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Abstract

Palmer amaranth (Amaranthus palmeri S. Watson) is one of the topmost troublesome, C4
dioecious weeds in the US. Biological traits such as aggressive growth habits, prolific seed
production, and the ability to withstand environmental stresses hinder control of this weed.
Additionally, numerous Palmer amaranth populations across the US have been found to have
evolved resistance to multiple herbicides. In 2018, a population of Palmer amaranth from a
conservation tillage study from Riley County, Kansas was suspected to have evolved resistance
to multiple herbicides including 2,4-dichlorophenoxyacetic acid (2,4-D) and was designated as
Kansas Conservation Tillage Resistant (KCTR). 2,4-D, a synthetic auxin herbicide, is widely
used for controlling broadleaf weeds in cereal crops. However, over-reliance on 2,4-D to control
other herbicide-resistant weeds, along with the commercialization of 2,4-D-tolerant crop
technology, has resulted in increased usage of this herbicide. The objectives of this dissertation
were to 1) characterize the evolution of multiple herbicide resistance including 2,4-D in KCTR
Palmer amaranth; 2) investigate the physiological mechanism of 2,4-D resistance in KCTR
compared to two known susceptible Palmer amaranth populations i.e., Kansas Susceptible (KSS)
and Mississippi Susceptible (MSS); 3) assess the genetic basis of 2,4-D resistance in KCTR; and
4) evaluate herbicide programs that can manage glyphosate-resistant Palmer amaranth in 2,4-D-
tolerant soybean. Experiments were conducted under either greenhouse or controlled growth
chamber conditions. Standard herbicide dose-response, physiological, biochemical (using
radiolabeled herbicides), breeding, and field experiments were designed and conducted. The
results of these experiments found that KCTR Palmer amaranth had evolved resistance to six
herbicide modes of action, including acetolactate synthase (ALS)-, photosystem II (PS II)-, 5-

enolpyruvylshikimate-3-phosphate synthase (EPSPS)-, 4-hydroxyphenylpyruvate dioxygenase



(HPPD)-, protoporphyrinogen oxidase (PPO)- inhibitors, and synthetic auxins (2,4-D).
Sequencing and analyses of genes coding for the herbicide targets indicated absence of all known
mutations that confer resistance, except for EPSPS-inhibitor, with a massive amplification of
EPSPS gene (up to 88 copies). Investigation of non-target site resistance mechanism(s) in KCTR
confirmed the predominance of metabolic resistance to multiple herbicides mediated by either
cytochrome P450 (P450) or glutathione S-transferase enzyme activity. Whole-plant dose-
response analyses confirmed a 6- to 11- fold resistance to 2,4-D in KCTR compared to two
susceptible populations (KSS or MSS). ['*C] 2,4-D uptake and translocation studies indicated a
10% less and 3 times slower translocation of ['*C] 2,4-D in KCTR compared to susceptible
populations, while there was no difference in the amount of ['*C] 2,4-D absorbed. However,
KCTR plants metabolized ['*C] 2,4-D much faster than the susceptible KSS and MSS,
suggesting that enhanced metabolism bestows resistance to this herbicide in KCTR. Further, use
of P450-inhibitor (e.g., malathion) indicated that the metabolism of 2,4-D in KCTR is mediated
by P450 activity. Genetic analyses of F1and F2 progenies, derived from crossing between KCTR
and KSS, revealed that 2,4-D resistance in KCTR Palmer amaranth is an incompletely dominant,
nuclear trait. Segregation of F2 progenies did not follow the Mendelian single gene inheritance
model (3:1), suggesting the involvement of multiple genes in mediating 2,4-D resistance in
KCTR. Evaluation of herbicide programs for Palmer amaranth management in the field
suggested that pre-emergence herbicides with residual activity followed by post-emergence
application of either 2,4-D or glufosinate or 2,4-D and glufosinate can control glyphosate-
resistant Palmer amaranth in 2,4-D-tolerant soybean. Overall, the outcome of this dissertation
documents the first case of a six-way resistance in a single Palmer amaranth population and also

for the first time characterizes the physiological and genetic basis of 2,4-D resistance in this



weed. These findings will help in predicting and minimizing further evolution and spread of 2,4-

D resistance in Palmer amaranth.
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Abstract

Palmer amaranth (Amaranthus palmeri S. Watson) is one of the topmost troublesome, C4
dioecious weeds in the US. Biological traits such as aggressive growth habits, prolific seed
production, and the ability to withstand environmental stresses hinder control of this weed.
Additionally, numerous Palmer amaranth populations across the US have been found to have
evolved resistance to multiple herbicides. In 2018, a population of Palmer amaranth from a
conservation tillage study from Riley County, Kansas was suspected to have evolved resistance
to multiple herbicides including 2,4-dichlorophenoxyacetic acid (2,4-D) and was designated as
Kansas Conservation Tillage Resistant (KCTR). 2,4-D, a synthetic auxin herbicide, is widely
used for controlling broadleaf weeds in cereal crops. However, over-reliance on 2,4-D to control
other herbicide-resistant weeds, along with the commercialization of 2,4-D-tolerant crop
technology, has resulted in increased usage of this herbicide. The objectives of this dissertation
were to 1) characterize the evolution of multiple herbicide resistance including 2,4-D in KCTR
Palmer amaranth; 2) investigate the physiological mechanism of 2,4-D resistance in KCTR
compared to two known susceptible Palmer amaranth populations i.e., Kansas Susceptible (KSS)
and Mississippi Susceptible (MSS); 3) assess the genetic basis of 2,4-D resistance in KCTR; and
4) evaluate herbicide programs that can manage glyphosate-resistant Palmer amaranth in 2,4-D-
tolerant soybean. Experiments were conducted under either greenhouse or controlled growth
chamber conditions. Standard herbicide dose-response, physiological, biochemical (using
radiolabeled herbicides), breeding, and field experiments were designed and conducted. The
results of these experiments found that KCTR Palmer amaranth had evolved resistance to six
herbicide modes of action, including acetolactate synthase (ALS)-, photosystem II (PS II)-, 5-
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(HPPD)-, protoporphyrinogen oxidase (PPO)- inhibitors, and synthetic auxins (2,4-D).
Sequencing and analyses of genes coding for the herbicide targets indicated absence of all known
mutations that confer resistance, except for EPSPS-inhibitor, with a massive amplification of
EPSPS gene (up to 88 copies). Investigation of non-target site resistance mechanism(s) in KCTR
confirmed the predominance of metabolic resistance to multiple herbicides mediated by either
cytochrome P450 (P450) or glutathione S-transferase enzyme activity. Whole-plant dose-
response analyses confirmed a 6- to 11- fold resistance to 2,4-D in KCTR compared to two
susceptible populations (KSS or MSS). ['*C] 2,4-D uptake and translocation studies indicated a
10% less and 3 times slower translocation of ['*C] 2,4-D in KCTR compared to susceptible
populations, while there was no difference in the amount of ['*C] 2,4-D absorbed. However,
KCTR plants metabolized ['*C] 2,4-D much faster than the susceptible KSS and MSS,
suggesting that enhanced metabolism bestows resistance to this herbicide in KCTR. Further, use
of P450-inhibitor (e.g., malathion) indicated that the metabolism of 2,4-D in KCTR is mediated
by P450 activity. Genetic analyses of F1and F2 progenies, derived from crossing between KCTR
and KSS, revealed that 2,4-D resistance in KCTR Palmer amaranth is an incompletely dominant,
nuclear trait. Segregation of F2 progenies did not follow the Mendelian single gene inheritance
model (3:1), suggesting the involvement of multiple genes in mediating 2,4-D resistance in
KCTR. Evaluation of herbicide programs for Palmer amaranth management in the field
suggested that pre-emergence herbicides with residual activity followed by post-emergence
application of either 2,4-D or glufosinate or 2,4-D and glufosinate can control glyphosate-
resistant Palmer amaranth in 2,4-D-tolerant soybean. Overall, the outcome of this dissertation
documents the first case of a six-way resistance in a single Palmer amaranth population and also

for the first time characterizes the physiological and genetic basis of 2,4-D resistance in this



weed. These findings will help in predicting and minimizing further evolution and spread of 2,4-
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Chapter 1 - Literature Review

Impact of Weeds on Agricultural Production

Global crop production has always faced challenges from various biotic and abiotic stresses.
Economic losses due to these stresses are significant in this era of input-intensive agricultural
crop production systems (Gharde et al. 2018). Weed infestation in crop production is considered
as one of the most important biotic stresses that affects crop production, by competing for
resources, interfering with crop management practices, harboring pests, and reducing produce
quality. Weed interference results in significant crop loss across the globe (Zimdahl 2018).
Oerke (2006) reported that amongst different agricultural pests, weeds account for the highest
potential for yield loss (34%), followed by animal pests (18%) and pathogens (16%). Similarly, a
ten-year study conducted from 2007 to 2016 assessed that up to 47, 71, and 70% loss can occur
compared to a no-weed control situation in grain sorghum (Sorghum bicolor L. Moench), dry
bean, and sugar beet (Beta vulgaris var. saccharifera), respectively, in the US and Canada,
amounting to $953, 100-622, and 22-25 million per year (Dille et al. 2020, Soltani et al. 2018a,
2018b). Such substantial economic impact makes weed management an utmost necessity. In
conventional crop production systems, the most common method of weed control is use of
herbicides. The first modern-day herbicide developed and used were synthetic auxins, primarily
to selectively control broadleaf weeds. Since then, herbicides have become the most reliable and
economical tool for controlling weeds, contributing significantly to the historical increase in crop
yields over the last 75 years (Heap 2021). However, the over-reliance on herbicides as the sole
method of weed control has increased selection pressure, resulting in the evolution of resistance

to herbicides in several weed species.



Currently, there are 521 unique cases of herbicide resistance involving 263 weed species,
distributed in 71 countries (Heap 2021). In the US, 84 weeds including monocots such as
bluegrass (Poa annua L.), goosegrass (Eleusine indica L. Gaertn.), Italian ryegrass (Lolium
perenne ssp. multiflorum Lam. Husnot) and dicots such as Palmer amaranth (Amaranthus
palmeri S. Watson), common waterhemp (Amaranthus tuberculatus Moq. Sauer), kochia (Bassia
scoparia L. AJ. Scott), horseweed (Conyza canadensis L. Cronquist) have been documented to
have evolved resistance to herbicides. Within the US, specifically in the Midwestern region some
of the major weeds, e.g., Palmer amaranth, common waterhemp, giant ragweed, horseweed, and
kochia, were found to have evolved resistance to multiple herbicides and thus driving the weed
management decisions. Among these driver weeds, Palmer amaranth is found to be problematic

in several cropping systems, including corn, soybean, sorghum, and cotton.

Palmer amaranth (Amaranthus palmeri S. Watson)

Importance
Palmer amaranth is ranked as one of the top-most troublesome weeds in the US by the
Weed Science Society of America (WSSA; Van Wychen 2020). Originally considered as a
native of the southwest US, this weed is now found throughout the country. Competition from
Palmer amaranth can cause significant yield loss in row and vegetable crops (Table 1.1). Such
yield loss is attributed to the intense competition offered by Palmer amaranth for resources (such
as water, light, nutrients) and interference via allelopathy (Berger et al. 2015, Menges 1987).
Biological Characteristics
Palmer amaranth is a highly competitive weed owing to its aggressive growth and
reproductive characteristics. Palmer amaranth is a Cs4 plant (Wang et al. 1992) and can use the

nitrogen and ribulose 1,5-bisphosphate carboxylase protein more efficiently than C3 plants
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(Schmitt and Edwards 1981). Such efficiency enables Palmer amaranth to have a high

photosynthetic rate, especially at optimum growth conditions. With the availability of high soil

moisture, the photosynthetic capacity of Palmer amaranth can be over 70 pmol CO2 m? s™!

(Ehleringer 1983).

Table 1.1 Reported yield losses in row and horticultural crops due to Palmer amaranth

infestation.
Crop Infestation density  Yield loss
. o References
Name Latin name (plants/ m of row) (%)
Row crops
Massi t al.
Corn Zea mays L. 8 plants/m 91 ( 28(8)511;1 gacta
Sorghum bicolor
Sorghum L Moench 2 plants/m 22 Unruh (2013)
Basinger et al.
1 2 4
8 plants/m 9 (2019a)
Glycine max 8 plants/m 79 Bensch et al. (2003)
Soybeans -
L. Merr. 10 plants/m 68 Klingaman and
P Oliver (1994)
0.37 plants/m? 21 Chandi et al. (2012)
c Gossypium 10 plants/9.1 m 54 Morgan et al. (2001)
otton )
hirsutum L. 10 plants/6.1 m 60 MacRae et al. (2013)
1 -
Peanut rachis 1 plant/m 28 Burke et al. (2007)
hypogaea L.
Horticultural crops
Basinger et al.
Ipomoea batatas 16 plants/m 79 2019b
Sweet potato L Lam ( )
' ' 6.5 plants/m 94 Meyers et al. (2010)
] Bertucci et al.
Watermelon Citrullus lanatus 4 plants/0.76 m 65 eruceteta

Thunb.

(2019)




Palmer amaranth plants can accumulate 32 to 83% higher dry biomass with a relative growth rate
of 0.32 g g'! day! compared to other Amaranthus species, including common waterhemp (0.31 g
gt day™), redroot pigweed (Amaranthus retroflexus L.; 0.30 g ¢! day™), and tumble pigweed
(Amaranthus albus L.; 0.26 g g'! day™!) (Horak and Loughin 2000).

During long-term drought conditions, despite a lower photosynthetic rate, the intercellular CO2
concentration remains constant in Palmer amaranth indicating coordination of gas exchange
parameters (Ehleringer 1983). Palmer amaranth can also maintain positive cell turgor and keep
stomata open under drought conditions (Ehleringer 1985). A study conducted to evaluate the
effect of water stress on Palmer amaranth seed production by Chahal et al. (2018) reported
constant cumulative seed germination in female plants exposed to >50% soil field capacity.

A vital aspect of the reproductive biology of Palmer amaranth is its dioecious (separate
male and female plants) nature, making it an obligate outcrosser. Female Palmer amaranth plants
are prolific seed producers. Palmer amaranth plants, established from March through July, were
reported to produce 600,000 seeds plant! (Keeley et al. 1987). In another study, around 446,000
seeds were obtained from a single glyphosate-resistant (GR) Palmer amaranth plant in Georgia
(Webster and Grey 2015). Outcrossing along with high fecundity ensures high genetic diversity
due to sexual recombination in this weed, resulting in adaptability and weediness. Outcrossing
also enables interspecific and intraspecific transfer of herbicide resistance alleles from/to Palmer
amaranth. Such transfer of herbicide resistance alleles has been documented for both target-site
(TSR) and non-target site (NTSR) mechanisms (explained later in section ‘Evolution of
Herbicide Resistance’). For instance, Oliveira et al. (2018b) observed pollen-mediated gene flow
of metabolic resistance to the herbicide mesotrione, from Palmer amaranth to other susceptible

populations as well as common waterhemp. In another study, acetolactate synthase (ALS)-



inhibitor resistance was transferred to spiny amaranth (Admaranthus spinosus L.) x Palmer
amaranth and common waterhemp x Palmer amaranth hybrids (Franssen et al. 2001, Molin et al.
2021). Similarly, glyphosate resistance was transferred via pollen to susceptible Palmer amaranth
populations and other Amaranthus sp. such as spiny amaranth, common waterhemp, and smooth
pigweed (Amaranthus hybridus L.) (Gaines et al. 2012, Nandula et al. 2014, Sosnoskie et al.
2012).
Control of Palmer amaranth

Being an aggressive and highly competitive weed, the management of Palmer amaranth
is crucial not only for reducing crop yield losses but also for hindering further addition of seeds
to the soil seed bank. Non-chemical weed management techniques such as use of cover crops
have been shown to improve Palmer amaranth control (Palhano et al. 2018). However, herbicides
are the most preferred option by growers for managing this aggressive weed in crop production
systems. Post-emergence (POST) herbicide options for controlling Palmer amaranth include
systemic herbicides such as ALS-, photosystem II (PS II)-, 5-enolpyruvyl-shikimate-3-phosphate
synthase (EPSPS)-, 4-hydroxyphenyl- pyruvate dioxygenase (HPPD)-, and synthetic auxins and
contact herbicides including photosystem I (PS I)- and protoporphyrinogen oxidase (PPO)-
inhibitors. Pre-emergence (PRE) herbicide options include ALS-, PS II-, HPPD-, PPO-,
microtubulin-, and very long-chain fatty acid (VLCFA) inhibitors. Best management practices
aimed to reduce the selection pressure and evolution of herbicide resistance in troublesome
weeds such as Palmer amaranth call for integrated management techniques (Aulakh et al. 2010,
Norsworthy et al. 2012). Application of PREs with residual activity followed by POST herbicide

applications while incorporating multiple modes of action (MOA) of herbicides have been



proven to be effective in managing herbicide-resistant Palmer amaranth populations (Chahal and
Jhala 2018, Sarangi and Jhala 2019).

Evolution of Herbicide Resistance

In 1989, a Palmer amaranth population in South Carolina was first reported to have

evolved resistance to the herbicide, trifluralin (a microtubule-inhibitor) (Heap 2021; Figure 1.1).
Since then, Palmer amaranth populations across the US have evolved resistance to eight
herbicide MOAs (Figure 1.1). These include resistance to ALS-, PS II-, EPSPS-, microtubule-,
PPO-, HPPD-, VLCFA- inhibitors, and synthetic auxins (Heap 2021; Figure 1.1). Populations
with resistance to more than one MOA are widespread throughout the Midwestern US, making
its control more challenging. For instance, in Kansas, Palmer amaranth populations with evolved

resistance to 3, 4, or 5 MOAs have been reported (Chaudhari et al. 2020, Kumar et al. 2019b,

Group 2/B

ALS-
inhibitors

Group 15/K3

Group 3/K1 Group 9/G Group 14/E Very Long Chain
Microtubule- EPSPS- PPO- Fatty Acid-
inhibitors inhibitors inhibitors inhibitors

| L] e

Group §/ Group 27/F Group 4/0

PS II- HPPD- Synthetic
inhibitors inhibitors Auxins

Figure 1.1 Timeline of herbicide resistance documented in Palmer amaranth; Data source:

International herbicide-resistant weed database (Heap 2021).
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Nakka et al. 2017a, 2017b, 2017c¢). Such evolution of herbicide resistance in Palmer amaranth
populations occurred both via TSR and NTSR mechanisms.

TSR mechanisms involve alteration of the target site of herbicides, thus directly
impacting the efficacy of herbicides. Known mechanisms of TSR include substitution or deletion
at the target site resulting in a change in amino acids as well as an increase in copy number
and/or expression of the target gene. TSR to ALS-, EPSPS-, PPO-, and HPPD-inhibitors have
been reported in Palmer amaranth populations (Table 1.2). TSR mechanisms often are also
known to bestow cross-resistance to different classes of herbicides within the same group of

herbicides.

Table 1.2 Reported target-site resistance mechanisms in Palmer amaranth to different herbicide

modes of action.

Target site resistance

. Reference
mechanism(s)

Mode of action

Chaudhari et al. (2020), Kiipper et al.
(2017), Nakka et al. (2017¢)

Chahal et al. (2017), Chaudhari et al.
(2020), Gaines et al. (2010), Koo et al.
(2018)

Copeland et al. (2018), Salas et al.
(2016), Varanasi et al. (2018b)
HPPD-inhibitors Increased expression Nakka et al. (2017b)

aSubstitution refers to a mutation in the target gene caused by replacement of one or more amino
acids thus significantly altering protein function.

®Deletion refers to a mutation in the target gene caused by deletion of one or more amino acids
thus significantly altering protein function.

ALS-inhibitors Substitution?

Increased copy number,

EPSPS-inhibitors . .
increased expression

PPO-inhibitors Substitution, deletion®

Unlike TSR, NTSR mechanisms do not directly affect the target site of the herbicide, rather
involve altered physiological processes such as herbicide absorption, translocation, and
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metabolism (Jugulam and Shyam 2019). The NTSR mechanisms such as reduced absorption and
translocation, although less common, have been documented to impart glyphosate resistance in
Palmer amaranth (Dominguez-Valenzuela et al. 2017). Enhanced metabolism as the primary
NTSR mechanism, conferring resistance to ALS-, PS II-, PPO-, and HPPD-inhibitors has been
documented in several Palmer amaranth populations (Table 1.3). NTSR mechanisms can result
in cross-resistance to herbicides from the same/different MOAs (Chaudhari et al. 2020, Varanasi
et al. 2019). Co-existence of TSR and NTSR has also been reported in several Palmer amaranth

populations from KS (Chaudhari et al. 2020, Nakka et al. 2017a, 2017b).

Table 1.3 Reported non-target-site resistance mechanisms in Palmer amaranth to different

herbicide modes of action.

Non-target site resistance

Mode of action ) Reference
mechanism(s)
ALS-inhibitors Enhanced metabolism Nakka et al. (2017¢)
PS II-inhibitors Enhanced metabolism Chahal et al. (2019a), Nakka et al.
(2017a)

e Reduced absorption and Dominguez-Valenzuela et al. (2017),
EPSPS-inhibit

HRDHOLS translocation Nandula et al. (2012)
PPO-inhibitors Enhanced metabolism Varanasi et al. (2018a)
HPPD-inhibitors Enhanced metabolism ggﬁg ctal. (2018), Nakka et al.

Synthetic Auxinic Herbicides

Importance and Classification
2,4-dichlorophenoxyacetic acid (2,4-D), a synthetic auxinic herbicide (SAH), was
discovered in the early 1940s, and, since then, it is being used in global agriculture for weed

management (Peterson et al. 2016, Thimann and Koepfli 1935). SAHs mimic the natural plant
8



hormone, auxin, i.e., indole-3-acetic acid (IAA) (Grossmann 2003), and are classified under
group 4/0 according to WSSA/Herbicide Resistance Action Committee (HRAC). Globally,
SAHs are the third most used herbicides in terms of the area treated (~366 x 10° ha), ranking
behind glyphosate (~477 x 10° ha), and ALS-inhibitors (~508 x 10° ha) (Busi et al. 2018).
Amongst the SAHs, 2,4-D accounts for the highest acreage (~162 x 10° ha) followed by dicamba
(~50 x 10° ha) and 2-methyl-4-chlorophenoxyacetic acid (MCPA) (~31 x 10° ha) (Busi et al.
2018). Conventionally SAHs are widely used to control broadleaf weeds in cereal crops (owing
to their selectivity). However, several SAHs such as quinclorac and florpyrauxifen-benzyl have
activity on grasses and sedges as well (Grossmann and Kwiatkowski 1995, Koo et al. 1997,
Miller and Norsworthy 2018, Tel6 et al. 2019).

SAHs are classified into seven sub-classes based on their distinct chemical structure, viz.,
1) phenoxy-carboxylates (e.g., 2,4-D, 2,4-DB, MCPA, mecoprop-P), i1) benzoates (e.g., dicamba,
tricamba), ii1) pyridine-carboxylates (e.g., picloram, clopyralid), iv) pyridoxyl-carboxylates (e.g.,
fluroxypyr), v) quinolone-carboxylates (e.g., quinmerac, quinclorac), vi) pyrimidine-
carboxylates (e.g., aminocyclopyrachlor), and vii) arylpicolinates (e.g., halauxifen-methyl,
florpyrauxifen-benzyl) (Grossmann 2010). Amongst these, the most recent chemistries
introduced include the arylpicolinates, i.e., halauxifen-methyl (2005) and florpyrauxifen-benzyl
(2010) (Epp et al. 2016).

Mode of Action

The mode of action of SAHs consists of a cascade of molecular processes i.e., transport,
signaling, perception and physiological, and biochemical processes involving ethylene and
abscisic acid (ABA) production that result in the commonly known symptoms such as leaf and

stem epinasty, water stress in sensitive plants.



Auxin Transport

Directional transport is critical for maintaining the biological functions of auxins (Cho
and Cho 2013). Auxin polar transport and gradient formation across tissue are catalyzed by two
types of transporters functioning in opposite directions, i.e., influx and efflux. Auxin influx
transporters in Arabidopsis thaliana are attributed to the Auxin resistant 1 (AUX1)/Like AUX1
(AUXI1/LAXs) family, including AUX1 and LAX1-3 transporters, which facilitate the
movement of auxins within a cell (Figure 1.2). Auxin efflux transporters regulate auxin
movement between cells and include transporters from ATP-binding cassette sub-family B
(ABCBs) and PIN-formed (PIN) proteins (Figure 1.2) (Petrasek and Friml 2009). Some ABCB
transporters such as ABCB-4 have been also reported to mediate auxin uptake (Kubes et al.
2012). Auxin transporters act as the first target sites encountered by SAHs. Therefore, alterations
in these transporters can significantly impact SAH uptake and movement, resulting in reduced
sensitivity to these herbicides.

AUX1, the most widely studied influx carrier of auxins, is a member of the permease,
proton co-transporter superfamily (Fischer et al. 1998). AUX1 has high selectivity for the uptake
of substrates. Small molecules including natural auxin, IAA, and SAHs such as 2,4-D have a
high affinity to AUX1. Hence, AUX1 (loss of function) mutant lines of Arabidopsis were
resistant to 2,4-D (Maher and Martindale 1980, Pickett et al. 1990). In contrast, other SAHs,
including dicamba, triclopyr, halauxifen-methyl, picloram, and quinclorac, have either zero or
very low affinity to AUX1 (Hoyerova et al. 2018). AUX1 mutants of Arabidopsis lines are
sensitive to dicamba (Hoyerova et al. 2018). Lack of AUX1 affinity towards other SAHs, such as
dicamba, indicates that AUX1 uptake is not an absolute necessity for the functioning of SAHs

(Hoyerova et al. 2018). However, information on how these SAHs are transported is elusive.
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PIN proteins are a family of localized transmembrane proteins involved in auxin efflux
transport (Kiecek et al. 2009). 2,4-D is a substrate of PIN2 and PIN7, but not PIN1 (Yang and
Murphy 2009). In contrast to AUX1/LAXSs and PINs, whose role in auxin transport is dependent
on an electrochemical gradient, ABCB transporters couple their transport to ATP hydrolysis and
transport auxins against gradients (Geisler et al. 2017). Plant ABCB transporters also have a high
degree of specificity for substrates. The PDRY (an ABCB transporter) gain-of-function mutant
line of Arabidopsis was tolerant to 2,4-D, while loss-of-function mutants were hypersensitive to
2,4-D (Ito and Gray 2006). Interestingly, PDR9 loss-of-function mutants did not impact IAA and
indole-butyric acid (IBA) uptake, indicating specificity of PDR9 on 2,4-D transport (Ito and
Gray 2006). Besides these families, transporters from the major facilitator superfamily (MFS)
indirectly affect polar [AA transport via modulation of PIN2 auxin efflux transporter abundance
(Remy et al. 2013). An Arabidopsis line with a mutation in PIC30, which encodes an MFS, was
found insensitive to picloram (Kathare et al. 2020).

Inhibitors of ABCB and PIN transporters are often used to mimic reduced translocation
of auxins by inhibiting auxin transport. For instance, N-1-naphthylphthalamic acid, a herbicide,
is a widely used inhibitor of polar transport of auxins with known activity on both ABCB and
PIN transporters (Abas et al. 2021). Other commonly used PIN and ABCB inhibitors are 2,3,5-
triitodobenzoic acid, verapamil, and valspodar (Johnston et al. 2020, Zhu and Geisler 2015).
Auxin Signaling and Perception

The key components of auxin signaling include, a) Skp1-cullin-F-box (SCF)-
ubiquitination complex (SCFTRVAFB) containing the F-box transport inhibitor response 1/Auxin
signaling F-box protein (TIR1/AFB) auxin co-receptors, b) auxin/indole-3-acetic acid

(AUX/TAA) transcriptional repressors, and c¢) auxin response factors (ARF) (Figure 1.2) (Lavy
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and Estelle 2016). The E3 ubiquitin ligase SCFTRVAFB complex is essential for the
polyubiquitination of TIR1/AFB-AUX/IAA complex through degradation by 26s proteasome.
This SCFTRVAFB complex is composed of the scaffold protein CULLIN1 subunit, the RING-
BOX proteinl (for promoting transfer of ubiquitin molecules to the substrate), Arabidopsis SKP1
HOMOLOG]I, and an F-box protein (for providing substrate recognition) (Lavy and Estelle
2016). Auxins act as “molecular glue” and stabilize TIR1/AFB-AUX/IAA interaction by binding
to a hydrophobic pocket in TIR1/AFB and provide a surface for AUX/IAA to bind (Tan et al.
2007). So far, six members of the TIR1/AFB proteins, i.e., TIR1, and AFB1-5 were identified in
Arabidopsis, which involve a high degree of functional redundancy and sequence similarity
(Dharmasiri et al. 2005b). Information on specific TIR1/AFB co-receptors for different SAHs is
not available yet; however, studies have pointed towards specificity. For instance, AFBS
knockout mutants of Arabidopsis were resistant to picloram but sensitive to 2,4-D and [AA
(Walsh et al. 2006). Similarly, selective binding of AFB5-AUX/IAA co-receptor to picloram
was documented (Calderon Villalobos et al. 2012). Another co-receptor AFB4 was also a major
target of picloram (Prigge et al. 2016). Since TIR1/AFB co-receptors play a crucial role in
binding with AUX/IAA repressors leading to their ubiquitination, mutations in TIR1/AFB
receptors can lead to conformational changes failing herbicide binding to AUX/TAA, and
ultimately resistance to SAHs. So far, no field evolved resistance to SAHs caused by mutation in
TIR1/AFB co-receptors has been documented.

Aux/TAA proteins are localized in the nucleus and contain highly conserved domains
encoded by auxin-responsive genes (Dharmasiri et al. 2005a). Genome-wide analysis has
enabled researchers to identify Aux/IAA genes in 30 plant species (Luo et al. 2018). For

example, 29 AUX/IAA genes were documented in Arabidopsis (Overvoorde et al. 2005).
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However, many of these genes in higher plants were characterized as repeats involving tandem
duplication and/or segment duplication (Singh and Jain 2015, Wu et al. 2017). ARFs are
transcription factors that contain an amino-terminal DNA-binding domain (Lavy and Estelle
2016). This domain binds to auxin-responsive elements (ARE) present in the promoter of auxin-
responsive genes, controlling their transcription (Ballas et al. 1993, Lavy and Estelle 2016, Teale
et al. 2006). Mutations in AUX/IAA co-receptors can lead to incomplete binding of the
TIR1/AFB-AUX/TAA, resulting in auxin resistance. So far, two cases of TSR have been
identified leading to SAH resistance and both were identified in the AUX/IAA repressor. The
first case of TSR to SAH was documented in the AUX/IAA repressor resulting in dicamba
resistance in kochia (explained later) (LeClere et al. 2018). The second case was recently
documented in oriental mustard (explained later) (Figueiredo et al. 2021).

At low auxin concentration (Figure 1.2), Aux/IAA transcriptional repressors interact with
ARFs, resulting in suppression of their activity (Kim et al. 1997). However, at high auxin levels
(Figure 1.2), auxin analogs such as 2,4-D act like “molecular glue” and help TIR1in binding to
the AUX/IAA protein (Dharmasiri et al. 2005a, 2005b). This binding promotes ubiquitination of
AUX/TAA proteins via 26s proteasome. This is followed by the activation of ARFs that involve
several auxin-responsive genes such as GH3 (Kelley and Riechers 2007).
Mechanism of Action

The mechanism of action of SAHs comprises a cascade of physiological and biochemical
events that occur following SAH application. In the past two decades, transcriptomic approach
has enabled researchers to study the downstream events following auxin perception. Most of
these studies have focused on the involvement of /-aminocyclopropane-1-carboxylate synthase

(ACS) and 9-cis-epoxycarotenoid deoxygenase (NCED), which are important auxin-responsive
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genes. ACS and NCED are the rate-limiting enzymes in the ethylene and ABA biosynthesis
pathway, respectively (Boller et al. 1979, Qin and Zeevaart 1999). Amongst these two,
historically, ACS has been assumed to play a key role in SAH action (Grossmann 2003). For
example, in kochia, ACS upregulation following dicamba application has been reported (Pettinga
et al. 2018). Ethylene evolution following SAH application has been extensively studied in SAH-
resistant and -susceptible weeds (Hall et al. 1993, Howatt et al. 2006). Additionally, NCED
upregulation and increased ABA accumulation following SAH application have been speculated

to be triggered by ACS upregulation (Hansen and Grossmann 2000, Kraft et al. 2007).
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Figure 1.2 Recently proposed mode of action of synthetic auxinic herbicides (SAHs), (A) When
auxin is present at low level in plants, (B) When SAHs like 2,4-D is applied and auxin level is
high in plants; Adapted from: Gaines (2020); Based on findings of McCauley et al. (2020)

[Created with BioRender.com].
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However, lack of consensus on ACS upregulation following SAH application in other studies has
rekindled that NCED is involved more directly in SAH action. For instance, 2,4-D application in
Arabidopsis was documented to upregulate only NCED and not ACS (Raghavan et al. 2006).

Recently, a study was conducted in horseweed to investigate the MOA of three SAHs i.e.,
2,4-D, dicamba, and halauxifen-methyl (McCauley et al. 2020). Findings of the study suggest
that at 6 hours after treatment (HAT), genes associated with hormonal activity, gene expression,
metabolism, and drought response were upregulated, but those involved in photosynthesis, in the
functioning of both PS I and PS II were downregulated. Additionally, NCED3 (NCED homolog
of Arabidopsis in horseweed) upregulation was found at 1 and 6 HAT following application of
SAHs, while a slight upregulation of ACS6 (ACS homolog of Arabidopsis in horseweed) was
documented only at 6 HAT. In agreement with these findings, increased ABA accumulation
was found at 6 HAT with SAH application, while increased ethylene accumulation was only
shown at 24 HAT following application of 2,4-D and dicamba but not halauxifen-methyl. Levels
of ABA accumulation in the plants following SAH application were also compared with plants
that were kept drought-stressed. Results suggested that the level of ABA accumulation in plants
treated with SAH was >3-fold than plants that were kept drought-stressed until death. Based on
the findings, McCauley et al. (2020) proposed that whole-scale downregulation of photosynthetic
genes (caused by both auxin and ABA) is probably the driver for the MOA of SAHs (Figure
2.2).
Basis of Selectivity

SAHs are the first selective herbicides discovered and commercialized. Most SAHs are
selective against broadleaf weeds and are commonly used in cereal crops such as rice, barley,

and wheat. However, over the years, SAHs with varying selectivity and chemistry have been
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commercialized. The mechanism of tolerance to SAHs in monocots is attributed to 1) plant
anatomy, ii) detoxication pathway, and iii) induction of genes. Differential vascular bundle
structures such as scattered phloem (enclosed by sclerenchyma) and lack of cambium and
pericycle (auxin-sensitive) have been known to contribute to a minimal level of tolerance of
grasses to SAHs (Sterling and Hall 1997). Tolerant and susceptible plants are also known to
metabolize SAHs differently. Metabolism of SAHs in dicots generates amino-acid conjugates
which are reversible (Sterling and Hall 1997). In contrast, tolerant monocot plants generate
sugar-based conjugates that are more stable and irreversible. Moreover, SAH conjugates in
dicots can retain the herbicidal activity contributing to susceptibility (Davidonis et al. 1982).
Tolerant species are also known to metabolize SAHs at a faster rate than susceptible species. For
instance, rapid conversion of quinmerac to inactive hydroxymethyl and dicarboxylic acid
derivatives were documented in wheat (7riticum aestivum L.) and sugarbeet (Beta vulgaris L.)
compared to cleavers (Galium aparine L.) (Grossmann and Scheltrup 1998). Additionally, the
involvement of enzyme family cytochrome P450 monooxygenases (P450) in metabolizing
herbicides such as 2,4-D have been documented in cereals such as wheat and corn has been
studied (Frear 1995). Differential gene induction by SAHs is considered as another factor driving
selectivity. For example, several GH3 homologs were found to be strongly induced in
broadleaved plants compared to weak induction in grasses following 2,4-D application (Wright
et al. 1987). Similarly, assessment of GH3 expression at the RNA and protein levels has been
suggested to diagnose SAH off-target injury in broadleaves such as soybean (Kelley et al. 2006,
Kelley and Riechers 2007). Rapid induction of ACS accompanied by higher 1-

aminocyclopropane-1-carboxylate (ACC) and ABA levels in the shoot tissue was observed in
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cleavers compared to oilseed rape (Brassica napus L.), and wheat (Grossmann and Scheltrup
1998).
Resistance to Synthetic Auxinic Herbicides

Even after >75 years of widespread usage, the number of weed species resistant to SAHs
is low compared to ALS-inhibitors (166 weeds) or triazines (74 weeds), which were introduced
much later (Heap 2021). Such historically low incidence of resistance to SAHs is proposed due
to several factors including, 1) fatality of genetic mutations in the auxin signaling pathway that
affect plant ability to survive unfavorable growing conditions (Jasieniuk et al. 1995, Jasieniuk
and Maxwell 1994, Mortensen et al. 2012); ii) fitness penalty associated with auxin herbicide
resistance in weeds (Bourdot et al. 1996, Debreuil et al. 1996, Hall and Romano 1995, Walsh et
al. 20006), iii) multiple modes of action that require multiple mutations at several loci to impart
resistance (Gressel and Segel 1982), iv) relatively low-selection pressure or lower residual soil
activity (Mithila et al. 2011), and v) resistance in some species being governed by recessive
alleles (Sabba et al. 2003, Van Eerd et al. 2004). The first case of 2,4-D resistance was reported
in 1957 in climbing dayflower (Commelina diffusa Burm. f.) in Hawaii and wild carrot (Daucus
carota L.) in Canada (Heap 2021). However, in the past decade, increased reliance on SAHs for
controlling ALS-and EPSPS-inhibitor resistant weeds has led to increasing selection pressure
and reported cases of SAH resistant weeds. Currently, SAH resistance has been reported in 42
weeds spanning over 23 countries (Heap 2021; Figure 1.3, 1.4). Amongst these, resistance to 2,4-
D has been reported in 7 weed species in the US and 25 species globally, including several
economically important weeds such as common waterhemp, Palmer amaranth, wild radish,

kochia, corn poppy, and common lambsquarters.
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Figure 1.3 Distribution of synthetic auxinic herbicide (SAH) resistant weeds around the world;

Data source: International herbicide-resistant weed database (Heap 2021).

Mechanism(s) of Synthetic Auxin Resistance in Important Weeds
Common Waterhemp (Amaranthus tuberculatus Moq. Sauer.)

Common waterhemp is one of the most troublesome and economically important driver
weed species in the Midwestern US, where growers primarily engage in corn and soybean
cultivation (Tranel 2021). The first case of 2,4-D resistance in common waterhemp was
documented in Nebraska (Bernards et al. 2012, Crespo et al. 2017). Since then, evolution of 2,4-
D resistance has been reported in other common waterhemp populations from Missouri (Shergill
et al. 2018a, 2018b) and Illinois (Evans et al. 2019). In 2,4-D-resistant populations of Nebraska
and Missouri, enhanced metabolism of 2,4-D was reported as the mechanism of resistance
(Figueiredo et al. 2018, Shergill et al. 2018b). Specifically, in the Nebraska population, no

differences in '*C 2,4-D absorption and translocation were found between resistant and
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susceptible plants, while the resistant plants metabolized 2,4-D faster than the susceptible
(Figueiredo et al. 2018). Similar to the Nebraska population, 2,4-D-resistant common waterhemp
from Missouri metabolized this herbicide faster than susceptible plants. Application of P450-
inhibitor, malathion prior to 2,4-D treatment, significantly reduced resistance to 2,4-D in both
resistant populations (Nebraska and Missouri), indicating the possible involvement of P450
enzymes in detoxifying 2,4-D in these plants. NTSR mechanisms are often affected by
environmental conditions as well (Jugulam and Shyam 2019). Shyam et al. (2019) showed that
2,4-D resistant common waterhemp plants from Nebraska grown at a higher temperature (34/24
°C) metabolized 2,4-D at a faster rate compared to those grown at a lower temperature (24/14
°C). Even though 2,4-D resistance has been reported in several Midwestern populations of
common waterhemp, the genes involved in conferring this resistance are still elusive. Recently, a
RNA-sequencing study was performed in F2 populations generated using 2,4-D resistant and
susceptible common waterhemp plants from Nebraska and Illinois population (Giacomini et al.
2020). The results of this study indicated increased expression of the same P450 gene cluster
(CYP81A4s) in both populations. However, in planta role of this cluster in 2,4-D resistance has
not been validated yet.

Smooth Pigweed (Amaranthus hybridus L.)

Smooth pigweed in Argentina was reported to have evolved resistance to 2,4-D and
dicamba (Dellaferrera et al. 2018). Interestingly, the resistant plants were found to produce ~7-
times higher ethylene, in response to the 2,4-D application compared to susceptible plants
(Palma-Bautista et al. 2020b). Pre-treatment of resistant plants with malathion followed by 2,4-D
application significantly reduced GRso (amount of 2,4-D required to cause 50% reduction in

growth) of resistant plants by ~50%. Both reduced translocation and enhanced metabolism of
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2,4-D were attributed as the resistance mechanism in this population (Palma-Bautista et al.

2020b).
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Figure 1.4 Evolution of synthetic auxinic herbicide (SAH) resistance in major weeds around the
world (each dot represents a unique weed, Palmer amaranth highlighted in red); Data source:

International herbicide-resistant weed database (Heap 2021).

Kochia [Bassia scoparia (L.) A. J. Scott]
Kochia is an invasive and troublesome summer annual weed species in the North
American Great Plains (Friesen et al. 2011). To date, kochia populations across the US and

Canada have been reported to have evolved resistance to SAH such as dicamba and fluroxypyr.
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Dicamba-resistant populations of kochia were first reported in 1994 from Montana (Cranston et
al. 2001). Since then, several populations of kochia with resistance to dicamba were documented
in US Great Plains, including Kansas (Kumar et al. 2019a, Ou et al. 2021, Varanasi et al. 2015),
Nebraska (Howatt et al. 2006), and Montana (Cranston et al. 2001, Goss and Dyer 2003) as well
as some provinces of Canada (Beckie et al. 2019). Even though no differences were found in '*C
dicamba absorption and metabolism between the resistant and susceptible populations of
Nebraska, the resistant population was shown to translocate significantly less dicamba. Through
differential expression analysis via RNA-sequencing, Pettinga et al. (2018) documented
induction of ACS and indole-3-acetic acid amino synthetase following dicamba application in the
susceptible plants and not in the resistant. Moreover, 2-fold higher constitutive upregulation of
chalcone synthase (CHS) was found in resistant plants. CHS is the rate-limiting enzyme for the
flavonoid biosynthesis pathway. The authors hypothesized that increased CHS expression would
lead to a higher synthesis of flavonols such as quertecin and kaemperfol, which will compete
with auxin transport via ABCB-transporters. Such increased expression of CHS was shown to
co-segregate with dicamba resistance, potentially indicating the involvement in resistance
(Pettinga et al. 2018). Later, a double mutation in the AUX/IAA protein, KsIAA16, resulting in
the substitution of glycine by asparagine (G73N) in dicamba-resistant kochia population from
Nebraska was identified as the resistance mechanism (LeClere et al. 2018). This was the first
case of TSR to SAHs ever documented. Fitness penalty was observed in resistant plants
possessing the mutation (LeClere et al. 2018, Wu et al. 2021). However, it was also shown G73N
variants co-evolved specific reproductive traits to compensate for the fitness penalty (Wu et al.

2021).
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Contrary to the Nebraska population, no differences were found in '*C dicamba
absorption, translocation, and metabolism in the dicamba-resistant kochia population from
Kansas (Ou 2018). Dicamba resistance in Kansas and Nebraska populations was found to evolve
independently based on genetic analyses of F2 progeny generated using dicamba-resistant and -
susceptible kochia plants (Ou et al. 2021). Dicamba-resistant kochia populations from Kansas,
have also been reported to be cross-resistant to fluroxypyr, another important SAH (Kumar et al.
2019a).

Oriental Mustard (Sisymbrium orientale L.)

Oriental mustard/Indian hedge mustard is a member of the Brassicaceae family found
commonly distributed all over Australia. The evolution of 2,4-D resistance was reported in 2013
in an oriental mustard population from southern Australia (Preston et al. 2013). Genetic studies
confirmed that a single dominant allele governs 2,4-D resistance in this population (Preston and
Malone 2015). Initially reduced translocation of 2,4-D was identified as the physiological
mechanism conferring resistance in this weed (Dang et al. 2018). More recently, another TSR
mechanism was also identified (2™ case of TSR so far) (Figueiredo et al. 2021). Specifically, an
in-frame deletion of 27-nucleotides resulting in the deletion of 9 amino acids was documented in
the degron tail of AUX/IAA2 (Figueiredo et al. 2021). Such alteration resulted in reduced
binding of natural auxins and SAH resulting in reduced association (Figueiredo et al. 2021).
Arabidopsis lines transformed with this deletion were found to be resistant to both 2,4-D and
dicamba (Figueiredo et al. 2021).

Corn Poppy (Papaver rhoeas L.)
Corn poppy is an important weed in cereal crops in southern Europe. Intensive selection

pressure from 2,4-D and tribenuron-methyl has resulted in the evolution of 2,4-D and tribenuron-
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methyl resistant corn poppy in Spain (Rey-Caballero et al. 2016, Torra et al. 2017). Previously,
the evolution of 2,4-D resistance has also been reported in corn poppy populations from Italy,
and Greece (Heap 2021, Kati et al. 2016). Reduced 2,4-D translocation was found to bestow 2,4-
D resistance in the population from Spain (Rey-Caballero et al. 2016). In association with that,
susceptible plants were found to produce 4-8 fold higher ethylene compared to resistant plants
(Rey-Caballero et al. 2016). Later, rapid metabolism of 2,4-D in another 2,4-D and tribenuron
methyl-resistant population was reported (Torra et al. 2017). More recently, the involvement of
P450s in metabolizing 2,4-D in these populations was confirmed (Torra et al. 2021).

Wild Radish (Raphanus raphanistrum L.)

Wild radish is an important broadleaf weed in several cropping systems in southern
Australia (Goggin et al. 2018). A survey conducted in 2003 indicated that ~60% of wild radish
populations in western Australia were resistant to 2,4-D (Walsh et al. 2007). Such widespread
occurrence of 2,4-D resistance was found to increase to 76% by 2010 owing to continued usage
of 2,4-D in controlling sulfonyl-urea resistant wild radish populations (Owen et al. 2015).
Goggin et al. (2016) reported that reduced translocation of 2,4-D from the treated leaf was the
major mechanism of resistance in wild radish. Application of two known auxin efflux or ABCB
transporters inhibitors i.e., verapamil and valspodar in the 2,4-D susceptible population was
found to imitate reduced translocation as seen in the resistant plants. Hence, the investigators
hypothesized a possible modification in the ABCB-transporters on the plasma membrane of
resistant plants inhibiting translocation of 2,4-D (Goggin et al. 2016). Following this work,
whole-gene transcriptome analysis was performed using 2,4-D resistant and susceptible
populations, and the role of two key genes, i.e., IAA30 and MEKK in resistance to this herbicide

was reported (Goggin et al. 2018). Moreover, activation of the mitogen-activated protein kinases
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(MAPK) pathway was also assessed in the resistant populations (Goggin et al. 2018). The
researchers found a similar level of MAPK phosphorylation in plants with reduced translocation
and those with shoot-wide translocation indicating that reduced translocation plays a minor role
in mediating 2,4-D resistance in wild radish (Goggin et al. 2018). Overall, they suggested that
2,4-D resistance mechanisms in different wild-radish populations across Australia might involve
different alterations in the auxin signaling pathway (Goggin et al. 2018). The cost of 2,4-D
resistance in the growth and reproductive traits of resistant wild radish population was also
studied by growing the plants in the presence or absence of wheat (Goggin et al. 2019). Even
though the resistant plants were found to produce lower biomass than susceptible plants, such a
negative association was not found for seed production (Goggin et al. 2019). Recently, a study
was conducted to identify key components of the plasma membrane proteome in eleven 2,4-D-
resistant and two susceptible wild radish populations (Goggin et al. 2020). The study identified
the association of two receptor-like kinases and an efflux transporter ABC19 with 2,4-D
resistance; however, the relative contribution of these candidate genes seemed to vary in
different resistant populations (Goggin et al. 2020).

Lambsquarters (Chenopodium album L.)

Lambsquarters/fathen is a troublesome weed in corn and brassicas in temperate countries
like New Zealand (Ghanizadeh and Harrington 2017). Ghanizadeh et al. (2018) reported two
populations of lambsquarters with 7-19-fold resistance to dicamba compared to susceptible
populations. Interestingly, these dicamba-resistant populations were found to be cross-resistant to
pyridine carboxylic acid herbicides including clopyralid and aminopyralid but not to phenoxy
acetic acids, i.e., 2,4-D and mecoprop-P (Ghanizadeh and Harrington 2017). Moreover, no

difference in '*C dicamba absorption, translocation, and metabolism was found between resistant
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and susceptible populations, suggesting that a different mechanism may confer resistance in this
population (Ghanizadeh et al. 2018).
Sumatran Fleabane [Conyza sumatrensis (Retz.) E. Walker]

Rapid necrosis from 2,4-D application is a unique symptom, recently reported in a 2,4-D
resistant Sumatran fleabane population from Brazil (Queiroz et al. 2020). Light necrotic spots
and wilting started to appear at 2 HAT in the resistant population, which progressed rapidly to
the leaf borders, tips, and blade (Queiroz et al. 2020). These necrotic symptoms were shown in
only mature leaves and meristems, while young leaves did not show these symptoms. New plant
growth from auxiliary buds was observed at 21 days after treatment (DAT). Interestingly, this
unique symptom was only found in response to treatment with 2,4-D but not to other SAHs such
as fluroxypyr, picloram, halauxifen-methyl, and florpyrauxifen benzyl ester. 3,3'-
diaminobenzidine assay indicated that H2O:2 production in the resistant plants increased
significantly within 30 minutes of 2,4-D application and remained high until 1 DAT. In contrast,
H>0:2 was maintained at a lower level in the susceptible plants up to 7 HAT, until it reached the
same as in resistant plants at 1 DAT (Queiroz et al. 2020).

Ragweed Parthenium (Parthenium hysterophorus L.)

Parthenium is an invasive problematic weed distributed around the world. Parthenium
populations from citrus orchids in the Dominican Republic have evolved resistance to SAHs
such as 2,4-D, dicamba, and picloram (Mora et al. 2019, Palma-Bautista et al. 2020b, 2020a).
Reduced 2,4-D translocation and enhanced metabolism were found to contribute to resistance in
this population (Mora et al. 2019). Application of P450 inhibitor, malathion was found to reduce

resistance to 2,4-D (Mora et al. 2019). Susceptible plants were also reported to produce a high
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amount of ethylene following 2,4-D treatment compared to resistant plants (Palma-Bautista et al.

2020a, 2020b).
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Figure 1.5 Acreage of herbicide-tolerant (HT) crops (% of total genetically engineered (GE) crop

area); Data source: USDA (2021).

Synthetic Auxinic Herbicide-Tolerant Commercial Crops

Herbicide-tolerant (HT) crops have dominated the global crop production market since
the introduction of GR soybeans in 1996. Nevertheless, the unprecedented adoption of this
technology has not only resulted in higher crop yields by managing ALS-and PS II-inhibitor-
resistant weeds but has also led to the evolution of GR weeds. According to USDA (2021), in the
past two decades, the adoption of HT soybean has increased compared to corn and cotton (Figure

1.5). More than 90% acreage of genetically engineered (GE) soybean belongs to HT varieties
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(USDA 2021; Figure 1.5). SAH- tolerant soybean varieties have been developed and
commercialized in the US. These varieties exhibit either dicamba or 2,4-D tolerance stacked with
other HT traits such as glyphosate or glufosinate resistance.

Roundup Ready 2 Xtend® crops developed by Bayer Crop Science® with resistance to
dicamba were deregulated by the Animal and Plant Health Inspection Service in 2015 and
commercialized later in 2018 (Nandula 2019). These corn and soybean varieties possessed
dicamba monooxygenase (DMO) gene from the soil bacterium Pseudomonas maltophilia (strain
DI-6). DMO translates for rieske nonheme monooxygenase, an enzyme that metabolizes dicamba
into 3-6-dichlorosalicylic acid (Behrens et al. 2007). Since its commercialization, growers
embraced dicamba-tolerant technology, mostly because of its utility as a tool to control ALS-
and EPSPS-inhibitor resistant broadleaf weeds. However, this also poses a risk of the evolution
of dicamba resistance in major broadleaf weeds.

Another addition to genetically engineered SAH- tolerant crop technology is the 2,4-D-

t™ weed

tolerant technology developed by Corteva Agrisciences® marketed as Enlis
management systems. These systems include the cultivation of genetically modified crops such
as cotton, corn, and soybean, with the application of low volatile formulation of 2,4-D choline.
2,4-D resistance in these crops was developed through Agrobacterium-mediated transformation
(stable insertion) of aryloxyalkanoate dioxygenase-12 gene, which can metabolize 2,4-D, thus
rendering resistance (Wright et al. 2010). Enlist corn was commercially launched in the US in

2018 and while soybean in 2019. This technology also poses the risk of the evolution of 2,4-D-

resistant weeds (Egan et al. 2011).
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Background of the Palmer amaranth Population used in this Research

A Palmer amaranth population termed Kansas Conservation Tillage Resistant (KCTR)
was identified from a Kansas State University research field in Riley County, Kansas. This field
has been part of a long-term conservation tillage study with sorghum crop grown for more than
45 years. For weed control, including Palmer amaranth, PRE herbicides that were routinely used
in this field included PS II- (atrazine), VLCFA- (s-metolachlor) inhibitors, and SAH (2,4-D);
whereas POST herbicides were PS II-(atrazine) inhibitor and SAH (2,4-D). Recent lack of
control with 2,4-D and some other herbicides has indicated that this population might have
evolved resistance to multiple herbicides. In summer 2018, ten plants which survived the
application of 2,4-D at the field recommended dose (560 g ae ha!) were uprooted from the field
and brought to the greenhouse. These plants were transplanted in big pots and kept in isolation in
the greenhouse to set seeds. Simultaneously, vegetative clones were generated from each of these
plants by nodal cuttings with axillary buds from the matured plants followed by treating them
with rooting hormone (IBA) and transplanting them in small pots. Once these clones established
and grown to 10-12 cm tall, they were treated with 2,4-D at 1120 g ae ha™! to get a preliminary
assessment of resistance to 2,4-D in KCTR plants. Seeds from the female plants that survived
2,4-D application were grown in isolation to generate more homogeneous seed for using in

various experiments conducted in this research.
Objectives of Research

Even though 2,4-D resistance has been reported previously in another Palmer amaranth
population from Kansas (Kumar et al. 2019b), information on the mechanism of 2,4-D resistance
in Palmer amaranth is not available. Knowledge of different aspects of 2,4-D resistance in

Palmer amaranth will help understand how 2,4-D resistance will spread and can aid in
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formulating management decisions. Therefore, the overall goal of this dissertation was to

characterize and investigate physiological, and genetic aspects of 2,4-D resistance in Palmer

amaranth. Additionally, herbicide programs to manage GR Palmer amaranth in 2,4-D-tolerant

soybean to safeguard the longevity of 2,4-D tolerance trait were also evaluated. To achieve the

overall goal, the dissertation was divided into four chapters:

Chapter 2: Characterization of multiple herbicide-resistance including 2,4-D in Palmer amaranth
from Riley County, Kansas

Chapter 3: Physiological basis of 2,4-D resistance in Palmer amaranth

Chapter 4: Genetic basis of 2,4-D resistance in Palmer amaranth

Chapter 5: Management of glyphosate-resistant Palmer amaranth in 2,4-D tolerant soybean

Note: The chapters were written in the format of manuscripts for publication in peer-reviewed
journals. Therefore, there is some redundancy in the background information in several chapters.
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Abstract

Evolution of multiple herbicide resistance in Palmer amaranth across the US is a serious
challenge for its management. Recently, a Palmer amaranth population (KCTR; Kansas
Conservation Tillage Resistant) from a long-term conservation tillage research project in Kansas,
US, was found uncontrolled by several commonly used herbicides. Importantly, this field did not
have a history of repeated use of some of the herbicides for which the KCTR Palmer amaranth
population showed a lack of control. The objectives of this study included confirming the
evolution of multiple resistances, determine the possible mechanism(s) of resistance, and
characterize 2,4-D resistance in KCTR Palmer amaranth plants. KCTR plants were treated with
field recommended dose of common post-emergence herbicides and percent survival was
assessed. Plants surviving ALS- and PS II-inhibitors were tested for the presence of previously
reported mutations in the ALS and psbA genes. Similarly, glyphosate survivors were tested for
EPSPS amplification. KCTR plants were also pre-treated with P450-inhibitor (malathion) and
GST-inhibitor (NBD-CI) to investigate the presence of metabolic resistance to imazethapyr,
atrazine, 2,4-D, mesotrione, and lactofen. Dose-response assays were conducted with varying
doses of 2,4-D to evaluate the degree of resistance compared to susceptible populations. In
response to post-emergence application, 28-100% of KCTR Palmer amaranth survived field
recommended doses of 2,4-D, ALS-, PS II-, EPSPS-, PPO-, HPPD-inhibitor herbicides, or tank-
or pre-mixture of PS II- and HPPD-inhibitor herbicides, confirming evolution of six-way
resistance in this Palmer amaranth population. However, this population was found susceptible to
the PS I- and glutamine synthetase inhibitor herbicides. Chlorsulfuron-, imazethapyr-, and
atrazine-resistant plants did not show any previously reported mutation in ALS and psbhA genes,

the target sites of these herbicides, respectively. However, the survivors of glyphosate treatment
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showed amplification of EPSPS gene (up to 88 copies). The KCTR plants pretreated with
cytochrome P450 or GST inhibitors along with atrazine, 2,4-D, lactofen, or mesotrione had
significantly less dry weight accumulation than those treated with herbicides alone. Plants treated
with P450 inhibitor followed by imazethapyr showed moderate reduction of dry weight in KCTR
which was statistically similar to a susceptible Palmer amaranth population treated with
imazethapyr. These results suggest a predominance of metabolic resistance possibly mediated by
cytochrome P450 and GST enzyme activity that may have predisposed the KCTR Palmer
amaranth population to evolve resistance to multiple herbicides. Dose-response analysis further
confirmed that KCTR population is 6 to 11 fold resistant to 2,4-D compared with susceptible
populations. This is the first report of the evolution of six-way resistance in a single Palmer
amaranth population. Appropriate management strategies, including integration of cultural, and

mechanical, and herbicide mixtures, are warranted to control such Palmer amaranth populations.

32



Introduction

Palmer amaranth (Amaranthus palmeri S. Watson) is a top-ranked troublesome weed in
the US (Van Wychen 2020). It is a summer annual C4 eudicot species, with a fast growth rate
and ability to accumulate biomass (Horak and Loughin 2000, Sellers et al. 2003). These
biological attributes make Palmer amaranth a highly competitive species and if uncontrolled can
contribute to drastic yield losses of up to 91% in corn, 79% in soybean, 59% in cotton, and 50%
in sorghum (Bensch et al. 2003, Massinga et al. 2001, Moore et al. 2004, Morgan et al. 2001).
Palmer amaranth has currently evolved resistance to eight herbicide modes of action (MOAs) in
the US, including acetolactate synthase- (ALS-), photosystem II- (PS II-), 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS-), 4-hydroxyphenylpyruvate dioxygenase-
(HPPD-), protoporphyrinogen oxidase- (PPO-), very long-chain fatty acid- (VLCFA-),
microtubule-inhibitor herbicides, and synthetic auxins (Heap 2021). Previously, resistance to up
to five MOAs, i.e., ALS-, EPSPS-, PS II-, HPPD-inhibitor herbicides, and synthetic auxins, was
reported in different populations of Palmer amaranth from Kansas (Chaudhari et al. 2020, Kumar
et al. 2019b, Nakka et al. 2017a, 2017b, 2017c).

Weed resistance to herbicides, especially multiple-herbicide resistance, poses a serious
threat to global food production. Both target-site (TSR) and non-target-site (NTSR) resistance
mechanisms have been found to confer resistance to herbicides in Palmer amaranth. TSR
mechanisms involving alterations in the target site of the herbicide such as amino acid
substitutions or deletions and increased copy number and/or expression of the target gene have
been reported in this species (Gaines et al. 2010, Nakka et al. 2017b, 2017¢). Mutations in the
gene encoding herbicide-targeted enzymes can reduce herbicide-binding activity leading to

resistance. Specifically, in Palmer amaranth single amino acid substitutions, i.e., A122S or
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A122T, P197S or P197A, T574L, and S653 A were reported to confer resistance to ALS-
inhibitors in Palmer amaranth (Kiipper et al. 2017, Nakka et al. 2017c, Singh et al. 2019). Palmer
amaranth populations resistant to PPO-inhibitor herbicides were found to have the amino acid
substitutions R128M/G (also referred to as R98), and G399A, as well as a codon (glycine)
deletion at the position 210 (A210) in PPX2 gene coding for the target enzyme of PPO-inhibitor
herbicides (Giacomini et al. 2017, Rangani et al. 2019, Salas et al. 2016, Salas-Perez et al. 2017,
Varanasi et al. 2018b). Another commonly identified TSR mechanism in Palmer amaranth is the
amplification of the EPSPS gene, the molecular target of glyphosate (Chahal et al. 2017, Gaines
et al. 2010, Molin et al. 2018, Singh et al. 2018). Furthermore, the amplified EPSPS gene copies
are present in the form of extrachromosomal circular DNA, with an autonomous replication site,
and are randomly inherited during cell division (Koo et al. 2018, Molin et al. 2020). After the
first case of glyphosate-resistant Palmer amaranth from Georgia in 2005 (Culpepper et al. 2006),
it has rapidly spread throughout the US becoming a serious challenge for agriculture. Apart from
EPSPS amplification, a mutation in the EPSPS gene leading to P102S substitution has also been
reported in Palmer amaranth (Kaundun et al. 2019).

In contrast to TSR, NTSR mechanisms do not directly alter the target site but reduce the
amount of active herbicide reaching the target site due to either reduced absorption,
translocation, or increased metabolism of the herbicide. Specifically, in metabolic resistance, the
active herbicide is broken down into non-toxic forms before it reaches the target site, thus
reducing its efficacy. Reduced absorption and translocation imparting glyphosate resistance in a
Palmer amaranth population from Argentina have been reported (Palma-Bautista et al. 2019).
However, enhanced herbicide detoxification via cytochrome P450 monooxygenase (P450s) and

glutathione S-transferase (GSTs) activity is the most common NTSR mechanism reported in
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ALS-, PS II-, HPPD-, and PPO-inhibitor resistant Palmer amaranth (Nakka et al. 2017a, 2017b,
2017¢, Varanasi et al. 2018b). Additionally, GSTs were found to be involved in s-metolachlor
resistance in this species (Brabham et al. 2019).

P450s and GSTs are groups of enzymes important to the catalysis of several xenobiotic
compounds in living organisms, including herbicides in many crops and weeds (Dixon et al.
2010, Pandian et al. 2020). Importantly, metabolic resistance can confer cross- or multiple-
resistance (Jugulam and Shyam 2019). The P450s from CYP81A4 subfamily have been shown to
impart cross-resistance to several herbicide classes including ALS-, ACCase-, PS II-, phytoene
desaturase-, PPO-, HPPD-, and 1-deoxy-D-xylulose 5-phosphate synthase- inhibitor herbicides
in late watergrass (Echinochloa phyllopogon Stapf. Koso-Pol) (Dimaano et al. 2020). Likewise, a
phi class GST, AmGSTF 1, was shown to detoxify multiple herbicides in blackgrass (4lopecurus
myosuroides Huds.) (Cummins et al. 2013).

2,4-D resistance in Palmer amaranth was first reported globally from Kansas in 2015
(Heap 2021, Kumar et al. 2019b). Dose-response analysis has confirmed that the 2,4-D resistant
Palmer amaranth population from Kansas is 3-4 fold resistant compared to susceptible
population. Prior to Palmer amaranth, 2,4-D resistance has been reported in other Amaranthus
sp. such as common waterhemp (Amaranthus tuberculatus Moq. Sauer.) populations from
Missouri (Shergill et al. 2018a, 2018b), Illinois (Evans et al. 2019), Nebraska (Figueiredo et al.
2018, Shyam et al. 2019) and smooth pigweed (Amaranthus hybridus L.) population from
Argentina (Palma-Bautista et al. 2020b). In the common waterhemp populations from Nebraska
and Missouri, enhanced metabolism is documented as the resistance mechanism (Figueiredo et
al. 2018, Shergill et al. 2018b). Application of P450-inhibitor malathion reversed such metabolic

resistance in these resistant populations, implying P450 based metabolism (Figueiredo et al.
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2018, Shergill et al. 2018b). In 2018 and 2019, crops with genetically engineered 2,4-D tolerance
were commercialized. Widespread adoption of this technology poses the risk of increased
selection for 2,4-D resistance (Egan et al. 2011). Therefore, characterization of 2,4-D resistance
in other weed species or populations is critical to formulating management decisions.

In 2018, a Palmer amaranth population (KCTR: Kansas Conservation Tillage Resistant) from
a long-term conservation tillage experimental field (Department of Agronomy, Kansas State
University) grown with continuous sorghum for over 45 years was found to survive post-
emergence (POST) application of several commonly used herbicides, including 2,4-D and
atrazine. These herbicides have been routinely used in this field to control broadleaf weeds.
Since Palmer amaranth has evolved resistance to eight MOAs (Heap 2021) and there was a
predominance of metabolic resistance in other Palmer amaranth populations in Kansas, the
KCTR Palmer amaranth was used in this research to confirm and characterize resistance. The
objectives of this research were to 1) confirm evolution of resistance in KCTR to several post-
emergence (POST) herbicides, 1) determine if TSR or NTSR mechanisms confer resistance to

multiple herbicides, and i1ii) characterize 2,4-D resistance in KCTR through dose-response assay.

Materials and Methods

Plant Material and Growing Conditions
Ten KCTR plants that survived 2,4-D treatment (560 g ae ha™') and showed active growth
after herbicide application were collected (summer 2018) and brought to the weed science
greenhouse at Kansas State University. These plants were transplanted into pots (15 x 10 x 15
cm) for seed production. Seeds produced from several female plants were harvested, cleaned,
and pooled to evaluate their response to multiple herbicides. Susceptible populations including
one from Kansas (KSS: Kansas Susceptible) and one from Mississippi (MSS: Mississippi
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Susceptible) were used for comparisons. All experiments were conducted in the above
greenhouse maintained at 30/23°C + 2°C (d/n temperatures) with 60% + 10% relative humidity,
and 14/10 h d/n photoperiod supplemented with 250 pmol m2 s™! illumination provided by
sodium vapor lamps.
Screening with Post-emergence (POST) Herbicides

Seeds of KCTR, KSS, and MSS populations were germinated in plastic trays (21 x 6 x 4 cm)
filled with a commercial potting mixture (Pro-Mix® premium potting mix, Premier Tech Home
and Garden Inc., Ontario, Canada). After emergence, seedlings were individually transplanted
into pots (6 X 6 x 6.5 cm) and grown under greenhouse conditions as previously described. This
experiment was performed in a completely randomized design with 18 treatments including field
recommended doses of 17 POST herbicides (Table 2.1) and non-treated control. Twenty-five
replicates were maintained for each treatment, and the experiment was repeated. In total, 50
plants (from two runs) from each of the KCTR and KSS or MSS populations were treated with
these POST herbicides (Table 2.1). Adjuvants were included following manufacturer instructions
(Table 2.1). Herbicides were applied using a bench-track sprayer (Generation I1I, DeVries
Manufacturing, RR1 Box 184, Hollandale, Minnesota, US) equipped with a flat-fan nozzle tip
(8002 Teejet, Spraying Systems Co., Wheaton, Illinois, US) calibrated to deliver a spray volume
proportional to 187 L ha™! at 4.77 km h!. Plant survival (alive or dead) was assessed at 2 weeks
after treatment (WAT) with PPO-inhibitor herbicides; 3 WAT for glyphosate, ALS-, HPPD-, and
PS Il-inhibitor herbicides; and 4 WAT for 2,4-D. The percent survival (Table 2.2) was calculated
by dividing the number of plants that survived herbicide by total number of plants treated,

considering both experimental runs.
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Table 2.1 Post-emergence herbicide treatments used for screening KSS (susceptible), MSS

(susceptible), and KCTR (resistant) Palmer amaranth populations.

Dose?
(gai
A
WSS MOA Herbicides ha'! Product Manufacturer
group
or g ae
ha)
Corteva Agrisci
chlorsulfuron 18 Glean™ oreva ABTISCIENCE,
Willington, DE
) ALS- thifensulfuron 36 Harmony SG ° Corteva Agriscience
inhibitors ) BASF Corp., Research
B b ’
imazamox 35 eyond Triangle Park, NC
imazethapyr 36 Pursuit® BASF Corp.
Synthetic 2,4-D Winfield Solutions, LLC, St.
4 2,4-D 560
auxins ’ 4L Amine Paul, MN
. Syngenta Crop Protection,
t 224 Aatrex 4L°

5 PS II- atrazine 0 atrex LLC., Greensboro, NC
hibit B -
HRDTOIS etribuzin 140 Sencor 75°¢ ayer Crop Science,

Centreway Green Way, NC
EPSPS- Roundup .

9 lyphosat 840 B Crop S
inhibitors Eyplosate WeatherMA XY ayet LIop seience
Glutamine

Liberty 2

10 synthetase  glufosinate 655 1besr£/d 80 BASF Corporation

inhibitors
1 S.A. . 1
PPO- lactofen 175 Cobra® Valent U.S.A. Corp., Walnut

14 e Creek, CA

inhibitors 5 -
fomesafen 264 Flexstar Syngenta Crop Protection
PS I- Gramaxone .

22 inhibitors paraquat 560 SL2.0°¢ Syngenta Crop Protection

7 HPPD- mesotrione 105 Callisto® Syngenta Crop Protection
inhibitors  tembotrione 92 Laudis® Bayer Crop Science

atrazine + 1120+  Aatrex 4L + .
PS II- + . ) Syngenta Crop Protection
mesotrione 105 Calisto®
5+27  HPPD- 5 T
e romoxyni i .
inhibitors Y 288 Huskie® Bayer Crop Science

pyrasulfotole

?Field recommended dose to control Palmer amaranth.
® non-ionic surfactant at 0.25% v/v; € crop oil concentrate at 1% v/v; ¢ ammonium sulfate (34%)
at 2% v/v; methylated seed oil at 1% v/v.

38



Assessment for Prevalent TSR Mechanisms
DNA Isolation and Sequence Comparisons of ALS and psbA Genes in KCTR, KSS, and
MSS Palmer Amaranth

Approximately 100 mg of young leaf tissue was collected from the survivors of
chlorsulfuron (n = 3; n: number of plants) and imazethapyr (n = 16) and atrazine (n = 22) treated
KCTR, and non-treated KSS (n = 1) and MSS (n = 5) plants for DNA isolation. After collection,
leaf tissue was homogenized using a prechilled mortar and pestle with liquid nitrogen. Total
genomic DNA was extracted using a genomic DNA extraction kit (Thermo Fisher Scientific,
Waltham, Massachusetts, US). DNA was quantified using Nanodrop 1000 (Thermo Fisher
Scientific), and quality was verified using 0.8% agarose gel electrophoresis prior to further steps.
Polymerase chain reactions (PCR) were performed using T100TM Thermal Cycler (Bio-Rad
Inc., Hercules, California, US) to amplify the ALS and psbA genes, the target site of these
herbicides. Individual reactions included 80 ng of DNA, 2 pL of each forward and reverse
primers (5 pM), 10 puL of PCR master mix (GoTaq Green Master Mix, 2%, Promega PCR Master
Mix, Fisher Scientific Company, Ontario, Canada), and molecular-grade water totalizing 25 uL
per reaction. Primer sets used to amplify the ALS and psbA genes were designed by Mengistu et
al. (2005) and Whaley et al. (2007), respectively, and have previously been used in our lab
(Nakka et al. 2017a, 2017b). For ALS gene amplification, the following PCR conditions were
maintained: 95°C for 5 min and 35 x 95°C for 1 min, 57°C for 30 s, 2 min at 72°C, and 10 min at
72°C. PCR conditions consisted of 95°C for 5 min for initial denaturation and 35 cycles of 95°C
for 30 s for denaturation, 55°C for 30 s for annealing, 72°C for 45 s for extension, and 10 min at
72°C for final extension for pshA. PCR products were purified using GeneJET PCR Purification

Kit (Thermo Fisher Scientific) following the manufacturer instructions and sent for Sanger
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sequencing at the Genewiz facilities (Genewiz Inc., South Plainfield, New Jersey, US). For ALS
sequencing, along with the forward and reverse primers used for PCR, an internal primer
(ALS F2-5-AACAGCCCATTAAATTGGGTG-3") was used. The psbA gene was sequenced
with the same forward primer used for PCR. Multiple alignments of ALS and psbA gene
sequences of KCTR, KSS, and MSS sequences were performed using Geneious Prime®
software (Biomatters Inc., Newark, New Jersey, US).
Relative EPSPS Genomic Copy Number Estimation

Leaf tissue of KCTR plants (n = 13) that survived glyphosate treatment was collected to
estimate the EPSPS copy number relative to f-Tubulin using a real-time quantitative PCR
(qPCR). DNA extraction was performed as described above, and qPCR was performed using a
StepOnePlus™ real-time detection system (Applied Biosystems, Waltham, Massachusetts, US).
Each qPCR reaction consisted of 8 pL of PowerUp™ SYBR™ Green master mix (Applied
Biosystems), 2 uL each of forward and reverse primers (5 pM) (Gaines et al. 2010), and 2 pL of
gDNA (20 ng pL™") with 14 pL total. f-Tubulin was used as an endogenous control as described
by Godar et al. (2015). Individual reactions were performed with DNA collected from thirteen
different KCTR plants that survived glyphosate application as biological replicates, with three
technical replicates per DNA sample for both target and endogenous control genes. This
experiment was repeated, and data was combined. To determine the specificity of the qPCR
products, a melt curve profile was included following the thermal cycling. The EPSPS copy
number in KCTR was estimated using the formula for fold induction (2724 (Pfaffl 2001)
relative to the reference sample, i.e., glyphosate-susceptible KSS or MSS plants, in each run. The
mean EPSPS copy number of KCTR plants along with susceptible KSS and MSS were plotted

along with standard error of mean calculated from two experimental runs.
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Assessment for Metabolic NTSR Mechanism in KCTR Palmer amaranth
Whole-plant bioassays were conducted to investigate the presence of P450- and GST-
mediated metabolic resistance to the herbicides (imazethapyr, atrazine, 2,4-D, mesotrione, and
lactofen) for which Palmer amaranth and common waterhemp has been reported to have evolved
such resistance. This experiment was performed under a completely randomized design with a
factorial arrangement and was repeated. Treatments included a combination of Palmer amaranth
populations (resistant and susceptible) and chemical treatments (described below), with at least 8
replicates. Resistant (KCTR) and susceptible (KSS or MSS; based on the availability of seeds)
Palmer amaranth populations were compared. Chemical treatments included a) herbicide only, b)
enzymatic inhibitor only (either P450 and/or GST inhibitor, depending on the herbicide), c)
combination of enzymatic inhibitor with a herbicide, and d) a non-treated control. Herbicide
doses included application of field recommended doses of imazethapyr, mesotrione, atrazine,
lactofen, and 2,4-D (Table 2.1). Based on published literature, both P450 and GST inhibitors
were included to evaluate the metabolic resistance to lactofen for a total of six treatments, i.e., (a)
lactofen only, (b) malathion only, (¢) NBD-CI only, (d) combination of malathion with lactofen,
(e) combination of NBD-CI with lactofen, and (f) non-treated control. The treatments were
applied using a bench-track sprayer with appropriate adjuvants as described before. Malathion
(Spectracide®, Spectrum Group, St. Louis, Missouri, US), a P450 inhibitor, was applied at 2,000
g ai ha™! at least 30 min prior to herbicide application followed by soil application (5 mM, 50 mL
solution pot™) at 48 h after herbicide application as described by Ma et al. (2013) in
combinations with or without imazethapyr, lactofen, and mesotrione. Our preliminary study
(Shyam et al. unpublished) to test the effect of malathion at 1,500 and 2,000 g ai ha™! on 2,4-D

efficacy in 2,4-D-resistant common waterhemp from Nebraska indicated that malathion at 1,500
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g ai ha'! was sufficient to increase susceptibility of common waterhemp to 2,4-D. Palmer
amaranth is a close relative of common waterhemp; therefore, for assessing 2,4-D metabolism in
KCTR, malathion was used at 1,500 g ai ha™!, followed by soil application as described above.
The GST inhibitor, NBD-Cl (Sigma Aldrich, St. Louis, Missouri, US), was applied at 270 g ai
ha!, 48 h before atrazine or lactofen applications (Ma et al. 2013). Experiments were performed
twice. Aboveground biomass was harvested at 2 WAT for lactofen; 3 WAT for glyphosate,
imazethapyr, mesotrione, and atrazine; and 4 WAT for 2,4-D, oven-dried at 65°C for 72 h, and
quantified. Dry weight data were converted to relative dry weight relative (% of non-treated
control) using this formula (Equation 2.1):
RDW (%) =[(DW x 100)/ADW]
In equation 2.1, RDW is relative dry weight (% of non-treated control), DW is dry weight of the
sample and ADW is the average dry weight of non-treated control.
Dose-response with 2,4-D
Whole-plant dose-response with 2,4-D was conducted to characterize the level of 2,4-D
resistance in KCTR compared to susceptible KSS, and MSS populations. This experiment was
performed under a completely randomized design in growth chambers and was repeated. Growth
chambers were maintained at 32.5/22.5 °C (d/n) temperature with a photoperiod of 15/9 h (d/n)
and 60+£10% relative humidity. Lighting inside the growth chambers was provided by fluorescent
and incandescent bulbs (750 umol m™ s™). For the experiment, KCTR, KSS, and MSS seedlings
were germinated in greenhouse and transplanted into small pots as described previously. After
transplanting, the seedlings were transferred to growth chambers. Ten-12 cm seedlings were
treated with 2,4-D (2,4-D 4L Amine, Winfield Solutions, LL.C, St. Paul, Minnesota, US) at the

following doses i.e., 0, 140, 280, 560 (field recommended dose, Table 2.1), 1120, 2240, 4480,
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8690 g ae ha'. Seedlings were returned to growth chambers within 30 min of treatment. At 4
WAT, above-ground biomass was harvested from these seedlings, oven-dried, weighed, and

converted into relative dry weight (% of non-treated) as described previously (Equation 2.1).
Data Analysis

Levene’s test (o = 0.05) was conducted to compare runs of whole-plant inhibitor
bioassay experiment, and if no significance was identified, relative dry weight data were
combined. Normality of residuals and homoscedasticity of variances were verified prior to
ANOVA, and relative dry weight data was square root-transformed. Data were subsequently
fitted to a linear mixed effect model using the ‘n/me’ package and the function ‘/me’ available in
R (version 4.0.3, R Core Team, 2020) with the R-Studio 9.4 interface (R Studio, PBC, Boston,
Massachusetts, US) considering Palmer amaranth populations and chemical treatments as a fixed
effect and experimental runs as a random effect (Pinheiro et al. 2021). If interaction across
populations and treatments was significant, the means were separated using Tukey’s test using
the ‘multcompView’ and ’Ismeans’ packages at a = 0.05 (Graves et al. 2019, Length 2016). Data
for adjusted means were back-transformed to calculate percent reduction in dry weight with
application of inhibitors in comparison to herbicide alone. These results were plotted using
‘ggplot2’ package for graphical visualizations (Wickham 2016).

Levene’s test (o = 0.05) was also conducted to compare two runs of 2,4-D dose-response
analysis. Pooled relative dry weight and visual injury data from the 2,4-D dose-response assays
were analyzed using log-logistic regression in R using package ‘drc’ (Knezevic et al. 2007, Ritz
et al. 2015). The three-parameter regression model had the following formula (Equation 2.2):

Y =d+exp[b(logx—loge)]
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where Y is the response variable (relative dry weight), x is the applied herbicide dose, d
is the upper limit, b is the relative slope around e and e is GRso (amount of 2,4-D required to
reduce shoot dry weight by 50%). Using the function ‘compParm’ in ‘drc’ package, estimated
GRso of different Palmer amaranth populations were further tested for difference via t-test
(Shyam et al. 2019). In-built ‘plot’ function in the ‘drc’ package was used to obtain the dose-
response curves. Resistance index (RI) was computed as a ratio of GRso of KCTR with GRso of

KSS or MSS populations.

Results

Percent Survival of KCTR and KSS or MSS in Response to POST Herbicide

Treatment
The percent survival of KCTR plants to different herbicides was highly variable

indicating the considerable genetic variability KCTR Palmer amaranth population. Overall,
>28% of KCTR plants survived field-recommended doses of all herbicides tested, except
paraquat and glufosinate, for which this population was found to be susceptible (Table 2.2).
Following 2,4-D treatment, KSS plants (~10%) were recorded with green tissue, weak twisted
stem, and dried meristem (Figure 2.1). However, since no growth, as well as presence of dried
meristem, was observed following 2,4-D treatment, these plants were considered as dead.
Overall, > 95% control of either KSS or MSS plants was recorded with all herbicide treatments
(Table 2.2). The lowest percent survival of KCTR plants was found for glyphosate (28%). In
response to several ALS-inhibitor herbicides, the KCTR plants showed variation in % survival as
follows: 34% for chlorsulfuron, 60% for thifensulfuron and imazethapyr, and 70% for imazamox

suggesting that KCTR has evolved resistance to both sulfonylureas and imidazolines.
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KSS/MSS KCTR KSS/MSS KCTR

% %1 T 4

(E) Glufosinate

(D) Glyphosate (H)Mesotrione
Figure 2.1 The response of susceptible (MSS or KSS) and resistant (KCTR) Palmer amaranth to

(A) chlorsulfuron, (B) 2,4-D, (C) atrazine, (D) glyphosate, (E) glufosinate, (F) paraquat, (G)

lactofen, and (H) mesotrione application 3 to 4 weeks after treatment.

In response to PS II-inhibitor (e.g., atrazine and metribuzin) application, all KCTR plants
survived atrazine but only 36% survived treatment with metribuzin, confirming the evolution of
resistance to PS Il-inhibitor herbicides (Table 2.2). Eighty-four and 90% of KCTR plants
survived mesotrione and tembotrione treatments, respectively, suggesting a prevalence of
resistance to HPPD-inhibitor herbicides (Table 2.2). Nonetheless, 42% of KCTR plants survived

the tank mixture of atrazine and mesotrione (Table 2.2). Additionally, 98% of KCTR
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Table 2.2 Percent survival of KCTR (Kansas Conservation Tillage Resistant) Palmer amaranth

population to different post-emergence herbicides.

o Survival®
WSSA group MOA Herbicides?
(%)
Chlorsulfuron 34
Thifensulfuron 60
2 ALS-inhibitors
Imazamox 70
Imazethapyr 60
4 Synthetic auxins 2,4-D 84
Atrazine 100
5 PS II-inhibitors
Metribuzin 36
9 EPSPS-inhibitors Glyphosate 28
10 Glutamine synthetase inhibitors Glufosinate 0
Lactofen 84
14 PPO-inhibitors
Fomesafen 29
22 PS I-inhibitors Paraquat 0
Mesotrione 90
27 HPPD-inhibitors
Tembotrione 84
Atrazine + Mesotrione 42
PS II-inhibitors + HPPD-
5+27 o Bromoxynil +
inhibitors 98
Pyrasulfotole

& A total of 50 plants from each population (KCTR and KSS or MSS) were sprayed with each
herbicide.
®KSS and MSS were controlled (>95%) with all the herbicides.

plants also survived the commercial premix of bromoxynil (PS II-inhibitor) + pyrasulfotole
(HPPD-inhibitor), one of the widely used POST herbicides for Palmer amaranth control in grain

sorghum production. In response to PPO-inhibitor applications, 29 and 84% of KCTR plants
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survived treatment with fomesafen and lactofen, respectively, confirming evolved resistance to
PPO-inhibitor herbicides (Table 2.2). Also, 84% of KCTR plants survived 2,4-D treatment at the
field recommended dose.
Assessment of TSR Mechanisms in KCTR Palmer Amaranth

Nucleotide sequence alignment of the ALS gene of the KCTR, KSS, and MSS plants
showed a lack of the four previously reported mutations (Chaudhari et al. 2020, Kiipper et al.
2017, Nakka et al. 2017¢, Singh et al. 2019) known to confer resistance ALS-inhibitor herbicides
in Palmer amaranth (Figure S2.1). Even though some nucleotide polymorphisms were detected,
none of them were consistent among the resistant plants or resulted in amino acid substitution
(Figure S2.1). No nucleotide polymorphisms were detected in the psb4 sequence of KCTR
plants (Figure S2.2). Our qPCR results indicated that glyphosate-resistant KCTR plants had an
increased number of EPSPS copies, ranging from 20 to 88, compared to KSS or MSS (Figure
2.2).
Assessment of NTSR Mechanisms in KCTR Palmer Amaranth

Malathion treatment alone did not significantly impact dry weight accumulation in either
KCTR, KSS, or MSS plants (Figures 2.3A, C-E). Contrary to that, imazethapyr treatment
resulted in significantly (p < 0.0001) lower dry weight accumulation in MSS plants (9%)
compared to KCTR plants (23%) (Figure 2.3A). Treatment of malathion with imazethapyr did
not reduce the relative dry weight accumulation of KCTR plants compared to KCTR plants
treated with imazethapyr alone (Figure 2.3A). Interestingly, there was no significant difference
between KCTR plants treated with malathion with imazethapyr (15%) in comparison to MSS
plants treated with either imazethapyr alone (9%) or malathion with imazethapyr (8%; Figure

2.3A).
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Similar to malathion, NBD-CI treatment alone did not significantly affect dry weight

accumulation in either KCTR, KSS, or MSS plants (Figures 2.3B, E). Atrazine treatment at the
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Figure 2.2 EPSPS genomic copy number in glyphosate-susceptible (MSS and KSS) and
glyphosate-resistant (KCTR) Palmer amaranth plants relative to the susceptible plants. KCTR
plants were treated with field recommended dose of glyphosate. Error bars represent the standard
error from the mean (2 runs and in each run 3 technical replicates). The qPCR data was

normalized using f-tubulin as the reference gene.

field-recommended dose resulted in 58% relative dry weight accumulation in KCTR, whereas
MSS plants had 3% dry weight accumulation (Figure 2.3B). This is similar to the results of the
herbicide screening experiment (Table 2.2). Treatment of NBD-C1 48 h prior to atrazine resulted

in only 33% relative dry weight accumulation in KCTR plants which was significantly lower
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than atrazine only treatment (58%; p < 0.0001). Such effect of malathion was not observed with
pre-treatment of NBD-CI in MSS plants (Figure 2.3B).

Highly variable dry weight accumulation was observed in KCTR plants treated with 2,4-
D; however, relative dry weight accumulation in 2,4-D-treated KCTR plants (81%) was higher
than 2,4-D-treated KSS plants (21%) (Figure 2.3C). Treatment of malathion with 2,4-D resulted
in statistically lower dry weight accumulation (45%) than only 2,4-D-treated KCTR plants (p =
0.0005). However, such impact of malathion was not observed in KSS plants (Figure 2.3C).

Mesotrione treatment resulted in significantly lower dry weight accumulation in KCTR
plants (65%) compared to KSS plants (8%) (Figure 2.3D). Nonetheless, treatment of malathion
with mesotrione resulted in lower dry weight accumulation in KCTR plants (31%) than
mesotrione treatment alone (p < 0.0001) (Figure 2.3D). Contrary to that, malathion- and
mesotrione-treated KSS plants (8%) showed no difference in dry weight accumulation compared
to mesotrione-only treatment (Figure 2.3D).
Lactofen-only treatment resulted in significantly lower (p = 0.0418) relative dry weight
accumulation in KCTR plants (26%) compared to KSS plants (11%). Even with significant dry
weight reduction in the resistant population, several plants survived this herbicide application
(Table 2.2 and Figure 2.3E). The KSS Palmer amaranth was susceptible to all treatments
containing lactofen (Table 2 and Figure 2.3E). Treatment of NBD-CI b lactofen did not result in
increased sensitivity of KCTR (Figure 2.3E). However, combination of malathion with lactofen
significantly reduced dry weight accumulation in KCTR plants (8%), compared to the lactofen-

only treatment. Such impact of malathion was not observed in KSS plants (Figure 2.3E).
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Figure 2.3 Effect of P450- (malathion) and GST-(NBD-CI) inhibitors on efficacy of (A)
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Figure 2.4 (A) Response of KSS (susceptible), MSS (susceptible), and KCTR (resistant) to
varying doses of 2,4-D ranging from non-treated (NT) to 16X, where 1X is the field
recommended dose of 560 g ae ha™! at 4 weeks after treatment (WAT). (B) Dose-response curves
representing relative dry weight (% of non-treated) of KSS, MSS, and KCTR Palmer amaranth
using the three-parameter log-logistic regression model (Equation 2.2) at 4 WAT. Dotted arrow

at the center of the plot represents the 50% of relative dry weight.
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Dose-response analysis revealed that the amount of 2,4-D required to reduce above-
ground dry weight by 50% (GRso0) at 4WAT was ~1441g ae ha™! for KCTR compared to 127 and
227 g ae ha'! for MSS and KSS, respectively (Figure 2.4, Table 2.3). Even though at controlled
environment growth chamber conditions susceptible plants survived the field recommended ate
of 2,4-D (560 g ae ha') but the plants showed a high level of epinasty and stunting up to 4 WAT.
Absolute discrimination in terms of alive and dead plants between KCTR and susceptible
populations was observed at 1120 g ae ha™!. Based on GRso values, KCTR was ~11 and ~6 times
more resistant compared to KSS and MSS, respectively (Fig. 2.4, Table 2.3). T-test analysis
using the ‘comParm’ function in ‘drc’ package in R showed that there is a significant difference

in the estimated GRso of KCTR compared to KSS and MSS.

Table 2.3 Regression parameters (Equation 2.2) describing the response of KSS (susceptible),
MSS (susceptible) and KCTR (resistant) Palmer amaranth to 2, 4-D under growth chamber
conditions (b: relative slope, d: upper limit; e or GRso: dose required for 50% dry weight

reduction; SE: standard error; RI: resistance index).

Population b (SE) d (SE) e(SE) RI
KSS 0.67 (0.18) 99.94 (7.41) 126.71 (62.43) 11.37
MSS 0.90 (0.20) 99.82 (7.41) 227.49 (72.80) 6.33

KCTR 0.91 (0.15) 104.75 (6.47) 1441.08 (342.53) -
Discussion

Palmer amaranth is a dioecious species with prolific seed production that has already
evolved resistance to eight herbicide MOAs (Heap 2021). In this research, we report for the first

time the evolution of six-way resistance in a single Palmer amaranth population, i.e., KCTR with
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a predominance of metabolic resistance mechanisms. Previously Palmer amaranth populations
with resistance to three and five MOAs have been reported (Chaudhari et al. 2020, Kumar et al.
2019b, Nakka et al. 2017a, 2017b, 2017c). Similar to our findings, the six-way resistant common
waterhemp population was also documented in Missouri (Shergill et al. 2018a). Our results
confirm the evolution of resistance to ALS-, PS II-, HPPD-, PPO-, EPSPS-inhibitor herbicides,
and synthetic auxins in the KCTR population (Table 2.2). KCTR plants survived (28—-100%)
application of these herbicides, while satisfactory control (0% survival) was achieved only with
PS I- (e.g., paraquat) and glutamine synthetase inhibitor herbicides (e.g., glufosinate) (Table 2.2).
Such a wide range of survival for different MOAs indicates that KCTR is likely to be not
genetically homogeneous, and possibly there is ongoing segregation for resistance to these
MOAs, especially ALS- and EPSPS-inhibitor herbicides (Table 2.2). This is not unusual
considering the amount of genetic variability offered by an outcrossing weed species like Palmer
amaranth. Improved control of KCTR plants (58%) was observed with a tank mixture of atrazine
(half of the recommended dose: 1,120 g ai ha™') and mesotrione (recommended dose: 105 g ai
ha™!) (Table 2.2) compared to atrazine alone (0%) or mesotrione alone (16%). However, some
plants were not effectively controlled by this tank mixture. Such improvement in control can be
attributed to the synergism often observed with tank mixing PS II- and HPPD-inhibitor
herbicides (Abendroth et al. 2006, Chahal et al. 2019a). Additionally, the commercial pre-
mixture of bromoxynil (PS II-inhibitor) and pyrasulfotole (HPPD-inhibitor) performed poorly in
comparison to a tank mix of atrazine and mesotrione.

Although mutations in herbicide target genes conferring resistance are rare evolutionary
events, mutations in the 4LS gene at eight positions (four positions in Palmer amaranth) were

found to confer resistance to several classes of ALS inhibitors in weeds (Heap 2021, Tranel and
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Wright 2002, Yu and Powles 2014). Several amino acid substitutions at the 4LS gene have been
documented in Palmer amaranth populations from Kansas (Chaudhari et al. 2020, Nakka et al.
2017c). Interestingly, upon sequencing the whole ALS gene, the KCTR plants showed no
presence of any of these substitutions (Figure 2.2). Malathion has been shown to increase the
metabolic half-life of herbicides by inhibiting P450-dependent metabolism (Kreuz and Fonné-
Pfister 1992). Therefore, malathion treatment was done prior to imazethapyr to test the
involvement of P450-based detoxification mechanisms in KCTR. Even though imazethapyr
treatment was not significantly different from the combination of malathion with imazethapyr in
reducing KCTR dry weight, malathion with imazethapyr-treated KCTR plants produced the
same level of dry weight as imazethapyr-treated MSS plants (Figure 2.3A). This indicated a
moderate reduction of dry weight in KCTR with malathion treatment. Moreover, since only 60%
of KCTR plants were found to be resistant to imazethapyr (Table 2.2), sensitive plants in KCTR
may have contributed to the lack of differences between imazethapyr only and combination of
malathion with imazethapyr treatment. Different P450 inhibitors have been observed to have
varying levels of synergistic effect in resistant weeds depending on the herbicide as well as P450
isozyme. For instance, Preston et al. (1996) observed piperonyl butoxide (PBO; another P450
inhibitor) inhibiting chlorotoluron and simazine resistance in rigid ryegrass (Lolium rigidum
Gaudin), but malathion failed to do so. Similarly, Oliveira et al. (2018b) observed that malathion
improved the efficacy of tembotrione but not of mesotrione in HPPD-inhibitor-resistant common
waterhemp from Nebraska. Therefore, it is possible that different P450s, which are not
completely inhibited by malathion, are involved in imparting resistance to imazethapyr in KCTR.
All KCTR plants survived atrazine application (Table 2.2), and the lack of any known

mutations in the psbA suggests an NTSR mechanism to atrazine as reported in other Palmer
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amaranth populations (Chaudhari et al. 2020, Nakka et al. 2017a). A V219L mutation in the
psbA gene was found in atrazine-resistant Powell amaranth (4dmaranthus powellii S. Watson)
(Dumont et al. 2016) but not in common waterhemp or other Amaranthus species closely related
to Palmer amaranth (Chahal et al. 2019b, Ma et al. 2013, Shergill et al. 2018b). NBD-CI
derivatives have been shown to give strong GST inhibition in human tumor cells and are termed
as suicide inhibitors of GSTs (Ricci et al. 2005). Therefore, NBD-CI treatment prior to atrazine
application was given to KCTR plants to determine the involvement of GSTs in imparting
resistance. This treatment significantly reduced dry weight accumulation in KCTR plants
indicating the involvement of GST enzymes in metabolizing atrazine. Previously, pre-treatment
with NBD-Cl has reversed atrazine resistance in common waterhemp (Ma et al. 2013, Shergill et
al. 2018b). Metabolic resistance to atrazine via glutathione conjugation mediated by GST activity
has been reported in several Palmer amaranth and common waterhemp populations in the US
Midwest (Chahal et al. 2019b, Ma et al. 2013, Shergill et al. 2018b). KCTR plants are also
resistant to metribuzin, another PS II inhibitor. Metribuzin resistance mediated by enhanced
metabolism was reported in wild radish (Raphanus raphanistrum L.) (Lu et al. 2019) and rigid
ryegrass (Ma et al. 2020).

Treatment of malathion with application of mesotrione, or lactofen significantly reduced
dry weight accumulation in KCTR plants (Figures 2.3E), suggesting P450-mediated
detoxification of these herbicides in KCTR plants. Previously, malathion-induced reversal of
weed resistance to carfentrazone, and fomesafen (Obenland et al. 2019, Varanasi et al. 2018a),
and mesotrione (Ma et al. 2013) has been reported. However, NBD-CI failed to impact dry
weight accumulation in KCTR when applied prior to lactofen treatment. This indicates that

certain P450 enzymes and not GSTs, or potentially specific GSTs not inhibited by NBD-CI, may

55



be involved in imparting resistance to lactofen in KCTR plants. In contrast to our findings, in the
PPO-inhibitor-resistant Palmer amaranth population from Arkansas, the use of NBD-CI caused
the reversal of resistance to fomesafen (Varanasi et al. 2018a).

EPSPS amplification (up to 88 copies) was found to contribute to glyphosate resistance in
KCTR plants. Gaines et al. (2011) have shown that > 30 EPSPS copies are needed to withstand
the field recommended dose of glyphosate application (840 g ai ha™!) in Palmer amaranth.
Despite a low percentage (28%; Table 2.2) of glyphosate survivors in this population, lack of
fitness penalty associated with this resistance mechanism and the obligate outcrossing nature of
Palmer amaranth can lead to the rapid spread and transfer to other susceptible populations via
pollen (Giacomini et al. 2014, Jhala et al. 2021, Sosnoskie et al. 2012).

KCTR Palmer amaranth is 6-11 fold resistant to 2,4-D compared to KSS and MSS. So
far, the evolution of 2,4-D resistance has been reported from three Amaranthus sp. i.e., Palmer
amaranth, common waterhemp, and smooth pigweed. Mechanism of 2,4-D resistance in the
common waterhemp populations of Nebraska and Missouri has been confirmed to be enhanced
metabolism possibly mediated by P450s (Figueiredo et al. 2018, Shergill et al. 2018b). In smooth
pigweed, both reduced translocation and enhanced metabolism have been reported as the 2,4-D
resistance mechanism (Palma-Bautista et al. 2020b). Treatment of malathion prior to 2,4-D,
increased susceptibility in KCTR implying involvement of P450s. This indicates that 2,4-D
resistance in KCTR is metabolic and mediated by P450s. However, presence of other NTSR
mechanisms such as reduced absorption and translocation and presence of TSR also needs to be
investigated on KCTR, to rule out or confirm their presence.

Based on previous research in our laboratory, the coexistence of both TSR and NTSR for

the same herbicide can occur in a single population or individual plant of Palmer amaranth
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(Chaudhari et al. 2020, Nakka et al. 2017b, 2017c). Research is in progress to determine if such a
scenario is present in KCTR as well. Future investigations focused on identifying specific P450s
and GSTs involved in herbicide detoxification in this population will also be investigated. It is
important to understand what predisposes a population to develop metabolic resistance to several
MOAs, including those with no history of use and absence of selection pressure.

Because pre-emergence (PRE) herbicide treatments are regarded as one of the best
strategies to manage herbicide resistance in weeds (Norsworthy et al. 2012), information on
response of KCTR to PRE herbicides can help in formulating viable options to manage this
population. Therefore, experiments are in progress to investigate the response of KCTR to
several soil-applied residual PRE herbicides (e.g., atrazine, mesotrione, flumioxazin, and s-
metolachlor) commonly used to control germinating and emerging seedlings of Palmer amaranth.
Previously, there has been a fitness penalty associated with multiple-herbicide resistance in weed
species such as rigid ryegrass (Vila-Aiub et al. 2005). Studies will also be conducted to assess
whether any fitness penalty is present in this population as a result of evolution of six-way
herbicide resistance, which can help in understanding the spread of resistance traits to other

populations.

Conclusion

Evolution of resistance to six herbicide MOAs in the KCTR population leaves very few
POST herbicide options for its control. Moreover, such accumulation of resistance traits in a
single Palmer amaranth population poses serious questions on the effectiveness of stacked
resistance traits in crops, such as 2,4-D + glyphosate + glufosinate or dicamba + glyphosate
resistance in corn and beans. Considering the lack of introduction of new MOAs, it is crucial to

conserve currently available MOAs to effectively manage weeds. Growers should be encouraged
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to adopt integrated weed management techniques to reduce selection pressure by herbicides and

discourage the further selection of the evolution of multiple resistance.
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Chapter 3 - Physiological Mechanism of 2,4-D Resistance in Palmer

amaranth

Abstract

A Palmer amaranth population (KCTR: Kansas Conservation Tillage Resistant) collected
from a conservation tillage field was confirmed to have evolved resistance to at least six herbicide
modes of action including 2,4-D, a widely used synthetic auxinic herbicide (Chapter 2). Results of
dose-response experiments indicated a 6-to 11-fold resistance to 2,4-D in KCTR compared to two
susceptible Palmer amaranth populations (KSS: Kansas Susceptible and MSS: Mississippi
Susceptible; Chapter 2). This chapter was focused on the investigation of the physiological basis
of 2,4-D resistance in KCTR Palmer amaranth based on the hypothesis that non-target site
resistance mechanisms such as differential absorption, translocation, or metabolism of 2,4-D may
impart resistance. The objectives of this research were, using KCTR, KSS, and MSS Palmer
amaranth and wheat (naturally tolerant to 2,4-D) i) investigate the 2,4-D absorption, and
translocation profiles and ii) evaluate the rate of 2,4-D metabolism, and iii) determine the role of
cytochrome P450 (P450)- inhibitors [malathion and piperonyl butoxide (PBO)] in conferring
metabolic resistance to 2,4-D. Experiments were carried out by treating plants grown under
controlled environment growth chamber conditions with ['*C] 2,4-D to determine differential
absorption, translocation, and metabolism in KSS, MSS, and KCTR. P450s are known to
metabolize pesticides including herbicides in plants. Therefore, whole-plant dose-response assays
were conducted by treating KCTR and KSS plants with P450 inhibitors (malathion or PBO) prior
to the application of 2,4-D. Results of these experiments showed no difference in percent of ['*C]

2,4-D absorption among the populations. However, approximately 10% less and 3 times slower
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['*C] 2,4-D translocation was found in KCTR compared to susceptible populations (KSS and
MSS). Importantly, ['*C] 2,4-D was metabolized faster in KCTR than KSS and MSS Palmer
amaranth. Specifically, at 24, 48, and 72 h after treatment (HAT), KCTR metabolized ~ 20-30%
more ['*C] 2,4-D than KSS and MSS. Wheat is naturally tolerant to 2,4-D due to the rapid
metabolism of this herbicide by P450 enzyme activity. Therefore, the retention time of polar
metabolites of ['*C] 2,4-D and quantity of parent ['*C] 2,4-D were compared between wheat and
KCTR Palmer amaranth. Even though KCTR and wheat generated the same types of polar
metabolites of [“C] 2,4-D, nonetheless, at 24 HAT, ~70% of ['*C] 2,4-D was metabolized in wheat,
compared to only 30% in KCTR Palmer amaranth. Application of malathion prior to 2,4-D
treatment was found to decrease dry weight accumulation in KCTR suggesting involvement of
P450s in mediating 2,4-D metabolism. However, no such impact with the use of PBO was found.
Overall, the findings of this chapter confirm that enhanced metabolism, mediated by P450 enzyme
activity, is the primary physiological mechanism imparting 2,4-D resistance in KCTR Palmer

amaranth.
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Introduction

2,4-dichlorophenoxy acetic acid (2,4-D) a synthetic auxinic herbicide (SAH) has been in
use to control broadleaf weeds since 1945 (Peterson et al. 2016). Based on mode of action
(MOA), SAHs are classified as group O (Herbicide Resistance Action Committee: HRAC) or
group 4 (Weed Science Society of America: WSSA) herbicides. When used at ultra-low doses,
the SAHs imitate the physiological and biochemical responses as that of naturally occurring
phytohormone auxins, such as indole acetic acid (IAA), and indole butyric acid (IBA). However,
at high doses they are herbicidal. SAHs are the most used herbicide group globally in terms of

acreage, and amongst SAHs, 2,4-D usage is the highest (Busi et al. 2018).

Conventionally, SAHs such as 2,4-D are widely used to control broadleaf weeds in
cereals crops such as sorghum, wheat, and corn; however, over the years, SAHs, viz., quinclorac
and halauxifen-methyl, have been found to have the ability to control certain grass weeds as
well. Despite extensive use, the evolution of resistance to SAH is relatively low compared to
other herbicide groups such as triazines or acetolactate synthase (ALS)-inhibitors. More
importantly, the evolution of 2,4-D resistance in weeds has also been low. However, in the past
two decades, increased reliability and usage of 2,4-D for controlling ALS- and 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS) inhibitor-resistant weeds has led to a rapid
increase in resistance to 2,4-D in weeds. Currently, 2,4-D resistance has been documented in 42
weeds globally (Heap 2021). In the US alone, the number of 2,4-D resistant weeds stands at 7,
including important broadleaf weeds like smooth pigweed (Amaranthus hybridus L.), common
waterhemp (Amaranthus tuberculatus Moq. Sauer), kochia (Kochia scoparia L. Schrad.), and
Palmer amaranth (Amaranthus palmeri S. Watson), and grasses such as barnyard grass

(Echinochloa crus-galli var. crus-galli) (Heap 2021). Moreover, 2,4-D tolerant crops, i.e.,
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soybean, corn, and cotton, were recently commercialized, which can aid in controlling
troublesome weeds such as glyphosate-resistant Palmer amaranth (Shyam et al. 2020).
Intensified adoption of this technology is also expected to cause a surge in 2,4-D use, resulting in
increased selection pressure, and potentially leading to 2,4-D resistance evolution (Egan et al.
2011). This scenario calls for a thorough investigation of prevalent mechanisms bestowing 2,4-D
resistance in weeds, which in turn can help formulate sustainable weed management programs

and increasing the longevity of 2,4-D-tolerant crop technology.

Resistance to 2,4-D in weeds has been reported to be conferred either by target-site
(TSR) or non-target site (NTSR) -based mechanisms. TSR to herbicides involves alterations of
the herbicide target impacting the binding of the herbicide and reducing its efficacy. Potential
target sites for 2,4-D in weeds are auxin receptor and transporter proteins (Todd et al. 2020).
However, not many instances of TSR to SAHs have been found, owing to the complexity of the
mechanism of action of these herbicides. In 2018, the first confirmed case of TSR was
documented in a kochia population from Nebraska where a mutation in the auxin receptor
protein KS18A resulted in dicamba resistance (LeClere et al. 2018). More recently, a case of
TSR mechanism with a 20 amino acid deletion in the auxin co-receptor /442 was reported to
cause 2,4-D resistance in an Indian hedge mustard population (Sisymbrium orientale L.) from
Australia (Figueiredo et al. 2021). In contrast, a multitude of weeds has been documented with
NTSR involving either reduced absorption (Kohler et al. 2004), translocation (Dang et al. 2018,
Kohler et al. 2004, Riar et al. 2011), and/or enhanced metabolism (Figueiredo et al. 2018, Torra
et al. 2017) of SAHs. For instance, reduced 2,4-D translocation was reported in Indian hedge
mustard (Dang et al. 2018), ground ivy (Glechoma hederacea L.) (Kohler et al. 2004), prickly
lettuce (Lactuca serriola L.) (Riar et al. 2011), wild radish (Raphanus raphanistrum L.) (Goggin

62



et al. 2016), and corn poppy (Papaver rhoeas L.) (Rey-Caballero et al. 2016). Enhanced
metabolism of 2,4-D was also documented in common waterhemp populations across US
Midwest (Figueiredo et al. 2018, Shergill et al. 2018b, Shyam et al. 2019) and corn poppy
populations in France (Torra et al. 2017). Likewise, natural tolerance to 2,4-D in grasses is often
attributed to the rapid metabolism of this herbicide compared to susceptible broadleaved weeds.
Metabolism of 2,4-D is well characterized in naturally tolerant cereal crops such as corn (Zea
mays L.) (Fang and Butts 1954), wheat (7riticum aestivum L.) (Bristol et al. 1977, Fang and
Butts 1954, Hamburg et al. 2001, Scheel and Sandermann 1981), and sorghum (Morgan and Hall
1963). Cytochrome P450 monooxygenases (P450s) have been known to metabolize herbicides
including SAHs imparting selectivity in tolerant crops (Frear 1995, McFadden et al. 1989, Xiang
et al. 2006). P450s are one of the major families of enzymes involved in phase I herbicide
metabolism, thus offering herbicide selectivity to some plants (Pandian et al. 2020). Application
of P450-inhibitors such as malathion, piperonyl butoxide (PBO), tetracylis, efc. is widely
practiced in the field of weed science as a preliminary assessment of P450-based metabolic

resistance to herbicides.

Palmer amaranth, one of the top-ranked troublesome weeds in the US (Van Wychen
2020), is a Cs plant that can accumulate biomass rapidly and has a high growth rate compared to
other Amaranthus sp. (Horak and Loughin 2000, Wang et al. 1992). Being a dioecious plant,
Palmer amaranth is an obligate out crosser and possesses high genetic diversity. This allows this
weed to adapt quickly to challenging abiotic and biotic stress conditions and the ability to evolve
resistance to herbicides. So far, Palmer amaranth has evolved resistance to eight herbicide MOAs

involving acetolactate-synthase (ALS)-, photosystem II (PS II)-, 5-enolpyruvylshikimate-3-
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phosphate synthase (EPSPS)-inhibitor, protoporphyrinogen oxidase (PPO)-inhibitor, 4-

hydroxyphenylpyruvate dioxygenase (HPPD)-inhibitor, and synthetic auxins (Heap 2021).

KCTR (Kansas Conservation Tillage Resistant) Palmer amaranth population was found
to be resistant to ALS- (chlorsulfuron, and imazethapyr), PS II- (atrazine, and metribuzin),
EPSPS- (glyphosate), PPO- (lactofen, and fomesafen), HPPD-inhibitors (mesotrione, and
tembotrione), and SAH (2,4-D) (Chapter 2). Eighty-four percent of KCTR plants (collected from
the field which survived 2,4-D treatment at 560 g ae ha™') survived 2,4-D treatment at the field
recommended dose of 560 g ae ha'!, confirming the evolution of resistance (Chapter 2). In
addition to the KCTR population, evolution of 2,4-D resistance has been reported in another
Palmer amaranth population in Kansas (Kumar et al. 2019b); nonetheless, information on the
physiological mechanism of 2,4-D resistance in Palmer amaranth is lacking. Therefore, the
objectives of this chapter were using KCTR and known susceptible Palmer amaranth to
investigate 1) 2,4-D absorption, and translocation profiles and ii) evaluate the rate of 2,4-D
metabolism, and iii) determine the role of cytochrome P450 (P450)-inhibitors [malathion and

piperonyl butoxide (PBO)] in metabolizing 2,4-D.

Materials and Methods

Plant Material and Growing Conditions
2,4-D-resistant KCTR and susceptible i.e., KSS (Kansas Susceptible), and MSS
(Mississippi Susceptible) Palmer amaranth populations were used in this research. KCTR
population was collected from a conservation tillage field and has been characterized previously
(Chapter 2). KSS population was collected from a nearby field in Ashland Bottoms, Kansas, and

is susceptible to all commonly used herbicides used to control Palmer amaranth (Chapter 2;
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Nakka et al. 2017a, 2017b, 2017c). Seeds of the MSS population were purchased from a
company (Azlin Seed Services, Leland, Mississippi, US) and is susceptible to common
herbicides used to control Palmer amaranth (Chapter 2; Nakka et al. 2017a, 2017b, 2017¢c).
Experiments were conducted in either greenhouse or controlled environment growth chamber
conditions. The greenhouse was maintained at 30/23 °C d/n temperature with 16/8 h photoperiod
(d/n) and 60 + 10% relative humidity. Natural light in the greenhouse was supplemented with
250 umol m 2 s™! illumination provided by sodium vapor lamps. Growth chambers were
maintained at 32.5/22.5 °C (d/n) temperature with a photoperiod of 15/9 h (d/n) and relative
humidity of 60 + 10%. Lighting intensity of 750 pmol m™ s was provided inside the growth
chambers through fluorescent and incandescent bulbs. KCTR, KSS, and MSS seedlings were
germinated in trays (21 x 6 x 4 cm) filled with commercial pre-mix (Pro-Mix® premium potting
mix, Premier Tech Home and Garden Inc., Ontario, Canada). Three-four leaf seedlings were
transplanted to individual pots (6 x 6 x 6.5 cm) and allowed to grow in either greenhouse or

growth chambers.

Absorption and Translocation of ['*C] 2,4-D in KCTR, KSS, and MSS Palmer
amaranth

KCTR, KSS, and MSS seedlings were grown (as described above), transplanted in the
greenhouse, and then moved to growth chambers (conditions mentioned in the ‘Plant Materials
and Growth Conditions’ section). Ten-12 cm seedlings of the three populations were treated with
a stock solution containing a total of 3.3 kBq of ['*C] radio-labeled 2,4-D (American Radio
Chemicals, Inc., St. Louis, Missouri, US) with a specific activity of 50 mci mmol™. For
preparing the stock solution, ['*C] radio-labeled 2,4-D was mixed with commercial 2,4-D amine

(2,4-D Amine 4L, Winfield United Solutions, Arden Hills, Minnesota, US) to obtain a dose
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equivalent to the field recommended dose (560 g ae ha') in a carrier volume of 187 L or 20
gallons per acre (GPA). Each plant was treated with 10 pL (20,000 dpm L") of the stock
solution on the upper surface of the 3™ or 4™ fully opened young leaf. The treated plants were
returned to their respective growth chambers after 30 minutes (min) and plant parts were
harvested at four time-points: 6, 24, 48, and 72 HAT (h after treatment). At each harvesting time
point, the treated plants were trisected into three parts, namely, TL (treated leaf), ATL (area
above-treated leaf), and BTL (area below-treated leaf), to investigate the amount of 2,4-D
absorbed and translocated within the plant. The treated leaf of each sample was washed with 5
ml wash solution (10% ethanol and 0.05% Tween-20) twice for 1 minute, to remove excess
unabsorbed herbicide. Scintillation cocktail (Ecolite (+)™ (MP Biomedicals, LLC, Solon, Ohio,
US) was added to this leaf-rinsate for measuring the radioactivity in a liquid scintillation counter
(LSC: Beckman Coulter, LS 6500 Liquid Scintillation Counter, Beckman Coulter, Brea,
California, US). Once washed, the trisected plant parts were individually wrapped in wipes (Kim
wipes) and packed in brown paper envelopes for drying in an oven at 65 °C for 72 h. These dried
plant parts were combusted using a biological oxidizer (OX-501, RJ Harvey Instrument, Tappan,
New York, US), and ['*C] CO2 generated from the combustion was trapped in a scintillation
cocktail (RJ Harvey Instrument). Radioactivity of this scintillation cocktail was measured using
LSC. Three replications were maintained for each treatment and the experiment was repeated.
The following equations were used to convert LSC data into percent ['*C] 2,4-D absorbed and

translocated (Equation 3.1, 3.2, 3.3, 3.4, 3.5, and 3.6):

Abs. (%) = [(Rapplied — RRinsate) / Rapplied] % 100
Trans. (%) = 100 — [Rrr/(Rapplied — RRinsate)x 100]

TL (%) = RTL/(RAppIied - RRinsate)X 100
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ATL (%) = RatL/(RApplied — RRinsate)x 100
BTL (%) = RBTL/(RApplied — RRinsate)x 100
Recovery (%) = [(Rrinsate + RTL + RATL + RBTL / RAppiied) X 100]

In the above equations (3.1 through 3.6), Rappiied is the total amount of radioactivity in
disintegration per minute (dpm) applied in each plant, Abs. (%) is the percent absorption, Rrinsate
is the amount of radioactivity recovered (dpm) in the treated leaf wash rinsate, Trans (%) is the
percent translocation, Rrr (%) is the percent radioactivity recovered in the treated leaf, RatL (%)
is the percent radioactivity recovered in the plant tissue above treated-leaf, RsrL (%) is the percent

radioactivity recovered in the plant tissue above, below treated-leaf, and recovery (%) is the total

amount of radioactivity in the experiment.
Metabolism of ['“C] 2,4-D in KCTR, KSS, MSS Palmer amaranth, and wheat

KCTR, KSS, and MSS seedlings were grown as described earlier for absorption and
translocation experiments in growth chambers under the same conditions as described above.
Additionally, wheat seedlings (winter wheat variety KS Western Star) were grown as a positive

control because of their natural ability to metabolize 2,4-D.

['“C] 2,4-D applied O/ &’ “'
Harvested at

Trissected the
6, 24, 48 and 72 plant part Treaafted Abcnvecl ?‘:elgt‘:d
hours after treatment Le Treate: Trea
KSS, MSS, KCTR (HAT) Leaf e

Figure 3.1 Illustration of application of ['*C] 2,4-D for investigating absorption, translocation,

and metabolism of 2,4-D in KSS, MSS, and KCTR seedlings [Created with BioRender.com].
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Figure 3.2 Steps involved in estimation of ['*C] 2,4-D (A) absorption, (B) translocation, and (C)

metabolism of 2,4-D in KSS, MSS and KCTR seedlings [Created with BioRender.com].

Ten-12 cm tall Palmer amaranth plants along with wheat plants at 3-4 leaf stage were treated with
[*C] 2,4-D stock solution. The stock solution contained 7.2 kBq ['*C] 2,4-D with a concentration
of 30,000 dpm pL™!'. For treatment, 10 pL of this ['*C] 2,4-D stock solution was applied on the
adaxial surface of the 3™or 4™ youngest leaf of Palmer amaranth seedlings and the second fully
opened leaf of wheat plants. Palmer amaranth plants were harvested at 4 time-points i.e., 6, 24, 48,
and 72 HAT; while wheat seedlings were harvested only at 24 HAT (because wheat is known to
rapidly metabolize 2,4-D soon after application; (deBoer et al. 2006, 2011, Tanetani et al. 2013).

At each harvest time, treated leaves were washed as described previously to remove unabsorbed

68



herbicide. After washing, the whole seedlings were clipped individually above-ground and then
flash-frozen in liquid nitrogen along with the washed treated leaf. The frozen seedlings were
homogenized using mortar and pestle, and ['*C] 2,4-D and its metabolites were extracted using 15
ml of 90% acetone at 4 °C for 16 h. This was followed by centrifugation at 5,000 X g for 10 min
and concentrating the supernatant at 45 °C for 2 h with a rotary evaporator (Centrivap, Labconco
Corporation, Kansas City, Missouri, US) to obtain a final volume of around 600-1000 pL. The
supernatant was transferred to a 1.5 mL microcentrifuge tube and centrifuged at 10,000 X g for 10
min at room temperature to precipitate the waste and supernatant was collected. After centrifuging,
the radioactivity of each sample was measured using LSC by adding 2 pL of extract (supernatant)

in 15 ml scintillation fluid (Ecolite™™

, MP Biomedicals). The data were used to normalize the
sample to a standard concentration of 3000 dpm per 50 pL by adding 50% acetonitrile (HPLC-
grade, Fischer-Scientific). About 500 puL of normalized extract from each sample was run through

reverse-phase high-performance liquid chromatography (HPLC) (1260 Infinity II LC System,

Agilent, Santa Clara, California, US) to quantify the parental compound and metabolites of 2,4-D.

Effect of P450 inhibitors in metabolizing 2,4-D in KCTR and KSS Palmer
amaranth

To confirm the involvement of P450s in mediating the metabolism of 2,4-D in KCTR,
dose-response experiments were conducted in a greenhouse (conditions mentioned in ‘Plant and
Growing conditions’) with KCTR and KSS seedlings using P450-inhibitors. These experiments
were conducted separately with two P450 inhibitors, i.e., malathion and PBO. For these
experiments with each inhibitor, treatments were arranged in a factorial structure that included
three factors, i.e., Palmer amaranth populations (2 levels: KCTR, KSS), inhibitor doses (2 levels:

non-treated, treated), and 2,4-D doses (5 levels: non-treated, 140, 280, 560, 1120, 2240 g ae ha
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1. Malathion (Spectracide®, Malathion Concentrate, St. Louis, Mo), a commonly used P450
inhibitor was applied 30 minutes prior to 2,4-D treatment at 1500 g ai ha! and was reapplied as a
soil drench (50 mM) at 48 HAT as described by Ma et al. (2013). Similar to malathion, PBO was
applied 30 mins prior to 2,4-D treatment at 2100 g ai ha™ as described in previous studies
(Shergill et al. 2018b, Zhao et al. 2019). All inhibitor and 2,4-D applications were done using a
bench-track sprayer (Generation III, DeVries Manufacturing, RR1 Box 184, Hollandale, MN)
that is equipped with a flat-fan nozzle tip (8002 Teejet, Spraying Systems Co., Wheaton, IL).
The sprayer was calibrated to deliver a spray volume proportional to 187 L ha™' or 20 GPA at a
speed of 4.77 km h™!. Eight replications were maintained for each treatment and the experiment
was repeated. Plants were harvested at 4 weeks after treatment (WAT) by clipping the above-
ground part, followed by oven-drying at 65 °C for 72 h and measuring dry weight. For data
analysis, the dry weight data were converted to relative dry weight (% of non-treated control)

using the following formula (Equation 3.7):

RDW = [(DW x 100)/ ADW]
In equation 3.7, RDW is the relative dry weight (% of non-treated control), DW is the dry weight

of the sample and ADW is the average dry weight of non-treated control.

Data Analysis

Percent ['*C] 2,4-D absorbed and translocated in the treated plants was determined and
the data were fitted with asymptotic regression, a rectangular hyperbola (RHB), and linear model
as suggested by (Kniss et al. 2011). The analysis was done using ‘drc’ and ‘gPCR’ packages in R
(version 4.0.3, R Core Team, 2020) with the R-Studio 9.4 interface (R Studio, PBC, Boston,

MA) (Ritz et al. 2015, Spiess 2018). Following the model fitting of the data, the bias-corrected
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Akaike information criteria (AICc) of each model were compared, and based on the lowest AICc
value, the RHB model was selected for analyzing both the absorption and translocation data. The

following RHB models were fitted (Kniss et al. 2011, Equations 3.8 and 3.9):
Abs. = (Amax x t) / [(10/90) % Ago + t]
Trans. = (Tmax x t) / [(10/90) % Too + t]

In equations 3.8 and 3.9 Abs. is percent herbicide absorbed, expressed as percentage
herbicide applied to the plant (Equation 3.1), and Trans. is the percent herbicide translocated
expressed in terms of percentage herbicide absorbed in the plant (Equation 3.2). Amax and Tmax
are the maximum herbicide absorption and translocation, respectively, in time t, whereas Ago and
Too are the time required for 90% of the absorption and translocation to occur. Percent [*C] 2,4-
D translocated in TL, ATL, and BTL (Equation 3.5, 3.6, 3.7) were plotted as line graphs using

‘ggplot2’ (Wickham 2016).

In metabolism experiments, HPLC chromatographs showing separated parent ['*C] 2,4-D
and polar metabolites of the different Palmer amaranth populations and wheat at different time
points were used for visual assessment of 2,4-D metabolism. Percent parent ['*C] 2,4-D present
in each sample was determined based on the area of the chromatographs. Levene’s test was
conducted using ‘Car’ package in R-studio to compare the two runs of metabolism and since it
was non-significant, data were pooled (Fox and Weisberg 2019). Percent parent ['*C] 2,4-D data
was analyzed using two-way ANOVA in R with population (3 levels: KSS, MSS, and KCTR)
and time-points (4 levels: 6, 24, 48, and 72 HAT) being the two factors. Since the interaction
between the two factors was significant, the data was plotted based on each time-point for better

visualization.
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Relative dry weight data from two runs of the dose-response experiments were compared
via Levene’s test (o = 0.05). Since the test was non-significant, the data were pooled. Pooled data
was analyzed using three-parameter log-logistic regression in R utilizing package ‘drc’
(Knezevic et al. 2007, Ritz et al. 2015). The following three-para meter regression model

(Equation 3.10) was fitted:
Y =d+exp[b(logx—loge)]

In equation 3.7, Y is the response variable i.e., relative dry weight, x is the applied 2,4-D
dose, d is the upper limit, b is the relative slope around e and e is GRso i.e., amount of 2,4-D
required to reduce above-ground dry weight by 50%. Using the function ‘compParm’ in ‘drc’
package, estimated GRso of Palmer amaranth populations were further tested for difference via t-
test (Shyam et al. 2019). The in-built ‘plot’ function in the ‘drc’ package was used to obtain the

dOSG-I‘GSpOHSG curves.

Results

Absorption and translocation of ['*C] 2,4-D in KCTR, KSS, and MSS Palmer
amaranth

A rectangular hyperbola was utilized to analyze percent ['*C] 2,4-D absorption and
translocation at 6, 24, 48, and 72 HAT in the three Palmer amaranth populations, i.e., KCTR,
KSS, and MSS. Overall, in all the populations, a maximum of >89% [!C] 2,4-D was found to be
absorbed (Amax; Figure 3.3, Table 3.1). There was no statistical difference in the model that
estimated Amax (maximum percent absorption) of KCTR, KSS, and MSS (Table 3.1, 3.3). The
time required to achieve Amax i.e., Ago in the three populations varied from 5-9 h (Figure 3.3,

Table 3.1). Even though MSS took a longer time to achieve maximum absorption of ['*C] 2,4-D
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compared to KCTR and KSS, the t-test analysis showed no statistical difference in estimated Aoo

of KCTR, KSS, and MSS (Table 3.3).

Table 3.1 Parameters describing percent absorption of ['*C] 2,4-D in KSS, MSS, and KCTR
Palmer amaranth plants calculated (Equation 3.8). Amax refers to the maximum limit of ['*C] 2,4-
D absorption over time t in each population and Ao refers to the amount of time required for that

maximum absorption to occur. Data combined over two runs. SE is the model estimated standard

of error.
Population Amax (SE) Ao (SE)
KSS 90.41 (1.81) 5.21(2.34)
MSS 89.27 (1.84) 8.78 (2.69)
KCTR 88.77 (1.79) 5.70 (2.42)

Analysis of percent translocation showed that KSS, MSS, and KCTR translocated a maximum
(Tmax) 0£93.9, 94.2, and 84.6% ['*C] 2,4-D, respectively (Table 3.2). Hence, there was ~10%
higher translocation of ['*C] 2,4-D in KSS and MSS compared to KCTR which was statistically
significant (Table 3.2, 3.3). Overall, >84% of absorbed ['*C] 2,4-D was translocated in all three
populations (Figure 3.3, Table 3.2). Time required to translocate the maximum amount of ['*C]
2,4-D (T9o) in KCTR was much higher (~89 h) than KSS and MSS (~30 h), indicating slower
translocation of 2,4-D compared to susceptible plants (Figure 3.3, Table 3.2). The difference in
Too between KCTR and KSS was significant at a=0.1, while KCTR and MSS was significant at
0=0.05 level (Table 3.3). For all populations, a higher quantity of ['*C] 2,4-D was translocated
towards tissue below the treated leaf compared to tissue above treated leaf (Figure S 3.1). No
other population-specific pattern was observed in ['*C] 2,4-D movement in tissue above or below

treated leaf (Figure S 3.1).
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Table 3.2 Parameters describing percent translocation of ['*C] 2,4-D in KSS (susceptible), MSS
(susceptible), and KCTR (resistant) Palmer amaranth populations calculated (Equation 3.9). Trmax
refers to the maximum limit of ['*C] 2,4-D translocation over time t in each population and Too
refers to the amount of time required for that maximum translocation to occur. Data combined

over two runs. SE is the model estimated standard of error.

Population Tmax (SE) Too (SE)

KSS 93.91 (4.67) 31.87 (11.12)
MSS 9421 (4.18) 30.11 (8.67)
KCTR 84.63 (6.39) 89.17 (26.44)

Table 3.3 Comparison of parameters estimating ['4C] 2,4-D (a) absorption and (b) translocation
in KSS (susceptible), MSS (susceptible) and KCTR (resistant) Palmer amaranth plants (using
equation 3.8, 3.9) when grown under growth chamber conditions. T-test was performed to
compare parameters of each population. Data combined over two runs. *P-value <0.1, **P-value
<0.05, ***P-value <0.01, NSp-value= non-significant indicates the level of significance of

difference in means).

Population comparisons (p-value)

Parameters
KSS vs. MSS KCTR vs. MSS KSS vs. KCTR
Amax 0.6596™° 0.8479N8 0.5526™8
Aoo 0.3188NS 0.3968NS 0.8835N8
Tmax 0.3049N8 0.21538 0.2465N8
To0 0.9013N8 0.0389** 0.0514*
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Figure 3.3 ['*C] 2,4-D (A) absorption and (B) translocation in KSS (susceptible), MSS
(susceptible) and KCTR (resistant) plants grown under growth chamber conditions as determined

using equation 3.4.

Metabolism of ['*C] 2,4-D in KCTR, KSS, MSS Palmer amaranth, and wheat

To investigate if enhanced metabolism of 2,4-D confers resistance in KCTR, the rate of
[*C] 2,4-D metabolism over time was assessed in KSS, MSS, and KCTR seedlings. The extracts
of ['*C] 2,4-D treated KSS, MSS, and KCTR seedlings were run through reverse-phase HPLC to
resolve parent ['*C] 2,4-D and its polar metabolites. Wheat seedlings were used as a positive
control because of their natural ability to metabolize 2,4-D. In the chromatographs, a single peak
with a retention time (RT) of the parent ['*C] 2,4-D was found at ~10.5 min. Apart from parent
[*C] 2,4-D, three major polar metabolites were identified from these samples i.e., metabolite 1
(M1, RT= ~5.5 min), metabolite 2 (M2, RT= ~6.3 min), and metabolite 3 (M3, RT=~7.9 min)

respectively (Figure 3.5). As expected, wheat seedlings rapidly metabolized 2,4-D with ~70% of
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['*C] 2,4-D degraded by 24 HAT (Figure 3.5D). Based on RT, chromatographs of wheat samples
at 24 HAT showed the presence of the same polar ['*C] 2,4-D metabolites as seen in KCTR
(Figure 3.4). There was no difference in the amount of ['*C] 2,4-D metabolized in KSS or MSS,
and KCTR at 6 HAT (Figure 3.6A). However, at 24, 48, and 72 HAT there was ~20-30%

significantly higher parent ['*C] 2,4-D in KSS and MSS compared to KCTR (Figure 3.6B, C, D).
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Figure 3.4 HPLC chromatographs depicting resolved ['*C] 2,4-D parent compound and its
metabolites at 24 h after treatment (HAT) in (A) KSS (susceptible), (B) MSS (susceptible), (C)
KCTR (resistant), and (D) wheat (naturally tolerant) seedlings, grown under growth chamber

conditions.
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Figure 3.5 Percent of ['*C] 2,4-D in KSS (susceptible), MSS (susceptible), and KCTR (resistant)

seedlings at (A) 6, (B) 24, (C) 48, and (D) 72 h after treatment (HAT) grown under growth

chamber conditions. Error bars represent standard error of mean.

Effect of P450 inhibitors on KSS, and KCTR Palmer amaranth

For testing the involvement of P450s in mediating 2,4-D metabolism in KCTR Palmer

amaranth, dose-response analyses were conducted with two known P450 inhibitors (malathion

and PBO). The effect of malathion on the level of 2,4-D resistance in KSS and KCTR was

assessed through ‘drc’ plot (Figure 3.7). In the absence of malathion, the GRso (the amount of

2,4-D required to cause 50% dry weight reduction) of KSS and KCTR were 187 and 1572 g ae




ha'!, respectively (Figure 3.7, Table 3.4). However, when pre-treated with malathion followed by
2,4-D, the GRso of KSS and KCTR were 197 and 627 g ae ha™ respectively (Figure 3.7, Table
3.4). Thus, the addition of malathion resulted in a 60% reduction of GRso in KCTR but failed to
impact the response of KSS Palmer amaranth to 2,4-D application (Figure 3.7, Table 3.4). T-test
analysis through ‘comParm’ function in R program showed that there was a significant
difference in estimated GRso of KCTR with the application of malathion prior to 2,4-D

treatment, while such difference was not present in the case of KSS (Figure 3.7, Table 3.4).

Table 3.4 Regression parameters (Equation 3.4) describing the response of KSS (susceptible),
and KCTR (resistant) Palmer amaranth under growth chamber conditions, to 2, 4-D application
with or without pre-treatment with malathion (cytochrome P450 inhibitor) (b: relative slope, d:
upper limit; e: GRso or dose required for 50% dry weight reduction in terms of g ae ha™!; SE:
standard error). Data combined over two runs. *P-value <0.1, **P-value <0.05, ***P-value

<0.01, Mp-value= non-significant indicates the level of significance of difference means of

GRs0).
Population Treatment bSE) d(SE) e (SE) Reduction (%)  p-value
1.18 99.96 187.39
2,4-D
(0.26) (4.49) (41.77)
KSS Malathion -11 0.8705NS
1.65 97.92 197.39
followed by (0.55) (4.82) (44.80)
2,4-D ' ' '
0.89 100.44 1572.47
2,4-D
(0.23)  (5.99) (370.50)
KCTR Malathion 60 0.0129**
1.25 98.14 626.56
followed by (0.18)  (4.36) (74.67)
2,4-D ' ' '
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Table 3.5 Regression parameters (Equation 3.4) describing the response of KSS (susceptible),
and KCTR (resistant) Palmer amaranth to 2, 4-D with or without pre-treatment with piperonyl
butoxide (PBO; cytochrome P450 inhibitor) under growth chamber conditions (b: relative slope,
d: upper limit; e: GRso or dose required for 50% dry weight reduction in terms of g ae ha!; SE:
standard error). Data combined over two runs. *P-value <0.1, **P-value <0.05, ***P-value

<0.01, NSp-value= non-significant indicates the level of significance of difference in means of

GR50).
Population = Treatment b (SE) d (SE) e(SE) Reduction (%)  p-value
1.68 100.06 257.25
2,4-D
(0.41) (4.81) (37.61)
KSS PBO -27 0.3216M
1.49 99.99 202.22
followed by (0.39) (4.99) (40.71)
2,4-D ' ' '
0.68 99.99 224412
2,4-D
(0.19) (4.64) (630.25)
KCTR PBO 16 0.7498"5
0.67 100.08 2600.49
followed by (0.17) (4.61) (921.62)
2,4-D ' ' '

The effect of PBO pre-treatment on dry weight accumulation of 2,4-D treated KSS and
KCTR plants was also plotted (Figure 3.7). Unlike the treatment with malathion, the application
of PBO did not have any effect on the level of 2,4-D resistance in KCTR (Figure 3.8, Table 3.4).
The GRso of KSS and KCTR after 2,4-D application were estimated as 257, and 2244 g ae ha’!,
respectively (Figure 3.8, Table 3.4). Upon pre-treatment with PBO, followed by 2,4-D

application, the GRso of KSS and KCTR were estimated at 202, and 2600 g ae ha™!, respectively
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(Figure 3.8, Table 3.4). Similar to malathion treatment, the addition of PBO did not significantly
impact KSS response to 2,4-D treatment (Figure 3.8, Table 3.4). Overall, with the addition of
PBO, there was only 16% reduction in GRso of KCTR; however, it was not statistically

significant compared to only 2,4-D treated plants (Figure 3.8, Table 3.4).

Discussion

In the US, Palmer amaranth is ranked as one of the top-most troublesome weeds by
makes it even more challenging for its management WSSA (Van Wychen 2020). SAHs like 2,4-
D have played a key role in managing herbicide-resistant Palmer amaranth populations across
the US. However, in 2015 the first case of 2,4-D resistance in Palmer amaranth was documented

in Kansas (Kumar et al. 2019b).

In this research, for the first time, enhanced metabolism of 2,4-D was found to confer
2,4-D resistance in KCTR Palmer amaranth. Besides 2,4-D, the evolution of resistance to
dicamba has also been recently documented in a Palmer amaranth population from Tennessee
(Heap 2021). Previously, several Palmer amaranth populations were found to have evolved
metabolic resistance to ALS- (Nakka et al. 2017¢, Shyam et al. 2021a), PS II- (Chahal et al.
2019b, Chaudhari et al. 2020, Nakka et al. 2017a, Shyam et al. 2021a), HPPD- (Kiipper et al.
2018, Nakka et al. 2017b, Shyam et al. 2021a), and PPO- inhibitors (Shyam et al. 2021a,
Varanasi et al. 2019). To understand the physiological basis of 2,4-D resistance in KCTR Palmer
amaranth, first, the percent ['*C] 2,4-D absorption, and translocation after treatment was
determined. Overall, >89% of ['*C] 2,4-D was absorbed in KSS, MSS, and KCTR. Similarly,
high 2,4-D absorption has been reported in 2,4-D-resistant common waterhemp, a close relative

of Palmer amaranth (Shergill et al. 2018b).
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Figure 3.6 (A) Response of KSS (susceptible) and KCTR (resistant) with or without malathion
(cytochrome P450 inhibitor) treatment to varying doses of 2,4-D ranging from non-treated (NT)
to 4X, where 1X is the field recommended dose of 560 g ae ha™! at 4 weeks after treatment
(WAT). (B) Dose-response curves representing relative dry weight (% of non-treated) of KSS,
and KCTR Palmer amaranth using the three-parameter log-logistic regression model (Equation

3.4) at 4 WAT. Dotted arrow at the center of the plot represents the 50% of relative dry weight.
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Figure 3.7 (A) Response of KSS (susceptible) and KCTR (resistant) with or without piperonyl
butoxide (PBO; cytochrome P450 inhibitor) treatment to varying doses of 2,4-D ranging from
non-treated (NT) to 4X, where 1X is the field recommended dose of 560 g ae ha™! at 4 weeks
after treatment. (B) Dose-response curves representing relative dry weight (% of non-treated) of
KSS, and KCTR Palmer amaranth using the three-parameter log-logistic regression model
(Equation 3.4) at 4 WAT. Dotted arrow at the center of the plot represents the 50% of relative

dry weight.
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Our results demonstrated that there is no significant difference in ['*C] 2,4-D absorption
between resistant KCTR and the two susceptible populations, KSS, and MSS. This indicates that
differential 2,4-D absorption is not contributing to 2,4-D resistance in KCTR Palmer amaranth.
However, ~10% less and ~3 times slower ['4C] 2,4-D was found to translocate in KCTR
compared to KSS and MSS plants (Figure 3.3, Table 3.2).

Considering that the three populations absorbed >89% of ['*C] 2,4-D applied and >84%
of that was translocated, this difference in 2,4-D translocation is unlikely to significantly
contribute to the resistance. Previously, no difference in ['*C] 2,4-D absorption or translocation
was reported in 2,4-D-resistant common waterhemp populations from Nebraska and Missouri
(Figueiredo et al. 2018, Shergill et al. 2018b). Nonetheless, differential 2,4-D uptake and/or
translocation was reported to impart 2,4-D resistance in several weeds such as corn poppy,
smooth pigweed, Parthenium (Parthenium hysterophorus L.), Hirschfeldia incana (L.), and wild
radish (Goggin et al. 2016, Rey-Caballero et al. 2016). Influx (AUX1/LAX1) and efflux
(PIN/ABCB) auxin transporters play a key role in directional transport of auxins (Cho and Cho
2013, Fischer et al. 1998, Petrasek and Friml 2009). Since SAHs mimic several physiological
processes of natural plant hormones, therefore, alteration of auxin transporters can lead to
decreased SAH transport resulting in reduced translocation of SAH. However, no field evolved
resistance to SAH caused by alterations in the auxin transporters was reported. Interestingly,
application of auxin transport inhibitors such as 2,3,5-triitodobenzoic acid and 1-N-
naphthylphthalamic acid in 2,4-D- susceptible wild radish from Australia showed a reduced 2,4-
D translocation mirroring the 2,4-D-resistant wild radish (Goggin et al. 2016).

Next, the metabolism of ['*C] 2,4-D in KSS, MSS, KCTR Palmer amaranth, and wheat

(naturally tolerant) plants was determined via HPLC analysis. Our results confirmed that more
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2,4-D is metabolized in KCTR Palmer amaranth compared to KSS and MSS populations. Even
though there was no difference in the amount of parent ['*C] 2,4-D retained at 6 HAT in the
three populations, overall, KCTR Palmer amaranth metabolized ~20-30% greater ['“C] 2,4-D at
24,48, and 72 HAT compared to susceptible populations (Figure 3.6). Enhanced metabolism has
been shown to impart 2,4-D resistance in common waterhemp populations in the US Midwest
(Figueiredo et al. 2018, Shergill et al. 2018b). Also, metabolism of 2,4-D has been documented
in corn poppy populations from France and smooth pigweed populations from Argentina
(Dellaferrera et al. 2018, Rey-Caballero et al. 2016, Torra et al. 2017). Although limited
information is available regarding how metabolites of 2,4-D translocate in resistant plants,
reduced translocation (~10%) of 2,4-D in KCTR plants compared to KSS or MSS may be due to
metabolites of 2,4-D, rather than the parental compound. This possibility needs to be investigated

and confirmed.

The peak RT of polar metabolites of ['*C] 2,4-D in KCTR Palmer amaranth was
compared with wheat (variety KS Western Star) at 24 HAT (Figure 3.5). No unique metabolites
were found in wheat but not in KCTR Palmer amaranth (Figure 3.5). This indicates that possibly,
KCTR Palmer amaranth can metabolize 2,4-D with the same biochemical process as wheat. 2,4-
D metabolites in wheat (and other monocots) are usually considered to be stable sugar conjugates
and non-toxic. On the other hand, amino acid conjugates are considered to be less stable than
sugar conjugates and can reverse to an active form of the parent herbicide compound (2,4-D)
which will be toxic (Sterling and Hall 1997). Comparison of 2,4-D metabolic pathways between
tolerant and susceptible plants has been explored for a long time. For example, Hamburg et al.
(2001) reported that both wheat and potato (Solanum tuberosum L.) metabolize 2,4-D via ester
hydrolysis. In contrast, Jablonkai (2015) reviewed that in wheat, 2,4-D is primarily metabolized
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through aromatic ring hydroxylation of 2,4-dichloro-phenyl moiety and subsequently an acidic
aryl glycoside is formed by conjugation. Fang and Butts (1954) reported differential metabolism
of 2,4-D in soybean (Glycine max L.) compared to corn and wheat. Future investigations will be
directed towards identifying metabolites of 2,4-D in KCTR through the application of LC/MS
techniques. This will shed light on the potential biochemical pathways through which 2,4-D is
getting metabolized in KCTR Palmer amaranth. NTSR mechanisms such as metabolic resistance
can be affected by different environmental conditions. Shyam et al. (2019) has demonstrated that
2,4-D resistant common waterhemp from Nebraska metabolized 2,4-D at a faster rate when
grown at a higher temperature. Such a temperature effect in altering the rate of metabolism of

2,4-D, thereby, resistance, in KCTR Palmer amaranth needs to be tested.

The role of P450s in mediating 2,4-D metabolism in KCTR was tested using P450-
inhibitors. Interestingly, the pre-treatment with malathion significantly reduced GRso of KCTR
by 60% compared to 2,4-D applied alone (Figure 3.7, Table 3.4). However, treatment with
malathion followed by 2,4-D failed to affect the KSS Palmer amaranth’s response to this
herbicide. This suggests the potential involvement of P450s in mediating metabolic resistance to
2,4-D in KCTR. Malathion is commonly used to test the involvement of P450s in metabolic
resistance to herbicides in weeds. P450 enzymes metabolize xenobiotics such as herbicides via
oxygenation and NADPH-dependent monooxygenation reactions (Yuan et al. 2007). When
organophosphate insecticides such as malathion react with P450s, they generate atomic sulfur
and bind to P450 apoprotein, thereby inactivating it (Werk-Reichhart et al. 2000). Therefore, the
application of malathion has been shown to inhibit P450-dependent metabolism and increase the
metabolic half-life of herbicides (Kreuz and Fonné-Pfister 1992). Previously, the application of
malathion has been shown to reverse metabolic resistance to 2,4-D in 2,4-D-resistant common
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waterhemp (Figueiredo et al. 2018, Shergill et al. 2018b). In Chapter 2, it has been shown that
malathion treatment reduced the level of mesotrione, 2,4-D, and lactofen resistance in KCTR
(Figure 2.3). Similarly, in weeds with metabolic resistance to other herbicides such as
mesotrione, lactofen, chlorsulfuron, efc. malathion is known to reverse the resistance. However,
such impact on 2,4-D resistance in KCTR was not seen with PBO application as the GRso of
either KCTR or KSS with this treatment, was not significantly altered (Figure 3.8; Table 3.5).
This indicates that P450s that are potentially not inhibited by PBO are involved in mediating 2,4-
D resistance in KCTR. PBO is a known substrate, inhibitor, and inducer of P450 (Hodgson and
Levi 1999), which is often used as a diagnostic tool to understand P450 based metabolism of
pesticides. PBO hydroxylation via P450 generates a carbene molecule that forms a complex with
the heme group of the P450 enzyme and causes inhibition (Hodgson and Levi 1999). The
application of PBO has been shown to decrease the level of metabolic resistance to herbicides in
other weeds, such as metribuzin resistance in rigid ryegrass (Lolium rigidum Gaudin) (Ma et al.
2020). Nonetheless, the selectivity of P450 inhibitors has been recorded in several metabolic-
resistant weed populations. For instance, in chlorsulfuron-resistant rigid ryegrass, malathion
treatment increased toxicity of chlorsulfuron but not with tetracylis (another P450 inhibitor)
application (Christopher et al. 1992). Similarly, treatment of PBO reduced chlorotoluron and
simazine resistance in rigid ryegrass; however, application of malathion did not affect resistance
(Preston et al. 1996). Overall, this research strongly suggests that P450s are involved in
metabolizing 2,4-D in KCTR Palmer amaranth. Dimaano and Iwakami (2021) have suggested
that P450 mediated herbicide metabolism can be attributed to single nucleotide polymorphism,
increased copy number, or even changes in gene regulation. However, despite the known

involvement of P450s, it has been still a challenge to identify and isolate specific P450s that are
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involved in herbicide metabolism. Recently, a P450, CYP81A410v7 was confirmed to mediate
metabolic resistance to ACCase-, ALS-, PS II-, HPPD-, and VLCFA-inhibitors in rigid ryegrass
(Han et al. 2021). Another P450 cluster (P450 81E8) was found to be over-expressed in two
different 2,4-D resistant common waterhemp populations from Nebraska and Illinois (Giacomini
et al. 2020). Therefore, it will be important to test the expression of these P450 genes in KCTR

before or after 2,4-D application.

Conclusion

In summary, the results of this Chapter provide strong evidence that metabolism of 2,4-D
mediated by P450 activity bestows 2,4-D resistance in KCTR Palmer amaranth. Pre-treatment
with P450-inhibitor, malathion prior to 2,4-D application, resulted in reversal of 2,4-D resistance
and increase toxicity to 2,4-D in KCTR Palmer amaranth. However, no such response was found
when another P450-inhibitor, PBO was found. This indicates that certain P450 enzymes that
were inhibited by malathion probably facilitate 2,4-D metabolism in KCTR Palmer amaranth.
The possible presence of TSR mechanisms leading to 2,4-D resistance in KCTR Palmer
amaranth is yet to be deciphered. Metabolic herbicide resistance is currently one of the most
complex challenges affecting the sustainability of crop production. Especially, the ability of
metabolic resistance to confer cross-resistance to multiple herbicide MOAs as seen in the KCTR
Palmer amaranth population is challenging. The dire lack of novel MOAs along with the
widespread prevalence of metabolic resistance can reduce growers’ option for weed control.
Therefore, the implementation of integrated weed management techniques will be necessary for

reducing dependability on herbicides for weed management.
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Chapter 4 - Genetic Basis of 2,4-D resistance in Palmer amaranth

Abstract

A Palmer amaranth (Amaranthus palmeri S. Watson) population (KCTR: Kansas
Conservation Tillage Resistant) in Kansas identified in a long-term conservation tillage field
study was documented to have evolved metabolic resistance to at least five modes of action of
herbicides, including 2,4-D, a synthetic auxinic herbicide. The KCTR Palmer amaranth rapidly
metabolizes 2,4-D compared to two susceptible Palmer amaranth populations (KSS: Kansas
Susceptible and MSS: Mississippi Susceptible) (Chapter 3). In this chapter, the genetic basis of
2,4-D resistance in KCTR was investigated. Direct and reciprocal crosses were performed using
2,4-D-resistant KCTR and susceptible KSS plants to generate three Fi1 families, i.e., Fi-1, Fi1-2,
and F1-3. 2,4-D dose-response assays were conducted to evaluate the response of progenies from
each F1 family along with parental resistant (KCTR) and susceptible (KSS) plants in controlled
environmental growth chambers. Plants were treated with varying doses of 2,4-D ranging from
non-treated to 4X (where 1X is the field recommended dose of 2,4-D which is 560 g ae ha') and
was repeated once. Above-ground shoots were harvested at 4 weeks after treatment (WAT) and
dry weight was measured. Additionally, 2,4-D-resistant male and female plants from each of the
F1 families were crossed to generate pseudo-F2 families. In total, four F2 families were generated
i.e., F2-1, F2-2, F2-3-1, and F2-3-2. Segregation (resistance or susceptibility) of progenies from
the F2 families in response to the field recommended dose of 2,4-D was evaluated. Analysis of
dry weight data from the dose-response experiments of F1 progenies derived from either direct or
reciprocal crosses suggested that the Fi1 progenies had an intermediate response to 2,4-D
treatment relative to resistant and susceptible parents. Such response indicates that the 2,4-D

resistance in KCTR is an incompletely dominant nuclear trait. Chi-square analyses of F2
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segregation data did not fit the Mendelian single gene segregation model (i.e., 3:1
resistance:susceptibility), implying that 2,4-D resistance in KCTR is controlled by multiple
gene(s). Moreover, significant variation in phenotypes among F2 progenies treated with 2,4-D
also corroborated the polygenic nature of 2,4-D resistance trait. Chapter 3 of this dissertation
confirmed that 2,4-D resistance in KCTR is due to enhanced metabolism possibly mediated by
cytochrome P450 enzyme activity. It is highly likely that either multiple P450 genes or P450
along with other genes may be governing the 2,4-D resistance in KCTR. Future efforts will be
directed towards identifying the genes involved in mediating 2,4-D resistance in KCTR Palmer

amaranth.
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Introduction

The introduction of herbicides for crop production in the 1940s revolutionized global
agriculture. However, over-reliance on herbicides has resulted in the evolution of herbicide
resistance in many agriculturally important weeds. There are currently 521 unique cases of
herbicide resistance across 263 weed species worldwide, including 152 dicots and 111 monocots
(Heap 2021). A critical aspect of the evolution of herbicide resistance in weeds is understanding
how the resistance is inherited and spread (Preston and Mallory-Smith 2001). Genetic factors,
such as the degree of dominance of the trait and the number of alleles controlling the trait can
impact how the trait will spread, which in turn will influence the weed management strategies
(Maxwell et al. 1990). For instance, resistance conferred by dominant gene(s) is expressed in
both homozygous and heterozygous states, and, therefore, can spread fast. In contrast, recessive
traits can only express in a homozygous state and are slower to spread than dominant trait(s). If
herbicide resistance is conferred by a single gene, it can spread faster compared to polygenic
resistance traits, which require multiple recombination events during meiosis to accumulate
multiple alleles (unless they inherit together). Knowledge of the inheritance of herbicide
resistance in weeds can also help understand the evolution of resistance under various types of
selection pressure (Menalled et al. 2016).

Herbicide resistance mechanisms in weeds/crops are broadly categorized into two types, i.e.,
target-site (TSR) and non-target site (NTSR) based, which can influence the inheritance pattern
of the trait. TSR mechanisms that involve modifications to herbicide target usually follow the
Mendelian single gene inheritance model. However, TSR mechanism involving amplification of
herbicide target gene, as reported for glyphosate resistance (e.g., Palmer amaranth), does not

follow such a pattern (Jugulam 2021, Koo et al. 2018). In contrast, the NTSR mechanisms do not
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affect the herbicide target; instead, these alter the physiological processes involved in herbicide
action (Jugulam and Shyam 2019). Metabolism of herbicides, a common NTSR mechanism, is
reported to be conferred primarily by multiple genes in several weeds; albeit in rare cases by a
single gene as well (Busi and Powles 2017, Kohlhase et al. 2018, Pandian et al. 2021, Shyam et
al. 2021b).

2,4-dichlorophenoxyacetic acid (2,4-D) is a synthetic auxinic herbicide (SAH) commonly
used for controlling dicot weeds in cereal crops such as corn (Zea mays L.), wheat (Triticum
aestivum L.), and sorghum (Sorghum bicolor L.). Despite being used in agriculture for more than
seven decades, the evolution of resistance to 2,4-D has been relatively slow. However, in the past
decade, over-reliance on SAHs, like 2,4-D for controlling acetolactate synthase (ALS)- and 5-
enol pyruvyl shikimate phosphate synthase (EPSPS)-inhibitor-resistant weeds, has led to an
increase in weed resistance to SAHs. As of 2021, globally, 42 weeds are resistant to SAHs, and
amongst them, 25 weeds have evolved resistance to 2,4-D (Heap 2021). This limits options for
managing dicot weeds in cereal cropping systems. Moreover, the adoption of recently
commercialized 2,4-D- tolerant crop technology poses the risk of increased 2,4-D selection
pressure, which can ultimately lead to the evolution of 2,4-D resistance in several weeds.
Therefore, a thorough understanding of 2,4-D resistance mechanisms can help develop tactics for
minimizing the spread and further evolution of 2,4-D resistance.

Inheritance of 2,4-D resistance has been studied in several economically important weeds
around the globe, such as common waterhemp, prickly lettuce (Lactuca serriola L.), wild radish
(Raphanus raphanistrum L.), wild mustard (Sinapis arvensis), and oriental mustard (Sisymbrium
orientale L.) (Busi and Powles 2017, Jugulam et al. 2005, Preston and Malone 2015, Riar et al.

2011, Sabaté¢ et al. 2016). So far, the inheritance pattern of resistance to SAHs such as 2,4-D has
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varied depending on the resistance mechanism and the weed species involved. For instance, 2,4-
D resistance in prickly lettuce was governed by a single co-dominant allele (Riar et al. 2011).
Similarly, in wild mustard (Brassica kaber L.) a single gene was found to mediate 2,4-D
resistance (Jugulam et al. 2005). However, polygenic inheritance was documented for 2,4-D
resistance in common waterhemp and 2-methyl-4-chlorophenoxyacetic acid (MCPA) resistance
in hemp-nettle (Galeopsis tetrahit L.) (Sabaté et al. 2016, Weinberg et al. 2006).

Palmer amaranth (Amaranthus palmeri S. Watson), a native of Mexico and the southern US,
is one of the most troublesome weeds in the US (Van Wychen 2020). So far, Palmer amaranth
has evolved resistance to 8 herbicide modes of action (MOAs) (Heap 2021). The reproductive
biology of Palmer amaranth plays a crucial role in its ability to evolve resistance to herbicides.
For instance, Palmer amaranth is a dioecious plant, making cross-pollination a necessity to
produce seeds, which also creates the potential of the flow of herbicide-resistant genes via both
intraspecific and interspecific hybridization (Gaines et al. 2012, Sosnoskie et al. 2012). Female
Palmer amaranth plants are also characterized by high fecundity resulting in the production of
abundant seeds per plant (Keeley et al. 1987, Webster and Grey 2015). These reproductive traits
make Palmer amaranth a highly persistent weed and allow further spread of herbicide resistance
genes.

We recently documented a population of Palmer amaranth (KCTR: Kansas Conservation
Tillage resistant) from Kansas which has evolved resistance to six herbicides MOAs including
SAH 2,4-D. Dose-response assays have confirmed that KCTR 1is 6- tol1- fold resistant to 2,4-D
compared to two susceptible Palmer amaranth populations (KSS: Kansas Susceptible and MSS:
Mississippi Susceptible). Enhanced metabolism of 2,4-D was found to confer resistance in

KCTR Palmer amaranth (Chapter 3). Further, application of cytochrome P450 (P450) inhibitor,
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malathion, has increased efficacy of 2,4-D in KCTR plants, indicating the involvement of
P450(s) in mediating 2,4-D metabolism (Chapter 3). Although resistance to 2,4-D in Palmer
amaranth has been documented in two populations in Kansas (Heap 2021, Kumar et al. 2019b),
the information on the genetic basis of 2,4-D resistance is lacking. This study was conducted to
investigate the genetic basis of 2,4-D resistance in KCTR Palmer amaranth. The specific
objectives were: 1) generate F1 progenies and evaluate their response to 2,4-D application to
determine the dominant or recessive nature of resistance allele(s) in KCTR, and ii) generate F>
progenies and assess their response to 2,4-D treatment to determine the number of allele(s)

conferring the resistance in KCTR.

Materials and Methods

Plant Materials and Growth Conditions

2,4-D-resistant (KCTR) and susceptible (KSS) Palmer amaranth populations were used in
this study. KCTR population was originally collected in 2018 from a long-term conservation
tilled field with sorghum production in Riley County, KS. The KSS population is known to be
susceptible to 2,4-D and was also collected from a nearby field in Riley County, Kansas.
Experiments to generate F1 and F2 progenies and for characterizing their response to 2,4-D were
conducted either in greenhouse or controlled environmental growth chambers. The following
greenhouse conditions were maintained: 30/24 °C (d/n) temperature and 16/8 h (d/n) photoperiod
with natural light supplemented with 250 pmol m~ s~! illumination by sodium vapor lamps.
Growth chambers were maintained at 32.5/22.5 °C (d/n) with a photoperiod of 15/9 h (d/n) with
60+10% relative humidity and a light intensity of 750 umol m~ s! provided by incandescent and
fluorescent lamps. Seeds of KCTR and KSS Palmer amaranth populations were sown in small
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plastic trays (21 x 6 x 4 cm) with commercial potting mix (Pro-Mix® premium potting mix,
Premier Tech Home and Garden Inc., Ontario, Canada) in the greenhouse and allowed to
emerge. Palmer amaranth seedlings with 3-4 leaves were transplanted into small pots (6 x 6 %
6.5 cm) for herbicide treatment. Plants were watered as needed (procedure for herbicide
treatment is given later).

Generation of F; and F; Families of KCTR Palmer amaranth

Ten-12 cm tall KCTR seedlings (n = 20) were treated with 2,4-D (2,4-D 4L Amine, Winfield
Solutions, LLC., St. Paul, Minnesota, US) at 1120 g ae ha™!' and allowed to grow in the
greenhouse. At 4 weeks after treatment (WAT) the survivors were identified and transferred to
new pots (15 X 10 x 15 cm) to initiate flowering. Once flowered, healthy male and female

KCTR plants were selected for performing direct and reciprocal crosses (Figure 4.1).

Direct crosses were performed by enclosing female () KCTR (survivors of 2,4-D
application) individually with male (@) KSS (non-treated with 2,4-D) in a pollination bag
(Figure 4.1). Reciprocal crosses were performed with female () KSS plants (non-treated with

2,4-D) paired with male (@#) KCTR (survivors of 2,4-D application) plants (Figure 4.1). Before

enclosing the plants, existing flower parts were removed to avoid any contamination and ensure
crossing between selected plants. Once both plants flowered, male Palmer amaranth plants were
gently shaken periodically to disperse pollen and pollinate the stigmas of female plants. At
maturity, seeds were collected from each female plant separately, cleaned, and stored at 32 °Cin
greenhouse to allow over-ripening of the seeds necessary for good germination. In total, seeds of
three F1 families were generated from these crosses, i.e., Fi-1, F1-2, and F1-3 (Figure 4.1).
Palmer amaranth is a dioecious plant therefore true-F> families cannot be generated by selfing.

Hence, some plants from each Fi family were further screened with 2,4-D (1120 g ae ha™) to
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identify female and male F1 plants resistant to 2,4-D to be used to generate pseudo-F2 families

(Figure 4.1). In total four F2 families were generated upon crossing male and female F1 survivors

(Fa2-1, F2-2, F2-3-1, F2-3-2; Figure 4.1). These progenies raised from the F1 and F2 families were

also used in further studies.

Direct crossing

KCTR screened
with 2,4-D % X %

Generation of F1- | o KCTR d KSS

families

F;-1 and F4-3

oo

¢ Fi-lor || T F-lor
F-3 F-3

Dose-response

Generation of

pseudo F, families

Segregaton into
resistant and

susceptible
phenotype

F>-1,F>-3-1 and F»-3-2

Reciprocal crossing

Sio - S

JKSS o KCTR

Fo-2

Figure 4.1 Schematic diagram showing the generation of F1 and F2 families of KCTR (resistant)

and KSS (susceptible) Palmer amaranth and the experimental steps in the study [Created with

BioRender.com].
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2,4-D Dose-response study using KCTR, KSS, and F; Progenies

Whole-plant dose-response experiments were conducted with parental KCTR, KSS, and F;
Palmer amaranth progenies generated from three Fi1 families. The experiments were conducted in
a completely randomized design in growth chambers. KCTR, KSS, and progenies from
individual F; families were germinated in small trays and transplanted into small pots as
described previously. One week after transplanting, the seedlings were transferred to growth
chambers (maintained at the same conditions as described in ‘Plant Materials and Growth
Conditions’). Palmer amaranth seedlings (10-12 cm tall) were treated with 2,4-D at the following
doses i.e., 0 (non-treated), 140 (0.25X), 280 (0.5X), 560 (1X; field recommended dose), 1120
(2X; discriminatory dose under growth chamber conditions), and 2240 (4X) g ae ha'!. After 30
minutes of herbicide treatment, plants were returned to the growth chamber. 2,4-D was applied
using a bench-track sprayer (Generation III, DeVries Manufacturing, Hollandale, Minnesota,
US) using a flat-fan nozzle tip (8002 Teejet, Spraying Systems Co., Wheaton, Illinois, US) and
was calibrated to spray equivalent to 187 L ha! or 20 gallons per acre (GPA). At 4 WAT, plant
survival (dead or alive) was assessed at each dose of 2,4-D treatment. Above-ground plant parts
were harvested at 4 WAT and oven-dried at 65 °C for at least 72 h. Dose-response experiments
with each Fi family were repeated at least once, and five replications were maintained for each
dose of 2,4-D. Dry weight was measured and converted into relative dry weight (% of non-
treated) as described below (Equation 4.1):

RDW (%) =[(DW x 100)/ADW]

In equation 4.1, RDW is relative dry weight (% of non-treated control), DW is dry weight of the

sample and ADW is the average dry weight of non-treated control.
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Evaluation of Segregation (2,4-D resistance or susceptibility) of F, Progenies
Seeds of Fao-families (F2-1, F2-2, F2-3-1, F2-3-2) were grown in the greenhouse as

described above. Based on the response of parental populations, i.e., KCTR and KSS in
greenhouse conditions, the field recommended dose of 2,4-D (560 g ae ha™!) was identified to
discriminate resistant (alive) or susceptible (dead) plants. The same dose was used to determine
the segregation of F2 progenies into resistant or susceptible plants. Approximately 20-120
progenies (10-12 cm tall; Table 4.4) representing each F2 family were treated with 560 g ae ha™!
of 2,4-D in each run. Around 20-30 plants of KSS Palmer amaranth were also treated (in each
run) along with the F2 progenies as a negative control. At4 WAT, live or dead (resistance or
susceptible) phenotype of the 2,4-D-treated plants was documented (Figure 4.1). The experiment
was repeated. For the second run of the experiment, at 4 WAT, the above-ground dry weight of

F2 plants was harvested, dried, and measured (as described above).
Data Analysis

Relative dry weight data from two runs of 2,4-D dose-response experiments of each Fi
family were tested using Levene's test (o = 0.05) in R (version 4.0.3, R Core Team, 2020) for
homogeneity of variance. Since the output was non-significant, the relative dry weight data were
pooled across two runs. Relative dry weight datasets for each Fi family were analyzed using
three-parameter log-logistic ‘drc’ models in R (Knezevic et al. 2007, Ritz et al. 2015). The model
had the following formula (Equation 4.2):

Y =d+exp[b (logx—loge)]
where Y is the response variable, x is the herbicide dose, d is the upper limit, b is the relative
slope around e and e is GRso (amount of 2,4-D required to reduce plant dry weight by 50%). The
GRso values of different Fi1 families and populations were further tested via t-test using the
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function ‘compParm’ in ‘drc’ package to determine differences across the doses. In-built ‘plot’
function in the ‘drc’ package was used to visualize the dose-response curves. Resistance index
(RI) was calculated as a ratio of GRso of KCTR or Fi1 families and GRso of KSS population.
Cumulative dry weight distribution of the F1 progenies along with the parental populations (KSS
and KCTR) at each dose of 2,4-D was illustrated (as density plot; Figure 4.5) using *ggplot2’
package in R (Wickham 2016).

The number of F2 progenies observed to have survived after 2,4-D treatment was
compared with the expected number of survivors using chi-square analyses. The expected
segregation of 2,4-D resistant (alive) or susceptible (dead) phenotypes was determined based on
the assumption of the Mendelian single locus segregation model, which suggests that the 2,4-D
resistance in KCTR is controlled by a single gene. The following equation (4.3) was used:

Exp. F2 = (1 x Obs. KCTR + 2 x Obs. F1 + 1 x Obs. KSS)

In this equation Exp. F2 is the expected segregation frequency of the F2 progenies and Obs. is
the observed segregation frequency of KCTR, F1, and KSS phenotypes. Based on previous
experiments conducted in greenhouse conditions, the KCTR plants and Fi progenies were found
resistant to 560 g ae ha™' of 2,4-D, while KSS plants were susceptible. This dose was used to
document resistant or susceptible plants among F2 progenies. Chi-square goodness of fit test (2)
was used to analyze the data of the plant segregation as resistance or susceptibility to 2,4-D by
comparing the observed segregation frequency with the expected. The null-hypothesis (Ho) for
the test was that segregation of 2,4-D resistance in F2 progenies will follow the 3:1 ratio
(resistant: susceptible) and p-value from each F2 family was compared with the significance level
of o= 0.05. The formula used for the test is (Equation 4.4):

w2 = (E-0)¥ E
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where %2 is the chi-square goodness of fit-value, O and E are the observed and expected
segregation frequencies, respectively, of progenies in each F2 family. Ho was rejected if the
obtained p-value was < 0.05. Dry weight data of the F2 progenies were also visualized as density

plot (described previously; Figure 4.6).

Results

2,4-D Dose-response with KCTR, KSS, and F; Progenies of Palmer amaranth
Response of progenies from F; families and parental populations KCTR and KSS Palmer

amaranth to 2,4-D was assessed via dose-responses experiments. Averaged across dose-response
experiments, 90% of KCTR and 15% of KSS plants survived the discriminatory dose of 2,4-D.
The KSS plants that survived 2,4-D treatment, showed high levels of epinasty (downward
curling of plant parts, a typical symptom of SAH injury) and stayed stunted, and did not show
any new growth for up to 4 WAT. Nonetheless, the KCTR Palmer amaranth plants survived even
the highest dose used in the study (2240 g ae ha™'). Compared to that, 87% of Fi-1, 92% of Fi-2,
and 89% of F1-3 survived application of 2,4-D at 1120 g ae ha™!. The lack of 100% survival of Fi
plants in response to 2,4-D (1120 g ae ha™') suggests that the parent KCTR plants used for
crossing were heterozygous for 2,4-D resistance. The majority of progenies of F1 plants in all the
three families, generated by both direct or reciprocal crosses, were resistant to 2,4-D, implying
that the resistance to 2,4-D in KCTR is a nuclear trait. In the Fi-1 dose-response experiments,
the amount of 2,4-D required to cause a 50% reduction in growth (GRs0) of KCTR, Fi-1 and
KSS were 1800, 837, and 194 g ae ha'!, respectively (Table 4.1; Figure 4.2), suggesting that the
KCTR and Fi-1 are 9- and 4-fold resistant to 2,4-D compared to KSS (Table 4.1). Similar results
were obtained from Fi-2 and Fi-3 dose-response experiments (Table 4.2, 4.3; Figure 4.3, 4.4).
The GRso of KCTR, KSS, and Fi-2 plants were 1188, 501, and 200 g ae ha'!, respectively (Table
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4.2; Figure 4.3), indicating that the KCTR and Fi-2 plants were 6- and 3-fold resistant,
respectively, to 2,4-D treatment, compared to KSS. Likewise, the GRso of KCTR, KSS, and Fi-3
were 1317, 500, and 167 g ae ha™!, respectively (Table 4.3; Figure 4.4), with RI of 7 and 3,
compared to KSS (Table 4.3). Overall, the results of these experiments suggest an intermediate
response of F1 progenies to 2,4-D compared to KCTR and KSS plants. This implies that 2,4-D
resistance in KCTR Palmer amaranth is an incompletely dominant trait.

Further, cumulative dry weight data from the F1 dose-response assays were plotted for
KSS, KCTR, and F plants at each 2,4-D dose (Figure 4.5). A minimal difference was found in
the spread and distribution of dry weight of KSS, KCTR, and the F1 plants in those that were not
treated with 2,4-D (NT; 0 g ae ha!) (Figure 4.5A). However, when treated with up to 2X dose of
2,4-D (1120 g ae ha!), F1and KCTR plants had similar distribution (Figure 4.5B, C, D, E). At a
high dose of 2,4-D (4X; 2240 g ae ha™"), KCTR plants had a wider spread than F1 plants (Figure
4.5F), indicating higher resistance in KCTR compared to F1 plants. Such behavior of Fi

progenies supports the incompletely dominant nature of 2,4-D resistance trait in KCTR.

Table 4.1 Regression parameters (Equation 4.2) describing the response of KSS (susceptible),
KCTR (resistant) Palmer amaranth, and Fi-1 progenies to 2, 4-D under growth chamber
conditions (b: relative slope, d: upper limit; e: GRso or dose required for 50% dry weight

reduction; SE: standard error; RI: resistance index).

Fi-family/
Population b (SE) d (SE) e (SE) RI
Fi-1 0.76 (0.12) 99.60 (4.57) 837.31 (162.98) 4.3
KCTR 0.65 (0.13) 100.74 (5.32) 1800 (566.45) 9.3
KSS 0.81 (0.16) 99.68 (5.52) 194 (46.96) -
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Table 4.2 Regression parameters (Equation 4.2) describing the response of KSS (susceptible),
KCTR (resistant) Palmer amaranth, and Fi-2 progenies to 2, 4-D under growth chamber
conditions (b: relative slope, d: upper limit; e or GRso: dose required for 50% dry weight

reduction; SE: standard error; RI: resistance index).

Fi-family/
b (SE) d (SE) e (SE) RI
Population
Fi-2 1.13 (0.23) 100.80 (6.71) 501.18 (106.62) 2.5
KCTR 0.99 (0.23) 102.11 (6.69) 1188.02 (288.70) 59
KSS 1.09 (0.29) 107.87 (8.83) 200.02 (53.59) -

Table 4.3 Regression parameters (Equation 4.2) describing the response of KSS (susceptible),
KCTR (resistant) Palmer amaranth, and Fi-3 progenies to 2, 4-D under growth chamber
conditions (b: relative slope, d: upper limit; e or GRso: dose required for 50% dry weight

reduction; SE: standard error; RI: resistance index).

Fi-family/
b (SE) d (SE) e (SE) RI
Population
Fi-3 1.27 (0.24) 100.61 (6.07) 500.2 (90.43) 3.0
KCTR 0.80 (0.17) 102.74 (5.61) 1316.97 (343.25) 7.9
KSS 0.93 (0.22) 100.31 (6.61) 166.50 (43.50) -
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Figure 4.2 (A) Response of KSS (susceptible), KCTR (resistant), and Fi-1 progenies to 2,4-D at
varying doses of 2,4-D ranging from non-treated (NT) to 4X; wherelX represents the field
recommended dose of 2,4-D at 560 g ae ha™! at 4 weeks after treatment (WAT). (B) Dose-
response curves representing the relative dry weight (% of non-treated) of KSS, KCTR, and Fi-1
progenies using the three-parameter log-logistic regression model (Equation 4.2) at 4 WAT.

Dotted arrow at the center of the plot represents the 50% of relative dry weight.
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Figure 4.3 (A) Response of KSS (susceptible), KCTR (resistant), and Fi-2 progenies to 2,4-D at

varying doses of 2,4-D ranging from non-treated (NT) to 4X; wherel X represents the field
recommended dose of 2,4-D at 560 g ae ha'! at 4 weeks after treatment (WAT). (B) Dose-
response curves representing the relative dry weight (% of non-treated) of KSS, KCTR, and Fi-2
progenies using the three-parameter log-logistic regression model (Equation 4.2) at 4 WAT.

Dotted arrow at the center of the plot represents the 50% of relative dry weight.
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Figure 4.4 (A) Response of KSS (susceptible), KCTR (resistant), and Fi-3 progenies to 2,4-D at
varying doses of 2,4-D ranging from non-treated (NT) to 4X; wherel X represents the field
recommended dose of 2,4-D at 560 g ae ha™! at 4 weeks after treatment (WAT). (B) Dose-
response curves representing the relative dry weight (% of non-treated) of KSS, KCTR, and Fi-3
progenies using the three-parameter log-logistic regression model (Equation 4.2) at 4 WAT.

Dotted arrow at the center of the plot represents the 50% of relative dry weight.
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Figure 4.5 Visualization of cumulative dry weight distribution of KSS (susceptible), KCTR
(resistant), and F1 progenies in response to 2,4-D at (A) 0 (Non-treated) (B) 140, (C) 280, (D)
560 (field recommended dose), (E) 1120, and (F) 2240 g ae ha™! via density plots. Dry weight of
samples was converted into bins and plotted in the X-axis. Y-axis was plotted by calculating
density which is the proportion of total plants in each bin. Dotted lines represent mean dry

weight of KSS, KCTR, and F plants.
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Segregation (2,4-D resistance or susceptibility) of F, Progenies
Response of progenies from F2 families and KSS population (as control) were evaluated
by treating with 2,4-D at the field recommended dose of 560 g ae ha''. As expected, upon
treatment with 560 g ae ha! of 2,4-D, all KSS plants (n = ~50), either completely died or had

dried leaf and stunted growth at 4 WAT (data not shown). Interestingly, the percent survival of

F2 progenies highly varied among families.

() Fy-3-1 _ (D) Fz-3-2

Figure 4.6 Response of progenies from four F2 families i.e., (A) F2-1, (B) F2-2, (C) F2-3-1, and

(D) F2-3-2 to treatment with 2,4-D at 560 g ae ha™! (field recommended dose).
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Varied phenotypes of F2 progenies ranging from high resistance (plants showing low epinasty
and high dry weight accumulation) to very low-level resistance (plants showing high epinasty
and low dry weight accumulation) were found (Figure 4.6). In the first run of this assay, all F2
families deviated from the expected 3:1 (resistance: susceptibility) segregation ratio (Table 4.4).
In the second run, however, except for the F2-1 family, all other families did not follow the 3:1
segregation ratio (Table 4.4). Overall, when combined (run 1 and 2; Table 4.4) all F2- families
failed to segregate as 3:1 (resistance and susceptible) ratio, indicating that more than one gene(s)

is involved in mediating 2,4-D resistance in KCTR Palmer amaranth.
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Figure 4.7 Visualization of cumulative dry weight data distribution of KSS (susceptible; n = 21)
and F2 progenies (n = 332) in response to 2,4-D at 560 g ae ha™! (field recommended dose) via
density plot. Dry weight of samples was converted into bins and plotted on the X-axis. Y-axis
was plotted by calculating density which is the proportion of total plants in each bin. Dotted lines

represent mean dry weight of KSS and F2 plants.
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Table 4.4 Chi-square test for goodness of fit of the observed segregation of plants as resistance

or susceptible to 2,4-D to the expected frequency for a single-locus model in pseudo-F2 families

of Palmer amaranth. The expected survival frequency for each F2 family was calculated

(Equation 4.3) and compared with the observed frequency of survival (Equation 4.4).

. ] Expected
Experimental ~ F, family/ Plants Observed survival ‘
N ; survival p-value
un Populati treate

opwiation Alive Dead Alive  Dead
F-1 72 30 42 54 18 <.00001
F-2 101 56 45 75.75 2525  <.00001
1 F,-3-1 74 46 28 55.5 18.5 0.01076
F,-3-2 53 25 28 39.75  13.25  <.00001
Total 300 157 143 225 75 <.00001
F-1 92 63 29 69 23 0.14856
F-2 20 9 11 15 5 0.00195
2 F -3-1 124 79 45 93 31 0.00369
F-3-2 96 46 50 72 24 <.00001
Total 332 197 135 249 83 <.00001
F -1 164 93 71 123 41 <.00001
F-2 121 65 56 90.75 30.25  <.00001

1&2 F
-9- 198 125 73 148.5 495 0.00011
Combined 2

F-3-2 149 71 78 111.75 37.25 <.00001
Total 632 354 278 474 158 <.00001

The distribution of shoot dry weight per plant (g) of the F2 progenies (n = 332) and KSS

plants (n = 21) was illustrated through a density plot (Figure 4.7). The distribution showed a
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widespread of dry weight bins representing plant to plant variation in response to 2,4-D

treatment (Figure 4.7).

Discussion

The evolution of 2,4-D resistance in Palmer amaranth has been reported only in two
populations from Kansas, including, KCTR (Heap 2021, Kumar et al. 2019b). KCTR was also
documented to exhibit predominantly metabolic resistance to at least 5 herbicide MOAs
including ALS-, photosystem II (PS II)-, protoporphyrinogen oxidase (PPO)-, 4-
hydroxyphenylpyruvate dioxygenase (HPPD)-inhibitors and SAHs (Chapter 2). Moreover,
physiological studies have confirmed enhanced metabolism of 2,4-D in KCTR compared to
susceptible populations KSS and MSS (Chapter 3). Information on the genetic basis of 2,4-D
resistance in Palmer amaranth is lacking. Therefore, in the current study, we investigated the
inheritance of 2,4-D resistance in KCTR. Three Fi families (Fi-1, Fi-2, F1-3) were generated,
which were further used to generate four pseudo-F2 families (F2-1, F2-2, F2-3-1, F2-3-2).

In response to the discriminatory (dead or alive) dose of 1120 g ae ha™! of 2,4-D treatment,
the lack of 100% survival of progenies in all F1 families suggested that the 2,4-D resistant KCTR
plants used as parents in crossing program to generate F1 seed were heterozygous. Even though
the KCTR plants used in this study were obtained after two rounds of screening with 2,4-D at a
dose higher than the field recommended dose, there is a high possibility of progenies being
heterozygous, because of the dioecious nature of Palmer amaranth. In the dose-response assays,
KCTR plants, as expected, showed a high level of 2,4-D resistance (6-9 fold) compared to KSS
plants (Figure 4.2, 4.3, 4.4; Table 4.1, 4.2, 4.3). Progenies generated by both direct and

reciprocal crosses were found resistant to 2,4-D, indicating that the 2,4-D resistance in KCTR is
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a nuclear trait (Figure 4.2, 4.3, 4.4; Table 4.1, 4.2, 4.3). In general, resistance to majority of
herbicides is a nuclear trait. One exception is the TSR to PS II-inhibitors in weeds, which is
inherited maternally/cytoplasmically (MacHado and Bandeen 1982). Nuclear inheritance of 2,4-
D inheritance has been reported in several weeds, including wild radish, wild mustard, oriental
mustard, common waterhemp, and prickly lettuce (Busi and Powles 2017, Jugulam et al. 2005,
Preston and Malone 2015, Riar et al. 2011, Sabaté et al. 2016). Nuclear traits are transferred by
both seed and pollen of resistant plants. Previously, pollen-mediated intra- and interspecific
transfer of TSR and NTSR traits have been documented in Amaranthus sp. (Gaines et al. 2012,
Jhala et al. 2021, Nakka et al. 2017a, Nandula et al. 2014, Oliveira et al. 2018b, Sosnoskie et al.
2012, Shyam et al. 2021b). Therefore, there is a potential of inter-or intraspecific transfer of 2,4-
D resistance via pollen-mediated gene flow.

The results of F1 dose-response assay showed an intermediate level of 2,4-D resistance in all
F1 families compared to the parental resistant (KCTR) and susceptible (KSS) plants (Figure 4.2,
4.3,4.4; Table 4.1, 4.2, 4.3). Moreover, from cumulative dry weight distribution, it was found
that F1 progenies had narrower dry weight distribution at 4X dose i.e., 2240 g ae ha™!, whereas
the distribution was found similar at lower doses of 2,4-D (Figure 4.5). Both chi-square analysis
and distribution plotting confirmed that 2,4-D resistance in KCTR Palmer amaranth is an
incompletely dominant trait. Most cases of herbicide resistance, including metabolic resistance,
have been reported to be controlled by either completely or incompletely dominant genes (Busi
and Powles 2017, Huffman et al. 2015, Preston and Malone 2015, Shyam et al. 2021b).
Recessive allele(s) govern very few instances of herbicide resistance. For example, clopyralid
and picloram resistance in yellow starthistle (Centaurea solstitialis L.) and quinclorac resistance

in false cleavers (Galium spurium L.) were found to be conferred by recessive alleles (Sabba et
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al. 2003, Van Eerd et al. 2004). Similar to the findings of the current study, 2,4-D resistance in
common waterhemp and wild radish was found to be incompletely dominant (Busi and Powles
2017, Sabaté et al. 2016). In contrast, inheritance of 2,4-D resistance in wild radish and dicamba
resistance in kochia (Bassia scoparia L.) were found to be controlled by dominant alleles (Busi
and Powles 2017, Jasieniuk et al. 1995, Preston et al. 2009). An incompletely dominant trait is
expressed in both homozygous and heterozygous state; therefore, the spread of 2,4-D resistance
will be faster than a recessive trait.

Segregation of F2 progenies in KCTR Palmer amaranth at the field recommended dose of
2,4-D (560 g ae ha!) did not follow the Mendelian 3:1 (resistance: susceptible) ratio, as expected
for a single gene inheritance (Table 4.4). Only one F2-family (F2-1) in the second run of the
study segregated in the 3:1 ratio (Table 4.4). However, in the first run and the combined analysis
of two runs, the F2-1 segregation did not follow the 3:1 (resistance: susceptible) ratio (Table 4.4).
This indicates that the 2,4-D resistance in KCTR Palmer amaranth is not inherited by a single
gene, but a polygenic trait. Furthermore, analysis of the chi-square goodness of fit test data
suggests variability in the phenotypes among the F2 progenies resistant to 2,4-D, which cannot be
explained by a single major gene-mediated resistance (Figure 4.6, 4.7). Although a majority of
TSR is controlled by a single gene (Patzoldt et al. 2003, Tardif et al. 1996), the inheritance of
NTSR was reported to be conferred by both single and multiple genes (Huffman et al. 2015,
Kohlhase et al. 2018, Oliveira et al. 2018a, Pandian et al. 2021, Shyam et al. 2021b). For
instance, monogenic metabolic resistance to chlorsulfuron and atrazine was documented in
common waterhemp (Amaranthus tuberculatus Moq. Sauer.), Palmer amaranth, and sorghum
(Huffman et al. 2015, Pandian et al. 2021, Shyam et al. 2021b). Polygenic inheritance was

reported for metabolic resistance to mesotrione in common waterhemp and Palmer amaranth
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(Huffman et al. 2015, Kohlhase et al. 2018, Oliveira et al. 2018a, Shyam et al. 2021b). Similar to
our findings, 2,4-D resistance in common waterhemp and MCPA resistance in hemp-nettle was
found to be polygenic (Sabaté et al. 2016, Weinberg et al. 2006). On the other hand, single-gene
inherited 2,4-D resistance was reported in wild mustard, oriental mustard, prickly lettuce
(Jugulam et al. 2005, Preston and Malone 2015, Riar et al. 2011). Traits inherited by multiple
genes spread slower than those with single alleles. Therefore, the spread of 2,4-D resistance in
Palmer amaranth could be slower than that inherited by a single dominant allele.

The results of Chapter 3, indicate that KCTR Palmer amaranth evolved metabolic resistance
to 2,4-D, mediated by cytochrome P450 monooxygenases (P450s) activity. Similarly, in other
2,4-D-resistant weed species, such as common waterhemp metabolic resistance mediated by
P450 has been reported (Figueiredo et al. 2018, Shergill et al. 2018b). Increased expression of a
P450 cluster (P450- 81E8) was recently reported in 2,4-D-resistant common waterhemp
populations from both NE and IL (Giacomini et al. 2020). Based on the data from this chapter,
multiple genes confer metabolic resistance to 2,4-D in KCTR Palmer amaranth. Multiple genes,
possibly either a combination of P450s or other closely-linked genes that can metabolize 2,4-D
may be involved in 2,4-D resistance in KCTR Palmer amaranth. Metabolic resistance to
herbicides usually follows a three-step detoxification process, including several genes facilitating
herbicide conversion, degradation, and transporting or compartmentalizing of degraded
molecules into the vacuole of a plant cell. Metabolic resistance might also involve genes that
help in plant recovery after herbicide treatment. Therefore, a more in-depth investigation is
needed to decipher the genes involved in the metabolic resistance of 2,4-D in KCTR Palmer

amaranth.
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Conclusion

In summary, the data from this study suggest that 2,4-D resistance in KCTR Palmer amaranth
is an incompletely dominant nuclear trait, governed by multiple alleles. The possible presence of
any TSR to 2,4-D in KCTR has not been investigated yet and needs to be investigated. In case
any TSR mechanism is present, that will likely complicate the inheritance pattern. Future
research shall also be aimed at discovering metabolic genes that mediate 2,4-D resistance in
KCTR. Availability of the Palmer amaranth genome (Montgomery et al. 2020) and application
of transcriptomic approach can enable identifying specific P450s involved in metabolic
resistance in weeds. For example, a P450 gene (P450-81A10v7) was documented to confer
metabolic resistance to at least 5 MOAs of action in rigid ryegrass (Lolium rigidum L.) (Han et
al. 2021). Studies to understand if metabolic resistance to 2,4-D can be transferred via pollen to
other Amaranthus sp. are also important. This will help in formulating management practices
specific to Amaranthus sp. Overall, 2,4-D has been a viable option to manage ALS- and EPSPS-
inhibitor resistant Palmer amaranth; however, the evolution of resistance to this herbicide
restricts this option to growers. Therefore, the incorporation of integrated weed management

techniques will be necessary for slowing the evolution and spread of 2,4-D resistance.
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Abstract

Glyphosate-resistant (GR) Palmer amaranth is a problematic, annual broadleaf weed in
soybean production fields in Nebraska and many other states in the US. Soybean tolerant to 2,4-
D, glyphosate, and glufosinate (Enlist E3™) has been developed and was first grown
commercially in 2019. The objectives of this research were to evaluate the effect of herbicide
programs applied pre-emergence (PRE), PRE followed by (fb) late post-emergence (LPOST),
and early post-emergence (EPOST) fb LPOST on GR Palmer amaranth control, density, and
biomass reduction, soybean injury, and yield. Field experiments were conducted near Carleton,
Nebraska, in 2018, and 2019 in a grower’s field infested with GR Palmer amaranth in 2,4-D-,
glyphosate-, and glufosinate-tolerant soybean. Sulfentrazone + cloransulam-methyl, imazethapyr
+ saflufenacil + pyroxasulfone, and chlorimuron ethyl + flumioxazin + metribuzin applied PRE
provided 84% to 97% control of GR Palmer amaranth compared with the non-treated control 14
d after PRE. Averaged across herbicide programs, PRE fb 2,4-D and/or glufosinate, and
sequential application of 2,4-D or glufosinate applied EPOST fb LPOST resulted in 92% and
88% control of GR Palmer amaranth, respectively, compared with 62% control with PRE-only
programs 14 d after LPOST. Reductions in Palmer amaranth biomass followed the same trend;
however, Palmer amaranth density was reduced 98% in EPOST fb LPOST programs compared
with 91% reduction in PRE fb LPOST and 76% reduction in PRE-only programs. PRE fb
LPOST and EPOST fb LPOST programs resulted in an average soybean yield of 4,478 and
4,706 kg ha!, respectively, compared with 3,043 kg ha™! in PRE-only programs. Herbicide
programs evaluated in this study resulted in no soybean injury. The results of this research
illustrate that herbicide programs are available for the management of GR Palmer amaranth in

2,4-D-, glyphosate-, and glufosinate-tolerant soybean.
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Introduction

Commercialization of herbicide-resistant (HR) crop technology in the late 1990s led to a
turning point in the history of weed management (Reddy and Nandula 2012). Glyphosate-
resistant (GR) soybean and corn (Zea mays L.) were rapidly adopted by growers in the US
because of their ease of use, cost-effectiveness, and broad-spectrum weed control (Green and
Owen 2011). Currently, HR soybean constitutes 90% of the total soybean planted in the US
(USDA 2021). HR soybean including a single trait such as glyphosate resistance or glufosinate
resistance, or multiple HR traits such as glyphosate and dicamba resistance are grown in the US.
The cultivation and widespread adoption of GR corn and soybean after their commercialization
reduced the use of residual herbicides because of flexibility in application timing, excellent weed
control, and a wide margin of crop safety with glyphosate (Green 2012); however, repeated
application of glyphosate resulted in the evolution of GR weeds (Heap and Duke 2018).
Currently, 52 weed species have been reported to have evolved resistance to glyphosate globally,
including 17 species in the US (Heap 2021).

Native to the southwestern US, Palmer amaranth has been ranked as one of the most
troublesome weeds in agronomic cropping systems in the US in a survey conducted by the Weed
Science Society of America (Van Wychen 2020). It is also one of the most economically
important weeds in agronomic crops in the US (Beckie 2011, Chahal et al. 2018). Palmer
amaranth is a prolific seed producer (Keeley et al. 1987) and can survive and produce a lot of
seeds even under moisture-stressed situations (Chahal et al. 2018). It has a high photosynthetic
rate, resulting in a fast growth rate and considerable biomass accumulation compared with other
Amaranthus species (Ehleringer 1983, Jha and Norsworthy 2009), along with continuous

emergence throughout the growing season, leading to season-long crop interference (Jha and
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Norsworthy 2009). In addition to the aforementioned weedy characteristics, the evolution of
herbicide resistance in Palmer amaranth has made control of this weed especially challenging in
cotton (Gossypium sp. L.) and soybean. GR Palmer amaranth was first reported in Georgia
(Culpepper et al. 2006), and since then, 27 other U.S. states have documented the presence of
GR Palmer amaranth (Heap 2021).

Glyphosate is a systemic, nonselective POST herbicide that targets 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS) in the chloroplast of sensitive plants, causing inhibition of
aromatic amino acid production (Bentley 1990). Current mechanisms of target-site resistance to
glyphosate in Palmer amaranth have been due to either mutation in the EPSPS gene, the
molecular target of glyphosate (Dominguez-Valenzuela et al. 2017), or overamplification and
expression of the EPSPS gene (Chahal et al. 2017, Gaines et al. 2010, Koo et al. 2018). Reduced
glyphosate absorption and translocation have also been reported to impart nontarget-site
resistance to glyphosate in Palmer amaranth (Dominguez-Valenzuela et al. 2017, Nandula et al.
2012). Considering the extent of GR Palmer amaranth populations, effective management
programs in soybean should focus on methods that reduce survival, seed production, and transfer
of herbicide-resistance alleles.

Palmer amaranth interference can cause substantial yield losses in agronomic crops. For
example, a Palmer amaranth density of 3 plants m 2 caused 60% yield loss in soybean in
Arkansas. Klingaman and Oliver (1994), and Bensch et al. (2003) reported 79% soybean yield
loss at a density of 8 plants m? in Kansas. Early emergence (0-1 week after crop emergence) and
establishment of Palmer amaranth reduce soybean yield compared with late emergence (2-8
weeks after crop emergence) (Korres et al. 2019). Acker et al. (1993) reported the critical period

of weed control in soybean ranged from the second soybean-node growth stage (V2) to the
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beginning pod growth stage (R3). However, in a recent multilocation and multiyear study
conducted in Nebraska, the critical period of weed removal in soybean was delayed from V1-V2
to V4-R5 using pre-emergence (PRE) herbicides such as saflufenacil + imazethapyr +
pyroxasulfone and saflufenacil + imazethapyr (Knezevic et al. 2019).

Herbicide applied PRE is a foundation for the management of GR weeds such as Palmer
amaranth and waterhemp (Admaranthus tuberculatus Moq. Sauer) followed by (fb) post-
emergence (POST) herbicides to control late-emerged weeds (Jhala et al. 2017). Sarangi and
Jhala (2019) reported 97% and 86% control of Palmer amaranth with the application of PRE fb
POST herbicide with and without layered residual activity, respectively. This finding suggests
that POST herbicide mixed with an additional foliar, active herbicide such as glufosinate + 2,4-D
or a residual herbicide such as acetochlor can lead to better weed control compared with POST
herbicide applied alone for control of Palmer amaranth (Aulakh and Jhala 2015).

A GR Palmer amaranth population was confirmed in a grower’s field in a continuous GR
corn-soybean rotation located in Thayer County, Nebraska (Chahal et al. 2017). A subsequent
greenhouse dose-response bioassay confirmed that Palmer amaranth was 37- to 40-fold resistant
to glyphosate compared with a glyphosate-susceptible population. Moreover, the mechanism of
resistance was found to be amplification of EPSPS gene (32- to 105-fold) compared with a
glyphosate-susceptible biotype (Chahal et al. 2017). Interestingly, the GR Palmer amaranth
population was less sensitive to POST herbicides such as atrazine, mesotrione, and halosulfuron-
methyl, but was effectively controlled (> 95%) with glufosinate at 593 g ai ha™! (Chahal et al.
2017).

A new, multiple HR-soybean trait that exhibits tolerance to 2,4-D, glufosinate, and

glyphosate has been developed by Corteva™ Agriscience and was commercialized in 2019 in the
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US. However, little scientific literature exists on the most effective herbicide programs for
managing GR Palmer amaranth in this new soybean production system. Therefore, the objectives
of this research were to investigate and compare the effect of three preformulated herbicide
mixtures applied PRE alone or fb a late-POST (LPOST) application of either 2,4-D or
glufosinate or both and sequential applications (early-POST [EPOST] fb LPOST) of 2,4-D or
glufosinate on Palmer amaranth density, biomass, crop injury, and yield in a multiyear field

study in NE.

Material and Methods

Description of Field-trials
Field experiments were conducted in 2018 and 2019 in a grower’s field infested with GR
Palmer amaranth in Thayer County, Carleton, Nebraska (40.30°N, 97.67°E) (Chahal et al. 2017).
The field was rain-fed without supplementary irrigation. Palmer amaranth was the predominant
weed species at the research site. The soil at the experimental site was silt loam with 63% silt,
19% sand, 18% clay, 2.63% organic matter, and 4.8 pH. The previous crop at the site was no-till
soybean. The experiment was arranged in a randomized complete block design with four
replications. Individual plots were 3 m wide (four soybean rows spaced 0.76 m apart) and 9 m
long. Glyphosate-, 2,4-D-, and glufosinate-tolerant soybean with 2.5 maturity group was no-till
planted at a rate of 322,000 seeds ha ! at a depth of 3 cm on May 10, 2018, and May 6, 2019.
Herbicide Treatments
Herbicide programs included PRE, PRE fb LPOST, and EPOST fb LPOST applications
with a total of 15 treatments, including a non-treated control (Table 5.1). Herbicides were
applied using a CO2-pressurized backpack sprayer calibrated to deliver 200 L ha™! at 210 kPa

equipped with a 2-m wide spray boom equipped with AIXR 110015 flat-fan nozzles (Teelet,
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Spraying Systems Co., Wheaton, IL) spaced 50 cm apart for PRE herbicides and AIXR11004 for
2,4-D and XR11005 nozzles for glufosinate application. The PRE herbicides were applied the
same day after planting soybean; EPOST herbicides were applied at 39 d after planting (DAP) on
June 18, 2018, and 35 DAP on June 10, 2019; and LPOST herbicides were applied at 18 d after
EPOST (DA-EPOST) on July 6, 2018, and 14 DA-EPOST herbicides on June 24, 2019. Soybean
stages corresponding to application timings were V2-V3 soybean growth stage for EPOST and
V4-V5 for LPOST application. Palmer amaranth height corresponding to the EPOST
applications was 8 to 12 cm and for LPOST applications was 10 to 15 cm.
Data Collection

Palmer amaranth control and soybean injury were visually assessed at 14 d after PRE (DA-
PRE), 14 DA-EPOST, and 14 d after late POST (DA-LPOST) on a scale of 0% to 100%, where
0% was equivalent to no Palmer amaranth control or soybean injury and 100% was equivalent to
complete control or soybean-plant death. Palmer amaranth density was recorded from two
randomly placed,0.5 m? quadrats plot! at 14 DA-EPOST and 14 DA-LPOST. Likewise,
aboveground Palmer amaranth biomass was collected from two randomly placed 0.5 m? quadrats
plot! at 14 DA-EPOST and 14 DA-LPOST. At each of these intervals, Palmer amaranth plants
were placed in paper bags, oven-dried, and weighed. At 14 DA-PRE, data were collected from
the plots treated with PRE herbicides and the non-treated control; at 14 DA-EPOST and14 DA-
LPOST, Palmer amaranth control, density, and biomass data were collected from all plots.
Palmer amaranth density and above-ground biomass data were converted into percent density
and biomass reduction compared with the non-treated control, using equation 5.1:

(B-C)x 100

Density or biomass reduction (%) =
B
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Table 5.1 Details of herbicide programs, application timing, and doses used for control of glyphosate-resistant Palmer amaranth in 2,4-

D-, glyphosate, and glufosinate- tolerant soybean in field experiments conducted at Carleton, Nebraska during 2018 and 2019 growing

seasons. Ammonium sulphate at 2.5% v/v was mixed with glufosinate treatments.

Herbicide program and dose Trade name Manufact
anufacturer
PRE/EPOST LPOST PRE/EPOST  LPOST A
Corteva Agriscience, Wilmington,
Somic® DE 19880
onic
+ 2,4-D choline (2,080
Sulfentrazone ) choline (2,080 g ac Enlist One® Corteva Agriscience
cloransulam-methyl ha™)
(PRE) . o . BASF Corporation, Research
. luf t h Liberty® 280 SL .
(220 g ai ha) Glufosinate (656 g ai ha™) iberty® 280 5 Triangle Park, NC 27709
2,4-D choline + glufosinate . .
’ Enlist One® + Liberty® .
(2,080 g ae ha' + 656 g ai TSt e foerty Corteva Agriscience + BASF
B 280 SL
ha™)
- Zidua® P - BASF Corporation
Imazethapyr + 2,4-D choline (2,080 g ae (A e . o
: 1 Enlist One® Corteva Agriscience
saflufenacil + ha™)
pyroxasulfone Glufosinate (656 g ai ha™!) Liberty® 280 SL BASF Corporation
PRE 2,4-D choline + glufosinat
( ) Sy ; chotine 1 gl os1na' © Enlist One® + Liberty® Corteva Agriscience + BASF
(215 gaiha™) (2,080 gae ha™ + 656 g ai .
1 280 SL Corporation
ha™)
Chlorimuron ethyl + - Trivence® - Corteva Agriscience
flumi in + 2,4-D choline (2
umhloxa‘zm " choline (2,080 g a Enlist One® Corteva Agriscience
metribuzin ha™)
(PRE) Glufosinate (656 g ai ha) Liberty® 280 SL BASF Corporation
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(344 g ai ha'!) 2,4-D choline + glufosinate

(2,080 g ae ha'l+ 656 g ai Enlist One® + Liberty® Corteva Agriscience + BASF

ha™) 280 SL Corporation
Glufosinate
Liberty® 280
(EPOST) Glufosinate (656 g ai ha™) le o Liberty® 280 SL BASF Corporation
(656 g ai ha™')
2,4-D choline
’ 2,4-D choline (2,080
(EPOST) 4D choline (2,080 g ac Enlist One® Enlist One® Corteva Agriscience

-1
(2,080 g ae ha™) ha”)

Table 5.2 Average air temperature and total precipitation during the 2018 and 2019 growing seasons and the 30-yr average at the
Hebron, Nebraska weather station near Carleton, Nebraska' Air temperature and precipitation data were obtained from High Plains

Regional Climate Center (HPRCC 2020).

Average temperature (C) Average precipitation (mm)
Timing
2018 2019 30-yraverage 2018 2019 30-yr average
May 20.6 14.6 16.5 78 1727 122
June 25 218 222 96 1532 121.4
July 247 251 25.1 95.5 1372 105
August 233 231 24 922 155 94.7
September 20.6  22.6 18.8 153.4 120.4 74.2
October 10.6 9.6 11.8 99.8 118.1 56.1
Annual 10.6 103 10.9 6149 856.5 797.3
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where B is Palmer amaranth density or aboveground biomass of the non-treated control plot and
C is the Palmer amaranth density or aboveground biomass collected from an individual
experimental plot. At maturity, soybean was harvested from the middle two rows using a plot
combine, weighed, and soybean yield was adjusted to 13.5% moisture content. However, due to
pending export approval of 2,4-D-, glyphosate-, and glufosinate- tolerant soybean in few

countries, the field experiment was destroyed in 2018, so yield data are available only for 2019.
Data Analysis

ANOVA was performed on Palmer amaranth control, density, aboveground biomass, and
soybean yield data using PROC GLIMMIX in SAS, version 9.4 (SAS Institute, Cary, NC).
Before analysis, data were subjected to PROC UNIVARIATE analysis for testing normality and
homogeneity of variance. Visual estimates of Palmer amaranth control and percent density and
bio-mass reduction data were arcsine square-root transformed and were back-transformed for

presentation.

Results

Year-by-treatment interactions for Palmer amaranth control, density, and aboveground
biomass at 14 DA-PRE, 14 DA-EPOST, and14 DA-LPOST were not significant (P>0.05);
therefore, data from both years were pooled. The average monthly temperature during May 2018
was higher than May 2019 and the 30-yr average (Table 5.2). Apart from that, monthly
temperatures during the crop season in both years were similar to the 30-yr average. More
precipitation fell in 2019 compared with 2018 and the 30-yr average (Table 5.2). There was no

soybean injury from the herbicides evaluated (data not presented).
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Glyphosate-Resistant Palmer amaranth Control

Herbicides applied PRE in this study provided 84% to 97% control of GR Palmer
amaranth at 14 DA-PRE, and no differences in control were observed among the PRE herbicides
(Table 5.3). Although statistically similar, sulfentrazone + cloransulam-methyl provided 84% to
87% control, whereas imazethapyr + saflufenacil + pyroxasulfone, and chlorimuron ethyl +
flumioxazin + metribuzin provided 87% to 97% control at 14 DA-PRE (Table 5.3). The residual
activity of herbicides applied PRE declined as the season progressed. For example, sulfentrazone
+ cloransulam-methyl provided 27% control of Palmer amaranth 14 DA-LPOST compared with
75% control with imazethapyr + saflufenacil + pyroxasulfone and chlorimuron ethyl +
flumioxazin + metribuzin. In 2018, greater Palmer amaranth control (86%) was achieved at 14
DA-EPOST compared with 2019 (74%). At 14 DA-EPOST, glufosinate or 2,4-D provided 88%
and 65% control of Palmer amaranth, respectively (Table 5.3). At 14 DA-LPOST, herbicides
applied PRE without a follow-up POST herbicide did not maintain Palmer amaranth control
compared with PRE fb POST or EPOST fb LPOST herbicide programs (Table 5.3). Among the
PRE fb LPOST programs, sulfentrazone + cloransulam-methyl fb 2,4-D provided the lowest
(70%) Palmer amaranth control (Table 5.3). GR Palmer amaranth control provided by the
remaining PRE fb LPOST programs ranged from 88% to 100% (Table 5.3). Interestingly,
chlorimuron ethyl + flumioxazin + metribuzin applied PRE alone provided statistically similar
control (85%) as sequential application of 2,4-D (93%) or glufosinate (92%) (Table 5.3). The
sequential application of 2,4-D or glufosinate provided 85% to 92% control of Palmer amaranth
14 DA-LPOST (Table 5.3). Contrast analysis showed that PRE fb LPOST programs resulted in

92% Palmer amaranth control compared with 62% control with PRE-only programs (Table 5.3).
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Table 5.3 Glyphosate-resistant Palmer amaranth control as affected by herbicide programs in

2,4-D-, glyphosate-, and glufosinate- tolerant soybean in field experiments conducted at

Carleton, Nebraska in 2018 and 2019 growing seasons. Means presented within each column

with no common letter(s) are significantly different based on Fisher’s protected LSD test, where

a=0.05.

Herbicide programs

Palmer amaranth control (%)

14 DA- 14 DA-

PRE/EPOST LPOST 14 DA-PRE EPOST LPOST

Non-treated control - 0 0 0

Sulfentrazone + cloransulam- — . 85 a7 acdl 27¢

methyl 2.4-D (?hohne 87 a 71 de 70d

(PRE) Glufosma@ 85a 81 b-d 88 bc
2:4-D F:hohne " 84 a 75 c-e 96 ab
glufosinate

Imazethapyr + saflufenacil + _ . o7a 81b-d 754

pyroxasulfone 2,4-D c?hohne 95a 89 ab 95 ab

(PRE) Glufosma@ 95a 92 ab 99 a
24D choline =, 94 96 ab
glufosinate

Chlorimuron ethyl + _ o4a 75 ce 8¢

pmaren ety 2,4-D choline 93a 90 ab 93 a-c
flumioxazin + metribuzin -

(PRE) Glufosma@ 89 a 87 a-c 92 a-c
24D choline o, 92 ab 100 a
glufosinate

Glufosinate (EPOST) Glufosinate - 88 ab 85¢

2,4-D choline (EPOST) 2,4-D choline - 65e 92 a-c

p-value 0.2076 <0.0001 <0.0001

Contrast Analysis

PRE vs. PRE fb LPOST . . g;ﬁ;

PRE fb LPOST vs. EPOST fb LPOST - - 92 vs. 88NS
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Glyphosate-Resistant Palmer amaranth Density Reduction
Palmer amaranth emergence was greater in 2019 compared with 2018, leading to greater

Palmer amaranth density. For example, Palmer amaranth density in the non-treated control
ranged from100 to 200 plants m™ in 2018 compared with 300 to 500 plants m in 2019 (data not
shown). At 14 DA-EPOST, greater density reduction was obtained in 2018 (89%) compared
with 71% in 2019, which can be attributed to greater emergence in 2019. At 14 DA-EPOST,
glufosinate provided 86% Palmer amaranth density reduction compared with a 60% reduction
with 2,4-D (Table 5.4). At 14 DA-LPOST, all PRE fb LPOST herbicide programs except
sulfentrazone + cloransulam-methyl fb 2,4-D provided 89% to 100% reduction in Palmer
amaranth density compared with the non-treated control (Table 5.4). Sulfentrazone +
cloransulam-methyl fb 2,4-D resulted in 42% Palmer amaranth density reduction. When
averaged across herbicide programs, PRE fb LPOST pro-grams (91%) resulted in a statistically
higher density reduction of GR Palmer amaranth compared with PRE-only programs (76%).
Thus, the application of an LPOST herbicide caused a 20% increase in density reduction
compared with PRE-only herbicide programs alone (Table 5.4). Overall, Palmer amaranth
density reduction ranged from 89% to 100% without a difference in the most PRE tb POST
herbicide programs at 14 DA-LPOST (Table 5.4). EPOST fb LPOST programs (sequential
application of glufosinate or 2,4-D) resulted in a 98% density reduction of Palmer amaranth
compared with the non-treated control at 14 DA-LPOST (Table 5.4). Contrast analysis revealed
that EPOST fb LPOST programs resulted in a 98% reduction in Palmer amaranth density
compared with a 76% reduction from PRE fb LPOST programs (Table 5.4). Except for
sulfentrazone + cloransulam-methyl fb 2,4-D, all other PRE fb LPOST programs were

comparable to EPOST fb LPOST programs.
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Glyphosate-Resistant Palmer amaranth Biomass Reduction

Aboveground biomass reduction of Palmer amaranth followed the same trend as density
reduction (Table 5.4). In 2019, a lower biomass reduction (60%) was obtained compared with
2018 (78%) at14 DA-EPOST. Glufosinate or 2,4-D resulted in 69% to 71% reduction in GR
Palmer amaranth biomass 14 DA-EPOST. The PRE fb LPOST programs resulted in 91% to
100% biomass reduction, except sulfentrazone + cloransulam-methyl fb 2,4-D (32%) and were
comparable to EPOST fb LPOST herbicide programs (99%) at 14 DA-LPOST (Table 5.4).
Averaged across herbicide programs, PRE fb LPOST programs resulted in 89% reduction of
Palmer amaranth biomass compared with 58% with PRE-only programs 14 DA-LPOST (Table
5.4). EPOST fb LPOST programs (99%) provided a comparable reduction in biomass compared

with PRE fb LPOST programs (89%) (Table 5.4).

2,4-D-Tolerant Soybean Yield

Averaged across treatments, PRE fb LPOST herbicide programs resulted in greater yield
(4,478 kg ha™!) compared with PRE-only programs (3,043 kg ha™!) (Table 5.5). Therefore, the
PRE fb LPOST programs prevented a 32% soybean yield loss that would have occurred with
PRE-only herbicide programs (Table 5.5). The lowest yield (2,398 kg ha ') was obtained in the
non-treated control, which was comparable to the PRE-only herbicide programs of sulfentrazone
+ cloransulam-methyl (2,835 kg ha ') and chlorimuron ethyl + flumioxazin (2,832 kg ha™)
(Table 5.5). There was no difference in yield obtained from PRE fb LPOST programs (4,478 kg
ha™') and sequential application of 2,4-D or glufosinate (EPOST fb LPOST) programs (4,706 kg

ha™!) (Table 5.5).
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Table 5.4 Glyphosate-resistant Palmer amaranth density and above-ground biomass as affected

by the herbicide programs in 2,4-D-, glyphosate-, and glufosinate- tolerant soybean in field

experiments conducted in Carleton, Nebraska during 2018 and 2019 growing seasons. Means

presented within each column with no common letter(s) are significantly different based on

Fisher’s protected LSD, where a = 0.05.

Herbicide programs

Reduction in Palmer

amaranth density (%)

Reduction in Palmer

amaranth biomass (%)

14 DA- 14 DA- 14 DA- 14 DA-
PRE/EPOST LPOST EPOST LPOST EPOST LPOST
Non-treated control - - - - -
- 67 be 47b 30d 29d
Sulfentrazone + 2,4-D choline 69 be 42b 56 be 32d
cloransulam-methyl Glufosinate 80 ab 93 a 54 cd 93 ab
(FRE) 2,4-D choline — fo 99 a 64ac  98ab
+ glufosinate
Imazethanvr + - 75 a-c 90 a 72 a-c 81b
il fenaf:’z . 2,4-D choline 882 9% a 81 ab 91 ab
Glufosinate 92 a 100 a 76 a-c 100 a
pyroxasulfone > 4.D choline
(PRE) ’ ) 93 a 100 a 82a 100 a
+ glufosinate
. - &1 ab 93 a 64 a-c 63 ¢
;Eﬁjgi?;xazin et 2,4-D choline 92 a 96 a 71 a-c 92 ab
o Glufosinate 86 ab 89 a 79 a-c 94 ab
ibuzin .
(PRE) 2:4-D choline o) , 100 a 88 a 100 a
+ glufosinate
Glufosinate (EPOST)  Glufosinate 86 ab 98 a 69 a-c 99a
?};‘;ODSC;I)O line 2,4-D choline 60 ¢ 98 a 71 a-c 99 a
p-value <0.0001 <0.0001 <0.0001  <0.0001
Contrast Analysis
PRE vs. PRE fb LPOST ;?*V; ;g*ﬁ;
89 vs.
PRE fb LPOST vs. EPOST fb LPOST 91 vs. 98* 99
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(C) Imazethapyr + saflufenacil +
pyroxasulfone fb 2,4-D choline +
glufosinate

<

(B) Imazethapyr + saflufenacil +
pyroxasulfone fb glufosinate

(D) Chlorimuron ethyl + flumioxazin +

metribuzin fb 2,4-D choline + glufosinate (E) Glufosinate fb glufosinate (F) 2,4-D choline fb 2,4-D choline

Figure 5.1 Glyphosate-resistant Palmer amaranth control in 2,4-D-tolerant soybean in response
to (A) Non-treated, (B) Imazethapyr + saflufenacil + pyroxasulfone (PRE) fb glufosinate
(LPOST), (C) Imazethapyr + saflufenacil + pyroxasulfone (PRE) fb 2,4-D choline + glufosinate
(LPOST), (D) Chlorimuron ethyl + flumioxazin + metribuzin fb 2,4-D choline + glufosinate, (E)
Glufosinate (EPOST) tb glufosinate (LPOST), (F) 2,4-D choline (EPOST) fb 2,4-D choline

(LPOST) at 14 DA-LPOST.
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Table 5.5 Soybean yield affected by herbicide programs in 2,4-D-, glyphosate-, and glufosinate-

tolerant soybean in a field experiment conducted at Carleton, Nebraska in 2019. Means presented

within each column with no common letter(s) are significantly different based on Fisher’s

protected LSD test, where a = 0.05.

Herbicide programs Soybean yield
PRE/EPOST LPOST (kg ha)
Non-treated control - 2,398 f

- 2,835 f
Sulfentrazone + cloransulam-methyl 2,4-D choline 4,394 abcd
(PRE) Glufosinate 4,068 d

2,4-D chphne 4,561 abed

+ glufosinate

- 3,462 ¢
Imazethapyr + saflufenacil + pyroxasulfone 2,4-D choline 4,752 ab
(PRE) Glufosinate 4,325 bed

2,4-D chphne 4,657 abe

+ glufosinate

- 2,832 f
Chlorimuron ethyl + flumioxazin + metribuzin 2,4-D choline 4,712 ab
(PRE) Glufosinate 4,162 cd

2,4-D chphne 4,671 ab

+ glufosinate
Glufosinate (EPOST) Glufosinate 4,574 abc
2,4-D choline (EPOST) 2,4-D choline 4,837 a
p-value <0.001
Contrast Analysis

3,043 vs.

PRE vs. PRE fb LPOST 4.478%%
PRE fb LPOST vs. EPOST fb LPOST 3,%21\1\;8

Discussion

GR Palmer amaranth is an important troublesome weed in soybean production in the

Midwest US. This current study aimed to evaluate effective herbicide programs to manage GR
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Palmer amaranth in 2,4-D- tolerant soybean. All the PRE herbicides evaluated in this study
provided good control of GR Palmer amaranth at 14 DA-PRE (Table 5.3). Similar to this
findings, Sarangi and Jhala (2019) reported 97% to 100% control of Palmer amaranth with
chlorimuron ethyl + flumioxazin + metribuzin, saflufenacil + imazethapyr + dimethenamid-P,
and sulfentrazone + metribuzin at 14 DA-PRE in soybean. In another study, Aulakh and Jhala
(2015) reported 95% control of waterhemp with sulfentrazone + cloransulam-methyl at 15 DA-
PRE in glufosinate- tolerant soybean in Nebraska. Among the EPOST treatments, at 14 DA-
EPOST, 2,4-D application provided less control of GR Palmer amaranth than glufosinate (Table
5.3). Less control by 2,4-D could be attributed to the variable Palmer amaranth height at the time
of application. For instance, Craigmyle et al. (2013) and Everitt and Keeling (2007) reported that
weed height at the time of 2,4-D application can affect the level of broadleaf weed control
achieved. The residual activity of herbicides applied PRE declined as the season progressed
(Table 5.3). A similar decline in residual activity of soil-applied PRE herbicides has been
reported in no-till soybean in Nebraska where PRE-only herbicides resulted in 66% control of
Palmer amaranth compared with 86% control by PRE fb POST herbicide programs at 28 d after
POST (Sarangi and Jhala 2019). Statistically similar control by chlorimuron ethyl + flumioxazin
+ metribuzin applied PRE alone and sequential application of 2,4-D or glufosinate (Table 5.3)
might be attributed to a high level of GR Palmer amaranth control by the residual activity of this
premix. Palmer amaranth is known for its extended emergence pattern (Jha and Norsworthy
2009); however, emergence is reported to be higher from early May to mid-July, which is before
soybean canopy closure (Jha and Norsworthy 2009). Thus, PRE herbicide would not only
provide emerging soybean seedlings a weed-free start but also result in reduced reliance on

POST herbicides (Norsworthy et al. 2012). Sequential application (EPOST fb LOST) of 2,4-D or

131



glufosinate provided 85% to 92% control of GR Palmer amaranth (Table 5.3). Similarly, Chahal
and Jhala (2015) reported 86% to 98% waterhemp control 75 DA-LPOST with single as well as
sequential application of glufosinate in glufosinate- tolerant soybean. Meyer et al. (2015) showed
that synthetic auxin herbicide-based LPOST programs can be options to control GR Palmer
amaranth and waterhemp in soybean traits resistant to 2,4-D or dicamba. Overall, this study
showed that PRE fb LPOST programs managed GR Palmer amaranth more effectively than PRE
alone but provided similar control as sequential POSTs (Table 5.3). Similarly, Sarangi et al.
(2017) reported 90% control of GR waterhemp in soybean with PRE fb LPOST herbicide
programs. Contrary to these findings, authors of several studies have found greater control of GR
waterhemp with PRE fb POST herbicide programs compared with POST-only programs in
soybean (Aulakh and Jhala 2015, Johnson et al. 2012, Sarangi et al. 2017).

Higher Palmer amaranth emergence in 2019 could be attributed to adequate rainfall in
2019 compared with 2018 (Table 5.2) and a substantial Palmer amaranth seed bank at this
location. Adequate soil moisture favors the germination of Palmer amaranth seeds (Hartzler et al.
1999). Following the trend of GR Palmer amaranth control, percent density reduction at 14 DA-
EPOST was higher with glufosinate than 2,4-D application (Table 5.4). However, Palmer
amaranth was at a variable height when EPOST herbicides were applied and it is well known that
the efficacy of auxinic herbicides can vary with weed height and density (Barnett et al. 2013,
Craigmyle et al. 2013, Everitt and Keeling 2007, Jhala et al. 2017, Steckel et al. 1997). Poor
density reduction of GR Palmer amaranth by sulfentrazone + cloransulam-methyl fb 2,4-D
(42%) was most likely due to declining residual activity which led to uneven Palmer amaranth
size when LPOST herbicides were applied. Overall, contrast analysis showed that sequential

POST application resulted in a higher reduction of GR Palmer amaranth density compared to
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PRE fb LPOST (Table 5.4), However, this statistical difference can be attributed to 42% density
reduction by sulfentrazone + cloransulam-methyl fb 2,4-D, which influenced the estimated mean
of the PRE fb LPOST programs (Table 5.4). Norsworthy et al. (2012) and Aulakh and Jhala
(2015) have stressed the importance of PRE fb POST with residual herbicide programs as
important in-season measures to reduce GR Palmer amaranth density and seed production in
soybean. Moreover, PRE fb LPOST programs will be more sustainable than the sequential
application of 2,4-D or glufosinate in EPOST fb LPOST pro-grams, due to the integration of
herbicides with multiple sites of action. Miller and Norsworthy (2016) reported a lower density
of GR Palmer amaranth plants with herbicide programs involving multiple sites of action
compared with a single EPOST application of 2,4-D + glyphosate in 2,4-D-, glyphosate-, and
glufosinate- tolerant soybean. More importantly, repeated use of herbicides with the same site of
action (e.g., 2,4-D or glufosinate) would select for HR-weed biotypes. It is important to note that
2,4-D resistance has been already confirmed in waterhemp populations from Nebraska, Illinois,
and Missouri (Bernards et al. 2012, Evans et al. 2019, Figueiredo et al. 2018, Shergill et al.
2018a, Shyam et al. 2019) and Palmer amaranth population from Kansas (Kumar et al. 2019b,
Shyam et al. 2021a).

Aboveground biomass reduction of Palmer amaranth followed the same trend as density
reduction (Table 5.4). Low reduction of biomass was found with glufosinate or 2,4-D
application. This can be attributed to taller Palmer amaranth plants, which reduced the efficacy
of glufosinate or 2,4-D. Overall, the PRE fb LPOST programs resulted in good biomass
reduction (except sulfentrazone + cloransulam-methyl tb 2,4-D) and were comparable to EPOST
fb LPOST herbicide programs at 14 DA-LPOST (Table 5.4). Averaged across herbicide

programs, PRE fb LPOST programs resulted in a higher reduction of Palmer amaranth biomass
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compared with PRE-only programs at 14 DALPOST (Table 5.4). EPOST fb LPOST and PRE fb
LPOST programs provided comparable reduction in biomass (Table 5.4). This was due to the
poor efficacy of sulfentrazone + cloransulam-methyl fb 2,4-D, which failed to reduce Palmer
amaranth biomass. Chahal and Jhala (2015) reported a higher reduction in GR volunteer corn
biomass with sequential application of glufosinate in glufosinate- tolerant soybean. Sarangi and
Jhala (2019) showed a high biomass reduction of Palmer amaranth in soybean with PRE fb
POST herbicides with residual activity ranging from 96% to 100%. PRE herbicides in this study
were fb a mixture of 2,4-D + glufosinate; however, Palmer amaranth biomass reduction was
similar to PRE fb 2,4-D or glufosinate. Tank mixing herbicides such as glufosinate + 2,4-D can
further improve control of GR Palmer amaranth if applied with PRE herbicide application at
planting. For example, Ganie and Jhala (2017) reported that tank mixing 2,4-D with glufosinate
provided 80% to 92% control of GR giant ragweed. In this study, preformulated mixtures of
imazethapyr + saflufenacil + pyroxasulfone, and chlorimuron ethyl + flumioxazin + metribuzin
applied PRE b 2,4-D or glufosinate, controlled GR Palmer amaranth 92% to 99% and reduced
density and biomass by 89% to 100% and 91% to 100%, respectively; therefore, a tank mixture
of 2,4-D + glufosinate is not needed to achieve optimum Palmer amaranth control if PRE
herbicide is applied; however, if grass weeds are present in the field, tank mixing 2,4-D with
glyphosate or glufosinate will be needed. To maintain the effectiveness of this herbicide
program, however, it will be crucial to follow labeled application timings with appropriate
soybean and Palmer amaranth growth stages, because 2,4-D can be applied up to the R2 soybean

growth stage whereas glufosinate cannot be applied after soybean starts flowering.
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Averaged across treatments, PRE fb LPOST herbicide programs resulted in greater yield
(4,478 kg ha'') compared with PRE-only programs (3,043 kg ha™!) (Table 5.5). This indicates
that if Palmer amaranth is the predominant weed in the soybean production field, using
PRE-only program will not provide optimum yield. Similarly, Whitaker et al. (2010) reported
greater soybean yield with PRE herbicide b fomesafen compared with PRE-only programs.
Even though yield obtained from PRE fb LPOST programs and sequential application of 2,4-D
or glufosinate (EPOST fb LPOST) programs were comparable (Table 5.5), it is advisable to use
PRE fb POST herbicides because it will provide more opportunity to use an herbicide program
with multiple sites of action and reduce the exposure of a substantial number of Palmer amaranth
plants to POST herbicides. Sarangi and Jhala (2019) reported that PRE fb POST herbicide
programs were effective for controlling Palmer amaranth and obtaining greater soybean yield,
whereas Grey et al. (2013) showed that combinations of multiple herbicide sites of action applied
PRE and POST would be necessary to manage multiple HR Palmer amaranth. Butts et al. (2016)
stated the importance of PRE fb POST herbicide programs as a component of an integrated weed
management program to effectively control Amaranthus species as well as increase soybean
yield. Similarly, multiyear field experiments conducted in Nebraska have shown that PRE fb
POST herbicides with or without residual activity can effectively control weeds such as GR
waterhemp and prevent yield loss of GR and glufosinate tolerant soybean (Jhala et al. 2017,

Sarangi et al. 2017).

Conclusion

Overall, this study showed that 2,4-D- tolerant soybean will provide additional POST
herbicide options such as 2,4-D or glufosinate to soybean growers for managing not only GR but

also multiple HR Palmer amaranth. Adoption of integrated weed management practice is
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necessary to maintain the effectiveness of 2,4-D-, glyphosate-, and glufosinate-resistant crop

3™ corn, resistant to 2,4-D,

technology (Miller and Norsworthy 2016). For example, Enlist
glufosinate, glyphosate, and aryloxyphenoxypropionates is available commercially, but it should

not be planted in rotation with 2,4-D-, glyphosate-, and glufosinate- tolerant soybean to avoid the

use of the same POST herbicides in the same field.
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Chapter 6 - General Summary and Conclusions

Palmer amaranth (Amaranthus palmeri S. Watson) is a driver weed in various cropping
systems throughout the US (Van Wychen 2020). Rapid biomass accumulation, high adaptability,
fecundity, and ability to evolve resistance to herbicides are some of the factors contributing to
rapid adaptation of this weed across the US (Ehleringer 1985, Heap 2021, Horak and Loughin
2000, Keeley et al. 1987). In Palmer amaranth evolution of resistance to 8 modes of action
(MOA), i.e., acetolactate synthase (ALS)-, photosystem II (PS II)-, 5-enolpyruvylshikimate-3-
phosphate synthase (EPSPS)-, hydroxyphenylpyruvate dioxygenase (HPPD)-,
protoporphyrinogen oxidase (PPO)-, very long-chain fatty acid (VLCFA)-inhibitors and
synthetic auxinic herbicides (SAH) has been documented (Heap 2021).

2,4-dichlorophenoxyacetic acid (2,4-D), a SAH is widely used to control broadleaf weeds
(Peterson et al. 2016). In recent times, 2,4-D usage has increased primarily to control ALS- and
EPSPS- inhibitor-resistant weeds. However, so far only two populations of Palmer amaranth,
including KCTR (Kansas Conservation Tillage Resistant; the focus of this dissertation) have
been documented to evolve resistance to 2,4-D (Kumar et al. 2019b, Heap 2021). Moreover, 2,4-
D-resistant cotton, soybean, and corn technologies have been commercialized, which can
increase the use of this herbicide thereby increasing selection pressure. Characterization and
investigation of mechanism(s) and genetic basis of resistance to 2,4-D in resistant weeds, such as
KCTR Palmer amaranth, will help understand the possible spread and further evolution of such
resistance. Further, it is also important to evaluate herbicide programs that can increase the
longevity of 2,4-D resistant crop technology and offer growers additional options in controlling

glyphosate-resistant (GR) Palmer amaranth.
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In this dissertation, characterization of multiple herbicide resistance (Chapter 2), as well
as physiological (Chapter 3) and genetic aspects (Chapter 4) of 2,4-D resistance in KCTR, were
investigated. Additionally, effective herbicide programs to manage and control GR Palmer
amaranth in 2,4-D- tolerant soybean were evaluated (Chapter 5). KCTR was found to be multiple
herbicide-resistant to at least 6 herbicide MOAs including ALS- (imazethapyr, imazamox, and
thifensulfuron), PS II- (atrazine, and metribuzin), EPSPS- (glyphosate), HPPD- (mesotrione, and
tembotrione), PPO-inhibitors (lactofen, and fomesafen) and SAH (2,4-D). Complete control of
KCTR plants was achieved only with the application of either PS I- (paraquat)- or glutamine
synthase-(glufosinate) inhibitors (Shyam et al. 2021). ALS (target site of ALS-inhibitors) and
psbA (target site of PS II-inhibitors) genes of KCTR plants that survived imazethapyr and
chlorsulfuron (ALS-inhibitors) and atrazine (PS II-inhibitors), respectively, were sequenced and
analyzed. But none of the known mutations which confer resistance to ALS or PS Il-inhibitors
were found (Chapter 2). Up to 88 copies of EPSPS gene (target site of glyphosate) were found in
GR KCTR plants (Chapter 2) indicating that amplification of EPSPS gene is the primary
mechanism of glyphosate resistance, as reported in other GR Palmer amaranth populations
(Gaines et al. 2010, Koo et al. 2018). Moreover, KCTR plants treated with cytochrome P450
(P450)-inhibitor, malathion, prior to application of lactofen, 2,4-D, and mesotrione or glutathione
S-transferase (GST)-inhibitor, 4-chloro-7-nitrobenzofurazan (NBD-CI) before atrazine
application exhibited decreased resistance levels indicating the predominance of metabolic
resistance, mediated by P450s or GSTs in this population (Chapter 2). Previously, three other
populations of Palmer amaranth from Kansas with multiple herbicide resistance have been

documented (Chaudhuri et al. 2020, Kumar et al. 2019b, Nakka et al. 2017a, 2017b, 2017c¢).
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Investigation of the physiological basis of 2,4-D resistance confirmed that enhanced
metabolism of 2,4-D bestows resistance to this herbicide in KCTR Palmer amaranth (Chapter 3).
KCTR plants metabolized ~20-30% more ['*C] 2,4-D than the susceptible populations KSS
(Kansas Susceptible) and MSS (Mississippi Susceptible) at 24, 48, and 72 hours after treatment
(HAT). In addition, a comparison of percent parent [*C] 2,4-D retained and the retention time
(RT) of polar metabolites in wheat (KS Western Star) and KCTR plants revealed that even
though wheat plants metabolized ['*C] 2,4-D at a much faster rate than KCTR, no unique
metabolites were found in wheat. No significant difference was found in the amount of ['*C] 2,4-
D absorption between KCTR, KSS, and MSS indicating that differential absorption is not
involved in 2,4-D resistance. However, ~10% less ['*C] 2,4-D translocated in KCTR, and the
rate of translocation was also found to be ~3 times slower (Chapter 3). Considering the high rate
of ['*C] 2,4-D absorption and translocation, such a difference in percent translocation is less
likely to contribute to 2,4-D resistance in KCTR. Moreover, slower translocation might involve
slower movement of ['“C] 2,4-D polar metabolites. Whole plant dose-response assays were
conducted to evaluate the level of 2,4-D resistance in KCTR and KSS plants pretreated with
P450- inhibitors, malathion, or PBO before 2,4-D application. Interestingly, application of
malathion prior to 2,4-D treatment significantly increased susceptibility to 2,4-D in KCTR
indicating the involvement of P450s in metabolizing 2,4-D. Overall, the results of Chapter 3
confirmed that 2,4-D is being metabolized rapidly by P450s in KCTR compared to KSS and
MSS populations. Similar to our findings, enhanced metabolism of 2,4-D and reversal of
resistance by malathion pre-treatment was documented in common waterhemp (4Amaranthus
tuberculatus Moq. Sauer) populations from Nebraska and Missouri (Figueredo et al. 2018,

Shergill et al. 2018b), a close relative of Palmer amaranth.
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Metabolic resistance to herbicides in weeds has been documented to be inherited either
by a single or multiple genes (Huffman et al. 2015, Oliveira et al. 2018a, Pandian et al. 2021,
Shyam et al. 2021). In Chapter 4 of this dissertation, the genetic basis of 2,4-D resistance was
investigated. F1 and F2 families were generated by crossing 2,4-D-resistant, KCTR, and 2,4-D-
susceptible, KSS Palmer amaranth. The genetic analyses of the data from these experiments
revealed that 2,4-D resistance is a nuclear incompletely dominant polygenic trait in KCTR.
Similarly, incompletely dominant 2,4-D resistance was reported in wild radish (Raphanus
raphanistrum L.) (Busi and Powles 2017). Also, polygenic resistance to 2-methyl-4-
chlorophenoxyacetic acid (MCPA) was documented in hemp-nettle (Galeopsis tetrahit L.)
(Weinberg et al. 2006). On the other hand, single gene-mediated 2,4-D resistance was found in
wild mustard (Brassica kaber L.), and a completely dominant gene controlling 2,4-D resistance
was also found in wild radish and wild mustard (Busi and Powles 2017, Jugulam et al. 2005).

In Chapter 5, herbicide programs involving pre-emergence (PRE), PRE followed by (fb)
late post-emergence (LPOST) and early post-emergence (EPOST) tb LPOST applications were
evaluated to control GR Palmer amaranth in 2,4-D-tolerant soybean. Application of PRE
effectively controlled GR Palmer amaranth effectively at 14 days after PRE (DA-PRE) but over
time as the season progressed their residual efficacy declined. A similar decline in efficacy of
PRE herbicides in the cropping season was documented by Sarangi and Jhala (2019). Overall,
PRE 1b 2,4-D and/or glufosinate, and sequential application of either 2,4-D or glufosinate
significantly controlled GR Palmer amaranth, caused a reduction of biomass and density,
resulting in high soybean yield. No soybean injury was observed from any of the herbicide
programs evaluated. Previously, Sarangi and Jhala (2019) reported that PRE fb LPOST programs

provided better control of Palmer amaranth compared to PRE-only applications later in the
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season. Even though sequential application of either 2,4-D or glufosinate as EPOST fb LPOST
effectively controlled GR palmer amaranth, it is not advised to practice such programs, since
these involve a single herbicide MOA and can encourage the selection of herbicide resistance.
Instead, PRE fb LPOST programs incorporating multiple herbicide MOAs are more effective
long-term in controlling GR Palmer amaranth in 2,4-D-tolerant soybean and reducing selection
pressure.

In conclusion, the KCTR population was found to have predominantly metabolic
resistance to at least 5 herbicide MOAs including ALS-, PS II-, HPPD-, PPO-inhibitors, and
SAH (Shyam et al. 2021a). Enhanced metabolism possibly mediated by P450(s) is the primary
mechanism of 2,4-D resistance in KCTR Palmer amaranth. Genetic studies confirmed that 2,4-D
resistance in KCTR is an incompletely dominant polygenic trait. Lastly, PRE fb LPOST
programs involving multiple herbicide MOAs should be followed for effective control of GR
Palmer amaranth in 2,4-D-tolerant soybean.

Future research can be focused on identifying the polar metabolites of 2,4-D via LC/MS
techniques to better characterize the biochemical pathway of 2,4-D degradation in KCTR in
comparison to tolerant cereals such as wheat. Specific P450 genes or other genes involved in
physiological processes that facilitate 2,4-D resistance in KCTR need to be identified. With the
availability of good quality Palmer amaranth genome (Montgomery et al. 2020), an RNA-
sequencing approach can be employed to further identify differentially expressed genes in 2,4-D-
resistant KCTR and susceptible KSS populations. It will also be important to understand whether
the identified P450s are involved in mediating multiple herbicide resistance in KCTR. The
possible presence of target-site resistance (TSR) to auxins in receptor or transporter proteins also

needs to be investigated. Recently, two instances of field evolved TSR to SAH have been
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documented in the AUX/TAA repressor in kochia and Indian hedge mustard (Figueredo et al.
2021, Le Clere et al. 2018). The possible co-existence of TSR along with non-target site
resistance in the KCTR population for mediating 2,4-D resistance needs to be investigated.
Investigation of aspects such as intra-specific movement of 2,4-D resistance to other Amaranthus
sp. and the effect of temperature stress on 2,4-D resistance is also valuable. Overall, the findings
of this research significantly improve our understanding of 2,4-D resistance in Palmer amaranth
and will help in answering more in-depth questions in the future. As the adoption of 2,4-D-
tolerant crop technology is on the rise, the possibility of increased evolution of 2,4-D resistance
is also on the rise. Therefore, information obtained from the current and future research on this
population can help us formulate better sustainable management practices and reduce the

selection of 2,4-D resistance.
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Appendix A - Abbreviations

2,4-D 2,4-dichlorophenoxy acetic acid

ABA Abscisic acid

ABCB ATP-binding cassette sub-family B
ACC 1-Aminocyclopropane-1-carboxylic acid
ADW Average dry weight of non-treated control
AlCc Akaike information criteria

ALS Acetolactate synthase

ARE Auxin-responsive elements

ARF Auxin response factors

AUX/TAA Auxin/indole-3-acetic acid

CHS Chalcone synthase

DA-EPOST Days after early post-emergence
DA-LPOST Days after late post-emergence

DA-PRE Days after pre-emergence

DAT Days after treatment

DMO Dicamba monooxygenase

DW Dry weight of the sample

EPOST Early post-emergence

EPSPS 5-Enolpyruvylshikimate-3-phosphate synthase
b Followed by

GE Genetically engineered

GPA Gallons per acre

GST Glutathione S-transferases

GR Glyphosate-resistant

HAT Hours after treatment

HPLC High performance liquid chromatography
HPPD 4-hydroxyphenylpyruvate dioxygenase
HR Herbicide-resistant

HRAC Herbicide resistance action committee

167



HT Herbicide tolerant

KCTR Kansas conservation tillage resistant
KSS Kansas susceptible

LPOST Late post-emergence

LSC Liquid scintillation counter

MAPK Mitogen-activated protein kinases
MCPA 2-Methyl-4-chlorophenoxyacetic acid
MFS Major facilitator superfamily

MOA Mode of action

MSS Mississippi susceptible

NBD-CI 4-chloro-7-nitro-2,1,3-benzoxadiazole
NCED 9-cis-epoxycarotenoid dioxygenase
NT Non-treated

NTSR Non-target site resistance

P450 Cytochrome P450 monooxygenases
PBO Piperonyl butoxide

PCR Polymerase chain reaction

PIN PIN-formed

POST Post-emergence

PPO Protoporphyrinogen oxidase

PRE Pre-emergence

PSI Photosystem I

PS1I Photosystem 11

gPCR Quantitative polymerase chain reaction
RDW Relative dry weight (% of non-treated control)
RI Resistance index

RT Retention time

SAH Synthetic auxinic herbicide

SCF Skp1-cullin-F-box

TIR1/AFB Transport inhibitor response 1/Auxin signaling F-box protein

TSR Target site resistance
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VLCFA Very-long chain fatty acid
WAT Weeks after treatment

WSSA Weed science society of America
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Appendix B - Supplementary Material

Figure S2.1 Sequence alignment of acetolactate synthase (4LS) gene of representative plants

from resistant KCTR and susceptible populations KSS and MSS

]
a
| |
a
B-
Em
-
i
i

RN GG WGH GEN GEEN NN GEEN GEN CHNN BN CES HGE GEE GGN GHN NEN CEN NN GEN
AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |JGCA]TCC ATG GAA ATC CAT CAA GCT
AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |JGCA]TCC ATG GAA ATC CAT CAA GCT
AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GIT ACC GAT TTT GCT TAC CCT GGT GGA |GCA]TCC ATG GAA ATC CAT CAA GCT
AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |JGCA]TCC ATG GAA ATC CAT CAA GCT
AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |GCA]TCC ATG GAA ATC CAT CAA GCT
AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |JGCA]TCC ATG GAA ATC CAT CAA GCT
AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |JGCA]TCC ATG GAA ATC CAT CAA GCT
AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |JGCA]TCC ATG GAA ATC CAT CAA GCT
AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |JGCA|TCC ATG GAA ATC CAT CAA GCT
AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTIT GCT TAC CCT GGT GGA JGCA| TCC ATG GAA ATC CAT CAA GCT
AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTIT ACC GAT TTT GCT TAC CCT GGT GGA |JGCA|TCC ATG GAA ATC CAT CAA GCT
AAA GGT TGC GAT GTT CTC GTIT GAA GCT CTT GAA CGT GAA GGT GIT ACC GAT TTT GCT TAC CCT GGT GGA |GCA]TCC ATG GAA ATC CAT CAA GCT
AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |JGCA|TCC ATG GAA ATC CAT CAA GCT
AAA GGT TGC GAT GTT CTC GTIT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT G GCA] TCC ATG GAA ATC CAT CAA GCT
AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |GCA|TCC ATG GAA ATC CAT CAA GCT
AAA GGT TGC GAT GTT CTC GTIT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |JGCA|TCC ATG GAA ATC CAT CAA GCT
AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |GCA]TCC ATG GAA ATC CAT CAA GC
AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |JGCA|TCC ATG GAA ATC CAT CAA GC
AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |GCA]TCC ATG GAA ATC CAT CAA GC
KCTR14 AGA AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |JGCAJTCC ATG GAA ATC CAT CAA GC
KCTR15 AGA AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |GCA]TCC ATG GAA ATC CAT CAA GC
KCTR16 AGA AAA GGT TGC GAT GTT CTC GTIT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |JGCAJTCC ATG GAA ATC CAT CAA GC
KCTR17 AGA AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |GCA]TCC ATG GAA ATC CAT CAA GC
KCTR18 AGA AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTIT ACC GAT TTT GCT TAC CCT GGT GGA |GCA]TCC ATG GAA ATC CAT CAA GC
KCTR19 AGA AAA GGT TGC GAT GTT CTC GTT GAA GCT CTT GAA CGT GAA GGT GTT ACC GAT TTT GCT TAC CCT GGT GGA |[GCA] TCC ATG GAA ATC CAT C GC
---G-—GGI—G-G-G---G--G--G—G---GGG-GMGGIGI-G-GGI-G-G-
Kss 1 ACT AAT CTT GTEM TCT GGT CTT GCT GAT GCE CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT JCCCJCGG CGT ATG ATT GGT ACT GAT GCT
Mss1  ACT AAT CTT GIT TCT GGT CTIT GCT GAT GCG CTT CTT GAC TCA GTC CCG CTHM GCC ATT ACT GGG CAA GTT [CCCJCGG CGT ATG ATT GGT ACT GAT GC
MsS2  ACT AAT CTT GTT TCT GGT CTT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTHM GCC ATT ACT GGG CAA GTT |CCCJCGG CGT ATG ATT GGT ACT GAT GCT
MSS3  ACT AAT CTT GTHE TCT GGT CTT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTHM GCC ATT ACT GGG CAA GTT|CCClCGG CGT ATG ATT GGT ACT GAT GCT
Mss4 ACT AAT CTT GTT TCT GGT CTT GCT GAT GCEB CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT JCCCJCGG CGT ATG ATT GGT ACT GAT GC
MSS5  ACT AAT CTT GTHE TCT GGT CTT GCT GAT GCG CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT JCCCJCGG CGT ATG ATT GGT ACT GAT GCT
KCTR1  ACT AAT CTT GTT TCT GGT CTT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT [CCCJCGG CGT ATG ATT GGT ACT GAT GCT
KCTR2 ACT AAT CTT GTT TCT GGT CTT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT |[cCC|CGG CGT ATG ATT GGT ACT GAT GCT
KCTR3  ACT AAT CTT GTT TCT GGT CTIT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT [CCCJCGG CGT ATG ATT GGT ACT GAT GCT
KCTR4 ACT AAT CTT GTT TCT GGT CTT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTHM GCC ATT ACT GGG CAA GTT|ccClCGG CGT ATG ATT GGT ACT GAT GCT
KCTRS  ACT AAT CTT GTT TCT GGT CTT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT |ccc]CGG CGT ATG ATT GGT ACT GAT GCT
KCTR6 ACT AAT CTT GIT TCT GGT CTT GCT GAT GCE CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT JCCCJCGG CGT ATG ATT GGT ACT GAT GC
KCTR7 ACT AAT CTT GTHE TCT GGT CTT GCT GAT GCG CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT |CCCJCGG CGT ATG ATT GGT ACT GAT GCT
KCTR8 ACT AAT CTT GIT TCT GGT CTT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTHM GCC ATT ACT GGG CAA GTT |CCCJCGG CGT ATG ATT GGT ACT GAT GCT
KCTR9  ACT AAT CTT GTT TCT GGT CTT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT [CCC|CGG CGT ATG ATT GGT A GAT GCT
KCTR10 ACT AAT CTT GTT TCT GGT CTT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT JCCCJCGG CGT ATG ATT GGT ACT GAT GCT
KCTR11 ACT AAT CTT GTH TCT GGT CTT GCT GAT GCG CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT |[CCCJCGG CGT ATG ATT GGT ACT GAT GCT
KCTR12 ACT AAT CTT GTT TCT GGT CTT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTHM GCC ATT ACT GGG CAA GTT |CCCJCGG CGT ATG ATT GGT ACT GAT GCT
KCTR138 ACT AAT CTT GTT TCT GGT CTT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT |ccC|CGG CGT ATG ATT GGT ACT GAT GCT
KCTR14 ACT AAT CTT GTT TCT GGT CTT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT [CCCJCGG CGT ATG ATT GGT ACT GAT GCT
KCTR15 ACT AAT CTT GTT TCT GGT CTT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTHM GCC ATT ACT GGG CAA GTT |[cCCJCGG CGT ATG ATT GGT ACT GAT GCT
KCTR16 ACT AAT CTT GTT TCT GGT CTT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT [CCCJCGG CGT ATG ATT GGT ACT GAT GCT
KCTR17 ACT AAT CTT GTT TCT GGT CTT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT|CCC|CGG CGT ATG ATT GGT ACT GAT GCT
KCTR18 ACT AAT CTT GTT TCT GGT CTT GCT GAT GCA CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT [CCCJ]CGG CGT ATG ATT GGT ACT GAT GCT
KCTR19 ACT AAT CTT GTHE TCT GGT CTT GCT GAT GCE CTT CTT GAC TCA GTC CCG CTC GCC ATT ACT GGG CAA GTT |CCCJCGG CGT ATG ATT GGT ACT GAT GCT
EEZTE mam WWA GCN AWG GEE CEN SRR L_ NN N N B N 8 B &

Kss1  CAT TTA GGT ATG GTT GTT CAA|TGG] GAA GAT CGA TTT TAC AAA GCT AAC GCA CAT ACA TAC CTC GGG AAT CC
MSS1  CAT TTA GGT ATG GTT GTT CAA|TGG| GAA GAT CGA TTT TAC AAA GCT AAC GCA CAT ACA TAC CTC GGG AAT CC
Mss2  CAT TTA GGT ATG GTT GTT CAA|TGG| GAA GAT CGA TTT TAC AAA GCT AAC GCA CAT ACA TAC CTC GGG AAE CC
Mss3  CAT TTA GGT ATG GTT GTT CAA|TGG| GAA GAT CGA TTT TAC AAA GCT AAC GCA CAT ACA TAC CTC GGG AAT CC
MSs4 CAT TTA GGT ATG GTT GTT CAA|TGG| GAA GAT CGA TTT TAC AAA GCT AAC GCA CAT ACA TAC CTC GGG AAT CC
Mss5  CAT TTA GGT ATG GTT GTT CAA|JTGG] GAA GAT CGA TTT TAC AAA GCT AAC GCA CAT ACA TAC CTC GGG AAT CC
KCTR1 CAT TTA GGT ATG GIT GTT CAA|TGG] GAA GAT CGA TTT TAC AAA GCT AAC GCA CAT ACA TAC CTC GGG AAT CCT TCC AAT TCT TCC

GCA cC
KCTR1 CAT TTA GGT ATG GTT GTIT CAA|TGG] GAA GAT CGA TTT TAC AAA GCT AAC GCA cc
KCTR12 CAT TTA GGT ATG GTT GTT CAA|TGG] GAA GAT CGA TTT TAC AAA GCT AAC GCA cc
KCTR13 CAT TTA GGT ATG GTT GTT CAA|TGG] GAA GAT CGA TTT TAC AAA GCT AAC GCA cc
KCTR14 CAT TTA GGT ATG GTT GTT CAA|TGG] GAA GAT CGA TTT TAC AAA GCT AAC GCA CAT ACA TAC CTC GGG AAT CC
KCTR15 CAT TTA GGT ATG GTT GTT CAA|TGG] GAA GAT CGA TTT TAC AAA GCT AAC GCA ccC
KCTR16 CAT TTA GGT ATG GIT GTIT CAA|TGG] GAA GAT CGA TTT TAC AAA GCT AAC GCA cc
KCTR17 CAT TTA GGT ATG GTT GTT CAA|TGG] GAA GAT CGA TTT TAC AAA GCT AAC GCA cc
KCTR18 CAT TTA GGT ATG GTT GTT CAA|TGG] GAA GAT CGA TTT TAC AAA GCT AAC GCA cc

GCA cc

€TC
KCTR19 CAT TTA GGT ATG GTT GTT CAA LIGG) GAA GAT CGA TTT TAC AAA GCT AAC CAT ACA TAC CTC GGG AAT

G AW EENGC ENC GEN G AN CHN EEN EAN BAC CNG BAN GHG -G--Gmsl CHEE CHE NN ANC CAE NI ANE AEA CAG GCN GEN GON

Keel CCG TAT CTG CTG GAT G ATC GTA CCA CAT CAG GAG CAT GTG CTG CCT ATG CCT JAGC| GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
Mesz CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GT| G CCT ATG CCH|AGC| GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
Mess CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GIG CTG CCT ATG CCT [AGC| GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
Mess CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GTIG CTG CCT ATG CCT|AGC|GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
Msss CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GIG CIG CCT ATG cCT|AGC|GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
Koms CCG TAT CTG CTG GAT G ATC GTA CCA CAT CAG GAG CAT GTG CTG CCT ATG CCT|AGC| GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
koRa €CG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GIG CTG CCT ATG CCT|AGC|GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
Ko CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GIG CIG CCT ATG CCT |AGC|GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
TRy CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GTG CTG CCT ATG CCT|AGC|GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
"oTRs CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT G CTG CCT ATG CCT |AGC| GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
Nams CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GTG CTG CCT ATG cCT[AGC|GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
Komms C€CG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GTG CTG CCT ATG cCT [AGC|GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
KOTRT CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GTG CTIG CCT ATG CCTJAGC|GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GTG CTG CCT ATG CCT JAGC| GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA

KCTRS CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GTG CTG CCT ATG ccT |a GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
KCTR10 CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GTG CTG CCT ATG CCT JAGC]GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
KCTRM CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GTG CTG CCT ATG CCT JAGC]GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
KCTR12 CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GTG CTG CCT ATG CCT [AGC| GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
KCTR13 cCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GTG CTG CCT ATG cCT |AGC| GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
KCTR14 CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GTG CTG CCT ATG CCT JAGC| GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GG
KCTR1S CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GIG CTG CCT ATG cCT |AGC| GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
KCTR16 CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GTG CTG CCT ATG cCT |JAGC| GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
KCTR17 CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GTG CTG CCT ATG CCT JAGC| GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
KCTR18 CCG TAT CTG CTG GAT GTA ATC GTA CCA CAT CAG GAG CAT GIG CTG CCT ATG CCT |AGC| GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
KCTR19 CCG TAT CTG CTG GAT GTM ATC GTA CCA CAT CAG GAG CAT GTG CTG CCT ATG cCT |aGC| GGT GCC GCC TTC AAG GAC ACC ATC ACA GAG GGT GAT GGA
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Figure S2.2 Sequence alignment of psb4 gene of representative plants from resistant KCTR and

susceptible populations KSS and MSS
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Figure S3.1 Percent ['*C] 2,4-D in (A) treated-leaf, (B) above treated-leaf, and (C) below treated-
leaf in KSS (susceptible), MSS (susceptible) and KCTR (resistant) Palmer amaranth plants at

various time-points after treatment with 2,4-D. Error bars represent standard error of mean.
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Abstract: Non-target-site resistance (NTSR) to herbicides in weeds can be conferred as a result of
the alteration of one or more physiological processes, including herbicide absorption, translocation,
sequestration, and metabolism. The mechanisms of NTSR are generally more complex to decipher
than target-site resistance (TSR) and can impart cross-resistance to herbicides with different modes
of action. Metabolism-based NTSR has been reported in many agriculturally important weeds,
although reduced translocation and sequestration of herbicides has also been found in some weeds.
This review focuses on summarizing the recent advances in our understanding of the physiological,
biochemical, and molecular basis of NTSR mechanisms found in weed species. Further, the importance
of examining the co-existence of TSR and NTSR for the same herbicide in the same weed species
and influence of environmental conditions in the altering and selection of NTSR is also discussed.
Knowledge of the prevalence of NTSR mechanisms and co-existing TSR and NTSR in weeds is
crucial for designing sustainable weed management strategies to discourage the further evolution
and selection of herbicide resistance in weeds.

Keywords: non-target-site resistance; herbicide mode of action; co-existence; environmental conditions

1. Introduction

Herbicide use is indispensable in modern agriculture as it offers exceptional tool for weed
management and also facilitates no-till crop production to conserve soil and moisture. However,
repeated field applications of herbicides with the same mechanism of action resulted in the selection
of herbicide-resistant weeds. The Weed Science Society of America (http//www.wssa.net) defines
herbicide resistance as the inherited ability of a plant to survive and reproduce following exposure
to a dose of herbicide normally lethal to the wild type. Under continuous selection pressure, i.e., the
repeated use of herbicides with the same mode of action, the resistant plants increase in frequency over
time, resulting in the domination by individuals resistant to that herbicide. In addition to the selection
pressure of herbicides, biological and genetic factors of weed species, properties of herbicides, and
agronomic practices also play an important role in the evolution and spread of herbicide resistance [1].
Biological characteristics of highly troublesome weeds, including prolific seed production, high
germination percentage, a wide window of emergence, seed dispersal, and longevity, help to maintain
a high frequency of resistant individuals in the population. Genetic factors, such as natural mutations
conferring herbicide resistance, inheritance of herbicide-resistant genes in the weed population, and
fitness cost of resistance genes in the presence or absence of the herbicide, also play an important role
in the evolution and spread of herbicide resistance [2,3].

2. Mechanisms of Herbicide Resistance

Akey aspect in predicting the evolutionary trajectory of herbicide-resistance traits is understanding
the mechanism(s) of herbicide resistance. Mechanisms of herbicide resistance in weeds can be broadly
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classified into target-site resistance (TSR) and/or non-target-site resistance (NTSR). The TSR mechanisms
largely involve mutation(s) in the target site of action of an herbicide, resulting in an insensitive or less
sensitive target protein of the herbicide [1]. In such cases, the TSR is primarily determined by monogenic
traits [3]. Additionally, TSR can also evolve as a result of the over-expression or amplification of the
target gene [4]. NTSR mechanisms include reduced herbicide uptake/translocation, increased herbicide
metabolism, decreased rate of herbicide activation, and/or sequestration [5]. Metabolism-based NTSR
involves the increased activity of enzyme complexes such as esterases, cytochrome P450s (CYP450s),
glutathione S-transferases (GSTs), and/or Uridine 5’-diphospho (UDP)-glucosyl transferases [1]. NTSR,
especially if it involves herbicide detoxification by these enzymes, is usually governed by many genes
(polygenic) and may confer resistance to herbicides with completely different modes of action [3,6].
However, monogenic inheritance of NTSR has also been reported in several herbicide-resistant
weeds [7-9]. The evolution of NTSR via herbicide detoxification is a serious threat to weed management
as it can bestow resistance to multiple herbicides, leaving limited herbicide options for weed control,
as well as potential resistances to herbicides not yet commercially available [10]. Comprehensive
information on the evolution of TSR-based resistance in weeds are discussed elsewhere in this special
issue. In this review recent advances in understanding the mechanisms of NTSR to herbicides with
different modes of action are discussed.

3. Known NTSR Mechanisms in Weed Species for Different Herbicide Modes of Actions

3.1. Acetyl CoA Carboxylase (ACCase)-Inhibitors

ACCase is a crucial enzyme that catalyzes the formation of malonyl CoA via the carboxylation of
acetyl CoA while using bicarbonate as the source of carbon [11]. Malonyl CoA is needed for de novo
fatty acid biosynthesis, and thus, is essential for plant survival. ACCase-inhibitors impede malonyl
CoA formation in sensitive grass species, ultimately leading to plant death [11,12]. These herbicides
are used as important post-emergence options for managing grass weeds in dicotyledonous crops.
To date, 48 weeds have been reported to have evolved resistance to these herbicides [13] via both TSR
and NTSR mechanisms. Predominantly, TSR has been reported as the leading mechanism, caused by
amino acid substitutions in the carboxyl transferase domain of the ACCase enzyme [14,15].

Metabolic resistance to ACCase-inhibiting herbicides has been documented in Asia minor
bluegrass [16], barnyard grass [17], blackgrass [18], Italian ryegrass [19,20], Japanese foxtail [21], rigid
ryegrass [22-24], and wild oat [25]. In the majority of these cases, enhanced metabolism mediated
by CYP450s was reported. For instance, rapid degradation of diclofop-methyl was observed in rigid
ryegrass populations from Australia [22,24]. Interestingly, exposure to low doses of diclofop-methyl acid
application rapidly selected for metabolic resistance in rigid ryegrass [26]. Moreover, the metabolites
produced in these resistant plants were found to be similar to those in wheat formed via ring
hydroxylation and sugar conjugation [26]. This result suggests that in resistant grasses, the metabolism
of ACCase-inhibitors occurs through a wheat-like detoxification pathway mediated by CYP450s [25,26].
Studies involving CYP450 or GST inhibitors, such as malathion and piperonyl butoxide (PBO), have
been used to indicate the involvement of these detoxification systems. The organophosphate insecticide,
malathion can decrease the rate of metabolism and increase the metabolic half-life of herbicides by
inhibiting CYP450-based hydroxylation in corn [27,28]. Pre-treatment with CYP450 inhibitors like PBO
or malathion has been shown to reduce resistance to ACCase-inhibitors in Asia minor bluegrass [16]
and Japanese foxtail [21], indicating the role of CYP450s in enhancing metabolism in these resistant
weeds. Conversely, pre-treatment with 2,4-D, a CYP450 inducer, increased the rate of metabolism of
diclofop-methyl in susceptible rigid ryegrass populations [29]. Apart from CYP450s, involvement of
GSTs and glucosyltransferases (GTs) have also been documented to govern the metabolic resistance to
ACCase-inhibitors. Transcriptome analysis of diclofop-resistant rigid ryegrass, led to the identification
of four contigs, including two CYP450s, one GT, and one nitronate monooxygenase (NMO) as potential
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candidate genes for metabolic resistance to diclofop [24]. Similarly, researchers have reported greater
GST activity in resistant plants following ACCase-inhibitor application [16,17,30].

3.2. Acetolactate Synthase (ALS)-Inhibitors

ALS inhibitors were first commercialized in 1982, and by 1998, the number of weed species
with resistance to this group of herbicides had surpassed other herbicides [31]. These herbicides,
also referred as acetohydroxy acid synthase (AHAS) inhibitors, inhibit ALS or AHAS enzyme, which is
vital for the biosynthesis of branched-chain amino acids isoleucine, leucine, and valine [32]. In general,
these are broad-spectrum, post-emergence herbicides used for controlling weeds in a variety of crops
like wheat and soybean. However, few ALS inhibitors, such as trifloxysulfuron, are also used as
pre-emergence options to control weeds. Currently, resistance to ALS inhibitors is reported in 161 weeds
globally [13]. TSR caused by single amino acid substitutions has been reported in most of these
ALS-inhibitor-resistant weeds. Until recently, detection of these mutations have highlighted more
importance on identifying TSR mechanisms compared to NTSR, even though they can co-exist in the
same population [33,34]. However, the identification of plants lacking mutations in the ALS domain
and surviving herbicide application has led researchers to focus on elucidating the NTSR mechanisms.

Enhanced metabolism conferring resistance to ALS inhibitors has been documented in several
grass and broadleaf weeds, such as barnyard grass [35], common waterhemp [36], Palmer amaranth [37],
rice barnyard grass [38,39], rigid brome [40], short awn foxtail (Alopecurus aequalis) [41,42], and water
chickweed (Myosoton aquaticum) [33]. Numerous studies have also elucidated the molecular basis of
metabolic resistance to ALS inhibitors. Though genes involved in metabolic resistance can be different
depending on the weed species and history of herbicide application [43], most of these studies have
predominantly identified multiple CYP450 genes that are either constitutively expressed or upregulated
following ALS inhibitor application [38,41,44]. For example, the mechanism of mesosulfuron-methyl
resistance in short awn foxtail was studied and two CYP450 genes, i.e., CYP94A1 and CYP71A4, were
identified to be constitutively overexpressed in the resistant plants [41]. In a similar study, two CYP450
genes, i.e., CYP81A12 and CYP81A21, were identified as candidate genes conferring resistance to
bensulfuron-methyl and penoxsulam in rice barnyard grass [38]. Several CYP450 genes mediating
NTSR to ALS inhibitors have been identified in water chickweed [44], ryegrass [45], flixweed [46],
and blackgrass [18,47]. In addition to CYP450s, involvement of GSTs, GTs, and ATP-binding cassette
(ABC) transporters have also been reported [42,44-46]. For instance, in ALS-inhibitor-resistant
water chickweed, four genes—including three CYP450s (having homology to CYP734A1, CYP76C1,
and CYP86B1) and an ABC transporter (having homology to ABCC10)—were identified as being highly
expressed in all resistant plants [44]. Another commonly used procedure to test the CYP450 mediated
metabolic resistance to ALS inhibitors has been the increase in sensitivity upon pre-treatment with
CYP450 inhibitors, such as PBO, phorate, and malathion. Such increased sensitivity was observed in
rigid ryegrass [48], short awn foxtail [41], Palmer amaranth [37], common waterhemp [36], barnyard
grass [35], and rigid brome [40]. Malathion application also reversed 2,4-D-induced protection against
chlorsulfuron in susceptible rigid ryegrass from Australia, suggesting the involvement of CYP450s in
metabolizing chlorsulfuron [29].

3.3. Synthetic Auxinic Herbicides

Synthetic auxinic herbicides (SAH) are known to mimic the natural plant hormone, indole 3-acetic
acid (IAA) [49]. These auxin analogs are mostly used for controlling broadleaf weeds in monocot crops,
except quinclorac and quinmerac, which are known to have some grass activity [50]. Despite being
introduced as early as 1945, the evolution of resistance to SAH has been slow, and so far, 39 weeds are
reported to have developed resistance [13]. In the majority of weeds, NTSR mechanism(s) via (i) reduced
uptake, (ii) decreased translocation, and (iii) increased metabolism has been documented. The reduced
uptake of SAH is often affected by the properties of the leaf cuticle or other structural barriers that
prevent absorption of the herbicide into mesophyll after herbicide application [51]. However, reduced
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uptake is a minor mechanism and has been shown to impart resistance in fewer weeds, such as ground
ivy [51] and prickly lettuce [52]. However, reduced translocation resulting in the decreased movement
of SAH to the site of action is common. Such a reduction in translocation was reported in several
weed species, such as wild radish [53], oriental mustard [54], corn poppy [55], and prickly lettuce [52].
For instance, reduced translocation was observed in oriental mustard where approximately 77% of
2,4-D (2,4-dichlorophenoxyacetic acid) was retained in the treated leaves of resistant plants compared
to 32% in susceptible plants at 72 h after treatment (HAT) [54]. In another study, the application of
auxin efflux inhibitors 1-naphthylphthalamic (NPA) and 2,3,5-triiodobenzoic acid (TIBA) via roots
of 2,4-D-susceptible wild radish plants significantly inhibited the translocation of 2,4-D out of the
treated leaves, mimicking the 2,4-D-resistant wild radish [53]. Application of the same inhibitors did
not affect the translocation of 2,4-D in the resistant biotype, suggesting alteration of the activity of
ABC-transporters present in the plasma-membrane that usually facilitate the long-distance transport of
2,4-D [53]. MCPA (2-methyl-4-chlorophenoxyacetic acid) resistance in wild radish from Australia has
been attributed to the rapid translocation to the roots [56]. At 48 HAT, a significantly lower amount
of MCPA was recovered from resistant plants compared to susceptible plants, suggesting a possible
root exudation of MCPA out of the plants [56]. Rapid metabolism of SAH is another major NTSR
mechanism reported in several dicot weed species, where similar to the naturally tolerant monocot
species, detoxification of herbicides occurs via ring-hydroxylation followed by conjugation, mediated
by CYP450s. Such rapid detoxification of SAH has been reported in common waterhemp [36,57] and
corn poppy [58]. In 2,4-D-resistant common waterhemp, 2,4-D was found to metabolize at a much
faster rate compared to the susceptible plants, resulting in a lower metabolic half-life of 2,4-D [57].
In two 2,4-D-resistant corn poppy populations from Spain, enhanced metabolism was reported [58].
Two hydroxy metabolites were detected in the roots and shoots of the resistant plants, but not in the
susceptible plants, suggesting a possible enhanced metabolism of herbicide due to CYP450-based
hydroxylation in resistant plants [58]. Increased sensitivity of SAH-resistant biotypes was observed
when pre-treated with CYP450-inhibitor malathion followed by herbicide application [36,57,58].

3.4. Photosystem 11 (PS-II)-Inhibitors

PS-II inhibitors act by competitively binding to the plastoquinone binding site (Qp) on the D1
protein in the PS-II complex of the chloroplast [59]. This blockage disrupts photosynthesis since
plastoquinone is vital for the electron transfer from PS-II to PS-1, and for generating nicotinamide
adenine dinucleotide phosphate (NADPH) and ATP. The D1 protein is encoded by chloroplastic
psbA gene, and hence, TSR to PS-1I inhibitors can only be inherited maternally [60]. So far, 74 weed
species have been reported to evolve resistance to PS-II inhibitors globally, via both TSR and NTSR
mechanisms [13]. TSR to PS-II inhibition as a result of point mutations in the Qg binding site has been
reported in several weeds, such as kochia [61] and wild radish [62].

NTSR to PS-1I inhibitors have been documented in annual bluegrass [63], common ragweed [64],
common waterhemp [65,66], Palmer amaranth [67,68], and wild radish [62]. In the majority of these
cases, the metabolism of PS-II inhibitors was catalyzed by the enhanced activity of GST enzymes [69]
and/or CYP450 enzymes [70]. For example, atrazine-resistant Palmer amaranth from Kansas was
found to conjugate atrazine 24 times faster than the susceptible plants via enhanced GST-activity [67].
Similarly, the enhanced metabolism of atrazine was found in two common waterhemp populations
from Illinois [10] and Nebraska [65]. In the atrazine-resistant common waterhemp from Nebraska,
at 6 HAT, approximately 92% of the atrazine was found to be conjugated by GSTs, whereas 92%
of atrazine was still retained as a parent compound in susceptible plants [65]. Involvement of a
phi-class GST, i.e., AtuGSTF2, was identified in mediating atrazine resistance in common waterhemp
from Illinois [66]. Application of GST-inhibitors like 4-chloro-7-nitro-1,2,3-benzoxadiazole (NBD-cl)
prior to atrazine application in resistant common waterhemp has resulted in greater sensitivity to
atrazine [10]. Similarly, pre-treatment with a CYP450 inhibitor, 1-aminobenzotriazole, has shown
increased sensitivity to resistant rigid ryegrass to simazine [70]. Apart from increased metabolism,
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reduced absorption and translocation can also impart PS-II-inhibitor resistance. Reduced absorption,
translocation and increased metabolism of atrazine were observed in a PS-II-inhibitor (atrazine, diuron,
semicarbazone)-resistant annual bluegrass population where known mutations in the psbA gene were
lacking [63].

3.5. Enolpyruvyl Shikimate-3-Phosphate Synthase (EPSPS)-Inhibitors

Glyphosate, a non-selective, broad-spectrum herbicide, inhibits EPSPS in the shikimate pathway
by acting as a transition state analog of phosphoenolpyruvate (PEP), which is a substrate for EPSPS [71].
The shikimate pathway produces the aromatic amino acids tryptophan, tyrosine, and phenylalanine,
which are vital for plant growth and development. Additionally, glyphosate can increase carbon flow
to the shikimate pathway, resulting in a shortage of carbon for other essential pathways [72]. Currently,
there are 44 weeds reported to have evolved resistance to glyphosate [13]. Many of these resistance
cases are either by alteration in the target (EPSPS) gene [73,74] or amplification and over-expression of
the target gene [75-77].

Reduced translocation of glyphosate to meristematic sinks has been reported as the most
common NTSR mechanism [78-80]. This mechanism has been reported in Palmer amaranth [81-83],
horseweed [84], hairy fleabane [84], Italian ryegrass [85], rigid ryegrass [74,86], common waterhemp [73],
Johnsongrass [87,88], sourgrass [89], and giant ragweed [90]. Reduction in translocation has been
attributed to the evolution of a transporter that sequesters glyphosate inside the plant vacuole, thus
preventing it from reaching the chloroplast [78]. In glyphosate-resistant horseweed, more (>85%)
glyphosate was present in the vacuole of the resistant compared to only 15% in the susceptible
plants [80]. Such sequestration was irreversible at least up to several days following the glyphosate
application [80,91,92]. Similar modified sub-cellular distribution of glyphosate was found in glyphosate-
resistant Conyza bonariensis [79]. ABC transporter proteins have been proposed to sequester glyphosate
via active glyphosate transport [78,93]. Through GS-FLX 454 pyrosequencing, an increased expression
of several ABC transporter genes was found in glyphosate-resistant horseweed following glyphosate
application [94]. However, the role of a specific gene or gene family mediating glyphosate sequestration
resulting in NTSR is still unknown. The reduced uptake of glyphosate has also been shown to impart
low-level resistance to glyphosate in several weeds, such as Palmer amaranth [81,83], sourgrass [89],
and Johnsongrass [87]. An enhanced metabolism of glyphosate is another mechanism responsible for
high tolerance to glyphosate and was observed in some biotypes of sourgrass [95], horseweed [96],
and Echinochloa colona [97]. In sourgrass biotypes with a greater tolerance to glyphosate, more than
56% of glyphosate was metabolized into aminomethylphosphonic acid (AMPA), glyoxylate, and
sarcosine at 168 HAT compared to 10% in susceptible biotypes [95]. Similar, rapid metabolism
of glyphosate was observed in resistant horseweed populations where almost 100% of glyphosate
metabolized into glyoxylate, sarcosine, and AMPA within 96 HAT [96]. Through RNA-seq analysis, an
aldo-keto reductase (AKR) contig with greater expression and activity, exhibiting metabolic resistance
to glyphosate was identified in an Echinochloa colona population from Australia [97]. Further, glyphosate
metabolites, such as AMPA and glyoxalate, were also found in Escherichia coli expressing the AKR gene
(EcAKR4-1), which was similar to the resistant Echinochloa colona plants [97].

3.6. 4-Hydroxyphenylpyruvate Dioxygenase (HPPD) and Carotenoid-Inhibitors

HPPD enzyme is required for catalyzing the conversion of 4-hydroxyphenylpyruvate (HPP)
to 2,5-dihydroxyphenylacetate (homogentisate) to produce plastoquinone and tocopherols in the
carotenoid biosynthesis pathway [98]. Plastoquinone is essential for the electron transfer from PS-II
to PS-I and also as a co-factor of phytoene desaturase (PDS), required for carotenoid formation [99].
Hence, most of these herbicides inhibit carotenoid formation, ultimately resulting in photo-oxidation
of chlorophyll molecules and lipid peroxidation of the cell membranes by forming singlet oxygen [100].
So far, NTSR to HPPD-inhibitors has been reported most often. However, TSR caused by higher HPPD
gene and protein expression has been reported in mesotrione-resistant Palmer amaranth [99].



Plants 2019, 8, 417 60f16

Enhanced metabolism was the primary NTSR mechanism reported in HPPD-inhibitors-resistant
Palmer amaranth [99,101,102], common waterhemp [10,36,103-105], and rice barnyardgrass [106].
In mesotrione-resistant Palmer amaranth, more than 90% of mesotrione was metabolized at 24 HAT [99].
Rapid 4-hydroxylation, followed by glycosylation and a higher expression of certain CYP450
enzymes, were identified in tembotrione-resistant Palmer amaranth compared to the susceptible
biotype [102]. Similarly, increased mesotrione metabolism via 4-hydroxylation of the dione ring
was reported in mesotrione-resistant common waterhemp from Nebraska [105]. Pre-treatment with
CYP450-inhibitors has been shown to increase the sensitivity of resistant common waterhemp
populations to mesotrione [10,36,103]. CYP450s belonging to sub-family CYP81A were found to
impart metabolic-resistance to clomazone in rice barnyard grass [106]. Arabidopsis lines transformed
with CYP81A12, CYP81A21, CYP81A15, and CYP81A24 showed increased resistance to clomazone,
indicating their involvement in metabolizing clomazone [106].

3.7. Protoporphyrinogen Oxidase (PPO)-Inhibitors

PPO inhibitors are important broad-spectrum herbicides that growers can use to control weeds
resistant to ALS inhibitors and glyphosate [107]. PPO inhibitors impede the PPO enzyme, which is
required for catalyzing the conversion of protoporphyrinogen IX to protoporphyrin IX in the last step
of plant heme and chlorophyll biosynthesis [108,109]. The inhibition of the PPO enzyme leads to the
accumulation of intermediates in the cytosol, which are photoactively oxidized, ultimately leading to
the production of highly reactive oxygen species (ROS). These ROS attack lipids and proteins in cell
membranes and cause lipid peroxidation, leading to plant death [110]. So far, 13 weeds have evolved
resistance to PPO inhibitors [13]. The most common mechanism of resistance reported was a single
amino acid deletion (Gly210) or substitution in the PPX2 (e.g., Arg98Leu) gene [107].

NTSR-based PPO inhibitor resistance has been reported in two pigweed species: Palmer
amaranth [111] and common waterhemp [112]. A common waterhemp population resistant to
carfentrazone-ethyl lacked the presence of known mutations previously reported to confer TSR to
PPO inhibitors but exhibited increased sensitivity to carfentrazone-methyl when pre-treated with
malathion [112]. This suggests the possible involvement of CYP450 in conferring resistance to
carfentrazone-ethyl in common waterhemp [112]. Similarly, the absence of known mutations was
reported in fomesafen-resistant Palmer amaranth [111]. The same population was further found to be
cross-resistant to flumioxazin, acifluorfen, and saflufenacil [113]. Involvement of both CYP450s and
GSTs was reported to mediate fomesafen resistance in Palmer amaranth due to increased sensitivity
when pre-treated with malathion or NBD-cl [111,113].

3.8. Photosystem I (PS-1)-Inhibitors

Paraquat is a non-selective, fast-acting herbicide that diverts electrons from PS-I, leading to the
inhibition of photosynthesis. Paraquat accepts a single electron in order to generate a reduced cation
radical, that on further reaction with oxygen, generates a superoxide ion [114]. In the presence of light,
paraquat catalyzes the production of superoxide ions, which eventually form hydroxy radicals and
result in lipid peroxidation [114,115]. Only a single NTSR mechanism, i.e., reduced translocation via
vacuolar sequestration, has been reported in horseweed [84], hairy fleabane [84], rigid ryegrass [116],
and Italian ryegrass [117]. The amount of paraquat present in the leaf protoplast of resistant and
susceptible rigid ryegrass was estimated and a 2-3-fold higher retention of herbicide was found in
leaves of resistant plants, indicating possible sequestration of the herbicide in vacuoles [116]. A similar
mechanism of paraquat resistance was reported in Italian ryegrass [117]. However, the molecular basis
of such sequestration is still unknown.
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3.9. Very Long Chain Fatty Acid (VLCFA) Synthesis-Inhibitors

VLCFA inhibiting herbicides are known to affect several steps in the elongation of the carbon
chain of very long chain fatty acids [118]. VLCFAs are required for the formation of triacylglycerols,
waxes, phospholipids, and complex sphingolipids, which are essential for various plant functions [119].
For instance, phospholipids and sphingolipids are required during cell division, as well as for
maintaining membrane trafficking pathways [119-121]. The ever-increasing occurrence of ACCase
and ALS-inhibitor resistance has led growers to rely more on VLCFA inhibitors, which are important
pre-emergence herbicides for controlling grasses.

NTSR mechanisms to very long chain fatty acid (VLCFA) inhibitors have been studied in
ryegrass populations from Australia [122], U.K., and France [123], as well as Palmer amaranth from
Arkansas [124]. Metabolic resistance to pyroxasulfone was reported in a rigid ryegrass population
from Australia, where approximately 88% of parental applied herbicides was metabolized within
24 HAT [122]. Pyroxasulfone metabolites were formed via glutathione conjugation and two putative GST
genes were 2-6-fold constitutively overexpressed in resistant ryegrass populations [122]. Interestingly,
continuous sub-optimal application of pyroxasulfone can rapidly select for resistant biotypes of rigid
ryegrass [125]. Application of herbicides at sub-optimal doses can favor the selection of several minor
resistance alleles and facilitate their accumulation in cross-pollinating weeds like rigid ryegrass, leading
to rapid evolution of polygenic NTSR [126,127]. Moreover, such selection can promote the evolution of
cross-resistance to other VLCFA inhibitors like prosulfocarb and triallate [128]. In flufenacet-resistant
ryegrass populations from the U K. and France, enhanced metabolism due to conjugation by GSTs was
reported [123]. Similarly, enhanced metabolism of flufenacet was observed in resistant blackgrass [129].
Recently, resistance to s-metolachlor was documented in Palmer amaranth from Arkansas. A reduction
in root growth was observed when the resistant accessions were kept for germination in agar solution
containing a GST-inhibitor, NBD-cl, indicating the role of GSTs in mediating the resistance [124].

4. Influence of Environmental Factors on NTSR Mechanisms

NTSR mechanisms can be affected by changes in environmental conditions [130,131]. Factors
like the mode of action of herbicides and the physiology of weed species can contribute significantly
in the alteration of NTSR under different environmental conditions. Both herbicide-resistant and
susceptible biotypes have shown increased and decreased tolerance to herbicides under different
environmental conditions. NTSR mechanisms are suspected to develop gradually in response to
biotic and abiotic stresses, which enable them to adapt to the growing conditions [132]. Changing
environmental conditions can seriously affect herbicide efficacy and favor the selection of more tolerant
biotypes. Hence, information on how NTSR mechanisms behave in different weed species in varying
environmental conditions can be very crucial to mitigate such selection. The effect of environmental
conditions, such as temperature, CO, concentration, and relative humidity, on NTSR mechanisms has
been studied in several weed species. Altered temperature regimes were shown to impact herbicide
absorption [133-136], translocation and sequestration [133,134,136-141], and metabolism [30,139,142].
For example, exposure to high temperature was found to reduce pinoxaden sensitivity of grass
species, such as Brachypodium hybridum [142]. A higher level of inactive glucose-conjugated pinoxaden
metabolites in these grasses was observed under high- versus low-temperature conditions [142]. Such
increased detoxification of pinoxaden in Brachypodium hybridum was associated with a possible increased
enzymatic activity of reactive oxygen species scavengers [30]. In another study, the suppression
of vacuolar sequestration of glyphosate at low temperature was found to result in the increased
sensitivity of glyphosate-resistant horseweed [137]. Recently, poor control of kochia due to the reduced
absorption of glyphosate and translocation of dicamba at high temperature was reported [133].
Decreased efficacy of mesotrione in controlling Palmer amaranth due to rapid metabolism at high
temperature was documented [139]. Conversely, improved 2,4-D efficacy at high temperature due
to increased translocation was found in both glyphosate-resistant and -susceptible common and
giant ragweed [134]. Additionally, increased absorption of glyphosate in common ragweed, and
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increased absorption and translocation of glyphosate in giant ragweed, improved glyphosate efficacy
at high temperature [134]. Apart from temperature, changes in CO, concentrations can affect herbicide
translocation and sequestration in weeds [140,143]. In horseweed and lambsquarter, an increase
in glyphosate translocation was found at elevated CO,; levels and increased temperature, leading
to a reduced glyphosate sensitivity [140]. Similarly, in Echinochloa colona, high CO; and increased
temperature reduced the efficacy of cyhalofop-butyl by decreasing translocation [143]. Altering relative
humidity (RH) can also affect herbicide translocation in pigweeds [144]. For instance, in Palmer
amaranth, redroot pigweed, and common waterhemp, a higher translocation of glufosinate was found
at high, compared to low, RH [144]. These findings indicate the need to further elucidate and evaluate
the impact of environmental conditions on the sensitivity of weeds to herbicides to slow evolution of
herbicide resistance.

5. Coexistence of TSR and NTSR Mechanisms

Numerous cases of TSR have been reported as a result of single nucleotide polymorphisms
resulting in amino acid substitutions in the target sites of several herbicides, such as PS-1, ALS, and
ACCase inhibitors, and glyphosate. Novel mechanisms of TSR in weeds, such as the deletion of codons,
leading to PPO-inhibitor resistance in common waterhemp and Palmer amaranth [107,145], as well as
gene amplification-based resistance to glyphosate [75,77] and ACCase inhibitors [146], were reported.
These findings will help in identifying the precise genetic elements involved in the evolution of TSR
in resistant weeds. Similarly, recent advances have also helped to understand the physiological and
molecular basis of NTSR in weed species. Interestingly, several cases of coexistence of these mechanisms
have been reported. For instance, ALS-inhibitor-resistant water chickweed [33] and barnyard
grass [147], ACCase-inhibitor-resistant Vulpia bromoides [148], Italian ryegrass [19], short awn foxtail [41],
PS-II inhibitor-resistant wild radish [62], EPSPS-inhibitor-resistant rigid ryegrass [74], common
waterhemp [73], HPPD-inhibitor-resistant Palmer amaranth [99], and microtubule inhibitor-resistant
rigid ryegrass [34] have been identified with TSR and NTSR mechanisms in the same populations.
Therefore, if TSR mechanisms are found to contribute to herbicide resistance, it is also necessary to
investigate the NTSR mechanisms and vice versa. Although deciphering both types of resistances in the
same weed species can be challenging, understanding the coexistence of TSR and NTSR mechanisms
for the same herbicide is valuable for predicting possible cross-resistance to other herbicides, thereby
assisting in management of resistance.

6. Conclusions and Prospects

Weed management practices can impact the mechanisms by which weeds evolve resistance to
herbicides. Additionally, a key aspect in predicting the evolutionary trajectory of herbicide-resistant
traits is understanding the mechanism(s) of herbicide resistance. More importantly, understanding the
relationship between the weed management tactics and their influence on evolutionary mechanisms
(TSR or NTSR) that determine herbicide resistance in weed species will help to formulate effective
future strategies to manage these increasingly problematic weeds. It has been proposed that a lower
rate of herbicides result in the evolution of polygenic traits, whereas high herbicide doses may favor
monogenic target-site-based resistances [127]. Likewise, Gressel [149] proposed that suboptimal
herbicide use rates can result in the evolution of polygenic herbicide resistance. Understanding the type
of selection pressure leading to the evolution of NTSR mechanisms, especially metabolic resistance,
is extremely valuable and needed to sustain the limited herbicide portfolio and develop integrated
weed management strategies.
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Rapid metabolism increases
the level of 2,4-D resistance at
high temperature in common
waterhemp (Amaranthus
tuberculatus)

Chandrima Shyam?, Amit J. Jhala?, Greg Kruger?? & Mithila Jugulam®?"

Common waterhemp emerges throughout the crop growing season in the Midwestern United States,
and as aresult, the seedlings are exposed to a wide range of temperature regimes. Typically, 2,4-D is
used in the Midwest to control winter annual broad-leaf weeds before planting soybean and in an early
post-emergence application in corn and sorghum; however, the evolution of 2,4-D-resistant common
waterhemp in several Midwestern states may limit the use of 2.4-D for controlling this problem

weed. Moreover, temperature is one of the crucial factors affecting weed control efficacy of 2,4-D.
This research investigated the effect of temperature on efficacy of 2,4-D to control 2,4-D susceptible
(WHS) and -resistant (WHR) common waterhemp. Do se-response of WHS and WHR to 2,4-D was
assessed at two temperature regimes, high (HT; 34/20°C, d/n) and low (LT; 24/10°C, d/n). Whole plant
dose response study indicated an increased level of 2,4-D resistance in WHR at HT compared to LT.
Additional investigation of the physiological mechanism of this response indicated that both WHS and
WHR common waterhemp plants rapidly metabolized “C 2,4-D at HT compared to LT. In conclusion,
arapid metabolism of 2,4-D conferred increased level of resistance to 2,4-D in WHR at HT. Therefore,
application of 2,4-D when temperatures are cooler can improve control of 2,4-D resistant common
waterhemp.

Common waterhemp [Amaranthus tuberculatus (Moq.) Sauer] is one of the most troublesome weeds that can
cause extensive yield loss in major agronomic crops in the Midwestern United States. Season-long interference
of common waterhemp can result in up to 56% and 74% yield loss in soybean® and corn?, respectively. Biological
characteristics of common waterhemp, such as continuous emergence pattern, high fecundity, and adaptability
to diverse environment conditions make this species difficult to control. Moreover, the evolution of multiple
herbicide resistance has reduced herbicide options for the management of common waterhemp. A synthetic
auxinic herbicide (SAH), 2,4-dichloro-phenoxy acetic acid (2,4-D), has been a valuable post-emergence (POST)
option to control many broadleaf weeds including common wateremp; however, the evolution of common water-
hemp resistant to 2,4-D can affect the utility of 2,4-D-resistant corn and soybean. Common waterhemp resist-
ant to 2,4-D was first documented in 2009 in Nebraska®, followed by Illinois*, and more recently in Missouri°.
The WHR (2,4-D resistant common waterhemp) population from Nebraska is 8-10-fold resistant to 2,4-D com-
pared to a known susceptible (WHS) population®. Further, a rapid metabolism of 2,4-D, possibly mediated by
cytochrome P-450 monooxygenases, has been reported to confer resistance in this population®. Similarly, 2,4-D
resistance in common waterhemp population from Missouri was also attributed to a rapid metabolism mediated
by cytochrome P-450 monooxygenases’.

Reproductive success of common waterhemp is often attributed to its broader window of emergence”®. Such
emergence pattern demands a PRE (pre-emergence) followed by a POST herbicide program for effective control
and to reduce crop yield loss”!°. Moreover, studies show increased ecological advantage to common waterhemp
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Effective herbicide dose | _ . o Regression parameters
Population | Temperature (°C) | GRy, (gaeha™?) Index (RI) b d
WHS 24/10 107 (£26) — 0.88 (+0.14) 99.88 (£6.00)
34/20 178 (+43) — 0.76 (£0.11) 101.27 (£5.80)
WHR 24/10 1001 (4+237) 9.35 0.81 (+0.14) 100.39 (£5.95)
34/20 3696 (+1138) 20.76 0.65 (+0.16) 100.57 (£5.58)

Table 1. Regression parameters estimated from the whole-plant 2,4-D dose- response study based on dry shoot
biomass of 2,4-D-susceptible (WHS) and -resistant (WHR) common waterhemp grown under low (24/10°C,
d/n) and high (34/20°C, d/n) temperature regimes at 4 weeks after treatment (WAT). *Data combined from

two runs. "GRy, is the effective 2,4-D doses (g ae ha™!) required for 50% reduction in shoot dry biomass. “RI is
calculated as a ratio of GRs, ofthe WHR population to GR, of the WHS population. “Values in parenthesis are
standard error of mean.

cohorts emerging early in the season than later'!. Temperature is one of the critical environmental factors that
can fluctuate throughout the growing season. In Kansas, the early emerging waterhemp is exposed to a lower
day/night temperature ranging from 18.4-29.0/3.1-20.6 °C (d/n; average 24.7/11.6 °C), while late in the season
diurnal temperatures ranges from 28.2-40.5/15.1-27.1°C (d/n; average 34/21.2 °C)!2. Temperature can affect the
growth and development of common waterhemp'?, which in turn can influence the efficacy of POST herbicide
application'. Below optimal efficacy of POST-herbicide not only results in reduced weed control but can also
select resistant biotypes due to increasing chances of survival and seed production.

2,4-D, is widely used for managing dicotyledonous weeds in several crops and non-crop areas. Additionally,
2,4-D choline/glyphosate/glufosinate-resistant corn (Enlist™ corn) is commercially available from 2018 grow-
ing season in the United States and 2,4-D- choline/glyphosate/glufosinate-resistant soybean (Enlist™ soybean)
is likely to be commercially available in the near future. In sensitive dicotyledonous weeds, 2,4-D is absorbed
through root, stem, and leaves and gradually translocates systemically to meristems'®. Plant species tolerant to
2,4-D naturally degrade this herbicide into inactive metabolites, thus preventing the active ingredient to translo-
cate further's. For instance, in corn, 2,4-D is metabolized via ring hydroxylation mediated by cytochrome P-450
monooxygenases'”'8. Similar to monocotyledonous weeds, in many 2,4-D-resistant dicotyledonous weeds such
as corn poppy (Papavar rhoeas)'®, common waterhemp®®, degradation was possibly mediated by cytochrome
P-450 monooxygenases. Apart from metabolism, reduced absorption and/or translocation of 2,4-D have also
been found to bestow 2,4-D resistance in several dicotyledonous weeds such as corn poppy?’, prickly lettuce
(Lactuca serriola)®' and wild radish (Raphanus raphanistrum)?.

The effect of temperature on herbicide efficacy often vary depending on weed species and herbicide site of
action. For example, Ganie et al.* found that efficacy of 2,4-D was improved to control giant ragweed (Ambrosia
trifida) and common ragweed (Ambrosia artemisiifolia) at temperature 29/17 °C, d/n due to increased 2,4-D
translocation compared to 20/11°C, d/n temperature. In contrast, Ou et al.** reported reduced control of kochia
(Kochia scoparia) at a higher temperature (32.5/22.5°C, d/n) compared to a lower temperature (17.5/7.5°C, d/n)
due to reduced absorption of glyphosate and reduced translocation of dicamba. Scientific literature is not existing
on effect of temperature on efficacy of 2,4-D for control of 2,4-D-resistant and susceptible common waterhemp.
Understanding the effect of temperature on efficacy of 2,4-D as a post-emergence option will help to better facil-
itate control of common waterhemp. The objectives of this research were (1) to evaluate the efficacy of 2,4-D on
WHS and WHR control at a high (HT; 34/20°C, d/n) and low (LT; 24/10°C, d/n) temperature regimes, and (2)
to investigate the uptake, translocation, and metabolism of *C 2,4-D in WHS and WHR common waterhemp at
aforementioned temperature regimes.

Results
2,4-D dose-response experiment. WHS and WHR exhibited varying response to 2,4-D at HT or LT
regime (Fig. 1). At 4WAT, the amount of 2,4-D required to reduce 50% (GR;,) growth of WHS and WHR plants
grown at HT regime were 178 and 3,696 g ae ha~! and while at LT regime were 107 and 1,001 g ae ha™", respec-
tively (Table 1). Thus, the resistance indices of WHR relative to WHS grown at HT and LT regimes were ~20 and
~10, respectively, suggesting that WHR common waterhemp showed increased level of resistance to 2,4-D at HT
compared to LT (Fig. 1, Table 1). “CompParm” function in R indicated that there is significant diference between
GR;, of WHR at HT and LT (p < 0.05), WHR and WHS at HT (p <0.01), WHR and WHS at LT (p < 0.001).
However, there was no significant difference between GRs, of WHS at HT and LT. This suggstes reduction in
efficacy of 2,4-D at HT to control 2,4-D-resistant common waterhemp (Fig. 1).

The test for ‘lack of fit’ in ‘drc’ was non-significant (p = 0.88), suggesting that the data fitted the regression
model reasonably. Root means square error (RMSE) values of the 2,4-D dose-response experiments conducted at
HT and LT ranged from 1.82 to 2.48 for WHS and 2.65 to 2.04 for WHS respectively, indicating a good fit.

14C 2,4-D absorption and translocation experiment. Regression analysis of 1“C 2,4-D absorption indi-
cated that temperature did not affect the absorption or translocation of *C 2,4-D in both WHS and WHR and
there was no significant difference between A, (upper limit of absorption) and Ay, (the time required to achieve
90% of maximum absorption) of WHR and WHS at HT and LT conditions. A_,,, for WHS and WHR at HT and
LT regimes were 96.31 (£3.70), 92.73 (£3.61), and 93.43 (£2.54), and 95.35 (£3.16) %, respectively (Table 2).
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Figure 1. Whole-plant 2,4-D dose-response of 2,4-D susceptible (WHS) and -resistant common waterhemp
(WHR) at low (LT; 24/10°C, d/n) and high (HT; 34/20°C, d/n) temperature regimes based on dry shoot
biomass at 4 weeks after treatment (WAT).

Absorption Translocation
Population | Temperature (°C) | A, Agy Tonax Too
WHS 24/10 92.73 (+£3.61) 13 (£7.38) 79.18 (+14.03) 119.73 (£70.20)
34/20 96.31 (+3.70) | 18 (+£6.19) 75.69 (£14.39) | 111.63 (£55.07)
WHR 24/10 95.35(43.16) | 22.12(+7.61) | 73.78 (+18.92) 120.59 (+94.74)
34/20 93.43 (+£2.54) | 16.43 (£5.17) | 70.83 (+£14.39) 113.12 (£77.17)

Table 2. Regression parameter estimates of '*C 2,4-D absorption and translocation of 2,4-D- susceptible
(WHS) and -resistant (WHR) common waterhemp at low (24/10 °C, d/n) and high (34/20 °C, d/n) temperature
regimes using rectangular hyperbola model. *Data combined from two runs. ’A,,, and Ty, is the maximum
absorption or translocation (%), Ag, or Ty is the time (h) required to achieve 90% of the maximum absorption
or translocation. “Values in parenthesis are standard error of mean.

Moreover, Ay, was also similar in WHS and WHR plants at HT or LT regimes i.e., 18 (+6.19), 13 (+7.38), 16.43
(£5.17), and 22.12 (£7.61) hours, respectively (Table 2). Similarly, there was no significant difference between
Tiax (upper limit of translocation) and Ty, (the time required to achieve 90% of maximum translocation) between
WHS and WHR at two temperature regimes, which indicated that temperature regimes did not affect *C 2,4-D
translocation. The predicted T,,,,, for WHS and WHR at HT and LT regimes were 75.69 (414.39), 79.18 (£14.03)
and 70.83 (£14.39), and 73.78 (£18.92) %, respectively (Table 2). The time required to achieve 90% of the
maximum translocation of 2,4-D in WHS and WHR plants were 111.63 (£55.07), 119.73 (+70.20) and 113.12
(£77.17), 120.59 (£94.74) hours, respectively, at HT and LT regimes (Table 2).

14C 2,4-D metabolism experiment. The HPLC chromatographs indicated that the retention time of the
parent “C 2,4-D (used as standard) was 11.96 min (Fig. 2). Peaks of parent 2,4-D were much taller in WHR at LT
compared to HT at 24 and 72 HAT. However, such difference was not observed at 6 HAT in WHR plants (Fig. 3b)
At 6 HAT, the mean 2,4-D retention by WHR and WHS common waterhemp at HT and LT temperature regimes
was 69.3, 69.3%, and 85.1, 95.3%, respectively (Fig. 3a,b). Twenty-four HAT, WHR plants retained 20.2 and 47.7%
of parent 2,4-D at HT (Figs 2d and 3b) and LT (Figs 2c, 3b), respectively. Whereas, WHS retained 82.3 (Figs 2b
and 3a) at HT and 86.1 (Figs 2a and 3a) % at LT, respectively. This validates that, metabolism of 2,4-D plays a
key role in bestowing 2,4-D resistance in WHR (Fig. 2). More importantly, this indicates that at 24 HAT, WHR
plants grown at LT retained approximately 27% more parent 2,4-D than at HT (Figs 2c,d and 3b). This indicates
rapid metabolism of 2,4-D in WHR plants grown at HT compared to LT. Also, at 72 HAT, the WHR plants grown
at HT conditions metabolized close to 100% of the parent 2,4-D while those at LT still retained 9.4% (Fig. 3b).
At 72 HAT the WHS plants retained 33.7, 54.5% of parent 2,4-D at HT and LT conditions, respectively (Fig. 3a).
Opverall, the rate of 2,4-D metabolism increased both in WHR and WHS at HT (Fig. 3a,b).

The two-way analysis of parent 2,4-D retained in WHR followed by mean comparison using LSD (p =0.05)
suggested that there is a significant difference in % parent 2,4-D present in WHR at 24 HAT (Fig. 3b) with more
2,4-D being retained in plants grown at LT. In case of WHS plants, such difference was observed at 72 HAT
(Fig. 3a) with more 2,4-D retained at LT compared to HT.
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Figure 2. *C 2,4-D parent compound and its metabolites in (a,b) 2,4-D-susceptible (WHS) and (c,d) 2,4-D
resistant (WHR) common waterhemp populations at 24 hours after treatment (HAT) at (a,c) low temperature
regime (24/10°C, d/n) and (b,d) high temperature regime (34/20°C, d/n).
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Figure 3. Percentage of '*C 2,4-D parent compound in (a) 2,4-D susceptible (WHS) and (b) resistant

(WHR) common waterhemp populations at 6, 24, and 72 hours after treatment (HAT) at low (LT; 24/10°C,
d/n) and high (HT; 34/20°C, d/n) temperature regimes. Data combined over two runs. *P-value < 0.05,
**P-value < 0.001, ***P-value < 0.0001, indicates the level of significance of difference in means, and error bars
represent standard error of mean).

Discussions

The time of emergence of common waterhemp under field conditions depends on various factors including, soil
temperature, moisture, and seed dormancy. Especially, in the Midwestern United States, common waterhemp
emergence occurs over a wider time frame compared to other summer annual weed species®. The average diur-
nal temperatures in May and July, the two-major seasons for waterhemp cohort emergence, are around 24/10°C
and 34/20°C in Kansas (Fig. 4)'2. The dose-response study results demonstrated reduced efficacy of 2,4-D at HT
(34/20°C) compared to LT (24/10°C) for controlling both WHS and WHR common waterhemp. In contrast,
Ganie et al.”® reported improved efficacy of 2,4-D or glyphosate at HT (29/17 °C) compared with LT (20/11°C) for
common and giant ragweed control regardless of susceptibility or resistance to glyphosate. Godar et al.?® reported
reduced efficacy of mesotrione for Palmer amaranth (Amaranthus palmeri) control at high (40/30°C) compared
to low (25/15°C) temperature due to reduced translocation coupled with rapid metabolism of mesotrione and
increased 4-hydroxyphenylpyruvate dioxygenase (HPPD)-gene expression. However, as previously reported by
Figueiredo et al.® the data from this study also showed no difference in 2,4-D absorption or translocation between
WHR and WHS (Table 2). The maximum limit of *C 2,4-D absorption in this study was found to be 95% in WHR
and WHS common waterhemp (Table 2). Previous studies have shown that 2,4-D absorption can range from
10-99% depending on several factors such as environment, weed species and other application factors?. Similar
to our findings, Coetzer et al.?® reported no effect of temperature on glufosinate absorption in Palmer amaranth.
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Figure 4. Average, maximum, and minimum air temperature in Kansas during May to July, a typical common
waterhemp emergence time in the state (KSU, Mesonet 2018).

High temperature increased the rate of metabolism of 2,4-D both in WHR and WHS common waterhemp.
Similar to these findings, Johnson and Young®, reported a 6-7-fold higher susceptibility of common waterhemp
to mesotrione at 18 °C compared to 32 °C. Likewise, Olsen et al.* reported decreased metabolism of MON 37500
in several grass weeds (Aegilops cylindrica, Avena fatua, Bromus tectorum) grown at cool air temperature. Gallaher
et al.*! observed rapid metabolism of primisulfuron and nicosulfuron in broadleaf signalgrass (Brachiaria platy-
phylla) at high (30/20°C) compared to low (20/10°C) temperature.

The auxinic herbicide-tolerant monocotyledonous weeds are known to metabolize 2,4-D via ring hydroxyla-
tion mediated by cytochrome P-450 monooxygenases, an enzyme family predominantly involved in metabolizing
xenobiotics in plants'®*. A possible involvement of these enzymes in 2,4-D degradation has been documented in
many dicotyledonous weeds, resistant to this herbicide. For example, cytochrome P-450 mediated 2,4-D degra-
dation has been reported in 2,4-D-resistant corn poppy"’. Figueiredo ef al.® reported a 7-fold reduction in GRg, of
WHR (the same common waterhemp) with pre-treatment of malathion (a cytochrome P-450-inhibitor) followed
by 2,4-D compared to plants treated with 2,4-D alone, indicating a possible involvement of cytochrome P-450s
in 2,4-D metabolism in common waterhemp. Thus, it is likely that a rapid metabolism of 2,4-D in WHR plants
grown at HT is facilitated by increased activity of cytochrome P-450 enzymes. Previously, Viger et al.* reported
rapid metabolism of metolachlor at a high temperature (30 °C) compared to a low temperature (21 °C), which
was associated with a five-fold increase in glutathione-S-transferase (GST) activity in corn. Therefore, the possi-
ble increased cytochrome P-450 enzyme activity may be an example of common waterhemp adaptation to high
temperature stress. Studies have shown that plant response to stress, including abiotic stress can lead to further
selection of resistant weed biotypes®. Hence, application of 2,4-D at the most effective temperature regime is
important to control common waterhemp and reduce further selection of 2,4-D resistance.

In conclusion, the results of this research demonstrate that 2,4-D efficacy can be improved at low temperature
regime (24/10°C, d/n) to manage common waterhemp. Thus, applying 2,4-D when day temperature is lower than
30°C is desirable for common waterhemp control; however, apart from air temperature other abiotic factors such
as light intensity, relative humidity, and plant factors such as leaf orientation also play key role in affecting her-
bicide efficacy. Our studies were conducted in growth chambers where apart from temperature all other factors
were kept constant. This is particularly important to reduce common waterhemp competition and crop yield loss
and reduce selection for resistance. In general, the efficacy of auxinic herbicides for controlling dicotyledonous
weeds depends on several factors including time of application®*-*’. Additionally, efficacy of 2,4-D is species
dependent as improved efficacy at HT has been noticed for control of common and giant ragweed. Therefore, fur-
ther studies are needed to assess the interaction of other abiotic and plant factors that can influence 2,4-D efficacy
for controlling common waterhemp.

Materials and Methods
Plant materials and growth conditions. WHS and WHR common waterhemp from Nebraska, USA
were used in this study>®. Common waterhemp resistant to 2,4-D (WHR) has been confirmed in a native grass
little bluestem (Schizachyrium scoparium) production field in southeastern Nebraska where 2,4-D was applied for
over 10 years®. The susceptible population (WHS) was collected from a soybean field near Auburn, Nebraska*®.
WHS and WHR common waterhemp seeds were germinated in plastic trays (25 x 15 x 2.5 cm) filled with
potting mix (Fafard® ultra container potting mix, Sungro Horticulture, Agawam, MA). After emergence, indi-
vidual seedlings at 2-3 leaf stage were transplanted into plastic pots (6 x 6 x 6 cm) and kept in the greenhouse
maintained at 25/20° C day/night (d/n), 15 hours of photoperiod supplemented with 120 pmol m~2 s illumina-
tion provided with sodium vapor lamps along with 60 + 10% relative humidity. At 7 days after transplanting, half
of the small and uniform seedlings (4-leaf stage) were transferred in growth chambers set at HT (34/20°C, d/n)
and the rest were transferred in a separate growth chamber set at LT (24/10°C, d/n). Temperature regimes were
selected based on the average diurnal temperatures during mid-May to mid-June in Kansas, USA!?. Incandescent
and fluorescent bulbs were used in growth chambers to maintain light level of 750 pmol m=2 s™! (15/9 hrs, d/n
condition) and relative humidity was maintained at 60 &= 10% throughout the study. Plants were watered daily and
fertilized once a week after transplanting.

2,4-D dose-response experiment. Ten to 12 cm tall WHS and WHR common waterhemp plants grown
at HT or LT were treated with several rates of 2,4-D (2,4-D Amine 4, Winfield Solutions, LLC, St. Paul MN,
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USA). Specifically, the WHS plants were treated at 0, 17.5, 35, 70, 140, 560, 1,120 g ae ha™! 2,4-D whereas, the
WHR plants were treated with 0, 70, 140, 280, 560, 1,120, 2,240, 4,480 g ae ha~! 2,4-D, using a bench-type sprayer
(Research Track Sprayer, Generation III, De Vries Manufacturing, Hollandale, MN, USA) equipped with a single
flat-fan nozzle (80015LP TeeJet tip, Spraying Systems Co., Wheaton, IL, USA) delivering 187 Lha~! at 220 kPa in
a single pass at 3.2kmh™'. The treated plants were transferred back in respective growth chambers 30 min after
2,4-D application. At 4 weeks after treatment (WAT), above-ground biomass from each plant was harvested and
placed in paper bags and dried in an oven at 60 °C for 72 hours (h) to measure dry shoot biomass. Percent dry
shoot biomass was calculated relative to the non-treated control for each common waterhemp population as
follows:

Shoot biomass (%) — biomass of each sample x 100

biomass of the non-treated sample

14C 2,4-D absorption and translocation experiment. WHS and WHR seedlings, raised and grown
in the greenhouse (as described above) were transferred to growth chambers maintained at high (HT: 34/20°C,
d/n) and low (LT: 24/10 °C, d/n) temperatures. '*C 2,4-D working solution was prepared by mixing '“C 2,4-D
[3.3kBqul~! with a specific activity of 5.5 MBq mmol~! (Dow AgroSciences, Indianapolis, IN, USA)] with com-
mercially available 2,4-D (2,4-D Amine 4, Winfield Solutions, LLC, St. Paul MN, USA) to obtain 560 g ae ha™!
2,4-D in a carrier volume of 187 L. Ten to 12 cm tall (8 to10 leaf stage) plants were treated with ten 1-ul droplets
of 1C 2,4-D working solution on the adaxial surface of the fourth youngest fully expanded leaf using Wiretrol®
(10 pL; Drummond Scientific Co., Broomall, PA, USA). After 30 minutes, the treated plants were returned to
respective growth chambers maintained at HT or LT. The plants were harvested at 6, 24, and 72 hours after treat-
ment (HAT), and separated into treated-leaf (TL), tissue above treated-leaf (ATL), and below treated-leaf (BTL).
TL were washed with 5ml of wash solution containing 10% (v/v) aqueous solution of ethanol and 0.5% Tween-20
in 20-ml scintillation vials for 1 minute to remove excess unabsorbed 2,4-D from the leaf surface. The leaf rin-
sate was mixed with 15 ml of scintillation cocktail [Ecolite-(R), MP Biomedicals, LLC. Santa Ana, CA, USA] to
measure the radioactivity using liquid scintillation counter (LSC; Beckman Coulter LS6500 Liquid Scintillation
Counter, Beckman Coulter Inc., Fullerton, CT, USA). Plant sections were oven dried at 60 °C for 72 h, and then
combusted for 3 min using a biological oxidizer (OX-501, R] Harvey Instrument, Tappan, NY, USA). The *C
2,4-D was recovered in a scintillation cocktail [Carbon-14 (C14) Cocktail, R] Harvey Instrument, Tappan, NY,
USA] and the radioactivity was measured using a LSC. The data was converted into percentages using the follow-
ing equations®,

(Rapplied - Rrinsate) x 100

Percentage absorption (percentR , . ) = R

applied
Percentage translocation = (100 — percent Rp;)

Ry x 100
Percentage radoiactivity recovered in treated leaf = —L———

Rahsurbed

In the above equations, R,pbeq i8 the radioactivity absorbed; R, ,cq is total amount of radioactivity applied on
the plant; R ;. is the radioactivity recovered in leaf rinsate; and Ry is the radioactivity recovered in the treated
leaf (TL).

14C 2,4-D Metabolism experiment. 'The WHS and WHR common waterhemp plants (10-12 cm tall)
grown under high and low temperature regimes (as described above) were used. The adaxial surface of the
fourth youngest fully expanded leaf was treated with 10-ul droplets of 1*C 2,4-D working solution containing *C
2,4-D (5kBqul~! with a specific activity of 5.5 MBq mmol~!) and commercial 2.4-D and plants were returned to
growth chambers. Treated plants were harvested at 6, 24, and 72 HAT. At each harvest time, the TL was washed as
described in absorption and translocation experiment to remove excess unabsorbed 2,4-D from the leaf surface.
Above-ground plant tissue including the TL was wrapped in aluminum foil and flash frozen in liquid nitrogen to
store at —80 °C. The frozen plant tissue was later grinded using a mortar and pestle. The *C 2,4-D, and its metab-
olites were extracted with 15 ml of 90% aqueous acetone in a centrifuge tube and preserved at 4 °C for at least
16 hours. After 16 hours, the tubes were centrifuged at 5,000 x g for 10 minutes. The supernatant was transferred
to a new centrifuge tube and concentrated at 45°C for 1.5-2h with a rotary evaporimeter (Centrivap, Labconco,
Kansas City, MO). The final volume of the supernatant was maintained around 600 uL and transferred to a 1.5ml
microcentrifuge tube and centrifuged at 10,000 x g for 10 minutes. The radioactivity of the supernatant solution
was measured with the liquid scintillation counter and normalized by diluting the samples with 50% acetonitrile
(1:1v/v acetonitrile:water). The final solutions were analyzed using reversed-phase high-performance liquid chro-
matography (HPLC) (BeckmanCoulter system Gold 126 solvent module, Beckman Coulter Inc., Fullerton, CA,
USA) to resolve the solution contents into parent C 2,4-D and its metabolites.

Experimental design and statistical analysis. The experiments were arranged in a split-plot design
with four replications and repeated in time. Growth chambers were switched between two experimental runs to
avoid effect of growth chamber on plant response. The dose-response experiments were arranged in a two-way
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factorial combination of temperature regimes (HT and LT) as main factor and herbicide doses for each common
waterhemp population as sub-plot factor.

Relative shoot biomass data obtained from the whole plant dose-response study were analyzed using the
‘drc’ package (drc 1.2, Christian Ritz and Jens Strebig, R2.5, Kurt Hornik, online) in R (R statistical software,
R Foundation for Statistical Computing, Vienna, Austria; http://www.R-project.org) as per Knezevic et al.*® A
dose-response regression model was constructed using the three-parameter log-logistic equation.

Y= {% + explb(logX — loge)l}

In equation above, Y is response variable (% reduction in biomass compared to control), b denotes relative
slope around e, e is GRs (effective dose to reduce biomass of the population by 50%) and d is the upper limit of
the model. The ratio of GRy, values of WHS and WHR common waterhemp in HT and LT conditions were calcu-
lated to determine the level of resistance or the resistance index. Estimated GRs, values were then compared with
each other using the “compParm” function in ‘drc’ package in R.

Fitness of the log-logistic regression model used above was assessed through the “Lack-of-fit” test in ‘drc’ using
“modelFit” function. Further, root mean square error (RMSE) was calculated to test the goodness of fit of the data.
The formula used for RMSE® was:

Ik - oy

i1

RMSE =

where, n is the number of observations and O; and P; are the observed and predicted value of the observations
respectively.

Absorption, translocation, and metabolism experiments, treatments were arranged in a two-way factorial
combination with temperature regime (HT and LT) as the main-factor and harvesting time (6, 24, and 72 HAT) as
sub-factor for each common waterhemp population. The percentage of herbicide absorbed and translocated were
used to fit asymptotic regression, rectangular hyperbola (RHB), and linear model according to Kniss et al.** using
‘drc’ and ‘gPCR’ packages in R. After fitting the data to these three models, the bias-corrected Akaike information
criteria (AICc) of each model was obtained and compared. For analyzing both 2,4-D absorption and transloca-
tion, the RHB model was selected due to the lowest AICc values. The RHB model used is:

A
Absorption = (Apax X 1)
[(10/90) x Agy + ]
Translocation = (Tax X 1)

[(10/90) x Ty, + 1]

In the above equations, absorption is percent herbicide absorbed expressed in terms of percentage herbicide
applied to the plant, A, is the maximum herbicide absorption in time t, and Ay, is the time required for 90%
of the absorption to occur. Similarly, translocation is the percent herbicide translocated expressed in terms of
percentage herbicide absorbed in the plant, T,,,, is the maximum herbicide translocation in time t, and Ty is the
time required for 90% of the translocation to occur. A, Agp, Trnay and Ty parameters of WHR and WHS at each
temperature regime were compared using the “compParm” function in the ‘drc’ package.

In metabolism experiments, chromatographs obtained from HPLC profiling were used for visual assessment
of 1*C 2,4-D degradation. Percent parent “C 2,4-D present in each sample was determined and analyzed using
GraphPad Prism 7.04® (GraphPad Software, San Diego, CA) at p=0.05 and comparisons were made between
HT and LT conditions in each biotype.

Received: 19 March 2019; Accepted: 23 October 2019;
Published online: 13 November 2019

References
. Bensch, C. N., Hoprak, M. J. & Peterson, D. Interference of redroot pigweed (Amaranthus retroflexus), Palmer amaranth (A.
palmeri), and common waterhemp (A. rudis) in soybean. Weed Sci. 51, 37-43 (2003).
Steckel, L. E. & Sprague, C. L. Common waterhemp (Amaranthus rudis) interference in corn. Weed Sci. 52, 359-364 (2004).
Bernards, M. L., Crespo, R. J., Kruger, G. R., Gaussoin, R. & Tranel, P. J. A waterhemp (Amaranthus tuberculatus) population
resistant to 2,4-D. Weed Sci. 60, 379-384 (2012).
4. Heap, L. The International survey of herbicide resistant weeds. Online. Internet. Monday, December 24. Available, www.weedscience.
org (2018).
. Shergill, L. S., Barlow, B. R., Bish, M. D. & Bradley, K. W. Investigations of 2,4-D and multiple herbicide resistance in a Missouri
waterhemp (Amaranthus tuberculatus) population. Weed Sci. 66, 386-394 (2018).
6. Figueiredo, M. R. A. et al. Metabolism of 2,4-dichlorophenoxyacetic acid contributes to resistance in a common waterhemp
population (Amaranthus tuberculatus) population. Pest Manag. Sci. 74, 2356-2362, https://doi.org/10.1002/ps.4811 (2018).
7. Wu, C. & Owen, M. D. K. When is the best time to emerge: Reproductive phenology and success of natural common waterhemp
(Amaranthus rudis) cohorts in the Midwest United States? Weed Sci. 62, 107-117 (2014).
Hartzler, R. G., Battles, B. A. & Nordby, D. Effect of common waterhemp (Amaranthus rudis) emergence date on growth and
fecundity in soybean. Weed Sci. 52, 242-245 (2004).
9. Jhala, A. ], Sandell, L. D., Sarangi, D., Kruger, G. R. & Knezevic, S. Z. Control of glyphosate-resistant common waterhemp
(Amaranthus rudis) in glufosinate-tolerant soybean. Weed Technol. 31, 32-45 (2017).

—

W

w

®

SCIENTIFIC REPORTS |

(2019) 9:16695 | https://doi.org/10.1038/s41598-019-53164-8


https://doi.org/10.1038/s41598-019-53164-8
http://www.R-project.org
https://doi.org/10.1002/ps.4811

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

Sarangi, D. et al. Pollen-mediated gene flow from glyphosate-resistant common waterhemp (Amaranthus rudis Sauer): consequences
for dispersal of resistance genes. Nature Sci. Rep. 7, 44913 (2017).

Uscanga-Mortera, E., Clay, S. A., Forcella, E. & Gunsolus, ]. Common waterhemp growth and fecundity as influenced by emergence
date and competing crop. Agron. J. 99, 1265-1270 (2007).

KSU Mesonet. Average air temperature, max air temperature and minimum air temperature in Kansas during the common
waterhemp emergence time, http://mesonet.ksu.edu (2018).

Guo, P. & Al-Khatib, K. Temperature effects on germination and growth of redroot pigweed (Amaranthus retroflexus), Palmer
amaranth (A. palmeri), and common waterhemp (A. rudis). Weed Sci. 51, 869-875 (2003).

Coetzer, E., Al-Khatib, K. & Peterson, D. E. Glufosinate efficacy on Amaranthus species in glufosinate-resistant soybeans. Weed
Technol. 16, 326-331 (2002).

Munro, L. C. et al. A comprehensive, integrated review and evaluation of the scientific evidence relating to the safety of the herbicide
2,4-D. J. Am. Coll. Toxicol. 11, 560-664 (1992).

Peterson, M. A., McMaster, S. A., Riechers, D. E., Skelton, J. & Stahlman, P. W. 2,4-D past, present, and future: A review. Weed
Technol. 30, 303-345 (2016).

Schroder, P. & Collins, C. Conjugating enzymes involved in xenobiotic metabolism of organic xenobiotics in plants. Intl. J.
Phytoremediation 4, 247-265 (2002).

Montgomery, M. L., Chang, Y. L. & Freed, V. H. Comparative metabolism of 2,4-D by bean and corn plants. J. Agric. Food Chem. 19,
1219-1221 (1971).

Torra, J. et al. Enhanced 2,4-D metabolism in two resistant Papaver rhoeas populations from Spain. Front. Plant Sci. 8, 1584 (2017).
Rey-Caballero, J. et al. Unravelling the resistance mechanisms to 2,4-D (2,4-dichlorophenoxyacetic acid) in corn poppy (Papaver
rhoeas). Pest Biochem. Physiol. 133, 67-72 (2016).

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

Goggin, D. E., Cawthray, G. R. & Powles, S. B. 2,4-D resistance in wild radish: reduced herbicide translocation via inhibition of
cellular transport. J. Exp. Bot. 11, 3223-3235 (2016).

Ganie, Z., Jugulam, M. & Jhala, A. J. Temperature influences efficacy, absorption, and translocation of 2,4-D or glyphosate in
glyphosate-resistant and glyphosate-susceptible common ragweed (Ambrosia artemisiifolia) and giant ragweed (Ambrosia trifida).
Weed Sci. 65, 588-602 (2017).

Ou, J., Stahlman, P. W. & Jugulam, M. Reduced absorption of glyphosate and decreased translocation of dicamba contribute to poor
control of kochia (Kochia scoparia) at high temperature. Pest Manag. Sci., https://doi.org/10.1002/ps.4463 (2016).

Roman, E. S., Murphy, S. D. & Swanton, C. J. Simulation of Chenopodium album seedling emergence. Weed Sci. 48, 217-224 (2000).
Godar, A. S. et al. Physiological and molecular mechanisms of differential sensitivity of Palmer amaranth (Amaranthus palmeri) to
mesotrione at varying growth temperatures. PLoS ONE 10, 2012673 (2015).

Shergill, L. S., Bish, M. D., Jugulam, M. & Bradley, K. W. Molecular and physiological characterization of six-way resistance in
Amaranthus tuberculatus var. rudis biotype from Missouri. Pest Manag. Sci. 74, 2688-2698 (2018).

Coetzer, E., Al-Khatib, K. & Loughin, T. M. Glufosinate efficacy, absorption, and translocation in amaranth as affected by relative
humidity and temperature. Weed Sci. 49, 8-13 (2001).

Johnson, B. C. & Young, B. G. Influence of temperature and relative humidity on the foliar activity of mesotrione. Weed Sci. 50,
157-161 (2002).

Olsen, B. L. S., Al-Khatib, K., Stahlman, P. & Isakson, P. J. Efficacy and metabolism of MON 37500 in Triticum aestivum and weedy
grass species as affected by temperature and soil moisture. Weed Sci. 48, 541-548 (2000).

Gallaher, K., Mueller, T. C., Hayes, R. M., Schwartz, O. & Barrett, M. Absorption, translocation, and metabolism of primisulfuron
and nicosulfuron in broadleaf signalgrass (Brachiaria platyphylla) and corn. Weed Sci. 47, 8-12 (1999).

Hatzios, K., Hock, B. & Elstner, E. Metabolism and elimination of toxicants. Pages 469 — 518 in Plant Toxicology. 4th edn. Boca
Raton, FL: CRC Press (2005).

Viger, P. R, Eberline, C. V., Fuerst, E. P. & Gronwald, J. W. Effects of CGA-154281 and temperature on metolachlor absorption and
metabolism, glutathione content, and glutathione-S-transferase activity in corn (Zea mays). Weed Sci. 39, 324-328 (1991).

Dyer, W. E. Stress-induced evolution of herbicide resistance and related pleiotropic effects. Pest Manag. Sci. 74, 1759-1768 (2018).
Johnston, C. R., Eure, P. M., Grey, T. L. & Culpepper, A. S. Time of application influences translocation of auxinic herbicides in
Palmer amaranth. Weed Sci. 66, 4-14 (2018).

Stewart, C. L., Nurse, R. E. & Sikkema, P. H. Time of day impacts postemergence weed control in corn. Weed Technol. 23, 346-355
(2009).

Skuterud, R., Bjugstad, N., Tyldum, A. & Torresen, K. S. Effect of herbicides applied at different times of the day. Crop Prot. 17, 41-46
(1998).

Knezevic, S. Z., Streibig, J. C. & Ritz, C. Utilizing R software package for dose-response studies: the concept and data analysis. Weed
Technol. 21, 840-848 (2007).

Kniss, A. R., Vassios, ]. D., Nissen, S. J. & Ritz, C. Nonlinear regression analysis of herbicide absorption studies. Weed Sci. 59,
601-610 (2011).

Acknowledgements

We acknowledge the support of Dow Agrosciences for providing *C 2,4-D for conducting the experiment. We are
also grateful to Dr. Junjun Ou for providing technical help during the course of experimentation and Dr. Sushila
Chaudhuri for providing comments on improving the manuscript and helping with statistical analysis. This
manuscript is approved for publication as Kansas Agricultural Experiment Station Contribution no 20-086-].
Publication of this article was funded in part by the Kansas State University Open Access Publishing Fund.

Author contributions
C.S.,AJJ.,, GK. and M.J. conceived the research plan, C.S. conducted the experiments and statistical analysis, C.S.
and, M.]. wrote the article with contributions from A.].J. and G.K.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.J.

Reprints and permissions information is available at www.nature.com/reprints.

SCIENTIFICREPORTS| (2079)9:16695 | https://doi.org/10.1038/s41598-019-53164-8


https://doi.org/10.1038/s41598-019-53164-8
http://mesonet.ksu.edu
https://doi.org/10.1002/ps.4463
http://www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2079)9:16695 | https://doi.org/10.1038/s41598-019-53164-8


https://doi.org/10.1038/s41598-019-53164-8
http://creativecommons.org/licenses/by/4.0/

Downloaded via KANSAS STATE UNIV on August 29, 2021 at 04:36:21 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACsS

AGRICULTURAL

pubs.acs.org/acsagscitech

Genetic Basis of Chlorsulfuron, Atrazine, and Mesotrione Resistance
in a Palmer Amaranth (Amaranthus palmeri) Population

Chandrima Shyam, Sridevi Nakka, Karthik Putta, Ivan Cuvaca, Randall S. Currie, and Mithila Jugulam™

Cite This: ACS Agric. Sci. Technol. 2021, 1, 109-114 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations |

ABSTRACT: A population of Palmer amaranth (Amaranthus palmeri S. Watson) in Kansas (KSR) was found to have evolved
resistance to three commonly used herbicides, i.e., chlorsulfuron, atrazine, and mesotrione. Our previous research confirmed the
predominance of metabolic resistance to these herbicides in KSR, although a small percentage of plants also showed target-site
alteration conferring resistance. In this research, we investigated the inheritance of resistance to these three herbicides in KSR Palmer
amaranth. F, and F, progeny were generated by a conventional breeding approach. On the basis of the response of F, and F,
progeny to three herbicide applications and y* analyses, we found that the resistance of KSR Palmer amaranth to chlorsulfuron and
atrazine is controlled by single nuclear genes. However, resistance to mesotrione was found to be imparted by multiple nuclear alleles
in this population. Single-gene resistance can spread rapidly, while multiple-gene traits are slower to evolve and spread. Regardless,
adoption of integrated weed management strategies can minimize the spread of resistance.

KEYWORDS: inheritance, multiple herbicide resistance, screening, segregation

B INTRODUCTION the faster spread of resistance within a population in
comparison to polygenic traits that require several sexual
recombinations to accumulate multiple minor alleles.'”
Inheritance of herbicide resistance alleles also varies depending
on the genetic background of weed species and the rates of
application of herbicides along with selection pressure.'®
Previous research suggests that in common waterhemp
[Amaranthus tuberculatus (Moq.) Sauer], metabolism-based
resistance to HPPD inhibitors (e.g.,, mesotrione) was conferred
by multiple genes,'”'” whereas metabolic resistance to PS-II
inhibitors (e.g,, atrazine) was conferred by a single gene.m TSR
to ALS inhibitor (e.g., chlorsulfuron) in common sowthistle
(Sonchus oleraceus L.) was found to be governed by a single

Palmer amaranth (Amaranthus palmeri S. Watson) is the most
troublesome weed in the United States." Yield losses due to
Palmer amaranth interference have been reported in crops like
corn (Zea mays L.) and soybean (Glycine max L.).”* Extensive
herbicide selection and obligate outcrossing coupled with high
tecundity have enabled Palmer amaranth to evolve resistance
to eight herbicide modes of action (MOAs), viz., acetolactate
synthase (ALS), photosystem II (PS II), S-enolpyruvyl-
shikimate-3-phosphate synthase (EPSPS), 4-hydroxyphenyl-
pyruvate dioxygenase (HPPD), microtubule, protoporphyri-
nogen oxidase (PPO), and long-chain fatﬁy acid (LCFA)
inhibitors and synthetic auxinic herbicides.” Populations of
Palmer amaranthywith resistance to more than orf)e MOA are gene.zo Despite an increase in the incidence of herbicide
prevalent throughout the United States, leading to fewer resistance, limited information about the inheritance of
herbicide options for management.5_7 chlorsulfuron, atrazine, and mesotrione resistance in Palmer
Target-site (TSR)- and/or non-target-site (NTSR)-based amaranth is available. Understanding the inheritance of
herbicide resistance mechanisms have been reported in a sinele herbicide resistance can provide information about the rate
erpIeIcie Tesis 57— P & f resistance evolution and its spread, which in turn might hel
population of Palmer amaranth.””~'% In general, TSR involves ° rfe51s lating effecti preac, 8 E
alterations in the gene encoding the herbicide target protein, E; orln:; ating e le ctive Weﬁd }rln anagement stratfegtiles. Suc.
resulting in a direct reduction in the efficacy of the herbicide."' owledge can also enrich the perspective of the genetic

. ) 22
Such modifications include amino acid substitutions, deletions, structure of Weed populations under selection pressure.
increased target gene copy number, increased levels of gene A population of Palmer amaranth from Kansas (KSR) was

get & 24 ’ g documented with >275-, 178—237-, and 10—18-fold resistance
and/or protein expression, and increased enzyme activ-

ity.5’7_10’12’13 TSR is generally conferred by a single gene. to ALS, PS-II, and HPPD inhibitors, respectively (based on

Contrary to TSR, NTSR mechanisms involve alterations in =
physiological processes within plants before the herbicide Received:  January S, 2021 %&%!s'tf"'“mg&"
reaches the target site, including reduced absorption, trans- Revised: ~ February 9, 2021 i i
location, or increased detoxification of herbicides.”™"*'* This Accepted: March 9, 2021
type of resistance is typically polygenic,'” although instances of Published: March 18, 2021 =1 =
NTSR inherited by a single gene have been reported.'®

Herbicide resistance inherited by a single major gene results in

© 2021 American Chemical Society https://doi.org/10.1021/acsagscitech.1c00005
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Table 1. List of Herbicides Used in This Study and Recommended Field Application Rates

mode of action

feld recommended rate

(MOA) herbicide formulation manufacturer (1x; g ha™) adjuvants
ALS inhibitor chlorsulfuron  Dupont Glean  Dupont, Wilmington, DE 18 0.25% (v/v) NIS
XP
PS 1II inhibitor atrazine Aatrex 4L Syngenta Crop Protection, Research 2240 1% (v/v) COC
Triangle Park, NC
HPPD inhibitor =~ mesotrione Callisto Syngenta Crop Protection 105 1% (v/v) COC and 2.5%

(v/v) AMS

Direct
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1
1
1
1
1
1
1
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Figure 1.

greenhouse studies), compared to known susceptible pop-
ulations of MSS and KSS.*”'’ Predominantly, metabolic
resistance to these three herbicides was found in KSR.*™'°
More than 70% of chlorsulfuron-resistant KSR plants lacked
the commonly found mutation (e.g, Pro197Ser) in the ALS
gene, which bestows resistance to sulfonylurea herbicides.
Cytochrome P450-monooxygenases (P450s) are involved in
detoxifying several xenobiotics in plants, including herbi-
cides.”” Application of P450 inhibitor malathion was found to
reverse chlorsulfuron resistance, indicating P450-mediated
metabolism in KSR.* KSR plants that survived application of
atrazine did not possess any mutation (e.g.,, Ser264Gly) in the
PsbA gene and exhibited rapid detoxification of atrazine via
glutathione S-transferase (GST) conjugation.” Additionally,
mesotrione (HPPD inhibitor) resistance in KSR was
predominantly conferred by rapid detoxification, although an
increased level of expression of the HPPD transcript was found
in some KSR plants.'” Resistance to both atrazine and
mesotrione was reported to be governed by nuclear genes in
KSR’

This study was conducted to investigate the inheritance of
chlorsulfuron, atrazine, and mesotrione resistance in KSR
Palmer amaranth. Specific objectives were (1) to generate F,
and F, families by crossing KSR with known multiple-
herbicide-susceptible (MSS) plants and (2) to assess the
segregation (resistance or susceptibility) of progenies from F;
and F, families to determine the nature and number of genes
controlling the resistance to the three herbicides.

B MATERIALS AND METHODS

Plant Material and Growth Condition. Two Palmer amaranth
populations from Kansas (KSR and KSS) and one from Mississippi
(MSS) were used in this study. KSR is resistant to and both KSS and
MSS are susceptible to ALS , PS II, and HPPD inhibitors. KSR, KSS,
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and MSS were the same populations used in our previous
research.®™'° All of the experiments were conducted in a greenhouse
facility maintained at 25 °C/20 °C day/night (d/n), 15 h/9 h (d/n)
photoperiod with a photosynthetic photon flux density of 250 ymol
m™2 s7' and a relative humidity of 60 + 10%. Seeds of Palmer
amaranth were sown in small plastic trays (25 cm X 15 cm X 2.5 cm)
filled with a potting mixture (Fafard ultra container potting mix,
Sungro Horticulture, Agawam, MA). Upon emergence, individual
seedlings at the two- to three-leaf stage were transplanted into pots (6
cm X 6 cm X 6 cm). The plants were watered adequately and
fertilized (Miracle GRO All-purpose plant food 24-8-16) once a week
until they were harvested.

Generation of Direct and Reciprocal F, Families. KSR plants
(10—12 cm tall) were treated with a recommended field rate of
mesotrione (Table 1; n = 20). The survivors were identified 3 weeks
after treatment (WAT) and transplanted into new pots (15 cm X 10
cm X 15 cm). Once the plants begin to form inflorescences (before
flower opening), direct and reciprocal crosses were performed by
individually pairing survivor female and male plants of KSR with male
and female plants of MSS, respectively, and enclosing them with
pollination bags to prevent pollen contamination. At maturity, seeds
were collected from each female parent plant, cleaned, and stored at 4
°C. In total, two F, families were obtained; one each from direct and
reciprocal crosses [F;-D and F,-R (Figure 1)].

Screening of F; Plants for Chlorsulfuron, Atrazine, and
Mesotrione Resistance. Seeds of F, generation were sown, and the
emerged seedlings were grown in the greenhouse as described above.
Screening experiments with three herbicides were conducted
separately using 10—12 cm tall F; plants. For chlorsulfuron, atrazine,
and mesotrione screening, 21—36 F; plants were treated with Glean,
Aatrex, and Callisto, respectively (Table 1). At the time of application,
adjuvants such as a non-ionic surfactant (NIS; Southern Ag, Rubonia,
FL), a crop oil concentrate (COC; Agridex, Helena Chemical Co.,
Collierville, TN), and ammonium sulfate (AMS; Liquid N-Pak,
Winfield Solutions, St. Paul, MN) were applied as per commercial
product guidelines (Table 1). All herbicide applications were
performed using a bench-type sprayer (Research Track Sprayer,

https://doi.org/10.1021/acsagscitech.1c00005
ACS Agric. Sci. Technol. 2021, 1, 109-114


https://pubs.acs.org/doi/10.1021/acsagscitech.1c00005?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.1c00005?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.1c00005?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.1c00005?fig=fig1&ref=pdf
pubs.acs.org/acsagscitech?ref=pdf
https://doi.org/10.1021/acsagscitech.1c00005?rel=cite-as&ref=PDF&jav=VoR

ACS Agricultural Science & Technology

pubs.acs.org/acsagscitech

Generation I1I, De Vries Manufacturing, Hollandale, MN) equipped
with a single flat-fan nozzle (8001SLP TeeJet tip, Spraying Systems
Co., Wheaton, IL) delivering 187 L ha™" at 222 kPa in a single pass at
4.8 km h™'. After treatment, the plants were transferred back to the
greenhouse and arranged in a completely randomized design. At 3
WAT, the percent survival of F; progenies was tabulated.

Generation of F, Families. Palmer amaranth is a dioecious plant;
therefore, to generate F, families, pseudoselfing was performed, as
shown in Figure 1. In brief, individual female and male plants of the F;
generation that survived recommended field rates of each of the
herbicide applications described above (Table 1) were randomly
selected, paired, and crossed to generate F,-1, F,-2, and F,-3
accordingly (Figure 1).

Screening of F, Families for Chlorsulfuron, Atrazine, and
Mesotrione Resistance. Because of a shortage of MSS seeds,
another population of Palmer amaranth (KSS; susceptible to all three
herbicides) was used as a susceptible control in this study. Seeds of F,
families along with KSR and KSS were grown in the greenhouse as
described above. On the basis of segregation observed between KSR
and KSS in greenhouse experiments, the discriminatory doses selected
for testing for F, segregation were the recommended field rate of the
three herbicides (Table 1). Therefore, 70—80 progenies representing
each F, family along with 12 plants each of KSR and KSS were treated
at 10—12 cm tall with recommended field rates of chlorsulfuron,
atrazine, and mesotrione (Table 1) to identify live or dead (resistance
or susceptible phenotype) plants at 3 WAT (Figure 1). In addition to
the recommended field rate, seedlings from individual F, families were
treated with smaller doses of these three herbicides, to check for
segregation at lower rates. The null hypothesis (H,) of this
experiment for each screening scenario was set as “resistance to
each herbicide is controlled by a single gene”. The following single-
gene locus model was used (eq 1):

Exp E = 0.25 X ObsKSR + 0.5 X ObsK + 0.25 X ObsKSS

(1)
where Exp F, is the expected segregation frequency of the F, families
and Obs is the observed segregation frequency of the KSR, F,, and
KSS phenotype. On the basis of this hypothesis, we expect a
segregation ratio of 3:1 (resistant:susceptible plants). Thus, the y*
goodness of fit test was used to analyze the data by comparing the
segregation frequency of the observed with the expected. The p value
obtained from the analysis of the data from each F, family was

compared at the & = 0.05 significance level. The model was rejected if
the obtained p value was <0.05.

B RESULTS AND DISCUSSION

Inheritance of Chlorsulfuron Resistance. Although the
F, progeny were generated by crossing mesotrione-resistant
KSR and MSS, the seedlings from both F;-D and F;-R were
found to be resistant to chlorsulfuron. This suggests that the
KSR parents used in the direct or reciprocal crosses were
resistant to chlorsulfuron. In response to chlorsulfuron
treatment, 47% of F,-D plants and 78% of F,-R plants survived
(Table 2), indicating that chlorsulfuron resistance in KSR is
governed by nuclear allele(s). However, segregation of F;-D
and F|-R progenies for chlorsulfuron resistance specifies that
both male and female KSR plants used to generate F,
progenies were heterozygous for the trait. Segregation of F,-
1 progenies into chlorsulfuron-resistant or -susceptible
phenotypes at the recommended field rate (1x) as well as
half of that rate (0.5X) corroborated our expected 3:1
(resistant:susceptible) ratio and was supported by the
goodness of fit test with a p value of 0.554 (a = 0.05)
(Table 3). Interestingly, at the lower rates of chlorsulfuron
(0.125X and 0.25X) used in this study, segregation of F,-1
failed to fit the 3:1 ratio with a p value of 0.0455 (& = 0.05)
(Table 4). Overall, this study indicates the involvement of a

Table 2. Response of F; Progenies of Palmer Amaranth
(KSR) in Response to Treatment with Chlorsulfuron,
Atrazine, and Mesotrione 21 Days after Treatment (DAT)”

F, no. of plants no. of living  survival rate”
family herbicide treated plants (%)
F,-D chlorsulfuron 32 15 47

atrazine 32 50
mesotrione 32 S 16
F,-R chlorsulfuron 36 28 78
atrazine 30 12 40
mesotrione 21 7 33

“F;-D and F|-R represent F, progeny derived from direct and
reciprocal crosses performed using KSR and MSS plants, respectively.
bThe survival rate was calculated on the basis of the response to the
recommended field rate of the herbicides listed in Table 1.

Table 3. Segregation of Chlorsulfuron Resistance or
Susceptibility of Palmer Amaranth (KSR) F,-1 Progenies

observed segregation

of plants
total
chlorsulfuron  no. of
dose (gha™) plants resistant susceptible R:S*  #**  p value
2.25 12 12 0 3:1 4 0.0455
4.5 12 12 0 3:1 4 0.0455
9 12 10 2 3:1 0.444 0.50S
18 77 60 17 3:1 0.351 0.554

“R:S represents the expected segregation ratio of a trait for a single
gene qualitative trait model into resistant and susceptible phenotypes.
) = 2.[(O; — E;)*/E;], where O; is the observed frequency count for
the ith level of the categorical variable and E; is the expected
frequency count for the ith level of the categorical variable. “The p
value is obtained from the test and compared with respect to the p <
0.05 significance level.

single dominant nuclear allele imparting chlorsulfuron
resistance in KSR.

ALS is a nuclear gene, and in several ALS inhibitor-resistant
weeds, the resistance is governed by nuclear allele(s).”* For
example, TSR to ALS inhibitors in common sowthistle (S.
oleraceus) and kochia [Bassia sc%paria (L.)] was reported to be
controlled by nuclear alleles.*% Similarly, NTSR to ALS
inhibitor chlorsulfuron was reported to be conferred by nuclear

Table 4. Segregation of Atrazine Resistance or Susceptibility
of Palmer Amaranth (KSR) F,-2 Progenies

observed segregation

of plants
atrazine
dose total no. )
(gha™) of plants resistant susceptible R:S® 4’ p value
280 12 12 0 3:1 4 0.045S
560 12 10 2 3:1 0.444 0.505
1120 12 11 1 3:1 1.778 0.182
2240 72 SS 17 3:1 0.074 0.785

“R:S represents the expected segregation ratio of a trait for a single
gene qualitative trait model into resistant and susceptible phenotypes.
) = 2.[(O; — E;)*/E,], where O; is the observed frequency count for
the ith level of the categorical variable and E; is the expected
frequency count for the ith level of the categorical variable. “The p
value is obtained from the test and compared with respect to the p <
0.05 significance level.
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allele(s) in rigid ryegrass (Lolium rigidum Gaudin).*® In KSR
Palmer amaranth, a predominance (~70%) of NTSR to ALS
inhibitors was found, although ~30% of resistant plants
exhibited the mutation (Prol97Ser) in the ALS gene.®
However, the Prol97Ser mutation in the ALS gene confers
resistance to only sulfonylurea herbicides such as chlorsulfuron
and thifensulfuron.”” Interestingly with only the Pro197Ser
mutation, KSR is cross-resistant to two other classes of ALS
inhibitors, ie., sulfonyl aminocarbonyl-triazolinones (propox-
ycarbazone) and pyrimidinyl-benzoates (pyrithiobac), but is
susceptible to imidazolines (imazamox).® Increased sensitivity
to chlorsulfuron was also found in KSR Palmer amaranth after
pretreatment of malathion.” Malathion pretreatment has been
shown to increase the sensitivity of weeds with metabolic
resistance to sulfonylurea herbicides,”® pyrimidinyl-ben-
zoates,”” and sulfonylaminocarbonyl-triazolinones.”® Overall,
the absence of mutations in the ALS gene that confer cross-
resistance to propoxycarbazone and pyrithiobac and reversal of
resistance with malathion application indicate the existence of
a more complex mechanism and inheritance pattern of ALS
inhibitor resistance in KSR Palmer amaranth.

Inheritance of Atrazine Resistance. Both F;-D and F;-R
progenies generated by crossing mesotrione-resistant KSR and
MSS survived atrazine application (Table 2), suggesting that
the KSR parent used in the direct or reciprocal crosses was also
resistant to atrazine. Similar to the response to chlorsulfuron,
both F;-D (50%) and F;-R (40%) progenies survived atrazine
application, indicating that a nuclear allele(s) governs atrazine
resistance in KSR (Table 2). Segregation of F;-D and F;-R
progenies for atrazine resistance also indicated that both male
and female KSR plants used for generating F;s were
heterozygous for the trait. Segregation of atrazine resistance
in the F,-2 progenies at rates lower than 0.25X atrazine did not
follow the 3:1 ratio. However, at doses higher than 0.25X%, F,-2
progenies segregated into a 3:1 ratio (resistant:susceptible).
Opverall, the segregation analysis at the recommended field rate
of atrazine suggests a single nuclear gene inheritance of
atrazine resistance in KSR Palmer amaranth (Table 5). A 4
goodness of fit test at the recommended field rate of atrazine
supported our hypothesis of a single gene inheritance of
atrazine resistance, with a p value of 0.7 (a = 0.05).

Previously, we reported metabolic resistance (NTSR) to
atrazine in KSR Palmer amaranth.” Similar to the findings of
this study, NTSR to atrazine in common waterhemp

Table S. Segregation of Mesotrione Resistance or
Susceptibility of Palmer Amaranth (KSR) F,-3 Progenies

observed segregation

of plants
mesotrione  total no.
dose (gha™') of plants resistant susceptible R:S* 4  p value
13.128 12 12 0 3:1 4 0.045S
26.25 12 12 0 3:1 4 0.0455
52.5 12 12 0 3:1 4 0.045S
10S 82 71 11 3:1 5.87 0.015

“R:S represents the expected segregation ratio of a trait for a single
gene qualitative trait model into resistant and susceptible phenotypes.
) = 2.[(O; — E;)*/E;], where O; is the observed frequency count for
the ith level of the categorical variable and E; is the expected
frequency count for the ith level of the categorical variable. “The p
value is obtained from the test and compared with respect to the p <
0.05 significance level.
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populations from Illinois and Iowa was also found to be
governed by single nuclear alleles."®’' The target site of
atrazine, psbA, is a chloroplast-encoded gene. Thus, TSR (e.g.,
Ser264Gly in the psbA gene) to atrazine is a maternally
inherited trait. For example, rapeseed (Brassica campestris L.),
atrazine resistance was inherited cytoplasmically through the
female parent.”> However, NTSR to triazine was mediated by
nuclear alleles, e.g., as reported in atrazine-resistant common
waterhemp.”’ In agreement with that, on the basis of the F,
response as well as previous research,’” NTSR to atrazine in
KSR is inherited by nuclear allele(s). Furthermore, on the basis
of the F,-2 segregation pattern, it is reasonable to assume that
an incompletely dominant gene confers atrazine resistance in
KSR Palmer amaranth. An increased level of expression of
AtuGSTF2, a ¢ class GST, was found to be strongly correlated
with atrazine resistance in common waterhemp.3’ Information
about specific GST's involved in atrazine resistance in Palmer
amaranth needs to be gathered.

Inheritance of Mesotrione Resistance. The response of
F, plants to mesotrione application suggested that 16% of F,-D
plants and 33% of F}-R plants were found to be resistant to this
herbicide, indicating that the KSR parental plants selected for
generating F, families were heterozygous for this trait. This
also indicated that mesotrione resistance is a nuclear trait. The
segregation of F,-3 progenies at the recommended field or
lower rates did not follow the expected 3:1 (resistance:suscep-
tible) ratio, which strongly suggests that more than one gene
governs mesotrione resistance (Table S). The estimated p
value for screening at the recommended field rate of
mesotrione from the y* goodness of fit test was 0.015
(which is less than a = 0.05).

The response of F| progenies to mesotrione in this study as
well as previous work® indicated that the mesotrione resistance
in KSR is inherited via nuclear allele(s). Nuclear inheritance of
mesotrione resistance was also reported in mesotrione-resistant
common waterhemp populations from Illinois and Nebras-
ka.'®'” Mesotrione resistance in KSR was predominantly
metabolic, although an increased level of HPPD gene
expression was also found in some plants.'® Therefore, further
investigation is necessary to prove that the two mechanisms of
mesotrione resistance are linked and inherited together.
Metabolic resistance to mesotrione in KSR is suspected to
be mediated by P450 enzyme activity.'” P450s are known to be
involved in the detoxification of mesotrione in corn.”* P450-
based detoxification of mesotrione and tembotrione was
reported in common waterhemp population from Illinois and
Palmer amaranth from Nebraska.’>*° Interestingly, more
recently, in an atrazine- and mesotrione-resistant common
waterhemp population from Illinois, Jacobs et al.”’” suggested
that the gene conferring atrazine resistance was also involved in
mesotrione resistance, although additional genes are also
required to confer mesotrione resistance. The results of this
study suggest that the mesotrione resistance in KSR Palmer
amaranth is polygenic. Therefore, the possibility of involve-
ment of multiple P450s or numerous loci modulating P450
activity along with the gene governing atrazine resistance needs
to be investigated.

This study confirms that a single allele(s) controls resistance
to chlorsulfuron and atrazine in KSR Palmer amaranth, while
mesotrione resistance is polygenic. Nuclear inheritance of
chlorsulfuron, atrazine, and mesotrione resistance in KSR
reported previously implies that the resistance can be spread
via both pollen and seed. This is particularly important
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considering that both intraspecific and interspecific transfer of
resistant alleles via pollen has been reported in Palmer
amaranth.*® Similarly, single-gene-controlled chlorsulfuron
and atrazine resistance can spread faster than polygenic
mesotrione resistance (unless TSR and NTSR coexist).
Opverall, such transfer of resistance alleles via pollen indicates
a possible spread of multiple resistance from KSR to different
Palmer amaranth populations as well as to other cross-
compatible Amaranthus species.

The result of this study sheds light on the complexity of the
genetic architecture of chlorsulfuron, atrazine, and mesotrione
resistance in KSR Palmer amaranth. Selection for ALS
inhibitors is thought to have happened first in KSR, followed
by the evolution of PS II and HPPD inhibitor resistance.” In
particular, a predominance of NTSR for ALS inhibitors in KSR
may have laid the foundation for the selection of metabolic
resistance to PS-II and HPPD inhibitors, even though there
was no selection pressure for HPPD inhibitors in this
population.”” Hence, the role of P450s as well as GSTs
potentially involved in herbicide detoxification needs to be
explored in KSR. The male and female mesotrione-resistant
KSR plants used to generate F, families were also resistant to
chlorsulfuron and atrazine, indicating that these plants were
resistant to all three MOAs. Interestingly, metabolic resistance
via P450s and GSTs can impart cross-resistance to herbicides
belonging to different MOAs.* For instance, P450s from
subfamily CYP81A have been reported to endow cross-
resistance to ALS and ACCase inhibitors to late watergrass
(Echinochloa phyllopogon Stapf.).*" Therefore, the possibility of
the same P450s or GSTs being involved in detoxification of
chlorsulfuron, atrazine, and mesotrione cannot be ruled out,
and further research on this is warranted. Metabolism-based
NTSR to herbicides in weeds is one of the prime challenges for
effective weed management with herbicides. In-depth knowl-
edge of mechanisms and the genetic basis of the evolution of
herbicide resistance in weeds will help to draft the best field
programs/herbicide combinations for resistance management.
Incorporation of multiple herbicide MOAs should be followed
to reduce selection pressure and slow the spread of resistant
allele dispersion. Moreover, growers should be encouraged to
adopt integrated weed management techniques involving
cultural, mechanical, and chemical methods to reduce selection
pressure and prevent further evolution of herbicide resistance.
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ALS, acetolactate synthase; EPSPS, 5-enolpyruvyl-shikimate-3-
phosphate synthase; F,-D, F, family from direct crossing; F,-R,
F, family from reciprocal crossing; F,-1, F,-2, and F,-3, F,
families; GRy, effective dose to reduce above-ground shoot
biomass by 50%; GST, glutathione S-transferase; HPPD, 4-
hydroxyphenylpyruvate dioxygenase; KSR, Kansas resistant
Palmer amaranth population; KSS, Kansas susceptible Palmer
amaranth population; LCFA, long-chain fatty acid; MOA,
mode of action; MSS, Mississippi susceptible Palmer amaranth
population; NTSR, non-target-site resistance; P450, cyto-
chrome P450 monooxygenases; PPO, protoporphyrinogen
oxidase; PS II, photosystem II; TSR, target-site resistance;
WAT, weeks after treatment
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