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Abstract

Palmer amaranth [Amaranthus palmeri (S.) Wats.] presents both a high genetic diversity
and propensity to evolve resistance to herbicides of several sites-of-action which have made it
one of the worst weeds in US agriculture. In Arkansas, Palmer amaranth is resistant to herbicides
of seven sites-of-action, which are 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS)
inhibitor, acetolactate synthase inhibitors, microtubule inhibitors, protoporphyrinogen oxidase
inhibitors, very long chain fatty acid inhibitors, glutamine synthetase inhibitors, and
hydroxyphenylpyruvate dioxygenase inhibitors. Sustainable management requires a better
understanding of its biology and that of herbicide environmental fate. This research had five
objectives: 1) characterize the current status of Palmer amaranth resistance to S-metolachlor in
the Mid-southern US and evaluate alternative control methods for its proactive control, 2)
investigate the influence of inter-annual and within-season multiple applications of the herbicide
on its dissipation, 3) investigate the dynamics of S-metolachlor dissipation in soil samples
collected throughout the growing season, 4) understand the influence of multiple mathematical
equations on predictions of dissipation endpoints, and 5) investigate differences in threshold
values for the initiation of stomatal closure between herbicide- susceptible and resistant
accessions. A general herbicide resistance screening was conducted using seeds collected in
Arkansas, Tennessee and Mississippi complemented by dose-response studies of parent
populations and F; progenies. A greenhouse experiment was conducted to evaluate the
differences in drought tolerance between S-metolachlor resistant- and susceptible accessions, and
between glyphosate- resistant and susceptible plants differing by the number of EPSPS gene
copy number. The influence of multiple annual applications on the dissipation half-life of S-

metolachlor was evaluated using paired, commercial fields differing by the number of herbicide



applications received within the previous six years across five Arkansas counties. The effect of
frequency and timing of within-season applications of the herbicide on its dissipation was also
evaluated. Five mathematical equations were evaluated for their performance at predicting S-
metolachlor dissipation endpoints. Resistance to S-metolachlor was detected in four Arkansas
counties and one Mississippi county. Parent populations and F; lines required up to 7- and 9.2-
times more S-metolachlor, respectively, to reduce seedling emergence 50%. The half-life of S-
metolachlor was longer for fields with high-use compared to fields with low-use history. A
sequential application of S-metolachlor slowed S-metolachlor dissipation compared to the
control. S-metolachlor dissipation was faster earlier compared to later during the growing season.
Model selection and goodness of fit showed that the biphasic Gustafson and Holden and first-
order double-exponential decay models better supported data compared to the single first order
(SFO) model. The SFO under-predicted S-metolachlor residues during the later stages of the
dissipation process. The threshold value for the initiation of stomatal closure was greater for the
S-metolachlor- resistant than the susceptible accession. Glyphosate- resistant and susceptible
plants, differing by the number of EPSPS gene copy number, did not show differences in their
threshold values for the initiation of stomatal closure. Dissipation is not increased from use, but
resistance is occurring and resistance in plant has consequences for plant function under stress
conditions. Continued research into plant mechanisms and consequences of increasing resistance

needs investigation.
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Introduction

Palmer amaranth [Amaranthus palmeri S. (Wats.)] is one of the most troublesome weeds
in many cropping systems not only in the Mid-southern US but also nation-wide (Riar et al.,
2013a, 2013b, 2013c). Crop yield reduction from Palmer amaranth reveals yield losses of 79% in
soybean [Glycine max (L.) Merr.] (Bensch et al., 2003) and 91% in corn (Zea mays L.)
(Massinga et al., 2001). The significant loss induced by Palmer amaranth to many crops is due to
various undesirable traits accumulated by this species (Ward et al., 2013).

Palmer amaranth shows plasticity and can grow under a wide range of conditions. Native
of the Sonoran desert region (Ehleringer, 1983), it is now present in many states across a broad
geographic range including Minnesota, North Dakota and Wisconsin. Its plasticity is highlighted
by its ability to adapt to cultural practices and increase weediness. For example, under high
nitrogen-fertilization conditions it can increase its nutrient-use efficiency (Bravo et al., 2018). It
can also adapt to drought conditions and keep stomates open through osmotic adjustment under
water stress conditions (Ehleringer, 1983). Palmer amaranth is a dioecious species; thus, the
plant is an obligate out-crosser, which increases its genetic diversity and plasticity (Ward et al.,
2013). Additionally, it is a prolific seed producer with a female plant capable of producing up to
600,000 seeds that can replenish the soil seedbank in a single generation (Ward et al., 2013), and
it has a prolonged germination (Bensch et al., 2003; Ward et al., 2013).

Palmer amaranth is a fast growing weed for which different growth rates have been
reported by previous researchers. For example, in Kansas height increase of 1.8 to 2.1
mm/growing degree day (GDD) was reported in two years (Horak and Loughin, 2000). Under
non-limiting moisture and nutrient conditions, height increase rates reported in North and South

Carolina reached 4.2 mm/GDD (Norsworthy et al., 2008b). As a result, growth can reach heights



of 2 to 3 m (Horak and Loughin, 2000). Therefore, it can become very competitive with row
crops for photosynthetically active radiation (PAR) interception as it positions its leaves above
crop canopy with the consequences of reducing light quantity and altering light quality available
to the crop. The competitive ability of a weed is greatly impacted by its growth rate as the one
that rapidly grows tall, spreads laterally and shows a greater ground cover will outcompete other
species (Zimdahl, 2004).

The C4 photosynthetic pathway of Palmer amaranth gives it a higher carbon dioxide
assimilation rate in comparison to many Cs crops such as soybean, rice (Oryza sativa L.) and
cotton. C4 species have a greater maximum assimilation rate (Amax) granting them the ability to
keep assimilating CO» under light conditions that are saturating for C3 species. For example,
Palmer amaranth attained photosynthetic rates of 81 pmol m? s’ at 42°C with 90% of peak
photosynthetic rate between 36 and 46 °C (Ehleringer, 1983). The carboxylation and oxygenation
of ribulose-1,5-bisphosphate (RuBP) are two competing reactions catalyzed by Ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco). Photosynthesis in C4 plants such as Palmer
amaranth, overcomes the low affinity of Rubisco for CO,, leading to the inhibition of the
oxygenation reaction, therefore, to the reduction of photorespiration rates (von Caemmerer,
2000). In fact, the coordinated functioning of C4 leaf mesophyll and bundle-sheath cells and the
CO2 concentrating mechanism that characterize this C4 photosynthetic pathway allow Rubisco,
located in the bundle-sheath cells, to operate at high CO, partial pressures. PEP carboxylase,
located in the leaf mesophyll cell, initially fix CO; into C4 acids, which are decarboxylated in the
bundle sheath to supply CO; to Rubisco (Ghannoum, 2009; von Caemmerer, 2000; von

Caemmerer et al., 2017).



Finally, Palmer amaranth possesses a high potential to evolve resistance to herbicides of
different chemical families and different sites-of-action. It is resistant to glyphosate (Culpepper
et al., 2006; Norsworthy et al., 2008a), acetolactate synthase (ALS)-inhibiting herbicides (Burgos
et al., 2001; Gaeddert et al., 1997; Horak and Peterson, 1995), dinitroanilines (Gossett et al.,
1992), 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors (Jhala et al., 2014; Nakka et al.,
2017b), photosystem II-inhibiting herbicides (Nakka et al., 2017a), glufosinate (Heap, 2021), and
protoporphyrinogen oxidase (PPO) inhibitors (Salas et al., 2016; Salas-Perez et al., 2017;
Varanasi et al., 2018a; Varanasi et al., 2018b). To date, according to Heap (2021), Palmer has
evolved single herbicide resistance, resistance to multiple herbicides of the same chemical
family, cross resistance and multiple resistance. Palmer amaranth resistance to various herbicides
has been reported in 29 different states of the US and six different countries worldwide
(Argentina, Brazil, Israel, Mexico, Spain, and the United States).

Palmer amaranth resistance to herbicides is via both target-site resistance (TSR) and non-
target-site resistance (NTSR) mechanisms (Burgos et al., 2001; Burgos et al., 2018; Salas et al.,
2016; Salas-Perez et al., 2017; Sales-Perez et al., 2018; Singh et al., 2018; Singh et al., 2019).
Palmer amaranth has evolved resistance to glyphosate via amplification of the gene that encodes
the target enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) (Chahal et al., 2017,
Gaines et al., 2010; Kupper et al., 2017; Patterson et al., 2018). Also, Palmer amaranth has
evolved resistance to glyphosate via a target-site mutation of proline 106 to serine (Kaundun et
al., 2019). Similarly, resistance to ALS inhibitors is via both TSR and NTSR mechanisms
(Nakka et al., 2017¢). For example, previous research has documented a change of amino acid at
position 574 and 653, from tryptophan to leucine and from serine to asparagine, respectively

(Ws7sLl, Ses3N) (Berger et al., 2016; Kupper et al., 2017; Molin et al., 2018; Singh et al., 2019).



The mutation Ses3N is reported to confer resistance to imidazolinones and the pyrimidinylthio-
benzoates; the mutation Ws74L, on the other hand, confers resistance to triazolopyrimidines,
sulfonylureas, imidazolinones, and pyrimidinylthio-benzoates (including pyrithiobac-sodium)
(McNaughton et al., 2005; Patzoldt and Tranel, 2007; Whaley et al., 2006; Yu et al., 2012).

Previous researchers suspected the occurrence of NTSR mechanism in ALS-resistant
accessions (Kupper et al., 2017). Palmer amaranth resistance to PPO inhibitors was reported to
be due to the presence of the AG210 codon deletion (Salas et al., 2016; Salas-Perez et al., 2017)
and to the R128G or R128M mutation (Salas et al., 2016; Salas-Perez et al., 2017; Varanasi et
al., 2018a; Varanasi et al., 2018b). Additionally, the amino acid substitution of glycine to alanine
in the catalytic domain of PPO2 at position 399 provoked a reduced affinity for several PPO-
inhibiting herbicides in Palmer amaranth (Rangani et al., 2019); however, NTSR to PPO due to
P450s and GSTs has been reported in Palmer amaranth (Varanasi et al., 2018a). Palmer amaranth
resistance to atrazine is a metabolic resistance due to glutathione S-transferases (Chahal et al.,
2019; Nakka et al., 2017a). NTSR is reported to be the cause of Palmer amaranth resistance to
HPPD-inhibitors (Nakka et al., 2017b) and authors hypothesized that P450s are involved in the
detoxification process.

In this context of herbicide resistance evolution, very long chain fatty acid (VLCFA)-
inhibiting herbicides have been used widely because of their residual activity and effective weed
control. These herbicides are selective for crops in which they are detoxified. Metolachlor [2-
chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide] is a VLCFA-
inhibiting herbicide composed of two R-isomers and two S-isomers in equal proportions with
herbicidal activity mainly from the S-isomer pair (O'Connell et al., 1998). S-metolachlor was

developed in 1997 to allow commercial production of the enantiomerically-enriched form with



more than 80% S-isomer and to reduce the use rate while maintaining biological performance
(O'Connell et al., 1998). Used as preplant incorporated (PPI) or preemergence (PRE), it is
effective on yellow nutsedge (Cyperus esculentus L.), annual grasses, and small-seeded
broadleaf species, including Palmer amaranth.

Consequently, it has been a viable option for managing glyphosate-, microtubule-, ALS-,
and PPO-resistant Palmer amaranth in Arkansas. Unfortunately, Palmer amaranth resistance to S-
metolachlor was recently reported in Arkansas (Brabham et al., 2019), limiting options available
to growers. To limit the spread of S-metolachlor resistance evolution, the key questions for this
research are (1) How widespread is S-metolachlor resistance in the Mid-southern US? (i1) How
does the use-history of the herbicide impact its dissipation in the soil? and ultimately (iii) How
does this degradation rate impact Palmer amaranth resistance evolution? In addition to these
important questions, it is also crucial to understand the impact of herbicide resistance evolution
on physiological responses of Palmer amaranth to limited resources.

Water is a requirement for plants transpiration (Kropff and van Laar, 1993) and
transpiration rate is controlled by stomatal closure. In response to water stress, plants send
chemical signals, such as abscisic acid, to leaves (Saradadevi et al., 2017) and the increase of the
concentration of abscisic acid around the guard cells triggers long-term depolarization of guard
cells that leads to stomatal closure (Taiz et al., 2015). The knowledge of the threshold value for
the initiation of stomatal closure can provide insight into the physiological responses of different
ecotypes to drought (Sinclair 2012). Understanding how various Palmer amaranth ecotypes with
different resistance profiles respond to abiotic stresses, particularly to drought, informs us about
the fitness traits of resistant populations, which could help with adjustments of weed

management tactics.



Therefore, the objectives of this research were to 1) characterize the current status of
Palmer amaranth resistance to S-metolachlor in the Mid-southern United States and evaluate
alternative herbicides for proactive control of this weed, 2) investigate the influence of inter-
annual multiple applications of the herbicide on its dissipation in the soil, 3) investigate S-
metolachlor dissipation in soil samples collected at various times during a single growing season,
4) understand the influence of multiple mathematical equations on the predictions of the
dissipation endpoints of S-metolachlor, and 5) evaluate differential response of herbicide-

resistant and -susceptible Palmer amaranth to drought.
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Literature review

Herbicide resistance evolution

To date, weed resistance evolution is a worldwide problem as many weeds have evolved
resistance to major herbicide chemical families (Heap, 2021). It is a key factor compromising the
objective of providing sufficient food to the world population in the future. Intensive use of
herbicides has led to a strong and widespread selection pressure on weeds that has provoked
herbicide resistance (Gaines et al., 2020). Worldwide, 521 species (272 Dicots and 249
Monocots) have evolved resistance to different herbicides (Heap, 2021). At the same time, no
new herbicide mode of action has been introduced to the market since the 1980s (Westwood et
al., 2018). Herbicide action is through (1) penetration in the plant and translocation to the site of
action; (2) accumulation of the herbicide at the site of action; and (3) binding of the herbicide to
its target protein, which results in the disruption of a vital metabolic pathway (Delye, 2013).
Mechanisms of weed resistance to herbicides have been extensively studied and categorized as

either Target Site Resistance (TSR) or Non-Target Site Resistance (NTSR).

Target site resistance

Target site resistance mechanisms affect the binding of herbicides either at or near
catalytic domains or in regions affecting access to them, and they involve mutations in genes
encoding the protein targets of herbicides (Gaines et al., 2020). For example, various point
mutations in Arabidopsis sp. conferred resistance to acetolactate synthase (ALS)-inhibiting
herbicides (Guttieri et al., 1996). Most of the time TSR mutations are synonymous with single
nucleotide polymorphism (SNPs); they can also be due to polymorphisms in more than one
codon or entire codon deletions (Gaines et al., 2020). Cases of TSR to photosystem II (PSII)-,
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protoporphyrinogen oxidase (PPO)-, acetyl-CoA carboxylase (ACCase)-, ALS-, microtubule-, 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS)-inhibiting herbicides are reported in the
literature.

Many cases of resistance to PSII-inhibiting herbicides are due to a Ser264 to Gly
mutation in the D1 protein (Devine and Shukla, 2000), a Ser264 to Thr mutation (Masabni and
Zandstra, 1999). A mutation in the vicinity of Ser264 (Phe265, Phe255, and His215) can play a
role in resistance evolution. The TSR mechanisms associated with PPO-inhibiting herbicides
include the presence of the AG210 codon deletion (Salas et al., 2016; Salas-Perez et al., 2017),
the R128G or R128M mutation (Salas et al., 2016; Salas-Perez et al., 2017; Varanasi et al.,
2018a; Varanasi et al., 2018b). They also involve the amino acid substitution of glycine to
alanine in the catalytic domain of PPO2 at position 399 (Rangani et al., 2019).

Monocots and dicots present different forms of the ACCase in charge of catalyzing the
first committed step in fatty acid biosynthesis. Plastids of dicots contain the prokaryotic form of
the enzyme that is insensitive while monocots contain the sensitive eukaryotic form of ACCase
in plastids. Two distinct ACCase genes code for the cytosolic and plastidic forms of the ACCase
enzyme. Cases of resistance to ACCase-inhibiting-herbicides are due to an alteration in the target
enzyme that reduces its sensitivity to herbicide inhibition (Devine and Shukla, 2000). Various
altered forms of ACCase have been associated with different levels of resistance. The target of
the aryloxyphenoxypropionate and cyclohexanedione is the plastid form and the alteration of this
form causes resistance in weeds (Evenson et al., 1997). Target site resistance to ALS-inhibiting
herbicides has been reported to be due to point mutations mainly occurring at the Pro197
position, including one based on a double mutation (Boutsalis et al., 1999). Other mutations

reported include Trps73 to Leu and Sergss to Asn (Sathasivan et al., 1991). Target site resistance
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to herbicides that inhibit cell division was reported to be due to a Thra39 to Ile mutation in an o-
tubulin and a Metyes to Thr (Anthony et al., 1999; Anthony et al., 1998; Yamamoto et al., 1998).
Target site resistance to glyphosate has been reported to be due to a Proigs to Ser mutation in
EPSPS gene and also a Thr102 to Ile substitution which strongly decreased the affinity of EPSPS
to glyphosate (Fonseca et al., 2020). Moreover, increased gene expression leading to increased
amounts of protein target can be involved in TSR mechanism (Gaines et al., 2010; Singh et al.,
2018). Finally, reduced herbicide binding to auxin-binding proteins has been invoked in the

mechanism of resistance in Sinapis arvensis (Webb and Hall, 1995).

Non-target site resistance (NTSR)

Mechanisms contributing to NTSR are complex and generally involve genes that are
members of large gene families (Gaines et al., 2020). This second type of resistance can be
caused by reduced absorption or translocation, increased sequestration or metabolic degradation
of the herbicide. The NTSR is a major concern as it can confer resistance to multiple modes of
action, including herbicides not commercialized (Petit et al., 2010). The NTSR in Lolium
rigidum conferred resistance to up to sixteen herbicides of nine different modes of action (Burnet
et al., 1994). Four gene families are generally involved in metabolism-based herbicide resistance:
cytochrome P450 mono-oxygenases (P450s), glutathione-S-transferases (GSTs),
glycosyltransferases (GTs) and ABC transporters (Yuan et al., 2007). They are multifunctional
enzymes that have a protection role against different biotic and abiotic stresses including
xenobiotics and oxidative stress (Lee et al., 2011).

GSTs are multifunctional enzymes encoded by large gene families, which have a

protection role against different biotic and abiotic stresses including xenobiotics and oxidative
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stress (Lee et al., 2011; Montellano, 2005). Xenobiotics detoxification generally occurs in four
phases namely oxidation, conjugation, transport and further compartmentation. GSTs, mediating
the second phase, detoxify herbicides through glutathione (GSH) conjugation (Busi et al., 2018).
The levels of GSH and the activity of GST enzymes determine herbicide detoxification via GSH
conjugation (Roberts, 2000). Five distinct classes of GSTs have been recognized in plants (Phi,
Tau, Zeta, Theta and Lambda) based on active site residues in the proteins, gene organization
and sequence identity (Frova, 2003; Lee et al., 2011).

The name of P450 proteins is due to the absorption band of their carbon-monoxide-bound
form at 450 nm; they are one of the largest super families of enzyme proteins (Werck-Reichhart
and Feyereisen, 2000). They are a super family of heme, membrane-bound proteins present at
very low concentrations in living species that catalyze monooxygenation or hydroxylation
reactions (Montellano, 2005). The P450s play a critical role for plants to protect themselves and
survive attacks from pests, herbivores and from exposure to adverse climatic conditions
(Montellano, 2005). They are involved in most biosynthetic pathways responsible for natural
products synthesis (cyanogenic glucosides, glucosinolates, isoflavonoids, and alkaloids) (Bak et
al., 1999; Mikkelsen et al., 2002; Stanjek et al., 1999; Tattersall et al., 2001; Wittstock and
Halkier, 2002). Additionally, P450s catalyze key steps of metabolism of xenobiotics in plants
(Corbin et al., 1992; Siminszky et al., 1995; Siminszky et al., 1999; Siminszky et al., 2003;
Siminszky et al., 2000; Yao et al., 2016; Yasuor et al., 2009). The main reactions catalyzed by
P450s are O-deakylation, N-dealkylation and aromatic hydroxylation. Because of their role in
metabolic degradation of xenobiotics, they are one of the most important enzymes responsible
for herbicide selectivity between crops and weeds. Overexpression of P450 genes in weeds has

been shown to increase the appearance and evolution of NTSR of weeds to herbicides (Burnet et

15



al., 1994; Burnet et al., 1993; Busi et al., 2017a; Busi et al., 2011; Guo et al., 2019; Han et al.,
2014; Siminszky et al., 2000). Increasing crops’ P450 activity with safeners improves crops’
tolerance to herbicides while providing effective weed control (Busi et al., 2017b). At the same
time, inhibition of P450 activity in metabolism-based herbicide-resistant weeds reverses
resistance and provides better weed control (Busi et al., 2017a; Christopher et al., 1994; Oliveira
etal., 2018).

In many grasses, metabolic resistance has been documented to ACCase-inhibiting
herbicides (Busi et al., 2011; Delye et al., 2011; Huan et al., 2011; Iwakami et al., 2019; Zhao et
al., 2019a). Most cases reported enhanced metabolism due to the activity of P450s; however,
GSTs are also reported in metabolism of ACCase-inhibiting herbicides (Huan et al., 2011;
Matzrafi et al., 2017). Similarly, enhanced metabolism has been documented in weeds that are
resistant to ALS-inhibiting herbicides (Iwakami et al., 2014; Iwakami et al., 2019; Owen et al.,
2012; Shergill et al., 2018) and is due to P450s (Iwakami et al., 2014; Iwakami et al., 2019; Zhao
et al., 2019b), GSTs (Zhao et al., 2017) and ABC transporters (Liu et al., 2018). Likewise,
metabolism has been characterized as responsible for herbicide resistance to auxin-type
herbicides (Figueiredo et al., 2018; Shergill et al., 2018; Torra et al., 2017). Enhanced
metabolism is the cause of weed resistance to PSII-inhibiting herbicides (Anderson and
Gronwald, 1991; Chahal et al., 2019; Evans et al., 2017; Lu et al., 2019; Nakka et al., 2017a;
Plaisance and Gronwald, 1999; Svyantek et al., 2016; Vennapusa et al., 2018). Furthermore,
metabolic resistance in weeds has been documented for glyphosate (Gonzalez-Torralva et al.,
2012; Pan et al., 2019), HPPD inhibitors (Hausman et al., 2011; Kaundun et al., 2017; Kupper et
al., 2018; Nakka et al., 2017b; Oliveira et al., 2018), clomazone (Guo et al., 2019) and PPO

inhibitors (Varanasi et al., 2018a). Finally, metabolism-based resistance has been reported in
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species resistant to VLCFA inhibitors (Brabham et al., 2019; Busi et al., 2012; Busi et al., 2018;
Busi and Powles, 2013; Ducker et al., 2020; Ducker et al., 2019a; Ducker et al., 2019b; Rangani

etal., 2021).

Palmer amaranth

To understand the state of research on Amaranthus palmeri and to summarize global
research during the past 21 years, the Web of Science (https://webofknowledge.com) database
from 2000 to 2021 was systematically searched on April 3, 2021 using the basic search with the
topic ("Palmer amaranth" OR "Amaranthus palmeri" OR "A. palmeri"). The search was refined
by excluding meeting abstracts, letters, corrections or editorial materials, record reviews,
proceedings papers and early access. Sources included original articles, review articles and book
chapters. The objective was to summarize research on Amaranthus palmeri across the globe
during the past 21 years. Articles (689) from the Web of Science core collection were
summarized using a bibliometric tool bibliometrix (Aria and Cuccurullo, 2017) within the R
software environment (R Core Team, 2020). The productivity of the top twenty countries in the
timespan of interest is described by Figure 2.1. The United States led research about Palmer
amaranth with about 87% of articles published. Among these published articles, 92% are single

country production (SCP) and 8% are multiple country production (MCP) (Figure 2. 1).
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Figure 2. 1. Number of publications on 4. palmeri on the Web of Science
(https://webotknowledge.com) database from 2000 to 2021, systematically searched through the
basic search with the topic ("Palmer amaranth" OR "Amaranthus palmeri" OR "A. palmeri").
The research was refined by excluding meeting abstracts, letters, corrections or editorial
materials, record reviews, proceeding papers and early access. Only original articles, review
articles and book chapters in the English language were included in the search (information
collected on April 3, 2021).

These results indicate that Palmer amaranth is more of a problem in the United States
compared to other countries. It is a “nightmare” for US producers in many cropping systems
(Riar et al., 2013a, b, ¢). Palmer amaranth can drastically reduce yield in major cropping systems
such as soybean [Glycine max (L.) Merr.] (Bensch et al., 2003b; Klingaman and Oliver, 1994)
and corn (Zea mays L.) (Massinga et al., 2001). Palmer amaranth accumulates undesirable traits
such as prolonged germination (Bensch et al., 2003a; Ward et al., 2013), plasticity (Bravo et al.,
2018; Ehleringer, 1983), cross pollination (Ward et al., 2013), large number of seed production
(Ward et al., 2013), and rapid growth (Horak and Loughin, 2000a; Norsworthy et al., 2008).
Additionally, Palmer amaranth has evolved resistance to many herbicide modes of action in 29

different states (Heap, 2021). Palmer amaranth is resistant to glyphosate (Culpepper et al., 2006;
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Norsworthy et al., 2008a), acetolactate synthase-inhibiting herbicides (Burgos et al., 2001;
Gaeddert et al., 1997; Horak and Peterson, 1995), dinitroanilines (Gossett et al., 1992), 4-
hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors (Jhala et al., 2014; Nakka et al., 2017b),
photosystem II-inhibiting herbicides (Nakka et al., 2017a), and protoporphyrinogen oxidase
(PPO) inhibitors (Salas et al., 2016; Salas-Perez et al., 2017; Varanasi et al., 2018a; Varanasi et
al., 2018Db).

Outside of the US, only five countries (Argentina, Brazil, Israel, Mexico and Spain) have
reported herbicide-resistant Palmer amaranth (Heap, 2021). 4. palmeri has the ability to
successfully hybridize with three other species: A. spinosus, A. hybridus, and A. tuberculatus
(Gaines et al., 2012). Moreover, the ALS gene was transferred by a resistant male A. rudis to the

hybrid obtained from the crossing with 4. palmeri (Wetzel et al., 1999).

Metolachlor agricultural use and metabolism

Metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)
acetamide] is a very long chain fatty acid (VLCFA)-inhibiting herbicide. The racemic product of
metolachlor is composed of two R-enantiomers and two S-enantiomers with S-metolachlor being
more effective as a herbicide than rac-metolachlor (Zhan et al., 2006). S-metolachlor was
developed in 1997 to allow both commercial production of enantiomerically-enriched form with
more than 80% S-isomers and reduction of the use-rate, while maintaining its biological
performance (O'Connell et al., 1998).

Very long chain fatty acids (VLCFAs) are fatty acids having a carbon (C) chain-length
longer than C20 (Joubes et al., 2008; Naganuma et al., 2011; Sassa and Kihara, 2014). The

determining activity of fatty acids formation, is the elongation process driven by multiple
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complexes of four enzymes (elongase system) (Trenkamp et al., 2004). They catalyze sequential
condensation, ketoacyl reduction, dehydration and enoyl reduction steps (Figure 2. 2.) (Bach and
Faure, 2010; Busi, 2014). The starting reaction, the condensation, is catalyzed by the condensing
enzyme 3-ketoacyl-CoA synthase (KCS) FAE; (Boger, 2003; Busi, 2014; Millar and Kunst,
1997) (Figure 2. 2). In plants, VLCFAs are important components of lipids such as
triacylglycerols (accumulated in seeds), some sphingolipids and phospholipids existing in
various cell membranes and cuticular waxes on plant aerial surfaces (Trenkamp et al., 2004).
Sphingolipids and phospholipids are required for cell division, polarity and differentiation
(Lechelt-Kunze et al., 2003). In the epidermal tissues of young seedlings, suberin (roots) and
insoluble wax-impregnated cutin (leaves) are an important barrier to the environment
(PostBeittenmiller, 1996). A disruption of VLCFA levels in plants can lead to marked
phenotypic consequences (growth inhibition, embryo mortality) (Du Granrut and Cacas, 2016).
The target of chloroacetamide herbicides is the FAE1 within the elongase enzymatic complex

bound to the endoplasmic reticulum (Boger, 2003; Busi, 2014; Millar and Kunst, 1997).
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Figure 2. 2. VLCFA elongation cycle adapted from Bach and Faure (2010)

Plant uptake and metabolism

Uptake of soil applied herbicides can be made possible either by the growth of seedlings
that bring roots into contact with the herbicide, or by mass flow, moving the herbicide molecule
dissolved in the soil solution or by diffusion that move molecules from zones of high
concentration to areas of lower concentration. Chloroacetamide herbicides are selective for crops
in which they are detoxified. For these herbicides (acetochlor, alachlor, butachlor, metazachlor,
pretilachlor, propachlor, thenylchlor and metolachlor), detoxification is mainly due to a
glutathione-mediated nucleophilic displacement of the chlorine atom to form an initial

glutathione (GSH) or homoglutathione conjugate, which may change from one crop species to
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the next (Roberts, 2000) (Figure 2.3). GSH (y-glutamylcysteinylglycine) is a tripeptide
composed of the three amino acids glutamate, cysteine and glycine (Berg et al., 2015). A further
degradation of the initial conjugates produces different sulfur-containing metabolites such as
cysteine and thiolactic acid derivatives. Based on the crop species, chloroacetamides herbicides
can also be detoxified via reductive dichlorination, O-dealkylation, N-side-chain dealkylation,
and arylalkyl substituent hydroxylation and subsequent glycosidation (Roberts, 2000).

Tolerance of several species to chloroacetamide herbicides was reported to be positively
correlated with GSH levels and the rate of GSH conjugation (Breaux et al., 1987); an induction
of GSH and GST levels with dichloroacetamide safeners provoked an increase in plant resistance
to chloroacetamide herbicides (Breaux, 1987; Breaux et al., 1987). On the contrary, a decrease in

GSH levels in corn seedlings induced an increase in metolachlor phytotoxicity (Farago et al.,

1993).
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Metolachlor environmental fate and transport

Microbial degradation

A major breakdown pathway of metolachlor in the soil is by both aerobic and anaerobic
microorganisms. Under sandy soil conditions, half-lives of 81 and 67 d were reported for
anaerobic and aerobic microbes, respectively (Senseman, 2007). Other factors that affect
microbial degradation rates of metolachlor include soil depth, organic carbon and dissolved
oxygen concentrations, temperature and size of microbial populations (Barbash et al., 2004).
Microbial transformation of chloroacetamide is a detoxification catalyzed by GSTs and it
involves conjugation between glutathione and the chloroacetamide moiety of the herbicide. The
general mechanism of this reaction is a nucleophilic attack by glutathione on the 2-chloro
electrophilic group of the chloroacetamide herbicide (Aga et al., 1996; Field and Thurman, 1996;
Stamper and Tuovinen, 1998). Glutathione- chloroacetamide conjugates are subsequently
degraded by carboxypeptidases (Wolf et al., 1996), gamma-glutamyl transpeptidases, and
cysteine beta-lyases (Stamper and Tuovinen, 1998; Zablotowicz et al., 1995). After subsequent
degradation of the conjugate moiety and oxidation of the SH-group to sulfonic acid, this pathway
may lead to the formation of metolachlor-ethane sulfonic acid (MESA) (Stamper and Tuovinen,
1998). Another metolachlor metabolite is metolachlor oxanilic acid (MOXA), produced by
oxidation of glutathione-metolachlor conjugate (White et al., 2010).

Many microbes able to degrade metolachlor have been reported. The fungus Penicillium
oxalicum has been reported to degrade almost 90% of metolachlor with addition of glucose and
yeast extract within 384 h, and degradation products [MOXA, metolachlor-2-hydroxy (M2H),

and metolachlor deschloro (MDES)] were obtained via hydrolytic and reductive dichlorination
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(Chang et al., 2020). After 4 days of growth in culture, Candida xestobii could degrade 60%
added metolachlor. It converted up to 25% of the compound into CO; after 10 days while
Bacillus simplex degraded 30% metolachlor after 5 days of growth in minimal medium (Munoz
et al., 2011). Previous research has also documented that metolachlor is co-metabolized by
different microbes including Actinomycetes (Krause et al., 1985), Penicillium oxalicum strain

MET-F-1 (Chang et al., 2020), Chaetomium globosum (McGahen and Tiedje, 1978),

Metolachlor adsorption

Pesticide molecules in the soil partition between the aqueous and solid phases (Kah et al.,
2006). Herbicide retention affects herbicide behavior in soils (Si et al., 2009); consequently, it
impacts herbicide fate, persistence, and biological activity (Westra et al., 2015). The amount of
herbicide available for effective weed control, the extent of leaching, and redistribution can be
predicted with a better understanding of the processes of adsorption and desorption (Si et al.,
2009). Measures of pesticide sorption by soil define sorption coefficients [Kd (distribution
coefficient) and Koc (soil organic carbon coefficient)] (Li et al., 2019; Si et al., 2009). The
distribution coefficient, measured in a water/soil slurry, can be defined as the ratio of the amount
of herbicide sorbed to the soil relative to the amount left in water. The soil organic carbon
coefficient, on the other hand is the ratio of Kd and the fraction of organic carbon in the soil.
Prediction of the risks of pesticide movement by water-eroded soil, runoff, and leaching are
possible with the use of pesticide fate models (Eason et al., 2004; Farenhorst, 2006; Farenhorst et
al., 2008; Stewart and Loague, 1999), in which sorption coefficients are reported to be among the

most sensitive input parameters (Farenhorst et al., 2008).
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Soil properties are among the key factors that influence soil herbicide sorption. Previous
researchers reported the variability of sorption coefficients (Kd) within soil landscapes as a result
of differences in soil organic carbon content or soil pH between slope positions (Farenhorst et
al., 2003; Novak et al., 1997). Nonpolar herbicides’ soil retention is mainly due to hydrophobic
partitioning (Cheng and Mulla, 1999) and organic matter is most often the determining factor of
sorption (Kah et al., 2006). In addition to binding to soil organic matter, ionic herbicides can sorb
to clay, iron and aluminum hydroxides. In contrast to nonpolar herbicides, the adsorption is
sensitive to soil pH (Kah et al., 2006). The dominant retention mechanisms for polar herbicides
are ion exchange and hydrogen bonding (Cheng and Mulla, 1999). Because soil particles and
organic matter contain negatively charged sites that provide surface area for adsorption of
ionized particles, positively charged ions are tightly bound to soil while negatively charged ions
are repelled. Anions (H2PO4") exchange and or bind to the cationic metals calcium, iron, or
aluminum that are associated to the soil CEC (Ross and Lembi, 2009).

Metolachlor sorption to soil is affected by many factors including organic amendments. Addition
of an organic waste from olive oil production induced a 6-fold increase of the distribution
coefficient (Kd) values on a sandy soil and 5-fold increase on a soil with a higher clay content
(Canero et al., 2015). S-metolachlor sorption is affected differently by the type of cover crop,

with highest sorption on red clover, followed by turnip, rape, and oat (Cassigneul et al., 2015).

Metolachlor volatilization
Volatilization is one pathway by which metolachlor is lost. For example, temperatures
greater than 30°C were reported to increase metolachlor volatilization from water due to the

dependency of Henry's law (Feigenbrugel et al., 2004; Lau et al., 1995). Metolachlor
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volatilization under field conditions is affected differently by broadcast and banded applications
with 3-fold higher cumulative volatilization for the broadcast application (Prueger et al., 1999).
Residue cover, spatial concentration on soil surface, and rainfall timing are factors that influence
metolachlor volatilization (Prueger et al., 1999). A long-term study of metolachlor volatilization
revealed an important effect of moisture with cumulative volatilization reaching 63% of the
applied herbicide within 5 days of application (Prueger et al., 2017). Largest flux profile
concentrations of the herbicide occurred immediately after application and then declined (Bedos
et al., 2017; Prueger et al., 2005; Prueger et al., 1999). Up to 25% losses can occur within 120 h
after application, 87% of which happened during the first 72 h (Prueger et al., 2005).

Surface soil moisture is a determinant factor of metolachlor volatility (Gish et al., 2009;
Prueger et al., 2017); beyond five days of application metolachlor volatilization is either an
important loss process (when soil surface is moist) or a negligible pathway (when soil surface
was dry) (Prueger et al., 2017). Crop residues on the field changed soil water content; as a
consequence, residues changed S-metolachlor degradation and volatilization dynamics (Bedos et
al., 2017). A correlation between soil surface temperatures and metolachlor volatilization has
been established when soils are moist but not when they are dry (Gish et al., 2009). Additionally,
metolachlor volatilization has a diurnal trend with 43-86% losses during the day and 14-57%

losses during the night (Prueger et al., 2005).
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Resistance of Palmer amaranth (Amaranthus palmeri) to S-metolachlor in the Mid-

southern United States

Abstract

Palmer amaranth (Amaranthus palmeri S. Wats.) is one of the most problematic weeds in
many cropping systems in the Mid-southern US because of its multiple weedy traits and its
propensity to evolve resistance to many herbicides of different modes of action. In Arkansas,
Palmer amaranth has evolved metabolic resistance to S-metolachlor, compromising the
effectiveness of an important weed management tool. Greenhouse studies were conducted to
evaluate the differential response of Palmer amaranth accessions from three states (Arkansas,
Mississippi and Tennessee) to (1) assess the occurrence of resistance to S-metolachlor among
Palmer amaranth populations, (2) evaluate the resistance level in selected accessions and their
resistant progeny, (3) and determine the susceptibility of most highly-resistant accessions to
other soil-applied herbicides. Seeds were collected from 168 crop fields between 2017 and 2019.
One hundred seeds per accession were planted in silt loam soil without herbicide for >20 years
and sprayed with the labelled rate of S-metolachlor (1120 g ai ha™!). Six accessions (four from
Arkansas and two from Mississippi) were classified resistant. The effective doses (LDso) to
control the parent accessions ranged between 73 and 443 g ai ha™! and those of F1 progeny of
survivors were 73 to 577 g ai ha™'. The resistant field populations required 2.2 to 7.0 times more
herbicide to reduce seedling emergence 50% while the F1 of survivors needed up to 9.2 times
more herbicide to reduce emergence 50%. The resistance level was generally greater among
progenies of surviving plants than among resistant field populations.

Key words: herbicide resistance, preemergence herbicides, Amaranthus palmeri S. Wats, S-metolachlor
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Introduction

Palmer amaranth is one of the most common, problematic, and economically detrimental
weeds throughout the southern United States (Ward et al. 2013). It is one of the two most
troublesome weeds in Arkansas, Louisiana, Mississippi, and Tennessee (Riar et al. 2013). In
2013, glyphosate-resistant Palmer amaranth infestations represented 16% of scouted areas in
Louisiana, while it was present in 54% of scouted areas in Mississippi, Tennessee and Arkansas,
and the average cost of hand-weeding Palmer amaranth was US$59 ha! (Riar et al. 2013).
Palmer amaranth emerges continuously from late spring to late summer as long as the soil
temperature is favorable (Chahal et al. 2021; Keeley et al. 1987). The propensity of Palmer
amaranth to evolve resistance to many herbicides has made it difficult to control. To date, it is
resistant to glyphosate (Culpepper et al. 2006; Norsworthy et al. 2008), acetolactate synthase
(ALS)-inhibiting herbicides (Burgos et al. 2001; Gaeddert et al. 1997; Horak and Peterson 1995),
dinitroanilines (Gossett et al. 1992), 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors
(Jhala et al. 2014; Nakka et al. 2017b), photosystem II-inhibiting herbicides (Nakka et al. 2017a),
and protoporphyrinogen oxidase (PPO) inhibitors (Salas et al. 2016; Salas-Perez et al. 2017,
Varanasi et al. 2018a; Varanasi et al. 2018b). Palmer amaranth (Amaranthus palmeri S. Wats.)
has also evolved resistance to S-metolachlor in Arkansas (Brabham et al. 2019; Rangani et al.
2021).

S-metolachlor inhibits very long chain fatty acid (VLCFA) synthesis (Matthes et al.
1998). Very long chain fatty acids are important components of lipids such as triacylglycerols
(accumulated in seeds), some sphingolipids and phospholipids found in cell membranes, and
cuticular waxes on plant aerial surfaces (Trenkamp et al. 2004). Therefore, VLCFAs are major

components of hydrophobic polymers that prevent desiccation at the leaf surface (Trenkamp et

42



al. 2004). Sphingolipids and phospholipids are required for cell division, polarity and
differentiation (Lechelt-Kunze et al. 2003). The VLCFA-inhibiting herbicides target the
condensing enzyme 3-ketoacyl-CoA synthase (KCS) FAE1 within the elongase enzymatic
complex bound to the endoplasmic reticulum (Boger 2003; Busi 2014; Millar and Kunst 1997).
By provoking a disruption of VLCFA levels in plants, these herbicides can inhibit growth or
cause embryo mortality (Du Granrut and Cacas 2016). The VLCFA-inhibiting herbicides have
been used for more than 60 years (Busi 2014). Important VLCFA-inhibiting herbicides include
pyroxasulfone, dimethenamid-P, acetochlor and S-metolachlor. The latter has been labeled for
use in more than 70 crops (O'Connell et al. 1998). S-metolachlor effectively controls yellow
nutsedge, annual grasses, and small-seeded broadleaf species including Palmer amaranth (Barber
et al., 2021). Prior to Amaranthus species, only five grasses had evolved resistance to VLCFA-
inhibiting herbicides despite their prevalent use (Busi 2014, Heap 2021) (Table 3. 1).
Herbicide resistance is a major concern in modern agriculture as it compromises
producers’ efforts to sustainably manage productive systems. Weeds generally cause greater
yield reductions than other pests; therefore, weed management is mandatory to crop production
(Oerke 2006). The use of synthetic herbicides has permitted simple and effective management of
weeds in many cropping systems (Busi et al. 2018). Unfortunately, the evolution of herbicide
resistance in many weed species worldwide is reducing the effectiveness of chemical weed
control (Beckie and Tardif 2012; Busi et al. 2018; Powles and Yu 2010; Roma-Burgos et al.
2019). Therefore, herbicide resistance, is a key factor that spurs the search for new herbicide
targets and intervention technologies (Burgos 2015), and the promotion of best management

practices (Burgos 2015; Norsworthy et al. 2012). The loss of crucial herbicides and the need for
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immediate answers to growers’ needs require extensive research on weed resistance to herbicides
to enable proactive management of herbicide-resistant weeds (Burgos et al. 2013).

For a comprehensive assessment of the resistance problem, other soil-applied herbicides
need to be tested on populations deemed resistant to S-metolachlor. PPO-inhibiting herbicides,
such as fomesafen, flumioxazin, saflufenacil and sulfentrazone, have been extensively used as
alternative herbicides to manage weed resistance to other herbicide modes of action (Umphres et
al. 2018). The PPO-inhibiting herbicides have been used for more than 60 years (Salas et al.
2016) and can be applied either preemergence (PRE) or postemergence (POST). Flumioxazin
and fomesafen are effective on major weeds in field crop production (Askew et al. 1999; Askew
et al. 2002; Clewis et al. 2007; Niekamp et al. 1999; Umphres et al. 2018). Flumioxazin can be
applied with nonselective preplant burndown herbicides, PRE alone or tank-mixed with other
PRE herbicides (Umphres et al. 2018). It is effective on glyphosate-resistant Palmer amaranth
(Whitaker et al. 2010) or species resistant to ALS inhibitors or atrazine (Taylor-Lovell et al.
2002). Fomesafen, in combination with S-metolachlor or pendimethalin, can control glyphosate-
resistant Palmer amaranth (Nandula et al., 2013). Photosystem II (PSII)-inhibiting herbicides are
widely used for weed control in corn (Zea mays L.) and sorghum [(Sorghum bicolor (L.)
Moench] production (Anonymous 2021). Many PSII-inhibiting herbicides have soil and foliar
activity. Among the oldest PSII inhibitors with the broadest weed spectrum is atrazine
(Anonymous 2021). Together, the VLCFA, PPO, and PSII inhibitors comprise the most
important groups of herbicides used in several production systems.

The extent of Palmer amaranth resistance to S-metolachlor in the Mid-southern US has
not been investigated. The response of S-metolachlor-resistant populations to other soil applied

herbicides needs to be assessed to determine effective alternative chemical tools. The objectives
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of this research were to (1) evaluate the extent of Palmer amaranth resistance to S-metolachlor in
the Mid-southern US, (ii) determine the resistance level of accessions classified as resistant, (iii)
determine the change in resistance level from original populations to their progenies, and (iv)

investigate alternative PRE herbicides for the control of resistant populations.

Materials and Methods
Palmer amaranth seed collection

Palmer amaranth seeds were collected in crop fields in 2017, 2018 and 2019 from Mid-
southern US states Arkansas, Mississippi, and Tennessee (Figure 3. 1). In Arkansas, samples
were collected from 61 crop fields (15 counties) in 2017 and 35 crop fields (14 counties) in 2018.
In Mississippi, samples were collected from 54 fields (17 counties) in 2017. In Tennessee, a total
of 18 fields (10 counties) were collected for the years 2018 and 2019. Samples were collected
according to standard procedures (Burgos 2015). Samples were collected from fields reported by
growers to university extension agents showing control failure with S-metolachlor. Palmer
amaranth inflorescences were harvested from at least 10 female plants and bagged to make one
composite sample per field. The inflorescences were air-dried, threshed, and the seeds cleaned.
Seeds were stored at room temperature.

During fall 2019, county extension agents collected additional seeds from fields with
accessions that were the most difficult to control after the fall 2018 seed collection. Accessions
from these fields had high frequency of survivors in the resistance test (discussed further in
Results and Discussion). The 2019 accessions were labeled 19CRI-D, 19PHI-C and 19WOO-B,

respectively, and included in subsequent dose-response studies.
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Herbicide resistance testing

A large-scale test for resistance was conducted in the greenhouse at the Milo J. Shult
Agricultural Research & Extension Center, Fayetteville, AR, of the University of Arkansas
System Division of Agriculture. Roxana silt loam field soil, with no herbicide use history, was
collected from the Vegetable Research Station, University of Arkansas System Division of
Agriculture in Kibler, AR. Soil was air-dried in a greenhouse and sieved. A sub-sample was
submitted to the Fayetteville Agricultural Diagnostic Laboratory of the Arkansas Agricultural
Experiment Station in Fayetteville, AR for soil analysis (Table 3. 2). Soil pH and electrical
conductivity (EC) were measured in a 1:2 soil:water mixture (Sikora and Kissel 2014) and total
nitrogen (N) was measured by thermal combustion analysis (Provin, 2014). Soil nutrients were
analyzed using Mehlich-3 method (Zhang et al. 2014).

Palmer amaranth accessions were treated with the labelled rate of S-metolachlor (1120 g
ai ha'!) in three replicates. The experimental units (flats) were arranged in a completely
randomized design and the resistance test was repeated in time. The experimental units were 12.2
by 9.5 by 5.7-cm? flats (Insert TO standard; Hummert International, Earth City, MO) filled with
the same amount of soil. The day prior to planting and herbicide application, the soil-filled flats
were saturated with tap water and allowed to drain to obtain uniform, water-holding capacity soil
moisture. One hundred seeds were spread uniformly on the soil surface of each tray and were
subsequently covered with a thin layer of soil. The assay had two treatments per accession
(treated and nontreated control). S-metolachlor (Dual IT Magnum; Syngenta Crop Protection,
LLC, Greensboro, NC, USA) was applied at the field-labelled rate of 1120 g ai ha™! using a spray
chamber equipped with Teejet 1100067 nozzles (Spraying Systems Inc., Wheaton, IL) calibrated

to deliver 187 L ha™! at a pressure of 276 kPa. S-metolachlor was activated shortly after spraying
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the herbicide by misting approximately 0.8 cm of water over the surface. Plants were misted

overhead twice a day for the first week after which plants were sub-irrigated for the remainder of
the study. Survivors of the labelled rate from the first resistance test (conducted during fall 2018)
were grown, isolated within cages by accession, and allowed to interbreed for seed production to

evaluate progression of herbicide resistance from parents to progenies.

S-metolachlor dose-response bioassays

Accessions with the least susceptibility to S-metolachlor in initial tests were subjected to
a follow-up dose-response study. In 2019 and 2020 dose-response studies were conducted using
nine rates of S-metolachlor (0, 0.125x%, 0.25x, 0.5x, 0.75x, 1x, 1.5x, 2x, 2.5x) for the putative
resistant accessions with the 1x rate being 1120 g ai ha!. A susceptible standard (SS) was used
as reference with eight rates of S-metolachlor (0, 0.03125x%, 0.125x, 0.25x, 0.5x, 0.75x, 1x, 1.5x).
Overall, seven parent accessions were used: five from Arkansas (17PRA-A, 17RAN-A, 18CRI-
D, 18PHI-C, and 18WOO-B) and two from Mississippi (17TUN-A and 17TUN-D). The planting
medium, seeding rate, herbicide application volume, watering, and plant maintenance were as
described in the herbicide resistance testing section.

Survivors of the 1x rate from 18PHI-C and 18WOO-B were grown, isolated within cages
by accession, and allowed to interbreed for seed production. The respective offspring were
referred to as “18PHI-C-F;” and “18WOO-B-F;”. Survivors from accession 18CRI-D, were also
cultured, but did not produce enough seeds for a dose-response study. Samples collected from
19CRI-D, 19PHI-C and 19WOO-B were included in the dose-response assay with the
corresponding accessions collected from the same fields in 2018, and their respective progenies

after having survived S-metolachlor treatment. The intent was to compare resistance levels

47



between the 2018 and 2019 populations from the same fields and compare resistance levels
between field-collected parents in 2018 and the progeny of plants surviving herbicide treatment
in the greenhouse. Similar dose response rate structures as the first year were utilized. The
experimental design, plant establishment and herbicide application details were as described in

the resistance testing section. The assays were repeated in time.

Response of S-metolachlor-resistant accessions to other soil-applied herbicides

The response of the four accessions most resistant to S-metolachlor from dose-response
assays (18CRI-D, 18WOO-B, 17TUN-A and 17TUN-D) and one SS to five alternative residual
herbicides across three modes-of-action (Table 3. 3) was evaluated. These accessions (one
hundred seeds per accession) were treated with dimethenamid-P, pyroxasulfone, flumioxazin,
fomesafen, and atrazine. Herbicides were applied at their respective field-use rates (Table 3. 3).
Each accession had a nontreated control. The experimental units were arranged in a completely
randomized design with three treatment replicates and was experimentally-repeated in two
separate greenhouses. Plant establishment and herbicide application details were as described

earlier.

Data collection and analysis

All bioassays were evaluated 21 d after treatment (DAT). In each case, live plants were
counted and the data were converted to percent survival based on the number of live plants in the
respective nontreated control. For the responses of S-metolachlor-resistant accessions to other
applied herbicides bioassay, survival rates were also evaluated 14 DAT. Dose-response data

were pooled across replicated runs for each experiment. Palmer amaranth percent survival in
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response to increasing rates of S-metolachlor, for parents and Fi progenies, were analyzed using
a non-linear regression equation. A 3-parameter log-logistic model (equation 3. 1) was used to
relate Palmer amaranth percent survival to S-metolachlor rates using non-linear least squares

regression (nls) in R version 4.0.0 (R Core Team, 2020).

d
- 1+exp[b(log(x)—loge)]

[3. 1]

where Y is Palmer amaranth percent survival, d is the upper asymptotic value of Y, b is the slope
of the curve, e is the rate of the herbicide required to reduce seedling emergence 50% (LDso),
and x is the S-metolachlor dose.

For the resistance profiling bioassay, Palmer amaranth percent control were subjected to
ANOVA using the GLIMMIX procedure in SAS 9.4 (SAS Institute Inc., Cary, NC, USA)
assuming a beta distribution (Gbur et al., 2012. Greenhouses were considered random effects
while herbicides and accessions were considered fixed effects. Treatment means were separated

at P<0.05 using a Tukey HSD adjustment.

Results and Discussion

Differential responses to S-metolachlor of Palmer amaranth from the Mid-southern US

This research included 168 accessions (57-, 32- and 11% from Arkansas, Mississippi and
Tennessee, respectively) and covered 23-, 16-, and 10 counties, respectively in each state. Out of
61 accessions from Arkansas in 2017, 3.3% were controlled less than 90%, 10% were controlled
between 90 and 95%, and 87% were controlled 95% or higher (Figure 3. 2). Among 35
accessions collected in Arkansas in 2018, 23% were controlled less than 90%, 17% were

controlled between 90 and 95% and 60% were controlled 95% or higher. Of the 54 accessions
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from Mississippi in 2017, 4% were controlled less than 90%; the rest were controlled 90% or
higher. No accession from Tennessee was controlled less than 90%. Of the 18 accessions
evaluated, 6% were controlled between 90 and 95% and 94% were controlled at least 95%.

It is commonly understood that weed populations would have differential tolerance to
herbicides as influenced by background genetic variation within and among populations. The
labeled rates of herbicides are set to ensure that the most tolerant individuals, or populations of
target species, are controlled 100% as consistently as possible across environments. In crop
production, weed control at >90% is considered excellent. Differential tolerance to labeled rate
of herbicides has been documented among older, susceptible Palmer amaranth populations from
Arkansas, for example, with respect to fomesafen (Salas et al. 2016), glufosinate (Sales-Perez et
al. 2018), and mesotrione (Singh et al. 2018), and ALS-inhibiting herbicides (Bond et al. 2006;
Burgos et al. 2001), from Kansas with respect to glyphosate, 2,4-D, atrazine, and mesotrione
(Kumar et al. 2020). According to Singh et al. (2018), 34% Palmer amaranth surveyed in
Arkansas survived mesotrione applications with injury ranging from 61% to 90%.

When a population starts having an increasing number of individuals surviving the
labeled rate, this is an indication of evolving resistance, as was observed with Palmer amaranth
populations resistant to PPO-inhibiting herbicides (Salas et al. 2016). The fact that a number of
recent populations showed less than 90% control with the labeled rate of S-metolachlor indicates
possible evolving resistance in those populations. The occurrence of resistance to S-metolachlor
has already been confirmed in a few populations (Brabham et al. 2019; Rangani et al. 2021). The
current survey indicated additional populations might have also evolved resistance to S-

metolachlor.
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Resistance level to S-metolachlor

The resistance level to S-metolachlor was evaluated for accessions that were controlled
less than 88% during the general screening. In total, seven accessions were used for the dose-
response studies with two accessions from Arkansas in 2017 (17PRA-A and 17RAN-A), three
accessions from Arkansas in 2018 (18CRI-D, 18PHI-C, and 18WOO-B), and two accessions
from Mississippi in 2017 (17TUN-A and 17TUN-D). The LDso values (e) ranged between 73
and 443 g ai ha™! for field populations of all seven accessions evaluated. The SS required 63 + 16
g ai ha! while resistant accessions required 443+36, 289 + 12, 156 = 16, 140 + 11, 73 £ 21, 313
+ 54, and 242 + 32 g ai ha! to reduce seedling emergence 50% for ISWOO-B, 18CRI-D,
17PRA-A, 17RAN-A, 18PHI-C, 17TUN-A, and 17TUN-D, respectively (Tables 3. 4; Figure 3.
3). The levels of resistance of I8WOO-B, 18CRI-D, 17RAN-A, 17PRA-A, 18PHI-C, 17TUN-A,
and 17TUN-D to S-metolachlor were 7.0-, 4.6-, 2.2-, 2.5-, 5.0-, and 3.8- fold, respectively.
Accession 18PHI-C was deemed susceptible while the other populations with elevated frequency
of survivors were resistant to S-metolachlor. This survey confirmed resistance to S-metolachlor
in four Arkansas counties (Randolf, Prairie, Crittenden, Woodruff) and one county in Mississippi
(Tunica). Brabham et al. (2019) had also reported two resistant populations from Marion and
Crawfordsville (Crittenden county) while Rangani et al. (2021) reported resistant populations in
Crittenden, Woodruff and Mississippi counties in 2014 and 2015. Resistant accessions reported
by Brabham et al. (2019) required 156 and 133 g ha'! of S-metolachlor to attain 50% control and
were 9.8 and 8.3 times less responsive to S-metolachlor than the susceptible standards.
According to Rangani et al. (2021) LDso values of resistant accessions were between 88 and 785
g ai ha!, which equated to resistance levels between 3- to 29-fold. Results from this research

documented, for the first time, S-metolachlor resistance in accessions collected from two crop
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fields collected in Tunica County in Mississippi. The dose-response studies produced survivors
at a 2x rate of S-metolachlor. Should these types of individuals be allowed to produce seeds in
the field, owing to insufficient supplemental control measures, complete failure of the herbicide

would be expected in a few years.

Resistance progression in the progenies

Progenies of surviving plants had the greatest levels of resistance to S-metolachlor
application in the dose-response studies. Accessions 19CRI-D and 19WOO-B required 327+47
and 520+64 g ai ha™! to reduce seedling emergence 50%. Based on LDsy values, these
populations were 5 and 8 times less sensitive to S-metolachlor compared to the SS (Figure 3. 4).
Accession 19PHI-C required 73+19 g ai ha! to reduce seedling emergence 50% and was as
sensitive as SS. The F; progenies, 18PHI-C-F; and 18WOO-B-Fi, were 2.1 and 9.2 times less
sensitive to S-metolachlor compared to the SS, requiring 130+15 and 577+52 g ai ha™!,
respectively, to reduce seedling emergence 50%.

Resistance to VLCFA-inhibiting herbicides evolved more slowly compared to herbicides
that target other sites of action (Heap 2021), despite the extensive use of VLCFA-inhibiting
herbicides in numerous crops and millions of hectares for decades. Several hypotheses may
explain the slower evolution of resistance of weeds to VLCFA-inhibiting herbicides, including
the infrequent target-site mutations in the condensing enzyme (Boger et al. 2000; Busi 2014); the
requirement of highly improbable simultaneous changes in several different targets to deliver
resistance to VLCFA-inhibiting herbicides due to the interaction of these herbicides with
multiple targets (Busi 2014; Tanetani et al. 2009; Trenkamp et al. 2004); and the low proportion

of survivors of these herbicides that grow to maturity and produce seeds because postemergence
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applications of herbicides with different modes of action are typically utilized (Busi 2014).
However, the occurrence of resistance has been increasing in recent years with five grasses
[Wimmera ryegrass (Lolium rigidum Gaud.) (Busi et al. 2018), Italian ryegrass (L. multiflorum
Lam.) (Ducker et al. 2019a), slender meadow foxtail (4/opecurus myosuroides Huds.) (Ducker et
al. 2019b), barnyardgrass [Echinochloa crus-galli (L.) P. Beauv.] (Juliano et al. 2010), and wild
oat (Avena fatua L.) (Heap 2021)], wild radish (Raphanus raphanistrum L.) (Heap 2021) and
two Amaranthus species {waterhemp [A. tuberculatus (Moq.) Sauer], Palmer amaranth (4.
palmeri S. Wats.)} that have also evolved resistance to VLCFA-inhibiting herbicides (Brabham

et al. 2019; Rangani et al. 2021; Strom et al. 2020).

Efficacy of other soil-applied herbicides on Palmer amaranth resistant to S-metolachlor

Four S-metolachlor-resistant accessions (18CRI-D, 18 WOO-B, 17TUN-A and 17TUN-
D) were evaluated. The three-way greenhouse-by-accession-by-herbicide interaction was not
significant at 14 and 21 (P > 0.05) DAT. The two-way greenhouse-by-accession, greenhouse-by-
herbicide, and accession-by-herbicide interactions were not significant at 14 and 21 DAT (P >
0.05) (Table 3. 5). At full labelled rates, all soil-applied herbicides tested provided excellent
control of S-metolachlor-resistant Palmer amaranth (> 90%) (Table 3. 6).

These results are consistent with previous research. All five herbicides are viable options
for the control of S-metolachlor resistant Palmer amaranth from the Mid-southern US. Brabham
et al. (2019) reported a decrease in sensitivity of S-metolachlor-resistant accessions to
dimethenamid-P, but accessions were either completely killed or severely stunted upon a 1/4x
rate application of dimethenamid-P. S-metolachlor-resistant accessions in their study did not

show cross-resistance to other VLCFA-inhibiting herbicides acetochlor, dimethenamid-P, or
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pyroxasulfone. In a larger survey of Palmer amaranth populations, atrazine remains an effective
option for most Palmer amaranth accessions from Arkansas (Gonzalez-Torralva et al. 2020),
likely aided by the small acreage of corn and sorghum produced in the state. Increasing the
frequency of corn and grain sorghum in crop rotations would be a good strategy for delaying S-
metolachlor resistance evolution in the Mid-southern US. Umphres (2018) reported more than
90% control of Palmer amaranth by flumioxazin in a greenhouse study in Tennessee.

Because Palmer amaranth resistance evolution to S-metolachlor is recent in the Mid-
southern US, adoption of best management practices is critical for slowing the spread of
resistance evolution. Adopting an integrated weed management program that involves the use of
cultural and mechanical methods (Norsworthy et al., 2012), herbicide tank-mixtures, sequential
herbicide applications (PRE followed by POST), and rotation of herbicides and crop traits will
be beneficial for controlling S-metolachlor resistant Palmer amaranth accessions. For example,
growing corn or sorghum in rotation with soybean [G/lycine max (L.) Merr.]/cotton (Gossypium
hirsutum L.) will allow the use of atrazine, which continues to control S-metolachlor Palmer
amaranth accessions from the Mid-south. Because S-metolachlor resistance reported in the
Arkansas is metabolism-based (Rangani et al. 2021), the addition of GST-inhibitors may help
reverse resistance in these accessions; thus, it could be a potential strategy to delay S-metolachlor
resistance in Palmer amaranth accessions. However, future research is needed to validate this

prospective theory.

Conclusion
This research has documented decreased sensitivity to S-metolachlor of Palmer amaranth

accessions from four counties of Arkansas and one county of Mississippi. Palmer amaranth
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accessions from the Mid-south showed a differential response to S-metolachlor, which could not
provide a complete control of resistant accessions. This decreased sensitivity will increase
management problems growers must confront. The majority of the accessions from the Mid-
south are susceptible to S-metolachlor currently, and the resistant accessions exhibit different
levels of resistance. Recurrent selection with the same herbicide increased the level and
frequency of resistant plants from parents to progenies. All the soil-applied herbicides tested in
this study provided > 90% control of S-metolachlor-resistant accessions, demonstrating viability

as options for the management of resistant Palmer amaranth accessions in the Mid-southern US.
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Tables and Figures

Table 3. 1. Weed species that evolved resistance to very long chain fatty acid-inhibiting herbicides globally, between 1982 and 20207

Species Herbicide Country Reference

Lolium rigidum Gaud pyroxasulfone Australia Brunton et al. 2018; Busi et al. 2014 and
2018; Busi and Powles 2013 and 2016

Lolium rigidum Gaud. S-metolachlor, metazachlor, pyroxasulfone Australia Brunton et al. 2019

Lolium multiflorum Lam.

Alopecurus myosuroides Huds.
Echinochloa crus-galli (L.) Beauv.

Avena fatua L.
Amaranthus tuberculatus (Moq.) Sauer
Amaranthus palmeri (S.) Wats.

Raphanus raphanistrum L.

flufenacet

flufenacet
butachlor

pyroxasulfone
S-metolachlor
S-metolachlor

pyroxasulfone

France, United Kingdom,
Australia, United States of
America

France, United Kingdom,
Germany

Philippines, China,
Thailand

Canada

United States
United States
Australia

Ducker et al. 2019a

Ducker et al. 2019b, Ducker et al. 20120
Juliano et al. 2010; Heap 2021

Heap 2021

Strom et al. 2020
Brabham et al. 2019
Heap 2021

*Timespan of resistance recorded by Heap (2021).
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Table 3. 2. Chemical and physical characteristics of soil used for the greenhouse experiments conducted in 2018 to 2020 at the Milo J.

Shult Agricultural Research & Extension Center, University of Arkansas, Fayetteville, USA?.

Mehlich-3 extractable soil nutrients®

Total Total

pH*¢ ECe N¢ C P K Ca Mg S Na Fe Mn Zn Cu B Sand Silt Clay
umhos/cm % % mg kg'! % % %
7.3 112 0.04 0.4 111 164 1308 237 50 17.1 2328 103 339 159 042 18.8 68.2 12.9

#Roxana silt loam soil from the Vegetable Research Station of the University of Arkansas, Kibler
PExtracted using Mehlich-3 method.

“Soil pH and EC measured in a 1:2 soil: water mixture.

dMeasured by thermal combustion analysis.
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Table 3. 3. Herbicides used in resistance testing of Palmer amaranth from the Mid-southern US (Arkansas, Mississippi, Tennessee), in
the greenhouse at the Milo J. Shult Agricultural Research & Extension Center, University of Arkansas, Fayetteville) .

Herbicide Product and manufacturer Family MOA Chemical name® Labelled rate
gaiha'!
S-metolachlor Dual IT Magnum, Syngenta Crop Chloroacetamide very long chain fatty acid  2-chloro-N-(2-ethyl-6- 1120
Protection, LLC, Greensboro, NC, USA inhibitor methylphenyl)-N-(2-methoxy-1-
methylethyl)acetamide
Pyroxasulfone Zidua SC; BASF Corporation, Research ~ Pyrazole very long chain fatty acid ~ 3-[[[5-(difluoromethoxy)-1- 120
Triangle Park, NC inhibitor methyl-3-(trifluoromethyl)-1H-
pyrazol-4-yl|methyl]sulfonyl]-
4,5-dihydro-5,5-
dimethylisoxazole
Dimethenamid-P Outlook; BASF Corporation, Research Chloroacetamide Very Long Chain Fatty (RS) 2-chloro-N-(2,4-dimethyl-3- 631
Triangle Park, NC acid inhibitor thienyl)-N-(2-methoxy-1-
methylethyl)acetamide
Atrazine Aatrex 4L, Syngenta Crop Protection, Triazine Photosystem II inhibitor ~ 6-chloro-N-ethyl-N9-(1- 2240
LLC, Greensboro, NC, USA methylethyl)-1,3,5-triazine-2,4-
diamine
Fomesafen Flexstar, Syngenta Crop Protection, Diphenylether Protoporphyrinogen 5-[2-chloro-4- 280
LLC, Greensboro, NC Oxidase inhibitor (trifluoromethyl)phenoxy]-N-
(methylsulfonyl)-2-
nitrobenzamide
Flumioxazin Valor SX, Valent U.S.A. Corporation, N-phenylphthalimide  Protoporphyrinogen 2-[7-fluoro-3,4-dihydro-3-oxo0-4- 70

Walnut Creek, CA

Oxidase inhibitor

(2-propynyl)-2H-1,4-benzoxazin-
6-y1]-4,5,6,7-tetrahydro-1H-
isoindole-1,3(2H)-dione

4Chemical names used from Ransom (2013).



Table 3. 4. Resistance levels of Palmer amaranth populations to S-metolachlor in greenhouse
experiments conducted at the Milo J. Shult Agricultural Research & Extension Center,
University of Arkansas, Fayetteville, USA.

Populations LDso? R/SP
gaiha’!
18WOO0O-B 443(36) 7.0
19WOO-B 520(64) 8.3
18WOO-B-F, 577(52) 9.2
18CRI-D 289(12) 4.6
19CRI-D 327(47) 52
17TUN-A 313(54) 5.0
17TUN-D 242(32) 3.8
17PRA-A 156(16) 2.5
17RAN-A 140(11) 22
18PHI-C 7321) 12
19PHI-C 73(19) 12
18PHI-C-F, 130(15) 2.1
sS 63(16) 1.0

*LDso, S-metolachlor rate that reduced seedling emergence by 50%. Values in parenthesis are
standard errors of the mean.

PR/S, resistance index, ratio between the LDso value of the S-metolachlor-resistant accessions
and the LDso value of the susceptible accession.
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Figure 3. 1. Maps of Arkansas, Mississippi and Tennessee where Palmer amaranth accessions were collected for greenhouse
experiments conducted at the Milo J. Shult Agricultural Research & Extension Center (University of Arkansas, Fayetteville) to
evaluate the extent of Palmer amaranth resistance to S-metolachlor in the Mid-southern US and the profile of resistance of resistant

accessions.
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Figure 3. 2. Response of Palmer amaranth accessions to 1120 g ai ha™! of S-metolachlor in the greenhouse, Milo J. Shult Agricultural

Research & Extension Center, University of Arkansas, Fayetteville, USA. (A) Arkansas 2017 (B) Arkansas 2018, (C) Mississippi
2017 and (D) Tennessee 2018 and 2019.
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Figure 3. 3. Dose—response studies, of parental Palmer amaranth populations collected in
Arkansas (in 2018) and first-generation populations obtained in greenhouse, conducted in the
greenhouse at the Milo J. Shult Agricultural Research & Extension Center (University of
Arkansas, Fayetteville, AR). Data were fit using a three-parameter log-logistic equation: ¥ = d/1
+ exp[b(log x — log e)]. Error bars represent standard errors.
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Figure 3. 4. S-metolachlor dose-response studies, of parental Palmer amaranth populations
collected in Arkansas (in 2018) and first-generation populations collected in Arkansas (in 2019),
conducted in the greenhouse at the Milo J. Shult Agricultural Research & Extension Center
(University of Arkansas, Fayetteville, USA). Data were fit using a three-parameter log-logistic
equation: ¥ = d/1 + exp[b(log x — log e)]. Error bars represent standard errors.
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Appendix

Table 3. 5. PROC GLIMMIX output for Palmer amaranth percent control 14 and 21 days after
herbicide application

14 DAT 24 DAT
Effect F Value P>F F Value P>F
Greenhouse 0.08 0.8222 2.45 0.1260
Accession 1.63 0.1731 1.63 0.1728
Greenhouse*Accession 0.36 0.8383 0.85 0.4939
Herbicide 5.46 0.0005 7.91 <.0001
Greenhouse*Herbicide 0.21 0.9326 0.72 0.5772
Accession*Herbicide 0.83 0.6463 1.41 0.1522
Greenhouse*Accession*Herbicide 0.68 0.8045 0.86 0.6196

Table 3. 6. Palmer amaranth percent control as influenced by different soil applied herbicides 14
and 21 days after application®

Herbicide %Control

14 DAT 21 DAT
Atrazine 93a 93a
Dimethenamid-P 92ab 93a
Flumioxazin 92abc 92a
Fomesafen 91bc 91b
Pyroxasulfone 90c 91b

*Means separation achieved using Tukey’s HSD at a 0.05 significance level. Means with a
common letter are significantly different.
b S-metolachlor-resistant accessions used are 18CRI-D, 18WOO-B, 17TUN-A and 17TUN-D
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Figure 3. 5. S-metolachlor dose—response studies, of parental Palmer amaranth populations
collected in 2017 in Mississippi and Arkansas, conducted in the greenhouse at the Milo J. Shult
Agricultural Research & Extension Center (University of Arkansas, Fayetteville, USA). Data
were fit using a three-parameter log-logistic equation: Y = d/1 + exp[b(log x — log e)]. Error bars
represent standard errors.
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S-metolachlor persistence in soil as influenced by within-season and inter-annual herbicide

use

Abstract

The ability to predict fate of pesticides in the environment is crucial for sustainable management.
This process starts with a proper characterization of the dissipation of a parent compound under
different sets of conditions. S-metolachlor is a herbicide used commonly in many cropping
systems. S-metolachlor dissipation in spiked soils was investigated in soil samples collected from
paired, commercial fields from five Arkansas counties, where fields in each pair differed based
on the number of herbicide applications within the past six years. Fields were categorized as low-
use (0 to 2 years of application) or high-use (5 to 6 years of application). S-metolachlor
dissipation was also investigated in spiked soils in an experiment determining the influence of
single or repeated within-season herbicide applications to accelerate dissipation. S-metolachlor
concentrations were extracted from soil during a 56-day incubation and S-metolachlor
degradation was modeled using the single first order (SFO) equation. The half-life of S-
metolachlor was greater for fields with high-use (5 to 6 years) compared to fields with low-use (0
to 2 years) of herbicide application history. Two within-season applications of S-metolachlor
increased persistence in spiked soils; dissipation was faster in soils collected 1 and 24 days
compared to 59 days after planting soybean [Glycine max (L.) Merr.]. Analysis of dissipation
across a broad range of environments and cropping systems with concurrent investigation of the
microbiome would provide understanding of the potential contribution of the factors and

mechanisms controlling the dissipation of the herbicide.
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Introduction

S-metolachlor is useful for weed management in general; it is frequently used on more
than 70 crops (O'Connell et al., 1998) and has been used for more than 60 years (Busi, 2014). It
is labelled for high-value, small-acreage crops including numerous vegetables and small fruits, as
well as for major field crops such as cotton (Gossypium hirsutum L.), corn (Zea mays L.), and
soybean [Glycine max (L.) Merr.] (O'Connell et al., 1998). It is effective on yellow nutsedge
(Cyperus esculentus L.), annual grasses, and small-seeded broadleaf species (Barber et al., 2021).
Its residual activity gives S-metolachlor an additional utility for management of weeds that are
resistant to postemergence herbicides. Cotton, corn, and soybean acreages planted in the US in
2021 reached 4.7, 37.5 and 35.5 million hectares, respectively (USDA-NASS, 2021). In these
cropping systems, major weeds have evolved resistance to herbicides of different mechanisms of
action. Currently, S-metolachlor is applied, or can be applied, twice in the growing season: first,
at planting in mixture with other herbicide mechanisms of action, then followed by an in-season
application mixed with foliar herbicides. S-metolachlor is frequently applied in successive years.
Therefore, understanding changes in fate resulting from multiple within-season and across-
season applications of S-metolachlor has important agricultural as well as broader environmental
implications. Pesticides in general can negatively impact biological processes and aquatic
ecosystems in the proximity of agricultural areas (Neves et al., 2015) and metolachlor has been
detected in lake water in Canada (Kurt-Karakus et al., 2011). In a study using lysimeters in Italy,
it showed a potential to leach with concentrations above 0.25 pg L' (Milan et al., 2015).

Herbicide degradation is affected by many factors, including use history (Abit et al.,
2012; Krutz et al., 2008; Krutz et al., 2010a; Krutz et al., 2010b; Krutz et al., 2007; Zablotowicz

et al., 2007). Previous research has investigated the effect of use history on S-metolachlor
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dissipation (Sanyal and Kulshrestha, 1999; Shaner and Henry, 2007). However, only the study
by Sanyal and Kulshrestha (1999), conducted under field conditions, reported a significant effect
of use history on S-metolachlor dissipation. A combination of field studies with laboratory
experiments and improvement of sample processing may help capture the effect of prior
exposure of soil on herbicide degradation. Laboratory experiments, conducted in a closed system
can allow for control many external variables that may confound effects on biological and
chemical processes responsible for herbicide degradation. Sanyal and Kulshrestha (1999) used
air-dried soil samples from a field experiment and evaluated the dissipation of S-metolachlor
after four applications of the herbicide to soil during an 8-month period. Because S-metolachlor
is microbially degraded, air-drying and processing of soil affect microbial activity (Marti et al.,
2012); thus, air-drying of soil may have adversely impacted the ability to accurately measure the
dissipation from soil samples in the Sanyal and Kulshrestha (1999) study. Soil and weather
conditions in fields also affect microbial degradation of herbicides (Jaikaew et al., 2015).
Leaching, runoff, volatilization and photodegradation could all impact metolachlor dissipation in
the field (Bedos et al., 2017; Coffinet et al., 2012; Dimou et al., 2005; Feigenbrugel et al., 2004;
Gish et al., 2009; Kochany and Maguire, 1994; Marin-Benito et al., 2014; Prueger et al., 2005;
Prueger et al., 1999; Sakkas et al., 2004).

In the field in an andisol soil, S-metolachlor has been reported to have a shorter half-life
during the summer and longer half-life during the winter, in part due to environmental conditions
that favor leaching into deeper soil layers through infiltration and percolation during the summer
(Jaikaew et al., 2015). The examination of the dynamics of S-metolachlor dissipation in soil
samples collected throughout a single growing season would provide valuable decision-making

information to scientists and growers to inform management practices. To investigate the fate of
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S-metolachlor, laboratory incubation experiments were conducted using soil from crop fields
with a low-use (defined as 0 to 2 years of successive applications) and high-use (5 to 6 years of
successive applications) history of S-metolachlor. Also, the dissipation rate of S-metolachlor was
determined in soils collected throughout the season from nontreated plots and from plots
differing in the frequency and timing of within-season S-metolachlor applications. We
hypothesized that S-metolachlor dissipation would be faster when soil had previously received

multiple inter-annual or within-season applications than when soil had low-use prior history.

Material and Methods
S-metolachlor dissipation rate in crop field soils with different herbicide use history
Soil collection

Soil samples were collected from ten agricultural fields with 5 to 6 years of known
management history (Table 4. 1). Fields were located in five counties of Arkansas (Clay,
Crawford, Drew, Lonoke and Monroe) (Fig. 4. 1). Selected paired-fields from the same soil
series per county, all with a silt loam texture, represented low (0 to 2 years) and high (5 to 6
years) intensity of S-metolachlor use history. Farmers were contacted by the University of
Arkansas System Division of Agriculture County Extension agents who obtained baseline
information on the use history of S-metolachlor and the magnitude of the Palmer amaranth
[Amaranthus palmeri (S.) Wats.] problem. Farmers gave permission for soil sample collection in
their respective fields. Twenty soil samples were composited per field using a soil probe (2.2-cm
diameter) from the 0 to 10.2-cm depth in March 2018 before herbicide application and crop
planting in order to minimize residual metolachlor concentrations. Samples were collected along

five 50-m transects of approximately 17-m spacing intervals between sampling points,
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perpendicular to row plantings (except in the pasture), and GPS coordinates were recorded. In
fields with populations of Palmer amaranth exhibiting putative resistance to metolachlor, soil
samples were collected from areas where plants had survived treatment with S-metolachlor. Soils
were stored on ice in the field and for transport and stored at 4 °C in the laboratory until analysis.
A subsample of soil from each commercial field was sent to the Fayetteville Agricultural
Diagnostic Laboratory of the Arkansas Agricultural Experiment Station in Fayetteville, AR for
analysis. Soil pH and electrical conductivity (EC) were measured in a 1:2 soil:water mixture
(Sikora and Kissel, 2014) and soil carbon and total nitrogen (N) were measured by thermal
combustion analysis (Provin, 2014). Soil EC, carbon (C), and N contents are provided in Table

4.1.

S-metolachlor spiking, incubation, dissipation sub-sampling procedures

For soil samples collected from each field, triplicate sub-samples were weighed into
labeled styrofoam cups poked with holes at the bottom, and 200 mL deionized water were added
and allowed to drain overnight. Analytical grade S-metolachlor (Ci1sH22CINO>); CAS 87392-12-
9 607-432-00-4 (Lot # BCBZ6026) with a purity of 99.1% (Sigma-Aldrich, St. Louis, MO) was
used for spiking. The moist sample of each triplicate soil sample (500 g), at field capacity, was
spiked with equivalent of 0.9375 mg S-metolachlor kg! dry soil and mixed well. The spiked soil
was transferred to a labeled mason jar wrapped with aluminum foil. The weight of each foil-
wrapped jar with moist soil was recorded and jars were placed randomly into a growth chamber
at 25 °C and 75% RH and incubated for 56 days. Soil (5 g) was sub-sampled on day 0, 3, 7, 14,

28, and 56 from each jar. Jars were weighed at each sample collection date and weekly between
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sub-sampling times to determine how much water to add to maintain moisture content. Lids of

jars were opened three times a week to aerate.

S-metolachlor extraction

S-metolachlor was extracted from soil by adding 5 mL Optima ultrapure water (Thermo
Fisher Scientific, Waltham, MA) and 5 mL water-saturated toluene (Ricca Chemical Company,
Arlington, TX) to 5 g soil. Soil matrix blank was obtained with 5 g soil, 5 mL Optima ultrapure
water and 5 mL water-saturated toluene. The soil matrix high concentration spike was obtained
with 5 g soil, 5 mL Optima ultrapure water, 5 mL water-saturated toluene and 27 pL of 100 mg
L' S-metolachlor in 10% acetonitrile. Soil matrix low concentration spike contained 5 g soil, 5
mL Optima ultrapure water, 5 mL water-saturated toluene and 27 uL of 10 mg L' S-metolachlor.
The solvent matrix blank was obtained from 5 mL Optima ultrapure water and 5 mL water-
saturated toluene. Each subsample was shaken using a benchtop reciprocal shaker (E6010,
Eberbach Corporation, Belleville, MI) at low speed for 2 h, centrifuged for 20 min at 5000 rpm
on a benchtop centrifuge. The toluene layer (2 mL) was aspirated and filtered through a 0.2-um
PTFE filter. Moreover, 2 mL of S-metolachlor (1 mg L!) in toluene was retained and analyzed as
“Storage Spike.” Extracted S-metolachlor samples were stored in the freezer until subsequent
analysis. S-metolachlor analysis was carried out using a Shimadzu GC instrument equipped with
a mass spectrometer detector (TQ8040 GC-MS/MS, Shimadzu Corporation, Japan).
Chromatographic separation was accomplished with an SH-Rxi-5Sil MS capillary GC column
(30 m, 0.25 mm i.d., 0.25 pm). The GC oven temperature was programed as follows: 50 °C (1
min), 50 - 300 °C at 35 °C min™! and finally held for 3 min. The carrier gas was helium at a

constant flow rate of 1 mL min™!'. The injection was accomplished in a split mode with an
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injection volume of 1 pL and a temperature of 250 °C. The mass spectrometer detector was
operated in scan mode and the temperature of the interface and ion source were 250 and 200 °C,
respectively. S-metolachlor was monitored at the mass-to-charge ratio (m/z) of 162.15. The
average retention time was 7.31 min. Five standard solutions (0.01, 0.05, 0.1, 0.5, 1 mg L', R?

between 0.9994 and 1) were injected to perform calibration.

Effect of frequency and timing of in-season applications on S-metolachlor dissipation in soil

A field experiment was conducted during the summer of 2019 at the Milo J. Shult
Agricultural Research & Extension Center (University of Arkansas, Fayetteville, AR 36°05.970
N and 94°10.741W), to evaluate the effect of frequency and timing of in-season applications of
S-metolachlor and the effect field sampling time has on dissipation of S-metolachlor. The
taxonomic class of the soil is fine-silty, siliceous, active, mesic Typic Fragiudult, mapped as a
Captina silt loam soil with slopes between 1 and 3% (USDA-SCS, 1969). The site had a summer
fallow and a winter rye cover crop in 2018, which were preceded by a fallow and a soybean field
in 2017 and 2016, respectively. The experimental site is classified as a low S-metolachlor-use
history field, with the herbicide having been applied at 1.55 L ha™! in 2013 and 2016. A
composite subsample of soil from the entire plot, collected prior to soybean planting, was sent to
the Fayetteville Agricultural Diagnostic Laboratory of the Arkansas Agricultural Experiment
Station in Fayetteville, AR for analysis. Soil pH, EC, soil C and total N were measured as
described previously. Additionally, soil nutrients were extracted using Mehlich-3 method (Zhang
et al., 2014). Soil test results are provided in Table 4. 2.

The experimental design was a randomized complete block design with four replications.

Four treatments were tested: a nontreated control, preemergence only (PRE), postemergence
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only (POST), and preemergence followed by postemergence (PRE /b POST). The experimental
unit was composed of four 6-m length soybean rows with a row spacing of 91.5 cm. A soybean
XTEND variety (Asgrow AG55X7, Roundup Ready2 Xtend) was planted at a seeding rate of
322,667 seeds ha''. Preemergence treatment of S-metolachlor (Dual II Magnum; Syngenta Crop
Protection, LLC, Greensboro, NC, USA) was applied 2 days after planting soybean at a rate of
1345 g ai ha'!. The POST application of S-metolachlor occurred 25 days after planting soybean,
or 23 days after the PRE application. Additional weed management was achieved by a broadcast
POST application of glyphosate (Roundup PowerMax; Bayer Crop Science, Research Triangle
Park, NC) to all plots at the rate of 1120 g ae ha™', which was complemented with hand pulling of
uncontrolled weeds.

Herbicide treatments were applied using a CO» pressurized backpack sprayer calibrated
to deliver 187 L ha! at a pressure of 276 kPa. The boom had a nozzle spacing of 46 cm with
Teejet XR8002 nozzles. S-metolachlor was activated within 24 h after application with 12.76 +
0.19 mm of water using a sprinkler irrigation system installed in the experiment. One rain gauge
was installed per replicate to quantify the amount of water applied to the experiment throughout
the growing season. Daily precipitation and average air temperatures were acquired from the
University of Arkansas Turfgrass Science Weather Station located less than 1 km away (Fig. 4.
2).

Soil samples were collected from all 16 experimental units during the experiment at three
sampling dates. Sample collection occurred 1 day after planting soybean, 22 days after PRE
herbicide application (24 days after planting soybean), and 34 days after POST herbicide
application (57 days after PRE application or 59 days after planting soybean). Twenty samples

were collected randomly per plot, within the 0 and 10.2 cm depth using a sterile probe (2.2-cm
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diameter), to form a composite sample per plot at each sampling date. Moist soil samples were
sieved, the day of sampling, using an 8-mm sieve. Prior to planting soybean, a soil sample was
collected from the field, 24 h after a rain event, oven dried at 105 °C for 24 h to determine soil
water content at field capacity. Then, a subsample of soil was collected the day before the field

sampling date and , oven dried to determine soil water content.

S-metolachlor spiking, incubation and extraction

S-metolachlor spiking, incubation and sub-sampling procedures were similar to those
described above with a few exceptions. For soil collected from each plot, the gravimetric soil
moisture estimates from field conditions were used to bring moisture content back to field
capacity by adding the estimated water volume to soil, mixing, and allowing to equilibrate. Soil
(1 kg) was weighed and spiked with equivalent of 0.9375 mg S-metolachlor kg! dry soil on the
day of soil collection and split into two jars containing 500 g soil. Incubation sub-samplings

occurred at day 0, 1, 4, 7, 14, 28, and 56 from each jar.

Data analysis
Single first order (SFO) kinetics (equation 4. 1) was fitted to S-metolachlor
concentrations, calculated as a percent of initial concentration, over time, using nonlinear least
squares regression (nls) in R version 4.0.0 (R Core Team, 2020). The initial sub-sampling (day 0
after spiking) concentration represented 100% in equation 4. 1:
C=Cy*e Rt 4. 1)
where C and Cy are the percent of concentration of the herbicide in the soil at time t and t = 0,

respectively, and k is the rate constant at which S-metolachlor dissipated in the soil. Differences
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between model parameters and zero were evaluated using a t-test (p-value < 0.05). Fit of the data

using SFO kinetics was assessed using root mean square error (RMSE, equation 4. 2),

RMSE = \/52?’:1(% R0k 4.2)

where Y is the measured value for situation 7 and ¥; is the corresponding value predicted by the
model. N is the total number of observations. Mean absolute error (MAE measures the average

difference between measured and predicted % S-metolachlor concentration in soil using equation

4.3.

1 ~
MAE =~ 3L |Y; = Y| (4.3)

Smaller RMSE and MAE values indicate a better model fit to the data because the predicted
values are closer to the observed values. The RMSE and MAE indicate error in the units of the Y
axis; they are valuable tools that aid in analysis of the results. Perfect fit is indicated by RMSE
and MAE values of 0 (Moriasi et al., 2007; Wallach et al., 2006).

As a normalized statistic, the Nash-Sutcliffe efficiency (NSE) determines the relative
magnitude of the residual variance compared to the measured data variance (Moriasi et al.,

2007). NSE was calculated using equation 4. 4.

— _ z:Ii\i1(yi_?i)2
NSE=1=5¥ vivy (4.4)
Where Y is the mean observed value. The closer the values are to 1, the more accurate the
predictions. A perfect model has NSE=1 because Y; = ¥; (Wallach et al., 2006)
S-metolachlor half-lives were calculated using equation 4. 5.
In(2
ti2 = % (4.5)
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Calculated S-metolachlor half-lives were compared among treatments using ANOVA
(PROC GLIMMIX) in SAS 9.4 (SAS Institute Inc., Cary, NC, USA). Treatment means were
separated using Tukey’s HSD method (P < 0.05). Calculated S-metolachlor half-lives for paired
fields from the inter-annual study and for the effect of a preemergence application (22 days after

PRE) were compared using a two-sample t-test.

Results and discussion
Model goodness of fit

The SFO equation (equation 4. 1) describes a log-linear decay of pesticide with time.
Parameter estimates of initial herbicide concentration and for the S-metolachlor dissipation rate
constant were different from zero (P < 0.05) for inter-annual (Table 4. 3) and within-season
herbicide use histories (Tables 4. 4, 4. 5). The RMSE values ranged between 6.52 and 14.31 for
the inter-annual (Table 4. 6) and between 7.75 and 10.52 for within-season herbicide use
histories (Table 4. 7), respectively. The MAE values were between 5.34 and 12.45 and between
6.12 and 8.72 for the inter-annual and within season herbicide use history, respectively (Tables
4.6, 4. 7). Finally, the NSE values for the inter-annual herbicide use history study varied from
0.62 and 0.96, whereas the NSE values for the within-season herbicide use study ranged between
0.89 and 0.93.

Dissipation of S-metolachlor in this study was described satisfactorily by the SFO kinetic
model. Sarmah and Rohan (2011) reported RMSE values between 0.41 and 26.08 while
modeling the dissipation of 4-n-NP and BPA. Srinivasan et al. (2014) reported RMSE 0.6 to 23.9
in deriving dissipation endpoints of sulfamethoxazole using different models. As a normalized

statistic that determines the relative magnitude of the residual variance compared to the
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measured data variance, NSE values > 0.59 were reported by Pullan et al. (2016) to indicate a

good model performance for predictions of pesticide concentrations.

S-metolachlor dissipation rate in crop field soils differing in herbicide use history

The SFO dissipation constants (k) were smaller for high-use than low-use, except in
Monroe county (Table 4. 3). Thus, in four of five counties sampled, S-metolachlor dissipation
was faster in soil with low-use history (Fig. 4. 3); these results contradicted our hypothesis. A
means comparison test revealed that S-metolachlor dissipation in spiked soils, collected from
fields that received the herbicide continuously over a 5 to 6-year period, was slower than that in
spiked soils collected from fields that received the herbicide a maximum of two times during the
same 6-year period (P < 0.05). Therefore, enhanced dissipation was not observed for S-
metolachlor in this study, which is in agreement with previous research (Bridges et al., 2008;
Dowler et al., 1987; Harvey, 1987; Kotoula-Syka et al., 1997; Shaner and Henry, 2007).

The effect of use history was evaluated in 5 paired fields in the current study and the
period of prior known management exposure was 5 to 6 years maximum. Investigating the
impact of high-use after a longer period of exposure (10 years of continuous applications, for
example) with a larger number of fields might provide additional information. Cultural practices
that increase soil organic matter (SOM) can have a direct impact on metolachlor behavior
(Teasdale et al., 2003). For example, metolachlor sorption to soil showed a 6-fold and 5-fold
increase after addition of an organic waste to a sandy soil and to a soil with a higher clay content,
leading to a reduction of leaching from 61 to 3.5%, and from 37 to < 1% in sandy and clayey

soils, respectively (Canero et al., 2015).
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Moreover, S-metolachlor dissipation in this study was variable across locations (Table
4.3), which aligned with previous research. The estimated half-lives ranged between 8 and 39
days. Dissipation half-lives obtained directly from field soil may vary as S-metolachlor in
addition to degradation will also be subjected to losses via runoff, leaching and
photodegradation. S-metolachlor half-lives reported in the literature have been variable. For
example, S-metolachlor half-lives of 13.7 days were reported in Mississippi, Kentucky and
Tennessee (Mueller et al., 1999). In a study conducted more than 10 years ago in Tennessee,
Mueller and Steckel (2011) reported values between 8.8 and 27 days. Half-life values reported in
northern Colorado ranged between 39 and 63 days (Westra et al., 2014), while in Eastern
Colorado values ranged between 10.6 and 28.2 days (Shaner and Henry, 2007). In Georgia,
averaged over a two-year period, S-metolachlor half-lives were 2 days and 4 days for bare soil
and soil under low-density polyethylene mulch, respectively (Grey et al., 2007). Half-lives
between 12 and 31 and 13 and 28 days were reported for five soils from five US states for
metolachlor and S-metolachlor, respectively (Shaner et al., 2006). Longer half-lives were also
reported with values of 112 days (sandy loam soil with 0.9% OM, pH 6 in Wisconsin), 97 days
(loamy sand with 0.8% OM, pH 6.8 in California), and 124 days (silty clay loam with 3.3% OM,
pH 6.8 in Iowa) (Senseman, 2007). The S-metolachlor half-life values obtained in the current
study are within the low range of values (or relatively faster dissipation) reported in the
literature.

Variability in S-metolachlor degradation under field conditions is due to various physical,
chemical and microbial processes that drive its dissipation. Field dissipation of S-metolachlor
occurs mainly by microbial decomposition, photodegradation and volatilization. Microbial

degradation of metolachlor in the soil is accomplished by both aerobic and anaerobic

83



microorganisms, with half-lives of 81 and 67 days in sandy soils reported for anaerobic and
aerobic microbes, respectively (Senseman, 2007).

Microbial degradation of metolachlor is affected by several factors including soil depth,
soil moisture, organic carbon, temperature and size and composition of microbial populations
(Braverman et al., 1986; Rice et al., 2002). Rice et al. (2002) reported that metolachlor persisted
longer in subsurface than in surface soils regardless of soil moisture and the initial concentration
of herbicide. It had a shorter half-life at 40 °C than 30 °C and its adsorption was positively
correlated with clay and organic carbon content (Braverman et al., 1986). Half-lives of 22 and
205 days were reported in summer and winter, respectively, near the surface in lake water for
sunlight degradation of the herbicide (Kochany and Maguire, 1994). Volatilization of
metolachlor is affected by both environmental conditions and cultural practices. Temperatures
higher than 30 °C increased metolachlor volatilization from water (Feigenbrugel et al., 2004; Lau
et al., 1995). A correlation between soil surface temperatures and metolachlor volatilization has
been established when soils are moist (Gish et al., 2009). Important factors such as residue cover,
spatial concentration on soil surface, and rainfall timing all influence metolachlor volatilization

(Bedos et al., 2017, Gish et al., 2009; Prueger et al., 1999; Prueger et al., 2017).

Effect of frequency and timing of in-season applications on S-metolachlor dissipation in soil
Dissipation rate constants (k) were greater for soil from nontreated compared to treated
plots (Table 4. 4). Half-lives obtained from the nontreated control plots 22 days after
preemergence application were 6 days while half-lives from the treated plots were 7 days (Fig. 4.
4; Table 4. 4). The half-life was not significantly different between the nontreated control and the

PRE treatment (P > 0.05). Half-lives calculated 34 days after postemergence application (or 57

84



days after preemergence application) were 12, 14, 14, and 17 days, for the control, PRE, POST,
and PRE /b POST treatments, respectively. Means revealed that S-metolachlor dissipation in
spiked soils collected from plots that received a single application (either as a preemergence or
as a postemergence treatment) was identical to that of soils collected from plots that did not
receive any application of the herbicide in the field. In contrast, a sequential application of the
herbicide (PRE fb POST) decreased S-metolachlor dissipation in comparison to the control (P <
0.05).

Based on these results, S-metolachlor degradation does not appear to be accelerated by
multiple within-season applications. S-metolachlor may not serve as a growth substrate for
microorganisms. Contrasting results are reported in the literature for metolachlor biodegradation.
Metolachlor degradation by microbes was reported as partial and co-metabolic (Stamper and
Tuovinen, 1998). More recently, others reported that metolachlor can be mineralized by soil
organisms closely related to Bacillus spp. and Acidobacteria (Kanissery et al., 2018). Also,
Candida xestobii has been reported to mineralize metolachlor and use it as a sole source of
carbon for growth (Munoz et al., 2011).

Sanyal and Kulshrestha (1999) reported accelerated degradation after four applications of
metolachlor in an 8-month period over two growing seasons. Fundamental differences exist
between the current study and the study reported by Sanyal and Kulshrestha (1999). Sanyal and
Kulshrestha (1999) studied the dissipation kinetics of the herbicide after field applications and
reported enhanced degradation. In the current study, one or two applications of S-metolachlor to
the same plot within a single growing season were followed by spiking soils with S-metolachlor
in the laboratory, and dissipation was quantified in spiked soils. In the current study, S-

metolachlor was incorporated into moist soil and the incubation experiment was started the same
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day soil was collected, while soil was air dried before processing by Sanyal and Kulshrestha

(1999).

Influence of time of sample collection on S-metolachlor dissipation

The S-metolachlor dissipation half-lives from the nontreated plots were 6, 6, and 12 days
for samples collected 1 day, 24, and 59 days after planting soybean, respectively (Table 4. 5).
The S-metolachlor dissipation in spiked soils collected from nontreated plots in the field 59 days
after planting soybean was slower than that in spiked soils collected from the same plots 1 day
and 24 days after planting (P < 0.05) (Fig. 4. 5). Moisture and temperature in the field prior to
sample collection (Fig. 4. 2) could be factors contributing to the differences observed in half-
lives throughout the season. The last sampling 59 days after planting soybean occurred in mid-
August, after a hot and dry period, which may have reduced microbial diversity and biomass and
consequent activity in the spiked soils. In support of the altered degradation rates measured in the
spiked soil in the laboratory in this current study, metolachlor dissipation under fields conditions
is known to present seasonal variation in part related to environmental conditions (Jaikaew et al.,
2015).

The faster dissipation of S-metolachlor in samples collected 1 day and 24 days after
planting in this current study also might be related to changes in the microbial community
throughout the season. A winter rye cover crop in 2018 had been preceded by two years of
fallow (2017 and 2018). It was hypothesized that 2 years of fallow with cover crops increased
carbon supply to microorganisms and resulted in greater microbial activity in the soil earlier in
the growing season. Cover crop residues in the field might have increased the soil microbial

community biomass, diversity, and/or activity resulting in greater activity in the spiked soil in the
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laboratory experiment. Teasdale et al. (2003) reported faster degradation of S-metolachlor in the
presence of cover crop residues. Cover crops increase carbon availability to soil microbial
communities (Lundquist et al., 1999). Mbuthia et al. (2015) reported a significant change in
microbial community structure and activity by the use of cover crops. The state of decomposition
of cover crop residues is known to influence metolachlor degradation with a half-life of 23 days
on a bare soil but half-lives of 9, 15, 39 and 25 days for progressive levels of decomposition of

cover crops (Cassigneul et al., 2015; Cassigneul et al., 2018, Aslam et al., 2013).

Conclusion

Successive applications of S-metolachlor over 5 to 6 years induced a decrease in the
dissipation rate compared to commercial fields where S-metolachlor had been applied 0 to 2
years within the same six-year period. Within the same growing season, applying S-metolachlor
twice as a sequential application program induced a significant increase in the persistence of the
herbicide in spiked, incubated soil under laboratory conditions. Moreover, S-metolachlor
dissipation was faster earlier in the season, 1 day and 24 days after planting compared to 59 days
after planting, most likely due to the rye cover crop residue enhancing microbial diversity and
activity. The longest half-life of S-metolachlor determined in this study was 39 days in soil
collected from Lonoke County, AR from a commercial soybean-corn field that had been sprayed
with S-metolachlor multiple times annually since 2013. Further investigation of the activity of S-
metolachlor-degrading microbes and enzymes as affected by cover crop, multiple inter-annual
exposure, frequency and timing of within-season applications of the herbicide will shed light on
the long-term impact of management practices and ability to predict herbicide dissipation and

persistence in soils.
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S6

Tables and Figures

Table 4. 1. Herbicide use, cropping systems, and select data for silt loam soil samples (n = 20) collected in 10 commercial row-crops
fields from five Arkansas counties to study the impact of low use (0 to 2 years S-metolachlor application) and high use (5 to 6 years of
S-metolachlor application) on dissipation of S-metolachlor in spiked soils (0.9375 mg kg! soil) during a 56-day laboratory
incubation®.

County History EC’ % N°¢ % C Herbicide programs Cropping systems Area (ha)
(umhos cm™)
Clay Low 78 0.10 1.7 None Pasture site ~10.0
High 78 0.07 1.1 = Corn: metolachlor + atrazine in 2012, =  Corn: 2012,2014, & 2016 ~16.0
2014 & 2016. soybean: 2013, 2015 & 2017
= Soybean: metolachlor + fomesafen in
2013 & 2015

= Soybean: metolachlor + fomesafen
followed by metolachlor + metribuzin in

2017
Crawford Low 114 0.04 0.4 =  No herbicide application from 2012 to = No crop from 2012 to 2018 0.2
2018
High 114 0.02 0.3 = 2012:0.91 L ha! (Dual Magnum) = 6 years of continuous spinach 0.4
= 2013: 1.17 L ha! (Dual Magnum)
= 2014: 1.17 L ha' (Dual Il Magnum)
= 2015:0.78 L ha! (Dual Il Magnum)
= 2016:0.78 L ha! (Charger Max)
= 2017:0.78 L ha'! (Dual Magnum)
Drew Low 100 0.07 1.1 =  Metolachlor application in 2017 = Continuous soybean system 3.0
High 43 0.04 0.6 =  Metolachlor applied every year = Cotton planted in 2012 followed by 4 years 57.0
of continuous soybean and a rotation to
corn in 2017
Lonoke Low 115 0.06 1.1 = Metolachlor applied only in 2017 = Rice: 2014 & 2016 23.0
= Soybean: 2015 & 2017
High 139 0.07 1.4 = Multiple applications of metolachlor = Soybean: 2013,2015 & 2017 65.0
every year =  Corn: 2014 & 2016.
Monroe Low 119 0.05 0.6 = Metolachlor only in 2014 =  Continuous soybean since 2013 32.0
High 107 0.06 0.9 = Two applications of metolachlor each =  Continuous soybean since 2013 ~14.0

year at a rate of 1.2 L ha!

2All fields investigated had a silt loam texture
bSoil EC measured in a 1:2 soil: water mixture (Sikora and Kissel, 2014).
“Measured by thermal combustion analysis (Provin, 2014).
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Table 4. 2. Soil chemical and physical data for the Captina silt loam soil (slopes between 1 and 3%) used for the field experiment
conducted during summer 2019 at the Milo J. Shult Agricultural Research & Extension Center (University of Arkansas, Fayetteville)
in order to evaluate the influence of the number and timing of in-season applications of S-metolachlor on its dissipation.

. . Mehlich-3 extractable soil nutrients®
Soil Soil  Total  Total
a a Nb C
pH*  EC P K Ca Mg S Na Fe Mn Zn Cu B Sand Silt Clay
pmhos % % (mg kg™!) % % %
cm-!

6.4 69 0.05 0.63 71 124 554 30 57 56 152 146 6.8 08 08 284 653 63

8Soil pH and EC measured in a 1:2 soil: water mixture (Sikora and Kissel, 2014).
®Measured by thermal combustion analysis (Provin, 2014).
“Extracted using Mehlich-3 method (Zhang et al., 2014).



Table 4. 3. Single first-order (SFO) equation model parameters for initial concentration (Co), rate
constant (k), and half-life (ti2) of S-metolachlor added to soil in 10 silt-loam soils collected from
commercial producer fields across five Arkansas counties with a known history of low (0 to 2
years) and high (5 to 6 years) of S-metolachlor-use history. Final spiked S-metolachlor
concentration of 0.9375 mg kg! soil.

County  History Parameters Estimate Std. Err tvalue Pr(>jt)) t12
Clay Low Co 95.59 3.48 2746  6.86E-15%** 8
k 0.09 0.01 11.22  5.43E-Q9***
High Co 76.88 591 13.01  6.31E-10*** 35
k 0.02 0.01 4.05 0.00] ***
Crawford  Low Co 82.18 6.53 12.58  1.04e-09*** 14
k 0.05 0.01 4.68 0.000251 ***
High Co 86.33 6.13 14.09  1.94e-10%*** 18
k 0.039 0.01 4.94 0.000147 ***
Drew Low Co 89.21 5.55 16.06  2.73E-11%*** 10
k 0.07 0.01 6.28 1.10E-Q5%**
High Co 92.54 3.97 23.29  9.07E-14%*** 35
k 0.02 0.003 6.94 3.33E-06***
Lonoke Low Co 92.26 5.62 16.43  1.94E-11*** 12
k 0.06 0.01 6.30 1.0SE-Q5%**
High Co 83.14 4.20 19.77  1.14E-12%** 39
k 0.018 0.003 5.43 5.56E-05***
Monroe Low Co 84.60 5.11 16.57  1.70E-11%** 14
k 0.05 0.01 6.08 1.59E-Q5%**
High Co 88.42 4.16 21.27  3.70E-13%** 12
k 0.06 0.01 7.98 5.68E-Q7***

! Asterisks (***) next to p-value (labelled Pr(>|t|)) indicate parameter estimates significantly
different from 0 (o =0.01)
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Table 4. 4. Single first-order (SFO) equation model parameters for initial concentration (Co), rate
constant (k), and half-live (ti2) to evaluate the time of field soil collection from nontreated and S-
metolachlor-treated plots on dissipation of the herbicide from spiked soil during a subsequent
laboratory incubation. Final spiked S-metolachlor concentration of 0.9375 mg kg™ dry weight
soil

Sampling Treatment Parameter Estimate Std. Err  t value Pr(>|t)) ti2
Control Co 92.87 1.87 4977 <2e-16*** 0
24 days after k 0.11 0.01 18.48 <2e-16***
planting soybean PRE Co 94.50 1.75 5407 <2e-16%** 7
k 0.10 0.005 19.81 <2e-16***
Control Co 94.45 2.39 39.58 <Qe-16*** 122
k 0.06 0.004 13.19  <2e-16***
PRE Co 98.24 2.04 48.15 <2e-16*+*  14ab
59 days after k 0.05 0.003 1548  <2e-16%**
planting Soybean POST Co 9421 1.81 51.91 <De-16%** 14ab
k 0.05 0.003 1673 <2e-16%**
PRE fb POST Co 96.41 2.32 4156 <2e-l6***  17b
k 0.04 0.003 1295 <De-16***

!Control is nontreated soil; PRE is soil collected 22 d after preemergence herbicide application
(24 days after planting soybean; POST is soil collected 34 days after postemergence herbicide
application (57 days after preemergence application or 59 days after planting soybean; and PRE
fb POST is soil collected from a field receiving sequential PRE followed by POST applications
Agricultural Research & Extension Center (University of Arkansas, Fayetteville, AR).

2Half life means lacking letters (24 days after planting soybean) are not significantly different
3Half life means with different letters for the same sampling date (59 days after planting
soybean) are different according to the means separation test (P<0.05) using the glimmix
procedure in SAS 9.4 with a Tukey’s HSD adjustment (SAS Institute Inc., Cary, NC, USA).

*Asterisks (***) next to p-value (labelled Pr(>|t|)) indicate parameter estimates significantly
different from 0 (o =0.01)
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Table 4. 5. Single first-order (SFO) equation model parameters for initial concentration (Co), rate
constant (k), and half-live (ti2) to evaluate the time of field soil collection from nontreated plots
on S-metolachlor on dissipation in spiked soil (0.9375 mg kg™! dry weight soil)! during a
subsequent laboratory incubation.

Sampling Parameter  Estimate Std. Err t value Pr(>|t|) tin
C _ 6a
1 day after planting 0 93.49 2.53 36.97 <2e-16***
soybean k 0.12 0.01 13.84 <2e-16***
C ) 6a
24 days after 0 91.57 2.90 31.51 <2e-16***
planting soybean k 0.11 0.01 11.84 <Qe-16***
C ) 12b
59 days after 0 94.45 2.39 39.58 <2e-16***
planting soybean k 0.06 0.004 13.19 <2e-16***

'Soil was collected from a field experiment conducted during summer 2019 at the Milo J. Shult
Agricultural Research & Extension Center (University of Arkansas, Fayetteville, AR).

2Half life means with different letters are different according to the means separation test
(P<0.05). Means separation was carried out using the glimmix procedure in SAS 9.4 with a
Tukey’s HSD adjustment (SAS Institute Inc., Cary, NC, USA).

3 Asterisks (**%) next to p-value (labelled Pr(>|t|)) indicate parameter estimates significantly
different from 0 (o =0.01)

Table 4. 6. Single first order (SFO) goodness of fit to S-metolachlor dissipation data obtained
from of S-metolachlor added to soil in 10 silt-loam soils collected from commercial producer
fields across five Arkansas counties with a known history of low (0 to 2 years) and high (5 to 6
years) of S-metolachlor-use history within the 6 preceding years. Final spiked S-metolachlor
concentration of 0.9375 mg kg™! soil.

County History RMSE! MAE NSE
Clay Low 6.52 5.34 0.96
High 14.31 11.88 0.62
Crawford Low 13.63 10.61 0.75
High 13.62 12.45 0.76
Drew Low 10.95 9.18 0.87
High 9.81 8.65 0.84
Lonoke Low 11.31 9.74 0.86
High 10.67 9.23 0.72
Monroe Low 10.82 9.56 0.85
High 8.58 7.85 0.91

'RMSE, MAE, and NSE are the root mean square error, mean absolute error, and Nash-Sutcliffe
efficiency, respectively.
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Table 4. 7. Single first order (SFO) goodness of fit to S-metolachlor dissipation data obtained to
evaluate the time of field soil collection from nontreated and S-metolachlor-treated plots' on
dissipation of the herbicide from spiked soil during a subsequent laboratory incubation. Final
spiked S-metolachlor concentration of 0.9375 mg kg™! dry weight soil.

Field sampling Treatments? RMSE? MAE NSE
24 days after planting soybean Control 9.77 8.09 0.91
PRE 9.28 7.44 0.92
Control 9.82 8.02 0.90
PRE 8.68 6.41 0.92
59 days after planting soybean POST 775 6.12 0.93
PREPOST 10.24 7.56 0.89
1 days after planting soybean Control 9.00 7.80 0.92
24 days after planting soybean Control 10.52 8.72 0.90
59 days after planting soybean Control 9.82 8.02 0.90

'Soil was collected from a field experiment conducted during summer 2019 at the Milo J. Shult
Agricultural Research & Extension Center (University of Arkansas, Fayetteville, AR)

2Control is nontreated soil; PRE is soil collected 22 d after preemergence herbicide application
(24 days after planting soybean); POST is soil collected 34 days after postemergence herbicide
application (57 days after preemergence application or 59 days after planting soybean); and PRE
fb POST is soil collected from a field receiving sequential PRE followed by POST applications
SRMSE, MAE, and NSE are the root mean square error, mean absolute error, and Nash-Sutcliffe
efficiency, respectively.
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Figure 4. 1. Distribution of pairs of producer fields for soils collected from five Arkansas
counties (USA) with low (0 to 2 years) and high (5 to 6 years) intensity of S-metolachlor use

history within the preceding six years
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(bottom panel) acquired from the nearest weather station to the experiment conducted at the Milo
J. Shult Agricultural Research & Extension Center (University of Arkansas, Fayetteville) in
2019. Red arrows indicate soil samplings on June 13", July 8" and August 11",
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Figure 4. 3. Dissipation kinetics of S-metolachlor in soils (0.9375 mg kg™! soil) from low (0 to 2
years) and high (5 to 6 years) intensity of S-metolachlor use history, within the preceding six
years, collected from 5 counties in Arkansas (USA) and fitted to the single first order (SFO)
model. Each panel is labeled according to the Arkansas county where commercial fields were
located. Error bars indicate standard error.
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Figure 4. 3 (continued). Dissipation kinetics of S-metolachlor in soils (0.9375 mg kg! soil) from
low (0 to 2 years) and high (5 to 6 years) intensity of S-metolachlor use history, within the
preceding six years, collected from 5 counties in Arkansas (USA) and fitted to the single first
order (SFO) model. Each panel is labeled according to the Arkansas county where commercial
fields were located. Error bars indicate standard error.
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Figure 4. 4. Dissipation kinetics of S-metolachlor (spiked at 0.9375 mg kg! dry weight soil) in
nontreated (control) soil and soil collected 22 days after preemergence herbicide application (24
days after planting soybean, PRE; top panel). Dissipation kinetics of S-metolachlor (spiked at
0.9375 mg kg™ dry weight soil) in nontreated (control), PRE soil, soil collected 34 days after
postemergence herbicide application (57 days after preemergence application or 59 days after
planting soybean, POST; and soil collected from a field receiving sequential PRE followed by
POST applications; PREPOST; bottom panel). Error bars indicate standard error.
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Figure 4. 5. Dissipation kinetics of S-metolachlor (0.9375 mg kg™! dry weight soil) in soil
collected from nontreated control plots at three different sampling times (1 day, 24 days and 59
days after planting (DAP) soybean) of a field experiment conducted at the Milo J. Shult
Agricultural Research & Extension Center (University of Arkansas, Fayetteville) in 2019. Data
were fitted to the single first order (SFO) model. Error bars indicate standard error.
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Performance of five mathematical models for predicting the dissipation endpoints of S-

metolachlor

Abstract

Understanding the fate of pesticides in the environment is crucial for sustainable weed
management. Accurate predictions of herbicide dissipation endpoints are essential for predicting
the potential duration of weed control and deciding crop replant options and rotation restrictions.
The performance of five mathematical models (single first order kinetics (SFO), Gustafson and
Holden (FOMC), quadratic or bi-exponential model (BEXP), first-order double-exponential
decay (FODED), and first-order two-compartment (FOTC)) was evaluated to describe S-
metolachlor dissipation kinetics in soil samples collected 1 day after planting (DAP) soybean
[Glycine max (L.) Merr.] in a field experiment conducted in Fayetteville AR in 2019. Model
performance to describe dissipation was first evaluated using the significance levels of optimized
parameters. Results showed that the BEXP and FOTC models were not appropriate as their
parameters were not all significantly different from 0 (P > 0.05). Statistical indices used to
evaluate the remaining three models, included visual assessment of residuals, goodness of fit
using model bias, root mean square error, mean absolute error, and Nash-Sutcliffe efficiency.
Models were also selected using Akaike Information Criteria (AIC), and S-metolachlor
dissipation endpoints were predicted for SFO, FOMC, and FODED models. Model selection and
goodness of fit showed that the biphasic FOMC and FODED models better supported data
compared to the SFO model. S-metolachlor dissipation endpoints predicted for 25 and 50% by
SFO were greater than those predicted by FOMC and FODED. On the contrary, S-metolachlor

dissipation endpoints predicted by SFO for 75 and 90% were lower than those predicted by
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FOMC and FODED. The SFO under-predicted S-metolachlor concentrations in soil during the
later stages of the dissipation process. The gap between S-metolachlor dissipation endpoints
predicted by SFO and FOMC and FODED was larger at higher dissipation percentages.
Therefore, caution might be required when making inference about 90% dissipation of pesticides

in the soil using the SFO.

Keywords: dissipation, model selection, endpoints
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Introduction

Pesticide fate impacts important agricultural and broader environmental management
decision-making processes. Determination of how quickly herbicides dissipate in the soil is
useful for predicting the potential duration of weed control and crop management such as replant
options and rotation restrictions. Degradation is crucial for the assessment of the safety of a
pesticide by regulatory agencies, and it is a fundamental input parameter for several pesticide
transport models (Sarmah and Close, 2009). Persistence is one of the five basic properties of
pesticides that can inform potential to be a pollutant with the other four properties being water
solubility, volatility, sorption tendency and ionization potential (Wauchope et al., 1992).
Persistence is generally determined using endpoints DTso and DToo, with endpoint defining the
time required for the dissipation of 50 or 90% of the initial concentration of a given pesticide.
Pesticide leaching and runoff models are sensitive to the degradation rate constant (k, day™)
(Sarmah and Close, 2009). Accurate estimation of dissipation rate constant is essential to both
ensure precise prediction with these models and validate utility as a fundamental input parameter
for risk assessment models (Srinivasan et al., 2014).

Dissipation endpoints are estimated using empirical non-linear equations or mechanistic
models (Sarmah and Close, 2009). The single first order model (SFO), the commonly used non-
linear regression equation, is a two-parameter exponential decay model that assumes that
pesticide degradation rate at any given time is directly proportional to the concentration
remaining in the system (FOCUS, 2006). The SFO has been widely used for pesticide dissipation
endpoints prediction (Kirksey et al., 1996; Mueller et al., 1990; Mueller et al., 2014; Mueller et
al., 1999; Shaner, 2012; Shaner and Henry, 2007; Westra et al., 2014). Many factors can affect

the degradation rate of pesticides; therefore, the dissipation rate has been hypothesized to be
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variable because soil is a heterogeneous medium (Gustafson and Holden, 1990). Thus, the SFO
might not always be appropriate (Aldworth and Jackson, 2008; Srinivasan et al., 2014). Cases
include when the degradation of the chemical in the soil is concentration- or time-dependent
(Sarmah and Close, 2009). A systematic fitting of the SFO equation to all pesticide dissipation
datasets can lead to under- or over-estimation of endpoints (Herman and Scherer, 2006;
Srinivasan et al., 2014); thus, leading to poor agricultural and environmental decisions.
Mojasevic et al. (1996) reported the frequent use of inaccurate SFO for describing dissipation as
a major factor influencing dissipation endpoint predictions.

Alternative equations have been proposed to account for cases where the assumption of
the SFO does not hold and that the SFO cannot explain dissipation. For example, in many cases a
biphasic trend has been reported with an early fast decrease in pesticide concentrations followed
by a slower reduction (Gustafson and Holden, 1990). Moreover, pesticide degradation has been
hypothesized to occur in two or more compartments with different rate constants (Scherr et al.,
2008). Reducing over- and under-estimation and improving accuracy of endpoint estimation
requires the use of the most appropriate regression equations (Herman and Scherer, 2003;
Herman and Scherer, 2006; Ma et al., 2004; Sarmah and Close, 2009; Sarmah and Rohan, 2011b;
Srinivasan et al., 2014). The use of the Akaike information criteria (AIC) can help improve
dissipation endpoint predictions by ranking models based on their approximation of the available
data (Anderson, 2008; Burnham and Anderson, 2004; Burnham et al., 2011). It determines a
measure of the strength of evidence for possible biological assumptions (mechanisms) associated
with a given model in comparison to a set of other candidate models (Anderson, 2008).

Metolachlor, an important soil-applied herbicide for US agriculture, has been widely used

globally in more than 70 crops (O'Connell et al., 1998) for many decades (Busi, 2014). Its
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optimal use ensures effective weed control and environmental protection. Therefore,
understanding the performance of different mathematical models for predicting the dissipation
endpoints of S-metolachlor will improve decision-making processes for growers and regulatory
agencies. The objective of this research was to evaluate the performance of five mathematical

models for predicting the dissipation endpoints of S-metolachlor.

Materials and methods
Data collection

A field experiment was conducted during the summer 2019 at the Milo J. Shult
Agricultural Research & Extension Center (University of Arkansas, Fayetteville, AR 36°05.970
N and 94°10.741W) to evaluate the ability of different mathematical models to explain the
dissipation of S-metolachlor. Soil samples were collected from 16 experimental units one day
after planting (1 DAP) soybean. Twenty samples were collected randomly per plot, within the 0
and 10.2 cm depth using a sterile probe (2.2-cm diameter), to form a composite sample per plot.
Moist soil samples were sieved the day of sampling using an 8-mm sieve.

The details of sample processing, spiking, incubation, extraction, and analysis are
provided in chapter 4. Analytical grade S-metolachlor with a purity of 99.1% (Sigma-Aldrich, St.
Louis, MO) was spiked and mixed into 1 kg moist soil at the equivalent of 0.9375 mg S-
metolachlor kg™! dry soil. Soil was split into two jars containing 500 g soil and incubated for 56
d. Sub-sampling were extracted for analysis of S-metolachlor on days 0, 1, 4, 7, 14, 28, and 56
from each jar.

S-metolachlor was analyzed using a Shimadzu GC instrument equipped with a mass

spectrometer detector (TQ8040 GC-MS/MS, Shimadzu Corporation, Japan). Chromatographic
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separation was accomplished with an SH-Rxi-5Sil MS capillary GC column (30 m, 0.25 mm i.d.,
0.25 um). The GC oven temperature was programed as follows: 50 °C (1 min), 50 - 300 °C at 35
°C min™! and finally held for 3 min. The carrier gas was helium at a constant flow rate of 1 mL
min’!. The injection was accomplished in a split mode with an injection volume of 1 pL and a
temperature of 250 °C. The mass spectrometer detector was operated in scan mode and the
temperature of the interface and ion source were 250 and 200 °C, respectively. S-metolachlor
was monitored at the mass-to-charge ratio (m/z) of 162.15. The average retention time was 7.31
min. In total, thirty-two data points were obtained for each of the seven incubation sampling

times (0, 1, 4, 7, 14, 28, and 56 days).

Modeling approach

The modeling approach used to test the performance of five mathematical models for
predicting the dissipation endpoints of S-metolachlor followed several steps including
formulation of the set of candidate models, fitting individual models to data, evaluating the
significance of model parameters, model selection and ranking, goodness of fit, and prediction of

dissipation endpoints.

Formulation of the set of candidate dissipation models

Data were fit to five candidate models, chosen based on their relative simplicity (2, 3, or
4 parameters) and frequent use in the scientific community (Sarmah and Close, 2009; Sarmah
and Rohan, 2011b; Srinivasan et al., 2014; Zimdahl et al., 1994). The five models used to
formulate the set of candidate models were the single first order kinetic (SFO) and four biphasic
kinetic models (the Gustafson and Holden (GH) also called First-Order Multi-Compartment
(FOMC) model (FOCUS, 2006; Gustafson and Holden, 1990), the quadratic or bi-exponential
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model (BEXP) (Sarmah and Close, 2009; Sarmah and Rohan, 2011a; Zimdahl et al., 1994), the
first-order, double-exponential decay model (FODED) (Ma et al., 2004; Sarmah and Close,
2009; Sarmah and Rohan, 2011b; Srinivasan et al., 2014) and the first-order two-compartment
(FOTC) (Hill and Schaalje, 1985; Ma et al., 2004; Sarmah and Close, 2009; Sarmah and Rohan,

2011a; Srinivasan et al., 2014).

Model 1. Single first-order kinetic

The equation of this model is a simple first-order differential equation (equation 5. 1):

< = —kdt (5. 1)

According to this equation, the rate of change of the pesticide at any given time is directly
proportional to the concentration. It is integrated as equation 5. 2:

C=Cyxe (5.2)

where C is the concentration of the herbicide in the soil at time t, Co is the concentration of the
herbicide in the soil at time t = 0, and k is the first-order reaction rate constant (day™).
Application of a logarithmic transformation to the equation provides a linear relationship.
Because pesticide dissipation is fit on an empirical basis and dissipation often is not linear when
plotted after a logarithmic transformation, biphasic or “two-compartment” models have been
suggested, corresponding to dissipation occurring in two different soil compartments at different
rate constants (Hill and Schaalje, 1985). Two-compartment models may provide a better fit to

data.

Model 2. Quadratic or bi-exponential model (BEXP)
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For the quadratic or bi-exponential model (Reyes and Zimdahl, 1989; Zimdabhl et al.,
1994), the relationship between pesticide concentration and time is described by the sum of first
and second-order differential rate equations (Sarmah and Rohan, 2011a; Sarmah and Rohan,

2011b):

dc
= = —(kiC + kyC?) (5.3)

Integration and simplification of the equation gives equation 5. 4

_ kl*CO
T (kg +kaxCo)rexp(ky +t) —k2*Co

(5. 4)

where k; is the first-order rate constant (day™), kz is the second-order rate constant (day™), t is
the time, C is the concentration at time t, and Cy is the concentration at t = 0. When ko= 0

equation 5.3 reduces to equation 5. 1.

Model 3. First-order, double-exponential decay (FODED)
The first-order, double-exponential decay equation (equation 5. 5) models pesticide
dissipation occurring in two separate compartments.

C =Cs*xexp(—ky*t)+ C,*exp(—k, xt) (5.95)

where Cs and Cy are constants representing herbicide concentrations initially distributed between
two pools (e.g. solution phase and sorbed phase) with dissipation rate constants of ki and ko,
respectively. This model assumes the solution phase to be accessible to microorganisms and
showing a faster degradation while the second phase, sorbed to soil particles, showed a slower
degradation (usually ki>k>) (Sarmah and Rohan, 2011a). The sum of Cs and C gives the total
amount of applied pesticide. The model has been used by several researchers in the past (Sarmah

and Close, 2009; Sarmah and Rohan, 2011a; Srinivasan et al., 2014).
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Model 4. First-order, two-compartment (FOTC)

Used initially for description of deltamethrin dissipation in soil (Hill and Schaalje, 1985),
the FOTC is a two-compartment model that describes the fast and slow dissipation of pesticides.
It assumes that dissipation occurs in two compartments as “fast” surface loss in deposited residue
and “slow” dissipation in a retained residue compartment. The two-loss processes and the
transfer between compartments are assumed to be first-order (Sarmah and Close, 2009; Sarmah

and Rohan, 2011a; Srinivasan et al., 2014). Equations are written as equations 5. 6 and 5. 7:

dc _

= =~y + k)G (5. 6)
%L = kpCy — kG, (5.7)
dt

where C; and C; are the concentrations of the pesticide in the fast and slow compartments,
respectively, and C is the total concentration of the pesticide. Integration and transformation of

the equation gives equation 5. 9

k
€ = Co + expl=Cy + k) % 8} + Copi {eap(—hy + ) — expl—Cy + kp) + 1} (5.9)

where Cp is the concentration at t = 0, kr (usually >0) is the retention rate constant of pesticide
transfer between the fast and slow dissipation compartments, ki is the rate constant of the “fast”

dissipation compartment, and ko is the rate constant of the “slow” compartment.

Model 5. Gustafson and Holden
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Gustafson and Holden (1990) considered the spatial variability observed in soil and
introduced an infinite-compartment model that could be representative of spatial variability of
dissipation in the soil. Assuming a continuum of spatially segregated compartments with each
one showing a simple first-order dissipation with a rate k, authors derived a three-parameter
equation which was applicable to both field and laboratory studies (Gustafson and Holden,
1990). The initial equation was equation 5. 10

C=Co(1+pt) " (5. 10)

where Cy is the concentration at t = 0, o is dimensionless, is 8 has the units of the rate constant

(day!). An alternative form of the equation was proposed by FOCUS (2006) as equation 5. 11:

C=—2 (5. 11)

D

where 0 is simply the reciprocal of f in equation 5. 10 (FOCUS, 2006). The equation, also called
the first-order, multiple-compartment (FOMC), was used by previous researchers for studying
dissipation of several pesticides (Carpio et al., 2021; Chen et al., 2019; Etzerodt et al., 2008;

Gluhar et al., 2019; Mantzos et al., 2016; Vargas-Perez et al., 2019).

Model fitting, selection and ranking

The formulated set of candidate models were fitted separately, using the nonlinear least
squares regression (nls) of R version 4.0.0 (R Core Team, 2020), to S-metolachlor concentrations
over time, calculated as a percent of initial concentration, with the initial sub-sampling (day 0
after spiking) representing 100%. According to FOCUS (2006), model parameters not
significantly different from zero are either very uncertain or the model is not adequate for the

data. For that reason, model parameters for each model in the set of candidate models were
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evaluated for significant difference compared to zero. Only models with parameters all

significantly different from zero were retained for model ranking, goodness of fit evaluation and

dissipation endpoints predictions. Model selection and rankings were made using information-

theoretic criterion (AIC) (Anderson, 2008; Burnham and Anderson, 2001; Burnham and

Anderson, 2004) with the AICcmodavg package (Mazerolle, 2019). Second-order bias corrected

Akaike’s Information Criterion (AICc) (equation 5. 12), AICc differences (4;) (equation 5. 13),

weight of evidence in favor of each model or model probability (w;) (equation 5. 14) and

cumulative weight of evidence (Cum. w;) were generated using the aictab function in the

AlCcmodavg package in R. The model with the smallest AICc and the largest w; is the model

that provides the most support to the dataset within the set of candidate models (Anderson, 2008;

Burnham and Anderson, 2001; Burnham and Anderson, 2004; Burnham et al., 2011).

n

AlCe = ~210g(L(6)) + 2K (=) (5.12)

A= AICc; — AICcn (5.13)
__exp(-Ay2)

Wi = ¥R, exp(—Ar/z)) (5. 14)

Liwi=1 (5. 15)

where K is the number of estimated parameters, n is the sample size and L(@) is the maximum

likelihood estimate for the model (Anderson, 2008; Burnham and Anderson, 2001).

Model goodness of fit.

The difference between each parameter of a given model and zero was evaluated using a

t-test within R software (p-value < 0.05). The models’ performance at describing data was also
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assessed using statistical indices including model bias, root mean square error (RMSE), mean
absolute error (MAE), and Nash-Sutcliffe efficiency (NSE). Measures of the average difference
between measured and predicted % of S-metolachlor concentration remaining in soil were
calculated using equations 16-19.

Bias (equation 5. 16) is a measure of the average difference between measured and
predicted values. The model is considered to under-predict when the bias is positive and over-

predict on average when the bias is negative (Wallach et al., 2006).

Bias =~ ¥, (Y; — ) (5. 16)

where Y; is the measured value for situation i and ¥; is the corresponding value predicted by the
model. N is the total number of observations.
Root mean square error (RMSE) and mean absolute error (MAE) of each model were

calculated using equation 5. 17 and 5. 18, respectively.

RMSE = \/;ziil(n 0k (5.17)

1 ~
MAE =~ 3L, |Y; — ¥ (5. 18)

Smaller RMSE and MAE values indicate a better model fit to the data because the predicted
values are closer to the observed values.

As a normalized statistic, the Nash-Sutcliffe efficiency (NSE) determines the relative
magnitude of the residual variance compared to the measured data variance (Moriasi et al.,

2007). NSE was calculated using equation 5. 19.

_ T, (Vi—7)?
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where Y is the mean observed value. The closer the values are to 1, the more accurate the

predictions. A perfect model has NSE =1 as ¥; = ¥; (Wallach et al., 2006)

Calculation of dissipation endpoints
Dissipation endpoints derived from the SFO model were calculated using equation 5. 20.

11’1( 100

DT, = —12‘”) (5. 20)

where X is the is the percent dissipation, DTx is the time required for X% dissipation of the
herbicide and k the rate constant. Prediction of the time necessary for a pesticide to decline by
50% using the SFO is a constant. In other words, using the SFO model, the time required for a
pesticide to decline from 100% to 50% is the same as the time required to decline from 50% to
25%. Despite fit of data to the equation, the biphasic nature of dissipation observed in some
studies might suggest the use of other equations.

Dissipation endpoints derived from the FOMC model were calculated using equation

5.21.

DT, =0+ (-2 )@ — 1) (5.21)

100—x

where X, 0, and a were previously defined.

FODED
No analytical equation exists for the endpoints of the FODED (FOCUS, 2006). The time
required for X% dissipation of S-metolachlor (DT, tx) was predicted by plugging the optimized

values of Cs, Cyp, ki and ko (obtained from fitting each model) into equation 5. 5 and solving
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equation 5. 22 for tx by using the uniroot() function in R within a 0 - 56 days interval of
dissipation.

X+ Cgxexp(—kq xty) + Cp xexp(—ky *ty) — Cost = (5.22)

where X is the same as defined earlier, Ces 1s the predicted value of % S-metolachlor initial

concentration for each replicate.

Dissipation endpoints comparisons
S-metolachlor dissipation endpoints for 25, 50, 75, and 90% dissipation were compared
among models using the glimmix procedure in SAS 9.4 (SAS Institute Inc., Cary, NC, USA).

Treatments means were separated at P < 0.05 using the Fisher's protected LSD.

Results and Discussion
Significance of optimized parameters

S-metolachlor dissipation data were fit to all five non-linear regression models (Fig. 5. 1).
The SFO optimized parameters Co (initial concentration) and k (rate constant) were different
from zero (P <0.05) (Table 5. 1). Similarly, the FODED optimized parameters Cs (herbicide
concentration initially distributed in the solution phase) and Cy (herbicide concentration initially
distributed in the sorbed phase), ki and k> (herbicide dissipation rate constants) were all different
from zero (P < 0.05). Likewise, the FOMC model’s optimized parameters Co (initial
concentration), the dimensionless a and the parameter 0 (reciprocal of initial B that has units of
the rate constant) were all different from 0 (P < 0.05).

On the contrary, optimized parameters of the BEXP model were not all different from

zero. The first-order-rate constant (ki) was not different from zero (P = 0.098592). Likewise,
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optimized parameters for the FOTC model were not all different from 0. Parameters Co (initial
concentration) and k> (rate constant of the “slow” compartment) were different from 0 in both
cases (P <0.05). However, the retention rate constant of pesticide transfer between the fast and
slow dissipation compartments (kr), and the rate constant of the “fast” dissipation compartment
(k1) were not significantly different from zero (P > 0.05). According to FOCUS (2006), models
with non-significant parameters are either uncertain or inappropriate for dissipation data. As
recommended by the FOrum for the Co-ordination of pesticide fate models and their Use
(FOCUS), only models with significant parameters SFO, FODED, and FOMC were selected in
this study as candidate models for making inferences about S-metolachlor dissipation endpoints.

The BEXP model, dividing the dissipation pattern into two parallel compartments, fast
and slow, was not used for S-metolachlor dissipation endpoints prediction. The BEXP was
previously reported to be unlikely to converge when data are well described with the SFO model
(Herman and Scherer, 2006; Scherr et al., 2008; Srinivasan et al., 2014). In their study deriving
sulfamethoxazole dissipation endpoints in pasture soils using first order and biphasic kinetic
models, Srinivasan et al. (2014) reported inconsistency in data fitting with the BEXP in

comparison to the two other 4-parameter models FODED and FOTC.
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Model diagnostic

Residual plots depict the deviation of data from zero for each of the three models (SFO,
FODED, and FOMC) (Fig. 5. 1). The SFO deviated from the horizontal zero line compared to
other models. The curvature displayed by SFO revealed that the SFO was the least appropriate to

describe S-metolachlor dissipation in the set of three candidate models.

Model ranking and selection

Model selection and ranking revealed that the FODED and FOMC provided the most
support to data within the set of candidate models (Table 5. 2). The FODED model was ranked
top model with the lowest AICc (1586) and the largest model probability weight of 0.99 among
the set of three candidate models. The FODED model was followed by the FOMC model with an
AlICc (1596) and a probability of 0.01. The second-order bias corrected Akaike’s Information
Criterion (AICc), estimator of the Kullback-Leibler information, ranks models based on their
approximation of the biological process (Anderson, 2008; Burnham and Anderson, 2001).

Greater model support is associated with a smaller AICc value.

Model goodness of fit

According to Wallach et al. (2006), the bias, as a measure of the average difference
between measured and predicted values, is considered to under-predict when the bias is positive
and over-predict when the bias is negative. Model biases for the three candidate models varied
between -0.04 and 3.08. The RMSE values ranged between 8.42 and 11.43, MAE were between
5.08 and 9.16, and the NSE values varied between 0.88 and 0.93 (Table 5. 3). The SFO bias is

positive with a value of 3.08. These positive bias values of the SFO model revealed that this
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model under-predicted S-metolachlor dissipation in the present study. Figure 5. 2 reveals that the
SFO model under-predicted S-metolachlor dissipation later during the experiment with larger
errors compared to the other two biphasic models (Figs. 5. 2, 5. 3). The SFO displayed the
largest RMSE (11.43), MAE (9.16), and smallest NSE (0.88) values within the set of three
candidate models (Table 5. 3) and this result is in agreement with the Akaike’s Information
Criterion (AICc) selection that showed that the FOMC and FODED models were superior to the
SFO model. The NSE values calculated for both biphasic models are identical (Table 5. 3). Their
bias values are near zero, which may be the consequence of very small model errors for the two
biphasic models. The FODED, ranked top model by the AIC model selection approach, also
showed the smallest RMSE and MAE.

Dissipation of S-metolachlor in the present study was described satisfactorily by the three
candidate models (Tables 5. 1). However, results showed that the two biphasic models provided
the most support to data compared to the SFO (Tables 5. 2, 5. 3; Figs. 5. 1, 5. 2). Other authors
also reported that biphasic models provided greater support to dissipation datasets than the SFO
(Srinivasan et al., 2014). Sarmah and Rohan (2011) reported RMSE values between 0.41 and
26.08 while modeling the dissipation of 4-n-nonylphenol and bisphenol-A. Srinivasan et al.
(2014) reported RMSE 0.6 to 23.9 in deriving dissipation endpoints of sulfamethoxazole using
different models. As a normalized statistic that determines the relative magnitude of the residual
variance compared to the measured data variance, NSE values > 0.59 were reported by Pullan et
al. (2016) to indicate a good model performance for predictions of pesticide concentrations.

The FODED model assumes that only the solid-water phase, accessible to
microorganisms, shows a faster degradation while the phase sorbed to soil particles is slowly

degraded (Sarmah and Rohan, 2011a). The FOMC model has some mechanistic background
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(Gustafson and Holden, 1990; Srinivasan et al., 2014) as its accounts accounted for soil
heterogeneity by dividing it into a large number of sub-compartments each with a different first-
order degradation rate constant (Gustafson and Holden, 1990). In previous studies the FOMC
better explained the behavior of propoxycarbazone in soil and water than did the SFO model
(Vargas-Perez et al., 2019).

The good fit provided to dissipation data by biphasic models might be due to the
decrease, with time, of the fraction of pesticide available for degradation, which can induce a
decrease in the rate of the herbicide diffusion to organisms for degradation at the later stage of
the dissipation process (Scow, 1993). The activity of degrading soil microorganisms may also
decrease with time due to a limited availability of nutrient and carbon sources under laboratory
conditions (Lucas and Jones, 2006; Scherr et al., 2008). Seasonal changes in temperature and/or
moisture can also change degradation patterns for dissipation studies under field conditions

(FOCUS, 2006).

Comparisons of dissipation endpoints

Mean comparison revealed significant differences between S-metolachlor dissipation
endpoints predicted by SFO, FOMC and FODED at 25, 50, 75, and 90% dissipation (P < 0.05).
In all four cases (25, 50, 75 and 90%) endpoints predicted by the SFO were different from those
predicted by the FOMC and FODED (P < 0.05). However, there was no difference between
dissipation endpoints predicted by FOMC and FODED (P > 0.05). At 25 and 50% S-metolachlor
dissipation SFO showed greater endpoint values of 2.5 and 6.1 days, respectively, but the
endpoints predicted by the FOMC and FODED were 1.4 and 1.6 days, and 4.3 and 4.3 days for

25 and 50% dissipation, respectively (Fig. 5. 3). On the contrary, dissipation endpoints predicted
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by the SFO were smaller than those predicted by the two other models at 75 and 90% dissipation.
The SFO predicted 12.2 and 20.2 days for 75 and 90% dissipation, respectively, while FOMC
and FODED predicted 14.6 and 15 days for 75% dissipation and 53.3 and 53.3 days for 90%
dissipation, respectively.

The gap between SFO and the FOMC and FODED predictions increased with increasing
time of dissipation (Fig. 5. 3). This trend supported results obtained in bias calculations that
reported under-prediction of the dissipation by the SFO (Table 5. 3, Fig. 5. 2). Similar results had
previously been reported in the literature. Herman and Scherer (2006) reported large systematic
deviations from experimental data especially apparent at low residues around the DTy values.
Likewise, Zimdahl et al. (1994) reported that the SFO predicted a faster dissipation later in the
degradation process and ignored small residues remaining late in the dissipation process.
According to Gustafson and Holden (1990), the assumption of linearity of the SFO is generally
violated to a wide degree by the time 90% of the material has dissipated. The FOMC, as a simple
non-linear first-order kinetic model, accounts for soil heterogeneity or spatial variability,
provides an excellent fit to both laboratory and field dissipation data (Gustafson and Holden,

1990).

Conclusion

Five dissipation kinetics models were tested for their performance to predict S-
metolachlor dissipation in soil samples collected from the field, spiked and incubated in a growth
chamber. Results from this study showed that the BEXP and FOTC models were not acceptable
for data analysis because their parameters were not all different from zero. The three models

SFO, FOMC and FODED had all optimized parameters different from zero and were used for
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making inference S-metolachlor dissipation endpoints. In comparison to the two biphasic
models, the SFO provided the least support to data and predominantly under-predicted S-
metolachlor residues during the later stages of the dissipation process. The SFO predicted larger
dissipation endpoints, or slower degradation, for 25 and 50% dissipation compared to FOMC and
FODED. On contrary, it predicted smaller dissipation endpoints, or faster degradation, than the
two biphasic models at 75 and 90% dissipation. Biphasic models were superior and predicted
more accurate dissipation endpoints. However, because the SFO is a simple model with only two
parameters to be estimated from data, it can still be an acceptable model for the prediction of
half-lives when data points are limited. The gap between half-lives predicted by the SFO and
biphasic models was smaller than that between endpoints for greater S-metolachlor dissipation
such as 75% and 90%. Caution might be required when making inference about 90% dissipation
of pesticides in the soil using the SFO. For datasets with a greater number of data points the use
of biphasic models FOMC (3 parameters) and the FODED model (4 parameters) might provide

more accurate predictions of pesticide dissipation in the soil.

126



References

Aldworth J, Jackson S (2008) Statistical tools for determining appropriate selection of regression
models for analysis of environmental fate datasets. Pest Management Science 64: 536-543.

Anderson DR (2008) Model Based Inference in the Life Sciences: A Primer on evidence.

Burnham K, Anderson D (2001) Kullback-Leibler information as a basis for strong inference in
ecological studies. Wildlife Research 28: 111-119.

Burnham K, Anderson D (2004) Multimodel inference - understanding AIC and BIC in model
selection. Sociological Methods & Research 33: 261-304.

Burnham K, Anderson D, Huyvaert K (2011) AIC model selection and multimodel inference in
behavioral ecology: some background, observations, and comparisons. Behavioral Ecology
and Sociobiology 65: 23-35.

Busi R (2014) Resistance to herbicides inhibiting the biosynthesis of very-long-chain fatty acids.
Pest Management Science 70: 1378-1384.

Carpio MJ, Marin-Benito JM, Sanchez-Martin MJ, Rodriguez-Cruz MS (2021) Accelerated
dissipation of two herbicides after repeated application in field experiments with
organically-amended soil. Agronomy-BASEL 11.

Chen JF, Jiang XS, Tong TL, Miao S, Huang J, Xie SG (2019) Sulfadiazine degradation in soils:
Dynamics, functional gene, antibiotic resistance genes and microbial community. Science
of the Total Environment 691: 1072-1081.

Etzerodt T, Mortensen AG, Fomsgaard IS (2008) Transformation kinetics of 6-
methoxybenzoxazolin-2-one in soil. Journal of Environmental Science and Health Part B-
Pesticides Food Contaminants and Agricultural Wastes 43: 1-7.

Focus (2006) Guidance document on estimating persistence and degradation kinetics from
environmental fate studies on pesticides in EU registration. Pages 434 in E.D.R.S. Report
of the FOCUS Work Group on Degradation Kinetics, ed.

Gluhar S, Kaurin A, Grubar T, Prosen H, Lestan D (2019) Dissipation of mecoprop-P,
isoproturon, bentazon and S-metolachlor in heavy metal contaminated acidic and
calcareous soil before and after EDTA-based remediation. Chemosphere 237: 9.

Gustafson D, Holden L (1990) Nonlinear pesticide dissipation in soil: A new model based on
spatial variability. Environmental Science & Technology 24: 1032-1038.

Herman RA, Scherer PN (2003) Comparison of linear and nonlinear regression for modeling the
first-order degradation of pest-control substances in soil. Journal of Agricultural and Food
Chemistry 51: 4722-4726.

127



Herman RA, Scherer PN (2006) Fit of four curve-linear models to decay profiles for pest control
substances in soil. Journal of Agricultural and Food Chemistry 54: 4343-4349.

Hill B, Schaalje G (1985) A 2-compartment model for the dissipation of deltamethrin in soil.
Journal of Agricultural and Food Chemistry 33: 1001-1006.

Kirksey K, Hayes R, Krueger W, Mullins C, Mueller T (1996) Clomazone dissipation in two
Tennessee soils. Weed Science 44: 959-963.

Lucas SD, Jones DL (2006) Biodegradation of estrone and 17 beta-estradiol in grassland soils
amended with animal wastes. Soil Biology & Biochemistry 38: 2803-2815.

Ma Q, Rahman A, Holland P, James T, McNaughton D (2004) Field dissipation of acetochlor in
two New Zealand soils at two application rates. Journal of Environmental Quality 33: 930-
938.

Mojasevic M, Helling CS, Gish TJ, Doherty MA (1996) Persistence of seven pesticides as
influenced by soil moisture. J. Environ Sci Health B31:469-476.

Mantzos N, Karakitsou A, Nikolaki S, Leneti E, Konstantinou I (2016) Dissipation and transport
of quizalofop-p-ethyl herbicide in sunflower cultivation under field conditions.
Environmental Science and Pollution Research 23: 3481-3490.

Mazerolle M (2019) AICcmodavg: Model selection and multimodel inference based on

(QAIC(c).

Moriasi DN, Arnold, JG, Van Liew MW, Bingner RL, Harmel RD, Veith TL (2007) Model
evaluation guidelines for systematic quantification of accuracy in watershed simulations.
Transactions of the ASABE 50: 885-900.

Mueller T, Banks P, Bridges D (1990) Dissipation of flurtamone in 3 Georgia soils. Weed
Science 38: 411-415.

Mueller T, Boswell B, Mueller S, Steckel L (2014) Dissipation of fomesafen, saflufenacil,
sulfentrazone, and flumioxazin from a Tennessee soil under field conditions. Weed Science
62: 664-671.

Mueller T, Shaw D, Witt W (1999) Relative dissipation of acetochlor, alachlor, metolachlor, and
SAN 582 from three surface soils. Weed Technology 13: 341-346.

O'Connell P, Harms C, Allen J (1998) Metolachlor, S-metolachlor and their role within
sustainable weed-management. Crop Protection 17: 207-212.

R Core Team R (2020) R: A language and environment for statistical computing. Vienna,
Austria: R Core Team (2020).

128



Reyes CC, Zimdahl RL (1989) Mathematical-description of trifluralin degradation in soil. Weed
Science 37: 604-608.

Scow KM (1993) Effect of sorption-desorption and diffusion processes on the kinetics of
biodegradation of organic chemicals in soil. SSSA Special Publication No. 32: 73-114.

Sarmah A, Close M (2009) Modelling the dissipation kinetics of six commonly used pesticides
in two contrasting soils of New Zealand. Journal of Environmental Science and Health Part
B-Pesticides Food Contaminants and Agricultural Wastes 44: 507-517.

Sarmah AK, Rohan M (2011a) Evaluation of four mathematical models to describe dissipation
kinetics of 4-n-nonylphenol and bisphenol-A in groundwater-aquifer material slurry.
Journal of Environmental Monitoring 13: 157-166.

Sarmah AK, Rohan M (2011b) Evaluation of four mathematical models to describe dissipation
kinetics of 4-n-nonylphenol and bisphenol-A in groundwater-aquifer material slurry.
Journal of Environmental Monitoring 13: 157-166.

Scherr FF, Sarmah AK, Di HJ, Cameron KC (2008) Modeling degradation and metabolite
formation kinetics of estrone-3-sulfate in agricultural soils. Environmental Science &
Technology 42: 8388-8394.

Shaner D (2012) Field dissipation of sulfentrazone and pendimethalin in Colorado. Weed
Technology 26: 633-637.

Shaner D, Henry W (2007) Field history and dissipation of atrazine and metolachlor in Colorado.
Journal of Environmental Quality 36: 128-134.

Srinivasan P, Sarmah A, Rohan M (2014) Deriving sulfamethoxazole dissipation endpoints in
pasture soils using first order and biphasic kinetic models. Science of the Total
Environment 488: 146-156.

Vargas-Perez M, Gonzalez FJE, Frenich AG (2019) Evaluation of the behaviour of
propoxycarbazone herbicide in soils and water under different conditions. Post-targeted
study. Ecotoxicology and Environmental Safety 183.

Wallach D, Makowski D, Jones J (2006) Working with dynamic crop models: evaluation,
analysis, parameterization, and applications: ELSEVIER. Pp. 447.

Wauchope RD, Buttler TM, Hornsby AG, Augustijnbeckers PWM, Burt JP (1992) The SCS
ARS CES pesticide properties database for environmental decision-making. Reviews of
Environmental Contamination and Toxicology 123: 1-155.

Westra E, Shaner D, Westra P, Chapman P (2014) Dissipation and leaching of pyroxasulfone
and S-metolachlor. Weed Technology 28: 72-81.

129



Zimdahl R, Cranmer B, Stroup W (1994) Use of empirical equations to describe dissipation of
metribuzin and pendimethalin. Weed Science 42: 241-248.

130



Tables and Figures

Table 5. 1. Five candidate models parameters’ optimized values, standard errors, t values and
significance levels from a field experiment conducted during the summer 2019 at the Milo J.
Shult Agricultural Research & Extension Center (University of Arkansas, Fayetteville, AR
36°05.970 N and 94°10.741W) to evaluate the performance of five mathematical models for
predicting the dissipation endpoints of S-metolachlor. Soil samples collected in the field were
spiked and incubated in the laboratory. Final spiked concentration of 0.9375 mg kg™! dry weight
soil

Model' Parameters Estimate Std. Error? t value P([t)’
Co 94.649 1.558 60.76 <2e-16***
SFO k 0.113 0.005 22.60 <De-16%**
Co 100.796 1.433 7035 <2e-16%**
FOMC 0 3.733 0.631 5915 1.27E-08%**
a 0.869 0.080 10.85 <2e-16***
Co 100.687 1.383 72779 <2e-16***
BEXP ki -0.011 0.007 -1.66  0.0986
k 0.002 0.0002 13.88 <2e-16***
C, 67.640 4.114 16.44 <2e-16%**
FODED Ch 32.396 4.183 775 3.55e-13 ***
ki 0.262 0.028 044 <De-16%**
k 0.022 0.004 4.99 1.20e-06 ***
Co 68.175 4.124 16.53 < 2e-16 ***
FOTC ki 3.002 12.152 0.25 0.805
k 0.022 0.004 505 9.24e-07 ***
ke 2.735 12.128 023 0.822

ISFO: single first-order kinetic, FOMC: Gustafson and Holden or First-order, multi-compartment
(FOMC), BEXP: quadratic or bi-exponential model, FODED: first-order, double-exponential
decay, and FOTC: first-order two components.

2Std. Error: standard error

3 Asterisks (**%) next to p-value (labelled Pr(>[t|)) indicate parameter estimates significantly
different from 0 (a. = 0.05).
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Table 5. 2. Model ranking using AICc, A; and w; for S-metolachlor concentration evolution with
time (in spiked soils) in soils collected from a field experiment conducted during the summer
2019 at the Milo J. Shult Agricultural Research & Extension Center (University of Arkansas,
Fayetteville, AR 36°05.970 N and 94°10.741W).

Model! AICc? AP wi' Cum. Wi’ LL®
FODED 1586.54 0 0.99 0.99 -788.13
FOMC 1595.61 9.07 0.01 1 -793.71
SFO 1717.94 131.40 0 1 -855.92

ISFO: single first-order kinetic, FOMC: Gustafson and Holden or First-order, multi-compartment
(FOMC) and FODED: first-order, double-exponential decay. Models are ordered from lowest to
highest AICc with the lowest AICc being the model with the most support to S-metolachlor
dissipation data and considered the best model,

2AICc, is the second-order bias corrected Akaike’s Information Criterion

3Ai is a measure of the distance between each model in the set of candidate models and the top
model

“wi is the probability of each model in the set of candidate models

SCum.Wi is the cumulative weight

SLL, is the log-likelihood of the model parameters

Table 5. 3. SFO, FOMC, and FODED goodness of fit to S-metolachlor dissipation data obtained
from of S-metolachlor added to soils collected from a field experiment conducted during the
summer 2019 at the Milo J. Shult Agricultural Research & Extension Center (University of
Arkansas, Fayetteville, AR 36°05.970 N and 94°10.741W).

Model' Bias RMSE? MAE NSE
FODED -0.04 8.42 5.08 0.93
FOMC 0.05 8.64 541 0.93

SFO 3.08 11.43 9.16 0.88

ISFO: single first-order kinetic, FOMC: Gustafson and Holden or First-order, multi-compartment
(FOMC), and FODED: first-order, double-exponential decay.

2RMSE, MAE, and NSE are the root mean square error, mean absolute error, and Nash-Sutcliffe
efficiency, respectively.

132



resid

.resid

.resid

-20

100

50

100

50

40

20

25 5 75 100

0
fitted

25 5 75 100

0
fitted

Figure 5. 1. Residual plots for S-metolachlor dissipation kinetics (spiked at 0.9375 mg kg™ dry
weight soil) from soils samples collected at 1 DAP from a field experiment conducted during the
summer 2019 at the Milo J. Shult Agricultural Research & Extension Center (University of
Arkansas, Fayetteville, AR 36°05.970 N and 94°10.741W). A: SFO: single first-order kinetic, B:
FOMC: Gustafson and Holden or First-order, multi-compartment (FOMC), C: FODED: first-
order, double-exponential decay.
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Figure 5. 2. Dissipation kinetics of S-metolachlor in soils (0.9375 mg kg™ dry weight soil)
collected from a field experiment conducted during the summer 2019 at the Milo J. Shult
Agricultural Research & Extension Center (University of Arkansas, Fayetteville, AR 36°05.970
N and 94°10.741W), to evaluate the performance of five mathematical models for predicting the
dissipation endpoints of S-metolachlor. Error bars indicate standard error. Single first-order
kinetic (dashed line), First-order, multi-compartment (dotted line) and first-order, double-
exponential decay (solid line). Error bars indicate standard error.
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Figure 5. 3. S-metolachlor dissipation endpoints prediction in soils (0.9375 mg kg™ dry weight
soil) collected from a field experiment conducted during the summer 2019 at the Milo J. Shult
Agricultural Research & Extension Center (University of Arkansas, Fayetteville, AR 36°05.970

N and 94°10.741W). Error bars indicate standard error. SFO: Single first-order kinetic, FOMC:
First-order, multi-compartment, FODED: First-order, double-exponential decay.
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Transpiration responses of herbicide-resistant and susceptible Palmer amaranth

[Amaranthus palmeri (S.) Wats.] to progressively drying soil

Abstract

Drought events are predicted to become more prevalent in the future. Evaluating the performance
of herbicide-resistant and susceptible weed ecotypes to progressive drought can provide insights
into whether the resistance trait(s) increased or reduced the fitness of the resistant population.
Two separate greenhouse experiments were conducted between January and May 2021 to
evaluate the drought tolerance differences between S-metolachlor-resistant and susceptible
Palmer amaranth accessions and between glyphosate-resistant and susceptible plants differing by
the number of 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) gene copy number. The
accessions used were: S-metolachlor-resistant (17TUN-A), a susceptible standard (09CRW-A),
and glyphosate-resistant (21.5 to 164.7 gene EPSPS copies) and glyphosate-susceptible (2.7 to
10 EPSPS copies) plants from accession 16CRW-D. Daily transpiration of each plant was
measured. The daily transpiration rate of drought-stressed plants was converted to normalized
transpiration ratio (NTR) using a double-normalization procedure. The daily soil water content
was expressed as a fraction of transpirable soil water (FTSW). The threshold FTSW (FTSW;),
after which NTR decreases linearly, was estimated using a two-segment linear regression
analysis. The data showed differences between S-metolachlor- resistant and -susceptible
accessions (P < 0.05), while no differences (P > 0.05) were detected between glyphosate-
resistant and glyphosate-susceptible plants. The FTSW remaining in the soil at the breakpoint for
the S-metolachlor-susceptible accession (09CRW-A) was 0.17+£0.007. The FTSW remaining in
the soil at the breakpoint for the S-metolachlor-resistant accession (17TUN-A) was 0.23+0.004.

The glyphosate-resistant plants with an increase in EPSPS gene copy number were not more
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drought-tolerant than the glyphosate-susceptible without an increase in EPSPS gene copy. But,
the S-metolachlor-resistant accession showed a greater drought tolerance than the susceptible
accession (09CRW-A). However, tolerance to drought may not only be due to S-metolachlor

resistance.
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Introduction

Drought can negatively affect physiological and biochemical processes and provoke yield
reduction (Khan et al., 2018). As the world’s largest exporter of major grain and oilseed crops,
the United States accounted for 49% and 46% of total global exports of corn (Zea mays L.) and
soybean [Glycine max (L.) Merr.], respectively, between 2008 and 2010 (Boyer et al., 2013).
However, the occurrence of the ‘flash drought’ event in the US in 2012 disrupted the production
of major crops and affected international grain markets (Boyer et al., 2013). This most
detrimental drought of the past century in the US Midwest had a greater impact on agricultural
systems (crop and grassland) than on forests (Jin et al., 2019). Unfortunately, drought frequency
and severity are likely to increase in the future (Jin et al., 2019; Liu and Basso, 2020; Lobell et
al., 2020). Consequently, yields of crops such as corn and soybean are predicted to decline by 8-
21% (Bowling et al., 2020). Under rainfed conditions, seasonal water supply and soil water
holding capacity are major determinants of crop productivity (Kropff and van Laar, 1993). The
largest corn and soybean production area, the US Corn Belt, is 92% rainfed; thus, vulnerable to
climate variability and droughts (Kimm et al., 2020). Also, under irrigated conditions, irrigation
does not always fully supply crop water demand during drought (Grassini et al., 2015).

Evapotranspiration (ET), a combination of water used by plants via transpiration and
direct soil water loss via evaporation, provides valuable information about soil moisture
availability (Yang et al., 2021). Plant transpiration is a key component of soil water consumption
that needs to be understood; it is a crucial physiological process and is closely related to biomass
production (Li et al., 2020). Under drought conditions, plants can sense water stress around the
roots and respond by sending chemical signals such as abscisic acid (ABA) to close stomata

(Saradadevi et al., 2017). The determination of the threshold value for the initiation of stomatal
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closure is critical for understanding plant physiological responses to drought (Sinclair, 2012).
However, a major challenge in studying plant responses to soil drying is the ability to
characterize soil water content in a way that is relevant to biological processes (Cathey et al.,
2013). The simple method of volumetric measure of soil water content was reported to be a good
predictor of physiological response in plants [Sinclair and Ludlow, 1985; Ray et al., 2002; Ray
and Sinclair (1997, 1998)].

The fraction of transpirable soil water (FTSW) is defined as the amount of water
available to plants at any given time in the drying cycle relative to the total amount of water
available for transpiration at the pot-holding capacity. Plant transpiration in response to a drying
soil has been well characterized by previous research and reported to display two phases (the
initial plateau where transpiration is optimal and a linear decline in response to a drying soil) that
are connected by a breakpoint also known as threshold value for the initiation of stomatal closure
[Sinclair and Ludlow, 1985; Ray et al., 2002; Ray and Sinclair (1997, 1998)]. The threshold
value (FTSW,) is a crucial parameter for comparing accessions and genotypes. Differences in
threshold values at which transpiration begins to decline can provide valuable information about
plants water use pattern and stomatal closure during a drying cycle (Ray et al., 2002; Ray et al.,
1997; Ray and Sinclair, 1997). Palmer amaranth [Amaranthus palmeri (S.) Wats.] has the ability
to adapt to various stress conditions (Bravo et al., 2018). It uses osmoregulation to keep stomates
open during drought to continue carbon fixation (Ehleringer 1983).

Previous research documented the association of herbicide resistance traits with fitness
cost and competitive disadvantages in the absence of herbicide selection (Butts et al., 2018;
Tardif et al., 2006). Additionally, gene families (P450s and GSTs) involved in non-target site

resistance play a critical role in plant protection against and survival to adverse climatic
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conditions (Montellano, 2005). In Arkansas, Palmer has evolved a target-site resistance to
glyphosate due to EPSPS gene amplification (Singh et al., 2018) and a non-target-site resistance
to S-metolachlor due GSTs (Brabham et al., 2019; Rangani et al., 2021). Understanding the
impact of EPSPS gene amplification and S-metolachlor-resistance on Palmer amaranth
transpiration during a drying cycle can improve our understanding of weed resistance
evolutionary ecology. The objective of this research was to quantify the transpiration changes
that occur in herbicide-resistant and susceptible Palmer amaranth accessions when they are

submitted to a progressive drying cycle.

Materials and Methods

Two separate greenhouse experiments were conducted from January to May 2021 at the
Milo J. Shult Agricultural Research & Extension Center (University of Arkansas, Fayetteville)
and repeated in time to evaluate drought tolerance differences both between S-metolachlor-,
resistant and susceptible populations and between glyphosate- resistant and susceptible plants of

the same accession differing by the number of EPSPS gene copy number.

Impact of EPSPS gene copy number on Palmer amaranth transpiration
Plant material preparation

Palmer amaranth accession 16CRW-D is resistant to glyphosate due to an increase in 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS) gene copy number (Singh et al., 2018) and
was used for this study. Seeds of I6CRW-D were collected in Crawford County (Arkansas) in
2016. One hundred seeds were planted in 50-cell trays filled with Sunshine ® Premix #1 (Sun

Gro Horticulture, Bellevue, WA). When seedlings reached 8 cm in height, they were
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transplanted to 13 cm x 11 cm (diameter-by-depth) pots using the same soil. Plants were
fertilized weekly using a water-soluble, all-purpose plant food (Scotts Miracle-Gro Products,
Marysville, OH) containing 24% N, 8% P, and 16% K.

Plant tissue was collected to determine the relative EPSPS gene copy number using the
method described by Singh et al. (2018). Briefly, genomic DNA was extracted from
approximately 100 mg of leaf tissue using a modified CTAB protocol and quantified using a
NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE). The EPSPS gene copy
number was determined by quantitative real-time polymerase chain reaction (qPCR) relative to
the A36 gene (Singh et al., 2018). The A36 primers were designed using Biolign and Primer 3
software from sequences of the Amaranthus genus: A36 F244 (S'TTGGAACTGTC
AGAGCAACC3') and A36 R363 (55GAACCCACTT CCA CCAAAAC3'). To amplify the
EPSPS gene, the primer sets EPSPS1ICNF (S’ATGTTGGACGCT CTCAGAACTCTTGGT3')
and EPSPS1CNR (5 TGAATTTCCTCCAGCAACGGCAA3Z') were used. Two technical
replicates of genomic DNA template (20 ng) were amplified in a 10-uL reaction volume using
Sybr-Green master mix (Bio-Rad, Hercules, CA). For the qPCR, the 10-uL reactions were
prepared using a Master-mix composed of 5 uL SYBR-itaq (Bio-Rad, Hercules, CA), 0.5 uL of 5
uM forward primer, 0.5 pL of 5 uM reverse primer, 3 pL. water and 1 pLL gDNA. The thermo-
profile used was 95°C for 15 min, then 30 cycles of 95°C for 30 s and 60°C for 1 min. Real-time
fluorescence data were captured during the amplification cycles. Melt-curve analysis was
conducted by holding the samples at 95°C for 5 min, then reducing the temperature to 55°C for 5
min, followed by increasing the temperature by 0.5°C every 10 s to 95°C.

Selected plants of similar size (25 cm height) were used for the experiment and

transplanted into pots, 19 cm x 17 cm pots (diameter-by-depth), at the same depth of 11 cm. Two
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and half kilograms of a mixed soil, 1:1 mixture ratio of field soil and Sunshine ® Premix #1 (Sun
Gro Horticulture, Bellevue, WA) and field soil were weighed for all pots. The field soil, a
Roxana silt loam soil (USDA-SCS, 1979) characterized by pH 7.3, 112 pumhos/cm EC, 0.04%
total N and 0.4% total C, was collected at the Vegetable Research Station of the University of

Arkansas near Kibler (AR).

Differences in drought tolerance between S-metolachlor-susceptible and resistant accessions
Plant material preparation

The resistant and susceptible accessions referred to as 17TUN-A and 09CRW-A,
respectively, were used for the experiment. Accession 17TUN-A showed resistance to S-
metolachlor and resistant plants required up to 5 times more S-metolachlor to reduce seedling
emergence 50%. Seeds of accessions 099CRW-A and 17TUN-A were collected in Crawford
County (Arkansas) in 2009 and Tunica County (Mississippi) in 2017, respectively. One hundred
seeds of each accession, 099CRW-A and 17TUN-A, were grown in 50-cell tray using commercial
soil as described experiment 1. Seedling 8 cm in height were transplanted to 13 cm x 11 cm
(diameter-by-depth) pots filled with commercial soil. Plants were fertilized weekly using a
water-soluble, all-purpose plant food. Selected plants of similar size were used for the
experiment and transferred into pots, 19 cm x 17 cm pots (diameter-by-depth), at a constant
depth of 11 cm when they reached 25 cm height. Two and half kilograms of a mixed soil, 1:1

mixture ratio of field soil and Sunshine ® Premix #1 and field soil were weighted for all pots.

Dry-down treatment
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The experiment was conducted as a completely randomized design with six replications
(Figure 6. 1) and pots were moved around during the experiment. The drought factor had two
levels (well-watered and water-deficit). The method used was adapted from previous research
(King and Purcell, 2017). The plants were watered daily and weekly fertilized with a water-
soluble, all-purpose plant food (Scotts Miracle-Gro Products, Marysville, OH) until dry down
imposition. The evening before starting dry down, pots were saturated and allowed to drain
overnight. The pots were enclosed in black plastic bags (Ray and Sinclair, 1997; Schmidt et al.,
2011) and each bag opening was sealed around the plant stem with twist ties to minimize
evaporation. A 6-mL syringe barrel was inserted between the base of the plant and the plastic
bag for water replenishment. Newly bagged pots were weighed to obtain an estimate of
gravimetric water content at water holding capacity. The pots were weighed daily at 4 pm and in
the same order for the duration of the experiment. Daily transpiration was calculated as the
difference in mass of each pot on successive days. To maintain well-watered conditions but
prevent anaerobic conditions in the control pots (Ray and Sinclair, 1998), the plants were
maintained at 80% of well-watered pot-capacity weight. For the water stress treatments, the six
plants of each accession were watered to a target level of 50 mL below the amount of water lost
via transpiration in the past 24 h, starting at the beginning of drought stress treatment. Five pots
with water-saturated soil in the greenhouse, without plants, were used to estimate daily

evaporation rate.

Daily transpiration and normalized transpiration ratio
The transpiration data were analyzed using a double normalization procedure (Ray and

Sinclair, 1998; Sinclair and Ludlow, 1986). A first normalization minimized the influence of
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daily fluctuations in transpiration on the transpiration rate (TR) of stressed plants across days
(Ray and Sinclair, 1997; Sinclair and Ludlow, 1986), by normalizing daily transpiration rates for
the stressed plants divided by the average for non-stressed plants for the same day (Ray and

Sinclair, 1998) using equation 6. 1:

Transpiration of stressed plant

Transpiration rate (TR) of stressed plant = [6. 1]

Average transpiration of control plant
The second normalization, normalized transpiration ratio (NTR), allowed the normalized
transpiration rate of each plant to be centered on a value of 1. A mean TR was calculated for
each plant for the first 3 d of the experiment when the soil water content in each pot was high
(Ray and Sinclair, 1997; Sinclair and Ludlow, 1986). The daily TR for each stressed plant was
divided by the mean TR of the same plant during the well-watered stage to give a daily
normalized transpiration ratio (NTR) (Ray and Sinclair, 1997; Ray and Sinclair, 1998) as shown

in equation 6. 2.

Daily TR
Average TR of the first3 d

Normalized tranpiration ratio (NTR) = [6. 2]

The treatments were maintained for each resistant or susceptible accession or plant until NTR
value dropped below 0.1, defined as the endpoint of the drying cycle (Ray and Sinclair, 1997;

Sinclair and Ludlow, 1986).

Drought stress level in the root zone

The FTSW was defined as the amount of gravimetric water available for plant
transpiration at any given time during the drying cycle relative to the total amount of water
available for transpiration at the pot-holding capacity. Determination of the FTSW was

accomplished using equation 6. 3:

Daily pot weight—Final pot weight

daily FTSW = [6. 3]

Initial pot weight—Final pot weight
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Calculations of FTSW were achieved with the average of the beginning and ending interval pot

weights of each day (King and Purcell, 2017; King et al., 2009).

Data analysis

The relationship between NTR and FTSW were quantified using a two-segment linear
regression analysis (Ray et al., 2002; Ray and Sinclair, 1997; Ray and Sinclair, 1998). The NTR
calculated for each pot on each day was plotted for each accession versus the corresponding
FTSW. The two-segment linear regression analysis was accomplished, for the six drying pots
studied for the S-metolachlor- resistant and susceptible accessions and the glyphosate- resistant
and susceptible plants, using nonlinear least squares regression (nls) of R version 4.0.0 (R Core
Team, 2020). The intersection of the two linear regressions is the FTSW at the breakpoint in the
soil drying cycle. The resulting R? for the regression analysis and breakpoint values for the NTR
for each accession were determined and differences between breakpoints were compared using
confidence intervals (a = 0.05) (Cathey et al., 2013; King et al., 2009; Sinclair et al., 2015;

Sinclair et al., 2018).

Results and Discussion

Differential response of S-metolachlor-resistant and suceptible accessions to daily tranpiration
The two-segmented linear regression analysis (Devi and Reddy, 2020) was used to relate NTR to
FTSW for plants submitted to progressive drying treatment (Figure 6. 1). The breakpoints at
which each accession initiates stomatal closure were compared using their respective confidence
intervals. The NTR response of A. palmeri to progressive drying soil followed the two-

segmented linear regression with R? values ranging between 0.85 and 0.93 (Table 6.1; 6. 2). The
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FTSWecr of the two accessions differed (P < 0.05) (Table 6. 1), but no differences existed
between breakpoints for the same accession across runs (P > 0.05); therefore, data were pooled
across runs for each accession. The S-metolachlor-resistant accession 17TUN-A had a greater
FTSWcr than the S-metolachlor-susceptible accession 099CRW-A, indicating that the S-
metolachlor-resistant accession started reducing its transpiration at higher threshold levels of
0.23 £0.004 with an R? value of 0.93. The S-metolachlor-susceptible accession 099CRW-A
started reducing its transpiration at a lower FTSWecr of 0.17+0.007 with an R? value of 0.85.
Advantages of early and late breakpoints are interpreted diversely by authors and depend on
drought scenarios (Fuentealba et al., 2016; Miller, 2000). With smaller FTSWecr in this study, the
S-metolachlor-susceptible accession is likely to sustain its normal transpiration and prevent
growth reduction during short-term water stress (Fuentealba et al., 2016). On the contrary, the S-
metolachlor-resistant accession with greater FTSWecr has a greater advantage under long-term
water stress and drier conditions (Sinclair et al., 2015). Because the S-metolachlor-resistant
accession closed its stomates early, it has the ability to conserve water and may increase its
probability of survival under long-term drought conditions by delaying severe stress (Cathey et
al., 2013; Devi et al., 2009; Ray and Sinclair, 1997; Sinclair, 2012).

S-metolachlor resistance reported in Arkansas is attributed to an increase in the
metabolism of the herbicide in the plants catalyzed by glutathione S-transferases (GSTs)
(Brabham et al. 2019; Rangani et al. 2021). As multifunctional enzymes encoded by large gene
families, GSTs are known to have a protection role against different biotic and abiotic stresses
including xenobiotics and oxidative stress (Lee et al., 2011; Montellano, 2005). An

overexpression of GST genes might have improved drought tolerance in the resistant accession.
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GSTs have been used to confer drought tolerance to transgenic tobacco (George et al., 2010; Ji et
al., 2010; Liu et al., 2013) and transgenic Arabidopsis plants (Xu et al., 2018; Yang et al., 2019).
Conclusions drawn from experiment are constrained by the different genetic backgrounds
of each of the accessions (Giacomini et al., 2014; Butts et al., 2019) and the fact that the
accessions (17TUN-A and 09CRW-A) were not fully screened for other herbicide resistances.
However, these results provided initial evidence that the evolution of metabolic resistance to S-

metolachlor, as discussed above, can increase drought tolerance.

No impact of EPSPS gene amplification on threshold value for stomatal closure

The relative EPSPS gene copy number detected in 16CRW-D was variable and ranged
between 2.7 and 226.5. Twelve plants with increased copy number between 21.5 and 164.7 and
twelve plants without increase in gene copy number [copy number < 10 (Singh et al. (2018)]
were selected for each run. Results showed no differences in the FTSWcr between plants with an
increase EPSPS gene copy number and plants with no increase in gene copy number (P > 0.05).

The presence of an increase in EPSPS gene copy number in accession 16CRW-D did not
induce any difference for the breakpoint (P > 0.05) (Figure 6. 3; Table 6. 2). This result is
consistent with other studies that also reported a lack of fitness of cost associated with increased
EPSPS gene copy in glyphosate-resistant kochia (Osipitan and Dille, 2019), or in glyphosate-
resistant Palmer amaranth (Vila-Aiub et al., 2014; Giacomini et al., 2014). According to Vila-
Aiub et al. (2019) glyphosate resistance associated with target-site EPSPS mutations are more
likely to reduce EPSPS catalytic activity, thus, endowing a substantial plant fitness cost than

EPSPS gene amplification and overexpression.
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Conclusion

The S-metolaclor-resistant accession was more drought tolerant compared to the suceptible
accession. The metabolic resistance to S-metolachlor is likely one of the factors that contributed
to increased drought tolerance. Other contributing factors to investigate include differences in
genetic background between resistant and susceptible accessions and other NTSR mechanisms
harbored by the resistant plants. In contrast, EPSPS gene amplification did not impact threshold
values for the initiation of stomatal closure. These results demonstrated that Palmer amaranth
accessions with different resistance profile might present different strategies to conserve soil
water that could lead to increasing their competitive abilities for soil water in water-limited
environments. The S-metolachlor-resistant accessions, with a high FTSW threshold value,
exhibited water conservation by limiting its transpiration early in the drought cycle. Early
stomatal closure suggested a high water-use efficiency by continuing carbon assimilation and
utilizing the water efficiently. Further research is needed to fully characterize the influence of

metabolic herbicide resistance evolution on weeds tolerance to abiotic stress.
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Tables and Figures

Table 6. 1. Breakpoint (threshold value for the initiation of stomatal closure), standard error
(SE), R?, and confidence intervals for the plateau regression analysis used to evaluate differences
in drought tolerance between S-metolachlor- susceptible and -resistant Palmer amaranth
accessions submitted to a progressive drought; greenhouse experiment conducted at the Milo J.
Shult Agricultural Research & Extension Center (University of Arkansas, Fayetteville) in 2021.

Accessions Breakpoint* SE R? Confidence intervals®
09CRW-A 0.17a 0.007  0.85 0.15 0.19
17TUN-A 0.23b 0.004 0.93 0.22 0.25

#Means within a column, followed by different letters are different (P < 0.05).
®95% confidence intervals of breakpoints

Table 6. 2. Breakpoint (threshold value for the initiation of stomatal closure), standard error
(SE), R?, and confidence intervals for the plateau regression analysis used to evaluate differences
in drought tolerance between glyphosate- susceptible and -resistant Palmer amaranth accessions,
differing by EPSPS gene copy number, submitted to a progressive drought; greenhouse
experiment conducted at the Milo J. Shult Agricultural Research & Extension Center (University
of Arkansas, Fayetteville) in 2021.

Gene copy number Breakpoint* SE R? Confidence intervals®
Increase 0.25a 0.007 0.90 0.23 0.26
No increase 0.25a 0.008 0.91 0.23 0.25

*Means within a column, followed by the same letter are not significant different (P > 0.05).
95% confidence intervals of breakpoints
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Figure 6. 1. Experimental setup for evaluating the transpiration responses of herbicide-resistant and susceptible Palmer amaranth
(Amaranthus palmeri (S.) Wats.) accessions to progressive drying soil; greenhouse experiment conducted at the Milo J. Shult
Agricultural Research & Extension Center (University of Arkansas, Fayetteville) in 2021.
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Figure 6. 2. Relationship between normalized transpiration ratio (NTR) and fraction of
transpirable soil water (FTSW) during soil drying cycle for S-metolachlor- susceptible (09CRW-
A) and resistant (17TUN-A) accessions of Palmer amaranth; greenhouse experiment conducted
at the Milo J. Shult Agricultural Research & Extension Center (University of Arkansas,
Fayetteville) in 2021.
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Figure 6. 3. Relationship between normalized transpiration ratio (NTR) and fraction of
transpirable soil water (FTSW) during soil drying cycle for glyphosate- resistant and susceptible
Palmer amaranth accessions differing by the number of EPSPS gene copy number; greenhouse
experiment conducted at the Milo J. Shult Agricultural Research & Extension Center (University
of Arkansas, Fayetteville) in 2021.
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General conclusion

In Arkansas, Palmer amaranth is resistant to herbicides of seven sites-of-action, which are 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS) inhibitor, acetolactate synthase (ALS)
inhibitors, microtubule inhibitors, protoporphyrinogen oxidase (PPO) inhibitors, very long chain
fatty acid (VLCFA) inhibitors, glutamine synthetase inhibitors, and hydroxyphenylpyruvate
dioxygenase (HPPD) inhibitors. Resistance evolution results from persistent selection pressure
and S-metolachlor has been labelled for more than 70 crops and used for more than 60 years. The
occurrence of Palmer amaranth resistance to S-metolachlor as a result of long-term use of the
herbicide led us to characterize the current status of resistance in the Mid-southern United States
and evaluate alternative control methods for proactive control of this weed. Also, given the fact
that long-term use (high-use) of some soil-applied herbicides lose efficacy quickly due to
enrichment of some microbial populations that degrade the herbicide, we also investigated
whether resistance to S-metolachlor could be related to increased dissipation rate of the
herbicide. Finally, the importance of this non target site resistance on the drought tolerance of
resistant accessions was investigated using threshold values for the initiation of stomatal closure
of herbicide- susceptible and resistant accessions. Palmer amaranth resistance to S-metolachlor
was documented in four Arkansas counties and one county of Mississippi. Parent populations
and Fi lines required up to 7- and 9.2-times more S-metolachlor, respectively, to reduce seedling
emergence 50%. The half-life of S-metolachlor was longer for fields with high-use (5 to 6 yr)
compared to fields with low-use (0 to 2 yr) history. A sequential application of S-metolachlor
significantly slowed S-metolachlor dissipation compared to the nontreated control. S-metolachlor
dissipation was faster earlier compared to later during the growing season. Model selection and

goodness of fit showed that the biphasic Gustafson and Holden and first-order double-
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exponential decay models better supported data compared to the single first order (SFO) model.
The SFO under-predicted S-metolachlor residues during the later stages of the dissipation
process. The S-metolaclor-resistant accession was more drought tolerant compared to the
suceptible accession. The metabolic resistance to S-metolachlor is likely one of the factors that
contributed to increased drought tolerance. Other contributing factors to investigate include
differences in genetic background between resistant and susceptible accessions and other NTSR
mechanisms harbored by the resistant plants. In contrast, EPSPS gene amplification did not
impact threshold values for the initiation of stomatal closure. These results demonstrated that
Palmer amaranth accessions with different resistance profile might present different strategies to
conserve soil water that could lead to increasing their competitive abilities for soil water in
water-limited environments. The S-metolachlor-resistant accessions, with a high FTSW
threshold value, exhibited water conservation by limiting its transpiration early in the drought
cycle. Early stomatal closure suggested a high water-use efficiency by continuing carbon
assimilation and utilizing the water efficiently. Further research is needed to fully characterize
the influence of metabolic herbicide resistance evolution on weeds tolerance to abiotic stress.
Dissipation is not increased from use, but resistance is occurring and resistance in plant has
consequences for plant function under stress conditions. Continued research into plant

mechanisms and consequences of increasing resistance needs investigation.
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