysis of auxin responsive elements in the Arabidopsis thaliana L. genome, BMC
Gen. 15 (2014) S4.

[24] T. Ulmasov, Z.-B. Liu, G. Hagen, T.J. Guilfoyle, Composite structure of auxin re-
sponse elements, Plant Cell 7 (1995) 1611–1623.

[25] Y. Okushima, et al., Functional genomic analysis of the AUXIN RESPONSE
FACTOR gene family members in Arabidopsis thaliana: unique and overlapping
functions of ARF7 and ARF19, Plant Cell 17 (2005) 444–463.

[26] M.K. Watahiki, K.T. Yamamoto, The massugu1 mutation of Arabidopsis identified
with failure of auxin-induced growth curvature of hypocotyl confers auxin in-
sensitivity to hypocotyl and leaf, Plant Physiol. 115 (1997) 419–426.

[27] J. Petrasek, et al., PIN proteins perform a rate-limiting function in cellular auxin
efflux, Science 312 (2006) 914–918.

[28] M. Geisler, B. Aryal, M. Di Donato, P. Hao, A critical view on ABC transporters and
their interacting partners in auxin transport, Plant Cell Physiol. 58 (2017)
1601–1614.

[29] P.J. Verrier, et al., Plant ABC proteins–a unified nomenclature and updated in-
ventory, Trends Plant Sci. 13 (2008) 151–159.

[30] B. Peret, et al., AUX/LAX genes encode a family of auxin influx transporters that
perform distinct functions during Arabidopsis development, Plant Cell 24 (2012)
2874–2885.

[31] D.J. Carrier, et al., The binding of auxin to the Arabidopsis auxin influx transporter
AUX1, Plant Physiol 148 (2008) 529–535.

[32] X. Yang, et al., The IAA1 protein is encoded by AXR5 and is a substrate of SCFTIR1,
Plant J. 40 (2004) 772–782.

[33] K. Swarup, et al., The auxin influx carrier LAX3 promotes lateral root emergence,
Nat. Cell Biol. 10 (2008) 946–954.

[34] H.K. Takano, E.L. Patterson, S.J. Nissen, F.E. Dayan, T.A. Gaines, Predicting her-
bicide movement across semi-permeable membranes using three phase parti-
tioning, Pest. Biochem. Physiol. 159 (2019) 22–26.

[35] K. Hoyerova, et al., Auxin molecular field maps define AUX1 selectivity: many
auxin herbicides are not substrates, New Phytol. 217 (2018) 1625–1639.

[36] F.B. Pickett, A.K. Wilson, M. Estelle, The aux1mutation of Arabidopsis confers both
auxin and ethylene resistance, Plant Physiol. 94 (1990) 1462–1466.

[37] A. Marchant, et al., AUX1 promotes lateral root formation by facilitating indole-3-
acetic acid distribution between sink and source tissues in the Arabidopsis seed-
ling, Plant Cell 14 (2002) 589–597.

[38] D.E. Goggin, G.R. Cawthray, S.B. Powles, 2,4-D resistance in wild radish: reduced
herbicide translocation via inhibition of cellular transport, J. Exp. Bot. 67 (2016)
3223–3235.

[39] D.S. Riar, I.C. Burke, J.P. Yenish, J. Bell, K. Gill, Inheritance and physiological
basis for 2,4-D resistance in prickly lettuce (Lactuca serriola L.), J. Agric. Food
Chem. 59 (2011) 9417–9423.

[40] J. Rey-Caballero, et al., Unravelling the resistance mechanisms to 2, 4-D (2, 4-
dichlorophenoxyacetic acid) in corn poppy (Papaver rhoeas), Pest. Biochem.
Physiol. 133 (2016) 67–72.

[41] D.J. Pettinga, et al., Increased Chalcone Synthase (CHS) expression is associated
with dicamba resistance in Kochia scoparia, Pest Manage. Sci. 74 (2018)
2306–2315.

[42] D.E. Goggin, S. Bringans, J. Ito, S.B. Powles, Plasma membrane receptor-like ki-
nases and transporters are associated with 2,4-D resistance in wild radish, Ann.
Bot. 125 (2020) 821–832.

[43] D.E. Goggin, P. Kaur, M.J. Owen, S.B. Powles, 2, 4-D and dicamba resistance
mechanisms in wild radish: subtle, complex and population specific? Ann. Bot.
122 (2018) 627–640.

[44] H. Yang, A.S. Murphy, Functional expression and characterization of Arabidopsis
ABCB, AUX 1 and PIN auxin transporters in Schizosaccharomyces pombe, Plant J. 59
(2009) 179–191.

[45] M. Kubeš, et al., The Arabidopsis concentration-dependent influx/efflux trans-
porter ABCB4 regulates cellular auxin levels in the root epidermis, Plant J. 69
(2012) 640–654.

[46] W. Dermauw, T. Van Leeuwen, The ABC gene family in arthropods: comparative
genomics and role in insecticide transport and resistance, Insect Biochem. Mol.
Biol. 45 (2014) 89–110.

[47] V. Skalický, M. Kubeš, R. Napier, O. Novák, Auxins and cytokinins—The role of
subcellular organization on homeostasis, Int. J. Mol. Sci. 19 (2018) 3115.

[48] J.B. Epp, et al., The discovery of Arylex™ active and Rinskor™ active: Two novel
auxin herbicides, Bioorganic & Medicinal Chemistry 24 (2016) 362–371.

[49] A.J. Kern, D.M. Peterson, E.K. Miller, C.C. Colliver, W.E. Dyer, Triallate resistance
in Avena fatua L. is due to reduced herbicide activation, Pest. Biochem. Physiol. 56
(1996) 163–173.

[50] D. Linscott, R. Hagin, J. Dawson, Conversion of 4-(2, 4-dichlorophenoxy) butyric
acid to homologs by alfalfa. Mechanism of resistance to this herbicide, J. Agric.
Food Chem. 16 (1968) 844–848.

[51] V.K. Nandula, et al., Herbicide metabolism: crop selectivity, bioactivation, weed
resistance, and regulation, Weed Sci. 67 (2019) 149–175.

[52] T.M. Sterling, J. Hall, Mechanism of action of natural auxins and the auxinic
herbicides Herbicide Activity: Toxicology, Biochemistry and Molecular Biology,
IOS Press, Amsterdam, 1997, pp. 111–141.

[53] M. Jugulam, C. Shyam, Non-target-site resistance to herbicides: recent develop-
ments, Plants 8 (2019) 417.

[54] T. Weinberg, G.R. Stephenson, M.D. McLean, J.C. Hall, MCPA (4-chloro-2-ethyl-
phenoxyacetate) resistance in hemp-nettle (Galeopsis tetrahit L.), J. Agric. Food
Chem. 54 (2006) 9126–9134.

[55] D. Coupland, P.J. Lutman, C. Heath, Uptake, translocation, and metabolism of
mecoprop in a sensitive and a resistant biotype of Stellaria media, Pest. Biochem.
Physiol. 36 (1990) 61–67.

[56] M.R. Figueiredo, et al., Metabolism of 2,4‐dichlorophenoxyacetic acid contributes
to resistance in a common waterhemp (Amaranthus tuberculatus) population, Pest
Manage. Sci. 74 (2018) 2356–2362.

[57] M.M. Vila-Aiub, P. Neve, S. Powles, Resistance cost of a cytochrome P450 herbi-
cide metabolism mechanism but not an ACCase target site mutation in a multiple
resistant Lolium rigidum population, New Phytol. 167 (2005) 787–796.

[58] M.M. Vila‐Aiub, P. Neve, S.B. Powles, Fitness costs associated with evolved her-
bicide resistance alleles in plants, New Phytol. 184 (2009) 751–767.

[59] V. Kumar, P. Jha, Differences in germination, growth, and fecundity character-
istics of dicamba-fluroxypyr-resistant and susceptible Kochia scoparia, PLoS One
11 (2016) e0161533.

[60] D.J. Debreuil, L.F. Friesen, I.N. Morrison, Growth and seed return of auxin-type
herbicide resistant wild mustard (Brassica kaber) in wheat, Weed Sci. 44 (1996)
871–878.

[61] J.C. Hall, M. Romano, Morphological and physiological differences between the
auxinic herbicide-susceptible (S) and-resistant (R) wild mustard (Sinapis arvensis
L.) biotypes, Pest. Biochem. Physiol. 52 (1995) 149–155.

[62] M. Jugulam, M.D. McLean, S. Chen, J. Christopher Hall, Development of near‐-
isogenic lines and identification of markers linked to auxinic herbicide resistance
in wild mustard (Sinapis arvensis L.), Pest Manage. Sci. 68 (2012) 548–556.

[63] K. Bonner, A. Rahman, T. James, K. Nicholson, D. Wardle, Relative intra‐species
competitive ability of nodding thistle biotypes with varying resistance to the
herbicide 2, 4‐D, New Zealand J. Agric. Res. 41 (1998) 291–297.

[64] H. Watanabe, M.Z. Ismail, N.K. Ho, Response of 2, 4-D resistant biotype of
Fimbristylis miliacea (L.) Vahl. to 2, 4-D dimethylamine and its distribution in the
Muda Plain, Peninsular Malaysia, J. Weed Sci. Technol. 42 (1997) 240–249.

[65] G. Bourdôt, D. Saville, G. Hurrell, Ecological fitness and the decline of resistance to
the herbicide MCPA in a population of Ranunculus acris, J. Appl. Ecol. 33 (1996)
151–160.

[66] D.E. Goggin, H.J. Beckie, C. Sayer, S.B. Powles, No auxinic herbicide–resistance
cost in wild radish (Raphanus raphanistrum), Weed Sci. 67 (2019) 539–545.

[67] P. Neve, R. Busi, M. Renton, M.M. Vila‐Aiub, Expanding the eco‐evolutionary
context of herbicide resistance research, Pest Manage. Sci. 70 (2014) 1385–1393.

[68] V. Kumar, P. Jha, Effective preemergence and postemergence herbicide programs
for kochia control, Weed Technol. 29 (2015) 24–34.

[69] R.L. Macdonald, C.J. Swanton, J.C. Hall, Basis for the selective action of flurox-
ypyr, Weed Res. 34 (1994) 333–344.

[70] A.P. Robinson, D.M. Simpson, W.G. Johnson, Summer annual weed control with 2,
4-D and glyphosate, Weed Technol. 26 (2012) 657–660.

[71] J.C. Hall, P.K. Bassi, M.S. Spencer, W.H.V. Born, An evaluation of the role of
ethylene in herbicidal injury induced by picloram or clopyralid in rapeseed and
sunflower plants, Plant Physiol. 79 (1985) 18–23.

[72] G. Wells, ForageMaxTM herbicide for broadleaf weeds in forage brassicas, in:
M. Baker (Ed.), 19th Australasian Weeds Conference Tasmanian Weed Society
Hobart, Australia, 2014, pp. 448–449.

[73] S. Lee, et al., Defining binding efficiency and specificity of auxins for SCFTIR1/AFB-
Aux/IAA co-receptor complex formation, ACS Chem. Biol. 9 (2014) 673–682.

[74] X. Tan, et al., Mechanism of auxin perception by the TIR1 ubiquitin ligase, Nature
446 (2007) 640–645.

[75] M.H. Nanao, et al., Structural basis for oligomerization of auxin transcriptional
regulators, Nature Comm 5 (2014) 3617.

[76] D.R. Boer, et al., Structural basis for DNA binding specificity by the auxin-de-
pendent ARF transcription factors, Cell 156 (2014) 577–589.

[77] M. Han, et al., Structural basis for the auxin-induced transcriptional regulation by
Aux/IAA17, Proc. Natl. Acad. Sci. USA 111 (2014) 18613–18618.

[78] M. Kubeš, R. Napier, Non-canonical auxin signalling: fast and curious, J. Exp. Bot.
70 (2019) 2609.

[79] A. R. S. d. Queiroz, et al., Rapid necrosis: a novel plant resistance mechanism to
2,4-D, Weed Sci. 68 (2020) 1–13.

[80] T. Xu, et al., Cell surface ABP1-TMK auxin-sensing complex activates ROP GTPase
signaling, Science 343 (2014) 1025–1028.

[81] M. Cao, et al., TMK1-mediated auxin signalling regulates differential growth of the
apical hook, Nature 568 (2019) 240–243.

[82] N. Dai, W. Wang, S.E. Patterson, A.B. Bleecker, The TMK subfamily of receptor-like
kinases in Arabidopsis display an essential role in growth and a reduced sensitivity
to auxin, PLoS One 8 (2013) e60990.

[83] H. Yasuor, M. Milan, J.W. Eckert, A.J. Fischer, Quinclorac resistance: a concerted
hormonal and enzymatic effort in Echinochloa phyllopogon, Pest Manage. Sci. 68
(2012) 108–115.

[84] I. Abdallah, A.J. Fischer, C.L. Elmore, M.E. Saltveit, M. Zaki, Mechanism of re-
sistance to quinclorac in smooth crabgrass (Digitaria ischaemum), Pest. Biochem.
Physiol. 84 (2006) 38–48.

[85] J. Xu, B. Lv, Q. Wang, J. Li, L. Dong, A resistance mechanism dependent upon the
inhibition of ethylene biosynthesis, Pest Manage. Sci. 69 (2013) 1407–1414.

[86] Y. Gao, et al., Resistance to quinclorac caused by the enhanced ability to detoxify
cyanide and its molecular mechanism in Echinochloa crus-galli var. zelayensis, Pest.
Biochem. Physiol. 143 (2017) 231–238.

[87] Y. Gao, X. Pan, X. Sun, J. Li, L. Dong, Is the protection of photosynthesis related to
the mechanism of quinclorac resistance in Echinochloa crus-galli var. zelayensis?
Gene 683 (2019) 133–148.

[88] M. Zia Ul Haq, Z. Zhang, J. Wei, S. Qiang, Ethylene biosynthesis inhibition com-
bined with cyanide degradation confer resistance to quinclorac in Echinochloa crus-
galli var. mitis, Int. J. Mol. Sci. 21 (2020) 1573.

[89] P. Chayapakdee, et al., Quinclorac resistance in Echinochloa phyllopogon is asso-
ciated with reduced ethylene synthesis rather than enhanced cyanide detoxifica-
tion by β‐cyanoalanine synthase, Pest Manage. Sci. 76 (2020) 1195–1204.

O.E. Todd, et al. Plant Science 300 (2020) 110631

7

http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0115
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0115
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0120
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0120
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0125
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0125
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0125
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0130
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0130
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0130
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0135
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0135
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0140
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0140
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0140
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0145
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0145
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0150
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0150
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0150
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0155
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0155
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0160
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0160
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0165
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0165
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0170
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0170
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0170
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0175
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0175
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0180
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0180
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0185
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0185
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0185
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0190
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0190
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0190
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0195
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0195
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0195
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0200
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0200
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0200
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0205
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0205
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0205
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0210
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0210
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0210
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0215
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0215
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0215
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0220
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0220
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0220
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0225
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0225
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0225
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0230
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0230
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0230
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0235
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0235
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0240
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0240
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0245
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0245
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0245
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0250
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0250
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0250
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0255
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0255
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0260
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0260
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0260
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0265
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0265
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0270
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0270
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0270
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0275
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0275
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0275
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0280
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0280
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0280
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0285
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0285
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0285
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0290
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0290
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0295
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0295
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0295
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0300
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0300
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0300
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0305
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0305
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0305
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0310
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0310
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0310
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0315
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0315
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0315
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0320
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0320
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0320
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0325
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0325
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0325
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0330
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0330
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0335
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0335
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0340
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0340
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0345
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0345
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0350
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0350
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0355
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0355
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0355
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0360
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0360
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0360
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0365
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0365
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0370
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0370
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0375
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0375
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0380
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0380
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0385
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0385
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0390
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0390
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0395
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0395
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0400
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0400
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0405
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0405
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0410
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0410
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0410
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0415
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0415
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0415
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0420
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0420
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0420
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0425
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0425
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0430
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0430
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0430
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0435
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0435
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0435
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0440
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0440
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0440
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0445
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0445
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0445


[90] Y. Gao, et al., Quinclorac resistance induced by the suppression of the expression
of 1-aminocyclopropane-1-carboxylic acid (ACC) synthase and ACC oxidase genes
in Echinochloa crus-galli var. zelayensis, Pest. Biochem. Physiol. 146 (2018) 25–32.

[91] P.S. Soltis, D.B. Marchant, Y. Van de Peer, D.E. Soltis, Polyploidy and genome
evolution in plants, Curr. Opin. Gen. Devel. 35 (2015) 119–125.

[92] C. Preston, D.S. Belles, P.H. Westra, S.J. Nissen, S.M. Ward, Inheritance of re-
sistance to the auxinic herbicide dicamba in kochia (Kochia scoparia), Weed Sci. 57
(2009) 43–47.

[93] C. Preston, J.M. Malone, Inheritance of resistance to 2, 4-D and chlorsulfuron in a
multiple resistant population of Sisymbrium orientale, Pest Manage. Sci. 71 (2015)
1523–1528.

[94] J.M. Kreiner, et al., Multiple modes of convergent adaptation in the spread of
glyphosate-resistant Amaranthus tuberculatus, Proc. Natl. Acad. Sci. USA 116
(2019) 21076–21084.

[95] M. Laforest, et al., A chromosome-scale draft sequence of the Canada fleabane
genome, Pest Manage. Sci. 76 (2020) 2158–2169.

[96] K. Ravet, et al., The power and potential of genomics in weed biology and man-
agement, Pest Manage. Sci. 74 (2018) 2216–2225.

[97] J.C. Del Pozo, et al., AXR1-ECR1–dependent conjugation of RUB1 to the
Arabidopsis cullin AtCUL1 is required for auxin response, Plant Cell 14 (2002)
421–433.

[98] W.M. Gray, P.R. Muskett, H.-w. Chuang, J.E. Parker, Arabidopsis SGT1b is re-
quired for SCFTIR1-mediated auxin response, Plant Cell 15 (2003) 1310–1319.

[99] R. Wang, et al., HSP90 regulates temperature-dependent seedling growth in
Arabidopsis by stabilizing the auxin co-receptor F-box protein TIR1, Nature Comm
7 (2016) 1–11.

[100] E. Watanabe, et al., HSP90 stabilizes auxin-responsive phenotypes by masking a
mutation in the auxin receptor TIR1, Plant Cell Physiol. 57 (2016) 2245–2254.

[101] M. Bostick, S.R. Lochhead, A. Honda, S. Palmer, J. Callis, Related to ubiquitin 1
and 2 are redundant and essential and regulate vegetative growth, auxin signaling,
and ethylene production in Arabidopsis, Plant Cell 16 (2004) 2418–2432.

[102] W. Zhang, et al., Genetic analysis of CAND1–CUL1 interactions in Arabidopsis
supports a role for CAND1-mediated cycling of the SCFTIR1 complex, Proc. Natl.
Acad. Sci. USA 105 (2008) 8470–8475.

[103] Y.L. Huang, et al., Transcriptome analysis of an invasive weed Mikania micrantha,
Biologia Plantarum 56 (2012) 111–116.

[104] C. Schwechheimer, et al., Interactions of the COP9 signalosome with the E3 ubi-
quitin ligase SCFTIR1 in mediating auxin response, Science 292 (2001) 1379–1382.

[105] H. Hellmann, et al., Arabidopsis AXR6 encodes CUL1 implicating SCF E3 ligases in
auxin regulation of embryogenesis, EMBO J. 22 (2003) 3314–3325.

[106] H. Yu, et al., Untethering the TIR1 auxin receptor from the SCF complex increases
its stability and inhibits auxin response, Nature Plants 1 (2015) 1–8.

[107] Q. Tian, J.W. Reed, Control of auxin-regulated root development by the
Arabidopsis thaliana SHY2/IAA3 gene, Development 126 (1999) 711–721.

[108] L.I. Calderon-Villalobos, X. Tan, N. Zheng, M. Estelle, Auxin perception—-
structural insights, CSH Perspect Biol 2 (2010) a005546.

[109] P. Nagpal, et al., AXR2 encodes a member of the Aux/IAA protein family, Plant
Physiol. 123 (2000) 563–574.

[110] M.A. Rinaldi, J. Liu, T.A. Enders, B. Bartel, L.C. Strader, A gain-of-function mu-
tation in IAA16 confers reduced responses to auxin and abscisic acid and impedes
plant growth and fertility, Plant Mol. Biol. 79 (2012) 359–373.

[111] L.E. Rogg, J. Lasswell, B. Bartel, A gain-of-function mutation in IAA28 suppresses
lateral root development, Plant Cell 13 (2001) 465–480.

[112] S. Chaabouni, et al., Sl-IAA3, a tomato Aux/IAA at the crossroads of auxin and
ethylene signalling involved in differential growth, J. Exp. Bot. 60 (2009)
1349–1362.

[113] T. Xu, et al., Solanum lycopersicum IAA15 functions in the 2, 4-di-
chlorophenoxyacetic acid herbicide mechanism of action by mediating abscisic
acid signalling, J. Exp. Bot. 66 (2015) 3977–3990.

[114] C. Bassa, I. Mila, M. Bouzayen, C. Audran-Delalande, Phenotypes associated with
down-regulation of Sl-IAA27 support functional diversity among Aux/IAA family
members in tomato, Plant Cell Physiol. 53 (2012) 1583–1595.

O.E. Todd, et al. Plant Science 300 (2020) 110631

8

http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0450
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0450
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0450
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0455
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0455
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0460
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0460
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0460
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0465
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0465
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0465
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0470
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0470
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0470
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0475
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0475
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0480
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0480
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0485
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0485
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0485
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0490
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0490
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0495
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0495
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0495
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0500
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0500
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0505
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0505
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0505
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0510
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0510
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0510
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0515
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0515
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0520
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0520
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0525
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0525
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0530
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0530
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0535
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0535
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0540
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0540
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0545
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0545
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0550
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0550
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0550
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0555
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0555
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0560
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0560
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0560
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0565
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0565
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0565
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0570
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0570
http://refhub.elsevier.com/S0168-9452(20)30237-5/sbref0570

	Synthetic auxin herbicides: finding the lock and key to weed resistance
	Introduction to synthetic auxin herbicides
	Known and potential resistance mechanisms in the auxin signaling pathway
	Mutations in the SCFTIR1/AFB
	Mutations in Aux/IAAs
	Mutations in auxin response factors
	Mutations in Transport Proteins

	Herbicide Metabolism
	Limitations in Understanding
	Fitness cost of synthetic auxin resistance in weeds
	Variation in response of broadleaf plant families to different synthetic auxin chemical groups and cross-resistance patterns in weeds
	Herbicide interactions with fast acting auxin signaling responses
	Resistance to quinclorac in grasses
	Impacts of polyploidy on synthetic auxin resistance

	Concluding thoughts and available resources
	Declaration of Competing Interest
	Funding
	References




