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Abstract

Atrazine, a photosystem Il inhibitor, is a commonly used herbicide for selective
broadleaf weed control in maize (Zea mays). Rapid detoxification of s-triazine
herbicides is the result of increased glutathione S-transferase (GST) activity in atrazine-
tolerant crops such as maize and grain sorghum (Sorghum bicolor), or in atrazine-
tolerant weeds such as Panicum spp. In previous research, two atrazine-resistant
populations of tall waterhemp (Amaranthus tuberculatus) from central lllinois
(designated ACR and MCR) did not possess a point mutation in psbA (encoding the D1
protein, the target site for atrazine), but rapid production of atrazine-glutathione
conjugates indicated that elevated rates of metabolism may be a major resistance
mechanism. My objective was to utilize traditional protein purification techniques
combined with proteomic methods to further investigate the hypothesis that enhanced
metabolic detoxification of atrazine, catalyzed by distinct GST isozymes, may confer
resistance in ACR and MCR. ACR and MCR showed higher GST specific activities
towards atrazine in partially-purified ammonium sulfate and glutathione affinity-purified
fractions when compared with an atrazine-sensitive waterhemp population (WCS).
One-dimensional gel electrophoresis displayed a large band at approximately 26 kDa,
which is the typical subunit mass of GST subunits. Identification of several GSTs by LC-
MS/MS of glutathione affinity-purified fractions from each population led to the
identification of a phi class GST (ArGSTF1) and two tau class GSTs, based on peptide
sequence similarity with GSTs from Arabidopsis. Elevated constitutive expression levels
of ArGSTF1 in ACR and MCR correlated with atrazine resistance, while expression of

each tau class GST was highest in MCR but low in ACR and WCS.
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Literature Review

The waterhemp problem

In the United States, management of waterhemp [Amaranthus rudis or
Amaranthus tuberculatus (Pratt and Clark, 2001)] has become problematic in maize
(Zea maize) and soybean (Glycine max) cropping systems. Worldwide there are about
75 species belonging to the Amaranthus genus with both monoecious and dioecious
species (Pratt and Clark, 2001; Steckel, 2007). Waterhemp is one of the 10 dioecious
species of amaranth found in North America. Waterhemp is a dicot with a C4
photosynthetic system (Steckel, 2007), and is a summer annual with germination and
emergence periods extending late into the growing season (Hager et al., 2002). This,
along with the decreased used of soil-applied residual herbicides (Sprague et al., 1997)
increased adoption of reduced tillage systems, and the rapid rise of herbicide-resistant
biotypes (Steckel, 2004; Heap, 2014), has resulted in waterhemp becoming a major
problem in corn and soybean production. For example, waterhemp competition can
reduce soybean and corn yields by as much as 56% and 74% respectively (Steckel,
2007). Waterhemp populations have been identified that are resistant to 4-
hydroxyphenylpyruvate dioxygenase inhibitors, acetolactate synthase inhibitors,
protoporphyrinogen oxidase inhibitors, glyphosate, 2,4-D, and photosystem Il inhibitors

(Hausman et al., 2011; Heap 2014).



Photosystem Il inhibitors

Photosystem Il (PSIl) is one of two photochemical reaction centers found in
plants (Buchanan, 2000). The D1 and D2 proteins and chlorophyll P680 are the major
components of this complex. In normal reactions light energy is absorbed by P680. The
excited electrons are then transferred to two plastoquinone molecules at the Q, and Qp
binding sites within the D2 and D1 proteins, respectively. P680 is reduced by electrons
provided by the D1 protein, and reduced plastoquinone then passes the electrons to the

cytochrome bgf complex (Buchanan, 2000; Hess, 2000).

Herbicides that inhibit the PSII mechanism competitively inhibit the binding of
plastoquinone to the Qy, site of the D1 protein. This results in the excitation of
chlorophyll to a triplet state. Triplet chlorophyll, which is unstable, then induces rapid
formation of singlet oxygen. Lipid peroxidation follows as a result of both triplet
chlorophyll and singlet oxygen inducing lipid and hydroxyl radicals, and cell death
quickly follows (Hess, 2000). Chemicals that inhibit PSII belong to many sub-classes
such as dinitrophenols, biscarbamates, phenyl ureas, nitriles, triazinones, and

symmetrical (s)-triazines (Oettmeier, 1992).

Atrazine, an s-triazine, is one of the most commonly used herbicides in maize in
the United States, with an estimated use on 65-70% of all the corn acreage (LeBaron et
al., 2011). Atrazine can be applied either postemergence or preemergence to the soil,
which provides residual control on sensitive dicot weeds up to 60 days depending on
soil conditions (Krutz et al., 2009). Atrazine injury is typically characterized by yellowing
of the older leaves followed by necrosis starting around the leaf margins. This is due to

translocation of atrazine through the xylem only (Lebaron et al., 2011). Resistance to
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atrazine and other PSII inhibitors has arisen from mutations at the site of action and as
a result of enhanced metabolism (Yuan et al., 2007, Nemat Alla et al., 2008, Lebaron et

al., 2011)

Target site based resistance to PSll inhibitors

Target site-based resistance to atrazine and other PSII inhibitors has been
documented in several weeds including several Amaranthus species (Hirschberg and
Mclintosh, 1983; Heap, 2014). Several mutations in the psbA gene, which encodes the
D1 protein, can affect the Qy binding site. This allows plastoquinone to continue to bind,
but blocking the binding of the herbicide. Resistance to the highest use rates of the
particular herbicide results, but at the cost of general productivity due to less efficient
binding of plastoquinone, which results in less efficient electron transport (Holt et al.,
1993; Lebaron et al., 2011). Several amino acid substitutions can result in an insensitive
target site and confer weed resistance to atrazine. These substitutions include Phe-211
to Ser (Gingrich et al., 1988), Ala-251 to Val, Phe-256 to Tyr, Ser-264 to Ala (Lebaron et
al., 2011), and the most common substitution found in Amaranthus and other weeds,

Ser-264 to Gly (Hirschberg and Mclintosh, 1983).

Metabolism based resistance to PSII inhibitors

Resistance to PSII inhibitors can also arise from enhanced herbicide
detoxification due to metabolism. Tolerance to atrazine and other PSII herbicides in
maize, grain sorghum, and wheat results from rapid detoxification mechanisms (Nemat
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Alla et al., 2008). Metabolism-based resistance occurs when the parent herbicide is
altered by plant enzymes, rendering it more water soluble, immobile, and non-toxic.
Metabolism has to occur at a rate high enough to prevent significant herbicide binding to
the site of action. In the case of PSII inhibitors, detoxification has to occur faster than
significant binding of the Qy, site of the D1 protein. There are several classes of plant
enzymes placed into three phases known for their distinct roles in detoxification

reactions in plants.

Phase | is characterized by oxidative enzymes such as cytochrome P450s.
P450s are found in all domains of life and are generally characterized by their ability to
insert an oxygen atom to an aliphatic position of an organic substrate in a
monooxygenase reaction that requires molecular oxygen, NADPH, and electrons from
cytochrome P450 reductases (Buchanan, 2000). P450s are also involved in
dealkylation, deamination, decarboxylation, and other oxidative reactions that result in
more water soluble or reactive products that are ready for Phase Il detoxification

(Riechers et al., 2010).

Glycosyltransferases (UGTSs) are another class of enzymes typical of Phase Il
detoxification reactions. uGTs are characterized by their ability to conjugate xenobiotics
with a sugar molecule. This glycosylation reaction can occur with hydroxyl, carboxyl,
sulfhydryl, and amino functional groups (Bowles et al., 2005). In addition to their roles in
detoxification, uGTs are involved in maintaining plant hormone concentrations (Yuan et
al., 2007). These sugar-conjugated molecules are then targeted for Phase Il

detoxification.



ATP-binding cassette (ABC) transporters are the major proteins involved in the
process of Phase Il detoxification in the tonoplast membrane (Riechers et al. 2010).
ABC transporters use energy derived from the hydrolysis of ATP to actively transport a
variety of conjugated substrates, and are involved in the vacuolar transport of heavy
metals, fatty acids, auxins, phospholipids, and glutathione- or glycosylated herbicide
conjugates (Schulz and Kolukisaoglu, 2006; Riechers et al., 2010). These compounds
are then targeted for cell wall or vacuolar sequestration. For example, glucoside-
conjugated hydroxy-primisulfuron is targeted to the vacuole in Hordeum vulgare
(Gaillard et al., 1994). In this detoxification pathway, a parent herbicide requires
modification by a P450 in Phase | to become more reactive or water soluble, but also
requires conjugation in Phase Il in order to completely detoxify the herbicide since some
hydroxylated or de-alkylated herbicides remain partially phytotoxic or phloem mobile
(Riechers et al., 2010). In Phase I, the conjugated compound is sequestered in the
vacuole or deposited in cell walls as bound residues through a process mediated by
ABC transporters. However, there is an additional class of Phase Il detoxification
enzymes that can directly conjugate parent herbicides without prior modification by

P450s in Phase |, which are described below.

Glutathione S-transferases (GSTs) are found in all eukaryotic cells and are well-
studied due to their ability to detoxify a wide variety of xenobiotic and endogenous
substrates (Riechers et al., 2010). GSTs are characterized by catalyzing the conjugation
of reduced glutathione (GSH), (2S)-2-amino-4-{[(1R)-1-[(carboxymethyl) carbamoyl]-2-
sulfanylethyl]lcarbamoyl}butanoic acid), with a xenobiotic substrate (such as an

herbicide) via nucleophilic displacement. The GSH-conjugated compound is then



rendered more water soluble, immobile, and non-toxic, and can then be targeted for
Phase Ill detoxification (via tonoplast ABC transporters) to the vacuole for long-term
storage, catabolism to cysteine conjugates, or degradation (Edwards and Dixon, 2005;

Riechers et al., 2010).

Plant GST isozymes are encoded by multi-gene families and are categorized into
several protein classes including theta, zeta, lambda, phi, tau, and GSH-dependent
dehydroascorbate reductases (DHARS), which are based on their amino acid
sequences, catalytic residues, immunological cross-reactivity, and genomic structures
(Smith et al., 2004; Frova, 2006). Theta, lambda, and DHAR-class GSTs are the most
recent plant-specific classifications and are limited to a few Arabidopsis genes with rice
and soybean orthologs (Dixon et al., 2002). Zeta class GSTs are typically induced
during senescence by ethylene. Tau class GSTs are induced by many stress factors
including extreme temperatures, pathogens, heavy metal toxicity, natural and synthetic
auxins, and herbicide safeners (Wagner et al., 2002; Frova, 2003; Edwards and Dixon,
2005). Phi class GSTs were some of the first discovered and are known for their

herbicide detoxification activity (Frova, 2003).

Phi and tau class GSTs are the most abundant in plants, and are well known for
their ability to conjugate a wide variety of herbicides with GSH, leading to herbicide
selectivity in crops or weed resistance (Edwards and Dixon, 2005). Both GST enzyme
classes are functionally active as both homodimers and heterodimers, and contain an
essential catalytic serine residue near the N-terminus of the protein. Dimerization within
a GST subclass can affect specificity and catalytic activity with certain herbicide

substrates (Holt et al., 1995); however, cross dimerization between the tau and phi



classes has not been shown (Cummins et al., 2011). Tau and phi class GSTs are
involved in herbicide metabolism and resistance in Echinochola crus-galli (barnyard
grass), Oryza sativa (Yang et al., 2009), Triticum tauschii (Zhang et al., 2004) and

Arabidopsis (Smith et al., 2004).

Atrazine tolerance in crops, such as Zea maize and grain sorghum, is a direct
result of rapid metabolism due to GST activities (Timmerman, 1989; Nemat Alla et al.,
2008; Li et al., 2013). GST-catalyzed herbicide metabolism is also a major contributing
factor in conferring atrazine resistance in populations of Abutilon theophrasti (Gray et
al., 1996). Utilizing rapid metabolism as a biochemical resistance mechanism to
alleviate the herbicidal stress of atrazine allows these plants to avoid decreased
productivity (i.e., a fitness cost) that typically results from an altered D, target site (Holt
et al., 1993; Nemat Alla et al., 2008). This mechanism is similar to what was observed in

atrazine-resistant populations of waterhemp from lllinois (Ma et al., 2013)

Studying atrazine resistance in waterhemp

It was determined by previous research that due to the lack of a mutation in the
psbA gene, atrazine-resistant populations of Amaranthus tuberculatus from McLean
County and Adams County, lllinois (MCR and ACR, respectively) most likely resulted
from non-target site mechanism(s). Subsequent metabolism studies showed rapid
accumulation of a non-polar metabolite with the same retention time as a synthetic
GSH-atrazine standard in MCR and ACR (Ma et al., 2013), indicating enhanced

atrazine metabolism by GST activities in atrazine-resistant populations of waterhemp.



The objective of my thesis research was to determine if differences existed in
GST activity and/or expression between the atrazine-resistant populations and WCS.
To accomplish this | used several biochemical approaches, where | initially focused on
measuring GST activity with atrazine in vitro in crude protein extracts from leaves of
each A. tuberculatus population. After obtaining evidence of differential GST activity
with atrazine in partially-purified GST fractions from atrazine-resistant and -sensitive
plants, | then utilized proteomic and molecular approaches in which I identified amino
acid sequences from the one-dimensional gel-purified GSTs, matched them with protein
and mRNA sequences from Arabidopsis and A. tuberculatus, and finally measured
constitutive transcript expression levels in atrazine-resistant and -sensitive populations
via gRT-PCR and gene-specific primers. In addition, | screened several Amaranthus
tubulin genes to determine the most suitable constitutively-expressed transcript to

normalize my GST expression data.



Introduction

There are over seventy-five species in the genus Amaranthus found worldwide,
including both monoecious and dioecious species (Steckel, 2007). A dioecious species
called waterhemp (Amaranthus tuberculatus or A. rudis) (Pratt and Clark, 2001) has
become a major problem in the central and southern U.S. (Steckel, 2007) due to several
biological factors described below. Waterhemp is difficult to selectively control in maize
(Zea mays) and soybean (Glycine max) production systems because it is a summer
annual with a prolonged germination season that extends late into the summer, and the
obligate out-crossing nature and dioecious biology of waterhemp has ensured that
genes enabling herbicide resistance are rapidly spread throughout populations (Steckel,
2007, Hausman et al., 2011; Ma et al., 2013). Many of these genes have been stacked
within single waterhemp populations and individual plants, resulting in multiple
herbicide-resistant phenotypes (Heap 2014). For example, resistance to herbicides that
inhibit 4-hydroxyphenylpyruvate dioxygenase, protoporphyrinogen oxidase, acetolactate
synthase, photosystem II (PSIl), and the synthetic auxin herbicide 2,4-D has been

reported (Hausman et al., 2011; Ma et al., 2013).

Atrazine (1-chloro-3-ethylamino-5-isopropylamino-2,4,6-triazine) belongs to a
group of herbicides that bind to the D; protein in PSII (LeBaron et al., 2011; Hess,
2000). These inhibitors block the flow of election transport during photosynthesis.
Atrazine inhibits PSII electron transport by competing with plastoquinone for the Qy
binding site of the D; protein. This results in electrons not being passed to cytochrome

Bef, and subsequently the rapid formation of triplet chlorophyll followed by singlet



oxygen in the presence of light. Singlet oxygen then interacts with the cell membranes,
which results in lipid peroxidation, reactive oxygen species (ROS), and rapid cell death

(Hess, 2000).

There are two major classes of PSII inhibitors that are still used for selective
weed control, which include several compounds in the phenyl urea and triazine
subclasses. Atrazine, a symmetrical triazine (s-triazine), is one of the most commonly
used herbicides for weed management in maize, with an estimated use on 65-70% of all
maize acreage in the U.S. (Lebaron et al., 2011). The most common resistance
mechanism to atrazine is an insensitive target site. In atrazine-resistant weed biotypes,
a point mutation in the psbA gene (which encodes the D; protein of PSII) results in a
serine to glycine mutation at amino acid 264, which confers an approximate 1000-fold
level of atrazine resistance compared with sensitive biotypes (Hirschberg and Mcintosh,
1983; Holt et al., 1993; Gray et al., 1996). However, this mutation also results in a
significant fitness penalty due to the lower affinity of the D; protein for plastoquinone
binding (Holt et al., 1993; Gray et al., 1996) and a less efficient rate of electron transport
in PSII, leading to reduced biomass production (Holt et al., 1993). Natural tolerance in
maize and grain sorghum is due to the high activity of glutathione S-transferase (GSTS)
that can use atrazine as a substrate, leading to rapid metabolic detoxification in these
crops as well as in naturally tolerant weed species such as Panicum (Thompson, 1972).
Evolved resistance to atrazine in velvetleaf (Abutilon theophrasti) has also been linked
to increased GST activity (Gray et al., 1996; Woodyard et al., 2009). Rapid

detoxification results in up to 100-fold resistance compared to sensitive plants.
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However, fitness costs and reduced growth rates are typically not observed as a result

of this herbicide resistance mechanism (Gray et al., 1996; Woodyard et al., 2009).

GSTs are found in both plant and animals and are a widely studied class of
cytosolic enzymes due to their detoxification abilities (Timmerman, 1989, Edwards and
Dixon, 2005; Frova, 2006). GSTs function by catalyzing the conjugation of reduced
glutathione (GSH) with xenobiotics containing an electrophilic site, such as s-triazine
and chloroacetamide herbicides (Riechers et al., 2010). Xenobiotic-GSH conjugates
are then transported to the vacuole by tonoplast transporters, where they are further
degraded by peptidase enzymes (Wolf et al. 1996; Edwards and Dixon, 2005).
Additional functions and activities of plant GSTs have also been reported, such as
glutathione peroxidase (GPOX), dehydroascorbate reductase (DHAR), and

oxidoreductase (Edwards and Dixon, 2005)

Plant GSTs belong to several different classes, including theta, zeta, lambda, phi,
tau, and GSH-dependent dehydroascorbate reductase (DHAR), based on sequence
similarity, essential catalytic residues, and immunological cross-reactivity (Edwards and
Dixon, 2005; Smith et al., 2004). They are often found in clusters of duplicated genes
within a chromosome. Comparative genomic analysis of these regions in Oryza sativa
and Arabidopsis thaliana suggest that these regions prone to rapid changes in
sequence promoting gene evolution (Soranzo et al., 2004). The most abundant GSTs in
plants belong to the phi and tau classes, which are well known for their ability to
conjugate a wide variety of herbicide substrates with GSH in cereal crops (Edwards and
Dixon, 2005; Frova, 2003, 2006). Phi class GSTs were among the first plant GSTs

shown to be involved with herbicide detoxification reactions (Timmerman, 1989) and
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recently a phi-class GST was identified that confers aphid resistance in wheat plants
(Triticum aestivum) (Shultz et al. 2014, in press). Tau-class GSTs are frequently
identified in gene expression studies in plants due to their induction by stress factors
such as heavy metals, temperature, drought, wounding, phytohormones,
allelochemicals, herbicides, and herbicide safeners (Wagner et al. 2002; Frova, 2003,
2006; Riechers et al., 2010). Both classes of GSTs are involved in herbicide tolerance in
maize (Timmerman, 1989), and rice (Oryza sativa) (Yang et al., 2009) and herbicide
resistance in barnyardgrass (Echinochola crus-galli) (Li et al., 2013), a diploid wheat

species (Triticum tauschii) (Zhang et al., 2004), and Arabidopsis (Smith et al., 2004).

Tau and phi GSTs are functionally active as both homodimers and heterodimers,
each with a conserved GSH binding domain in the N-terminus (Cummins et al., 2011,
Edwards 2000). Although not yet thoroughly investigated, it has been hypothesized that
heterodimers may demonstrate unique kinetic properties, uniquely recognize
biologically active compounds within the plant, or regulate protein localization or
turnover (Edwards et al., 2000). However, cross dimerization between subunits of the

tau and phi GST subclasses has not been shown in vitro (Cummins et al., 2011).

Previous research demonstrated that atrazine resistance in two populations of
waterhemp from lllinois results from non-target site resistance (NTSR) mechanism(s),
as indicated by the lack of a mutation in the psbA gene and rapid accumulation of polar
metabolites with the same retention time as a synthetic GSH-atrazine standard (Ma et
al., 2013). Therefore, we hypothesize that the rapid formation of this metabolite results
from increased GST activity in the resistant compared to sensitive populations, and that

this increased activity is a result of higher expression of GST(s) or the presence of novel
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GSTs with greater affinity towards atrazine. Therefore, the objectives of this study were
to determine if differences in GST activity and expression of specific GST(s) existed
between the atrazine-resistant and sensitive populations, as well as obtain protein and

cDNA sequences from GSTs that confer resistance to atrazine in waterhemp.
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Materials and Methods

Plant populations

Waterhemp populations used in these experiments were from McLean County
(atrazine-resistant [MCR]), Adams County (atrazine-resistant [ACR]), and Wayne
County (atrazine-sensitive [WCS]) lllinois, as described in (Hausman et al., 2011, Ma et
al., 2013). Plants were germinated from seeds planted in 12 x 12-cm containers with a
commercial potting medium (Sun Gro Horticulture) in a growth chamber. Waterhemp
seedlings (2-cm) were then transferred to 80-cm? containers in the greenhouse
containing the same soil medium. When seedlings reached 4-cm, plants were
transferred 950-cm? pots with a 3:1:1:1 mixture of potting mix:soil:peat:sand, and a
slow-release fertilizer was then added. Plants were then harvested (10-12 cm in height)
for subsequent protein and enzyme extraction. Growth chamber and greenhouse
conditions were maintained at 28°C/22°C day/night with 16/8-h photoperiod. Growth
chamber light was provided by incandescent and fluorescent bulbs delivering 550 pmol
ms™ photon flux at plant canopy level. Natural light in the greenhouse was
supplemented with mercury halide lamps, with a minimum output of 500 umol m™?s™

photon flux at the plant canopy level.

Crude protein extraction

Plants from each population were harvested as described above and stems were
removed due to their interference with mechanical disruption. All plant leaves (including
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the attached petiole) were frozen in liquid nitrogen and ground to a powder.
Polyvinylpolypyrrolidone (7.5% w/v) was added along with 3 mL extraction buffer (100
mM Tris-HCI (pH 7.0), 1 mM DTT, 1 mM EDTA) per gram fresh weight. Samples were
then filtered through 3 layers of cheesecloth and centrifuged at 3,000xg for 30 min at

5°C to obtain a clarified lysate.

Ammonium sulfate purification

Clarified lysates were used to prepare 40-80% ammonium sulfate (AMS)
fractions based on protein solubility in water at 5°C. Initial experiments determined that
more than 90% of GST activity (with atrazine as substrate) precipitated within this
range, which is similar to previously published reports of plant GST purification
(Riechers et al., 1997; Smith et al., 2004; Edwards and Dixon, 2005). After slowly
adding AMS at each fractionation step, samples were stirred for 20 min at 5°C and then
centrifuged at 3,000xg for 30 min, at 5°C. Pelleted material from the 40% cut was
discarded, as well as soluble fraction following the 80% cut. The remaining pellet from
the 80% cut was then desalted in protein storage buffer (100 mM Tris (pH 7.0), 1mM

DTT, 1mM EDTA) and stored at -80°C until further use.

GSH affinity purification and SDS-PAGE analysis

Desalted and concentrated protein samples from each population obtained after
AMS precipitation were then further purified by immobilized GST affinity
chromatography (General Electric, GSTrap FF column). A modified protocol, based on
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the manufacturer’s protocol, was used as described below. The column was
equilibrated with 5 column volumes of binding buffer (140 mM NaCl, 10 mM NaHPOy,
1.8 mM KHPO,, and 2.7 mM KCI, pH 7.4). Protein samples (0.1-3.0 mg) were then
loaded on the column and washed with 10 column volumes of binding buffer at a flow
rate of 5 mL/min. Bound protein was then eluted with 10 column volumes of elution
buffer (50 mM Tris-HCI (pH8.0), 10 mM GSH, 1 mM DTT) at a flow rate of 5 mL/min.
Samples were then immediately desalted into protein storage buffer and analyzed by
SDS-PAGE. Protein concentration was measured using a Nanodrop spectrophotometer
using bovine serum albumin (BSA) as a standard. SDS-PAGE (12% separating gels)
was conducted using the manufacturer's recommended (Bio-Rad) to examine purity of
each protein fraction. Gels were silver- or Coomassie-stained using the manufacturer’s

recommended protocol (Bio-Rad).

GST-atrazine activity assay

To measure GST activity towards atrazine, a modified version of a previously
published protocol was used (Gronwald and Plaisance, 1998). Reactions (300 pL)
contained 50 pM **C-atrazine (2 mCi/mmol specific activity), 2 mM GSH, 100 mM
sodium citrate (pH 6.5), 1 mM 2-mercaptoethanol, 0.2 mg/mL BSA and protein fraction
with a final concentration ranging from 0.05-1 mg/mL. A negative control was run for
each replicate by replacing the protein fraction with extraction buffer. After incubation for
5 min at 30°C, reactions were initiated by the addition of **C-atrazine and then
incubated at 30°C for 30 min. Initial experiments with these assay conditions

determined that product formation was linear until this time point. Reactions were
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terminated by the addition of 50 uL acetic acid and then partitioned with 900 pL
methylene chloride to separate unreacted atrazine with the atrazine-GSH conjugate.
The amount of radioactivity in a 200 pL aliquot of the agueous phase was counted by
liquid scintillation spectrometry (LSS). Non-enzymatic conjugation rates were
determined by averaging radioactivity found in the aqueous phase of the negative
control reactions (i.e., no protein added) and was then subtracted from the total activity
measured in the experimental reactions. Specific activity was then determined based on
the protein concentration and the non-enzymatically corrected radioactivity quantified in
the aqueous phase by LSS. Units of GST activity are reported as pmol of GSH-

conjugated atrazine per minute per mg protein.

LC-MS/MS and bioinformatic analysis of peptide sequences

Coomassie-stained protein bands, representing proteins from each population
that eluted from GSH affinity columns (~100ng), were manually excised from one-
dimensional SDS-PAGE gels. Protein fractions were analyzed using nanoLC-MS/MS by
the Stanford University Mass Spectrometry facility (333 Campus Drive, Stanford, CA).
Samples were digested with trypsin and the resulting peptide fragments were purified
and concentrated before loading onto a nanoLC C,g analytical column. Charged
peptides were then selected by abundance and sequenced by LC-MS/MS. The
Arabidopsis reference genome was then searched with peptide sequences identified
from each waterhemp population, and the resulting data was uploaded to Scaffold

(Proteome Software, Inc; http://www.proteomesoftware.com/products/scaffold).
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Database searches

All MS/MS samples were analyzed using Sequest (Thermo Fisher Scientific, San
Jose, CA, USA,; version 1.0). Sequest was set up to search the NCBI_Arabidopsis
thaliana database (unknown version, 222041 entries) assuming the digestion enzyme
strict trypsin. Sequest was searched with a fragment ion mass tolerance of 1.00 Da and
a parent ion tolerance of 20 PPM. Propionamide of cysteine was specified in Sequest
as a fixed modification. Oxidation of methionine was specified in Sequest as a variable

modification.

Criteria for protein identification

Scaffold (version Scaffold_4.3.4, Proteome Software Inc., Portland, OR) was
used to validate MS/MS based peptide and protein identifications. Peptide
identifications were accepted if they exceeded specific database search engine
thresholds. Sequest identifications required a minimum of deltaCn scores greater than
0.10 and XCorr scores greater than, 2.3, 2.4 and 2.4 for, doubly, triply and quadruply
charged peptides. Protein identifications were accepted if they contained at least one
identified peptide (Table Al). Proteins that contained similar peptides and could not be
differentiated based on MS/MS analysis alone were grouped to satisfy the principles of
parsimony. Proteins sharing significant peptide evidence were then grouped into
clusters (Table A2). Proteins were annotated with gene ontology terms from NCBI

(Ashburner et al., 2000).
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Protein target selection

Arabidopsis proteins with matching peptide sequences were sorted based on
protein identification probability. Protein matches greater than 90% (based on amino
acid identity) were then screened by excluding proteins outside the target range for
typical plant GST subunits (23-32 kDa) and proteins without an annotated function in
the database. After screening, only proteins annotated as GSTs remained. All identical
accession numbers for identified GSTs were obtained through the National Center for
Biotechnology Information’s Basic Local Alignment Search tool. These accession
numbers were then used to search the annotations of the partially-sequenced
transcriptome from the ACR waterhemp population (Lee et al., 2009) (individual reads
available at http://www.ncbi.nlm.nih.gov/sra/?term=amaranthus +tuberculatus). Gene-
specific primers (Table 2) were then designed for each matching waterhemp contig

(Table A3).

Total RNA extraction and cDNA construction

Total RNA was extracted from frozen waterhemp leaves (as described earlier in
Methods) using previously described methods (Riechers et al., 2003). Precipitated
RNAs were washed twice with 75% ethanol and resuspended in diethylpyrocarbonate-
treated water. Total RNA concentrations were determined using a NanoDrop
spectrometer and RNA quality was confirmed by analysis with 1.2% agarose-
formaldehyde denaturing gels as described previously (Riechers et al., 2003). First-

strand cDNA synthesis was performed using the Maxima H-Minus cDNA synthesis kit
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(Thermo-Scientific) following the manufacturer’s protocol using 500 ng total RNA. The
following parameters were then used for RT-PCR with 1 pL of the cDNA reaction
product: an initial denaturing step at 95°C for 4.5 min, then 30 amplification cycles
consisting of 95°C for 50 s, 56°C for 55 s, and 72°C for 1 min. PCR was then concluded
with a final extension step of 72°C for 8.5 min. PCR products were visualized with a 1%

agarose gel and ethidium bromide staining.

gRT-PCR analysis of gene expression

Gene-specific primers were designed to amplify each waterhemp GST identified,
and a beta-tubulin reference gene was selected from several annotated tubulin contigs
(Table A3) from ACR (Lee et al., 2009) and determined as a suitable constitutive control
gene for GST expression analyses. Reactions were set up in 20 pL volumes following
the manufacturer’s protocol (Syber® Green RNA-to C+™ 1-Step Kit (Applied
Biosystems). The gRT-PCR protocol was as follows: 48°C 30min, 95°C 10min, 40
cycles of 95°C 15 s, 60°C 1 min, and a melting curve of 95°C 15 s, 60°C 15 s, 95°C 15
s. Dissociation curves for every reaction were analyzed to ensure only one replicon was
amplified Gene expression was calculated relative to WCS transcript levels in each

sample using the 2% method (Livak and Schmittgen, 2001).

Statistical Analysis

All experiments were independently conducted a minimum of three times.
Enzymatic activity data were combined from two representative experiments with three
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technical replications. qRT-PCR data are the result of three biological samples with
three technical replications for each sample. ANOVA followed by Tukey’s multiple
comparison test (P=0.05) was conducted to determine significant differences with each

experiment.
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Results

GST activity towards atrazine in waterhemp populations

To determine potential differences in GST activity towards atrazine among the
three waterhemp populations, specific activity (pmol/min/mg protein) was measured in
crude plant extracts, AMS-precipitated fractions, and GSH affinity-purified fractions
using radiolabeled atrazine (Table 1). There was no significant difference in total or
specific GST activity in the resistant biotypes (ACR and MCR) when compared to WCS
in crude protein extracts. However, specific GST activity towards atrazine among the
AMS fractions showed higher activity in the two resistant biotypes when compared to
the sensitive biotype, but no significant difference was observed between ACR and
MCR. In the GSH affinity-purified fractions, specific GST activity was highest in MCR
followed by ACR and WCS (Table 1). In addition, specific activity increased with each
purification step, with crude fractions having the lowest activity and GSH affinity-purified
fractions having the highest. The largest fold-increase in specific activity occurred during
the GST affinity purification step with MCR, resulting in an approximate 9-fold

purification relative to the crude extract (Table 1).

Significant differences in specific GST activity between the two atrazine-resistant
and -sensitive populations were only found in partially-purified fractions (AMS and GSH
affinity) (Table 1). This may be a result of the crude protein extracts containing many
non-specific proteins, pigments, metabolites, or other cell debris, which could directly

inhibit the GSH-atrazine conjugation reaction or by binding non-specifically with GST
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enzymes. Since it was difficult to measure any significant differences in rates of GST-
atrazine activities in crude plant extracts among waterhemp populations, a partial GST
purification strategy was utilized. This purification scheme was based on previous
methods used to measure the role of GSTs in herbicide tolerance in etiolated grain
sorghum and wheat shoots (Riechers et al., 1997; Gronwald and Plaisance, 1998), in
which proteins are AMS precipitated from crude protein extracts, then affinity purified.
After AMS precipitation, the 40-80% precipitated fraction contained concentrated
proteins that were readily soluble in buffer, with a significant removal of plant pigments,
lipids, and cell debris clearly evident. Specific GST activities measured in these
fractions displayed a trend that was expected based on prior atrazine-metabolism
assays in these populations (Ma et al., 2013), with each resistant population having
higher specific activity than WCS (Table 1). In addition, the specific GST activities in
AMS fractions from ACR and MCR displayed yields that were higher than 100%, which
is consistent with the presence of GST inhibitors present in crude plant extracts from
these populations (Table 1). In order to further purify these fractions and attempt to
isolate and identify unique or over-expressed GST isozymes in MCR and ACR, a GST

affinity purification method was incorporated following AMS purification.

GSH affinity-purified protein fractions from each population showed a single,
broad band at approximately 27 kDa when analyzed by SDS-PAGE (Figure 1), which is
within the typical range (23-32 kDa) of plant GST subunits (Li et al., 2013) with few
contaminating bands. However the GSH affinity-purified fractions (Figure 1) are likely a
heterogeneous mixture of GSTs and other proteins with the ability to bind with GSH,

such as GSH reductase. However, specific GST activity of these fractions followed the
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same pattern as with the AMS fractions (Table 1), with each atrazine-resistant
population having a higher specific activity than WCS. However, fold-purification levels
for ACR and MCR (4.5 and 9.0, respectively, relative to crude extracts) were lower than
those previously reported in cereal crops (Timmerman, 1989; Riechers et al., 1997,
Zhang et al., 2004) for affinity-purified GSTs, which may be due to several reasons in
our studies. Lower fold-purification levels in ACR and MCR may result from use of
photosynthetic tissues instead of etiolated seedling or shoot tissues (Timmerman, 1989;
Riechers et al., 1997; Zhang et al., 2004), loss of GST activity throughout sample
processing following initial crude extract preparation through affinity chromatography,
and/or from partially purifying GST proteins by selective binding of their active site via
the GSH resin, which may have adversely affected GST catalytic activity when assayed
later in vitro. However, the GST-atrazine activity found in these fractions can be
attributed to the presence of several GST proteins, which as described below were

confirmed to be primarily tau and phi-class GSTs through LC-MS/MS.

LC-MS/MS

Excised SDS-PAGE gel slices containing the approx. 27 kDa protein bands from
each population were frozen on dry ice and submitted for LC-MS/MS analysis and
peptide identification (performed by the Stanford University Mass Spectrometry
Laboratory). The peptide sequences obtained following trypsin digestion were aligned
with the Arabidopsis reference genome (Figure Al). Out of the 89 Arabidopsis
sequence matches, about 30 had reported molecular weights within the range of 23-31

kDa (the approximate size of the excised protein band). Based on protein identification
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probability, a phi-class GST and a tau-class GST were the two most likely matches
identified in each population (Figures Al, A2). The peptide sequence KVLDVYEARL
matched an Arabidopsis protein annotated as glutathione S-transferase F3
(G1:330250548), a phi class GST, and was the most probable match. The peptide
sequence RFWADYIDKK was the second most probable match; it was annotated as
glutathione S-transferase tau 25 (GI:15220041). All identical accessions were identified
using the NCBI database. Matching accessions were then identified from an annotated

ACR partial transcriptome (Lee et al., 2009), resulting in five matched contigs (Table 2).

Amplification of Amaranthus tuberculatus GST contigs

RT-PCR was used to determine if the matched contigs found in the annotated
ACR transcriptome were expressed in each waterhemp population. Amplification was
tested in each waterhemp population using the primer pairs listed in Table 2. Primers
were designed to amplify the largest section of the contig (200-800bp) possible and
were named based on its putative function and class. Amaranthus rudis (Ar) was used
to denote the waterhemp species name to prevent confusion with Arabidopsis thaliana,
since A. rudis and A. tuberculatus are synonymous (Pratt, 2001). All of the contigs
amplified via RT-PCR in each waterhemp population generated amplicons of the
predicted size, except for ArGSTUS. Additionally, primer crosses between primers
matching the same accession (i.e., forward primer for ArGSTF1 with reverse primer for
ArGSTF2) were made to determine if individual waterhemp contigs originated from the
same mRNA. Direct sequencing of the RT-PCR amplicon derived from the ArGSTF2

contig in MCR confirmed its identity as a GST (data not shown). Additional primers
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based on the SYBR Green protocol for qRT-PCR were specifically designed for
amplifying portions of the remaining contigs (Table 3; Table A3) except for ArGSTF2,
since the original primers (Table 2) met qRT-PCR standards described in the protocol.
ArGSTF1 was excluded from further gRT-PCR analysis due to the formation of multiple

PCR products (data not shown).

gRT-PCR analysis of gene expression

To determine if the matched genes with the predicted product size and single
amplicon (ArGSTF2, ArGSTUL, and ArGSTU?2) differed in levels of constitutive
expression, gRT-PCR was performed using total RNA isolated from each waterhemp
population at the same growth stage described previously for the protein purification
studies. GST transcript levels were determined relative to expression in WCS (Livak
and Schmittgen, 2001). ArGSTF2 transcript levels in ACR and MCR were about 1000-
fold higher than in WCS, but there was no significant difference between ArGSTF2
transcript levels in these two atrazine-resistant biotypes (Figure 2A). There were no
significant differences in transcript levels among populations for ArGSTUL (Figure 2B).
Transcript levels for ArGSTU2 were significantly higher in MCR than in ACR, but not
between MCR and WCS or WCS and ACR (Figure 2C). Although not statistically
different, a trend was observed where the abundance of ArGSTU1 and ArGSTU2
transcripts in MCR was higher than in WCS (Figures 2B, 2C). However, it is important to
note that absolute expression levels for these two tau-class GSTs were much lower
(about 30 to 300-fold lower for ArGSTU1 and ArGSTUZ2, respectively) when compared

with ArGSTF2 expression levels in ACR and MCR (Figure 2A).
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Higher constitutive expression of ArGSTF2 in each atrazine-resistant population
relative to WCS (Figure 2A), suggest that this gene may contribute to higher levels of
GST activity (Table 1) and more rapid metabolism of atrazine (Ma et al. 2013). This is
also supported by its identification as the highest probability match from the protein
samples that had greater specific activity towards atrazine in ACR and MCR (Table 1).
Greater transcript abundance of this GST gene may contribute to elevated GST activity
and higher levels of GSH-atrazine metabolites formed in these atrazine-resistant
waterhemp populations compared with WCS (Ma et al., 2013), and ultimately the
atrazine-resistant phenotype in ACR and MCR. However, there may be other non-target
site-resistance (NTSR) mechanisms contributing to the atrazine-resistant waterhemp
populations examined in our study. For example, although ArGSTU1 and ArGSTU2
showed no significant differences in expression between MCR and WCS (Figures 2B,
2C), the expression of some GSTs are inducible in response to different abiotic stress
factors such as herbicides or safeners (Fuerst et al., 1993; DeRidder et al., 2002;
Riechers et al., 2003, 2010; Yang et al., 2009; Li et al., 2013; Wang et al., 2013).
Increased enzymatic or non-enzymatic conjugation of atrazine to GSH may also in part
result from increased synthesis of cysteine and/or GSH due to increased activity of
enzymes such as cysteine synthase and gamma-glutamylcysteine synthetase,
respectively, which are involved in cellular GSH biosynthesis (Nemat Alla et al., 2008).
Furthermore, increased levels of ROS-detoxifying enzymes may also contribute to
atrazine resistance in waterhemp, since atrazine triggers a massive accumulation of
ROS and lipid peroxidation in chloroplasts in the presence of light as a major

component of its mode of action (Hess, 2000).
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Conclusions

Previous studies indicated that two different atrazine-resistant populations of
waterhemp from lllinois result from non-target site resistance (NTSR) mechanism(s)
(Ma et al., 2013). This hypothesis arose due to the lack of a mutation in psbA and the
rapid accumulation of a polar metabolite with the same retention time via HPLC as a
synthetic GSH-atrazine standard, which suggests that GSTs may be involved in
atrazine resistance in ACR and MCR (Ma et al., 2013). Elevated basal GST activity with
atrazine as a substrate was investigated as a potential NTSR mechanism in ACR and

MCR in my current research.

Preliminary studies of shoots and roots, using both atrazine and synthetic GST
substrates such as 1-chloro-2,4-dinitrobenzene (CDNB), narrowed our investigation of
elevated GST activity to the leaves and petiole of waterhemp plants (data not shown).
Both atrazine-resistant populations (ACR and MCR) had higher GST specific activity
towards atrazine than WCS in AMS and GSH affinity-purified fractions. Proteins
identified by LC-MS/MS from the GSH affinity-purified fractions were confirmed as
primarily consisting of phi and tau-class GSTs by sequence similarity with Arabidopsis
GSTs, and some of these GSTs proteins were successfully matched with cDNA contigs
from a partial ACR transcriptome (Lee et al., 2009). One contig, identified as a phi-class
GST (ArGSTF2), displayed higher constitutive expression in both atrazine-resistant
waterhemp populations. The findings presented herein support the conclusion that

herbicide-detoxifying GSTs are associated with atrazine resistance in MCR and ACR.

The development and characterization of F, populations in which atrazine

resistance segregates, derived from a cross between WCS and either ACR or MCR, is
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an important step in continuing this mechanistic research. Examining expression of
ArGSTF2 in these segregating populations and determining if a correlation exists with
atrazine resistance will assist in determining if elevated expression of ArGSTF2 is
indeed a major genetic factor in conferring atrazine resistance in waterhemp. If a
positive correlation between ArGSTF2 expression and atrazine resistance is identified in
additional Amaranthus populations or segregating F; lines, then this knowledge would
provide a powerful tool to further understand the genetics and underlying molecular
mechanisms of atrazine resistance. This approach would be similar to how segregating
F. populations were used to discover a point mutation in the acetyl-CoA carboxylase
gene from Avena fatua that resulted in resistance to diclofop and sethoxydim

(Christoffers et al., 2006).

Preliminary experiments with an MCR x WCS F; hybrid and F, segregating lines
suggest that atrazine resistance may be a single-gene trait, based on segregation
analysis of the atrazine-resistant phenotype in F lines (Huffman et al., unpublished).
Preliminary gRT-PCR data support a role of ArGSTF2 as the possible single genetic
resistance factor, since its expression correlates with atrazine resistance in both
resistant populations and resistant F; lines (Figure Al). Moreover, sensitive F, plants
exhibit transcript levels similar to WCS, and F; plants displayed intermediate transcript
levels. However, whether ArGSTF2 is the predominant GST that confers atrazine
resistance, or if other GSTs and/or NTSR mechanisms also contribute to atrazine

resistance in MCR and ACR, is still unknown.

Global transcriptional analyses of these segregating F, populations, in which the

whole transcriptome could be sequenced and number of GST genes quantified (Chi et
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al., 2011), may enable further confirmation of the specific GST gene(s) correlating with
resistance. Analysis of untreated and atrazine-treated waterhemp plants (sensitive and
atrazine-resistant) may result in the identification of both constitutive and induced
factors involved. If RNA-seq analysis indicated that ArGSTF2 (or other metabolic
enzymes) are the major genetic factor(s) correlating with resistance, then further
biochemical and molecular characterization could be performed. This would require
obtaining the entire open reading frame for expression and biochemical analyses of the
recombinant GST enzyme, and allow for genomic cloning of waterhemp GSTs and
subsequent bioinformatic comparisons between other plant GSTs conferring resistance

to herbicides (Pei et al., 2014).

A similar approach was used in discovering a key mutation associated with
metabolic resistance to dichlorodiphenyltrichloroethane (DDT) in mosquitos (Anopheles
funestus). A genome-wide transcriptional analysis was conducted in which the most up-
regulated gene was identified as a GST. This GST was then confirmed to confer
resistance to DDT through transgenic expression analyses in sensitive Drosophila, and
was determined to result from a point mutation in the wild-type GST gene in which

leucine was substituted for phenylalanine (Riveron et al., 2014).

In weedy species without entire genomic sequences available, RNA-seq is being
utilized for the characterization of evolved herbicide resistance mechanisms. Like
waterhemp, annual ryegrass (Lolium rigidum) populations from Australia are known for
their unigue ability to evolve resistance to a wide variety of herbicides. NTSR
mechanisms, likely involving P450s, towards acetyl-CoA carboxylase inhibitors was

shown to arise in as few as three generations when grown under herbicide stress (Neve
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and Powles, 2005; Yu et al., 2013; Gaines et al., 2014). Even though Lolium rigidum is
a non-model plant species without a fully sequenced genome, the use of pyro-
sequencing to create a reference transcriptome allowed for subsequent identification
and quantitative analysis of transcripts by Illumina sequencing (Gaines et al., 2014).
Comparison of plants with evolved resistance to acetyl-CoA carboxylase inhibitors to
their sensitive progenitors resulted in the identification of four genes with increased
constitutive expression levels: two P450s, a nitronate monooxygenase, and a
glucosyltransferase (Gaines et al., 2014). Additionally, one phi and two tau-class GST-
annotated contigs were expressed higher in response to the synthetic auxin herbicide

2,4-D (Gaines et al., 2014).

In continuing this research, a method similar to one conducted in Lolium could be
adopted using the partially-sequenced transcriptome from ACR (Lee et al., 2009) along
with the sequenced grain amaranth (Amaranthus hypochondriacus) genome and
transcriptome (Sunil et al., 2014) as references for RNA-seq. So far, the higher GST
activity with atrazine quantified in ACR and MCR extracts can only be associated with
higher constitutive expression of ArGSTF2. This observed difference could be due to a
mutation or insertion resulting in a more active promoter. However, it is known that plant
GSTs are found in gene clusters within the genome (Frova, 2006). An RNA-seq
approach would allow for the identification of all genes with higher constitutive
expression and also allow for the identification of potentially inducible genes in response
to atrazine-induced oxidative stress. This would allow for a more comprehensive
understanding of NTSR mechanism(s) to atrazine in waterhemp and other Amaranthus

species.
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Figure 1. SDS-PAGE of isolated proteins from Amaranthus tuberculatus plants. Representative
desalted AMS fractions from MCR followed by representative affinity purified eluents (GSH) from
MCR, WCS, and ACR. Proteins were analyzed with 12% SDS-PAGE separating gels.
Approximately 300ng AMS, and between 40-80ng GSH fractions were loaded per lane. Gels were
silver stained as described in Methods. McLean County (atrazine-resistant [MCR]), Adams County
(atrazine-resistant [ACR]), and Wayne County (atrazine-sensitive [WCS]) lllinois, as described in
(Hausman et al. 2011; Ma et al. 2013).
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Appendix

Protein |dentification Probability

# Identified Proteins (89) Accession Number  Molecular Weight ACR MCR WG

1.1 RecName: Full=Glutathione S-transferase 16; AltName: F gi| 12230166 (+2) 24kDa 93% 39% 98%
1.2 RecName: Full=Glutathione S-transferase 6, chloroplastic gi| 148887379 (+3) 29kDa 38% 32% 89%
2 glutathione S-transferase TAU 23 [Arabidopsis thaliana] gi| 15218301 (+4) 26kDa 100% 100% 100%

3 unnamed protein product [Arabidopsisthaliana] £i|10177920 (+6) 31kDa 100% 100% 100%%

4 pyruvate, phosphate dikinase 1 [Arabidopsisthaliana]  gi| 145333150 (+9) 104 kDa 100% 100% 100%
5.1 phosphoenolpyruvate carboxylase 3 [Arabidopsis thalian gi| 332642071 (+1) 110kDa 100% 100% 100%
5.2 phosphoenolpyruvate carboxylase 2 [Arabidopsis thalian gi| 240254633 (+3) 110kDa 0 100% 88%
5.3 RecName: Full=Phosphoenolpyruvate carboxylase 1; Sho gi| 24636264 (+3) 110kDa 16% 51% 32%
6.1 RecName: Full=14-3-3-like protein GF14 lambda; AltNam: gi| 1345595 28kDa 99% 98% 81%
6.2 RecName: Full=14-3-3-like protein GF14 nu; AltName: Ful gi| 3023217 30kDa 67% 100% 87%
6.3 RecName: Full=14-3-3-like protein GF14 omega; AltName gi| 12230867 29kDa 25% 54% 18%
6.4 RecName: Full=14-3-3-like protein GF14 phi; AltName: Fu gi| 1702987 30kDa 8% 30% 12%
6.5 RecName: Full=14-3-3-like protein GF14 chi; AltName: Fu gi|152112421 30kDa 17% 63% 12%
7.1 heat shock protein 70-4 [Arabidopsis thaliana] gi|332641697 (+1) 71kDa 20% 100% 0
7.2 RecName: Full=Heat shock cognate 70 kDa protein 3; Shoi gi| 18206367 (+2) 71kDa 17% 100% 0
7.3 RecName: Full=Heat shock cognate 70 kDa protein 2; Shoi gi| 12644165 71kDa 8% 68%. 0
7.4 RecName: Full=Heat shock cognate 70 kDa protein 1; Shoi gi| 12643273 71kDa 13% 96%. 0
7.5 RecName: Full=Luminal-binding protein 2; Short=AtBP2; ! gi| 12643245 (+2) 74kDa 12% 39% 0
7.6 RecName: Full=Luminal-binding protein 1; Short=AtBP 1; ! gi| 18206379 74kDa 8% 63% 0
7.7 heat shock protein-70 cognate protein [Arabidopsisthalii gi| 332195268 68kDa 0 26% 0
8.1 Transketolase [Arabidopsisthalianal gi|18411711 (+8) 80kDa 100% 100% 100%%
8.2 Transketolase [Arabidopsisthalianal gi| 30689983 (+1) 80kDa 28% 43% 29%
9.1 RecName: Full=Malate dehydrogenase 1, mitochondrial; gi|11133715 (+2) 36kDa 100% 99%. 98%
9.2 malate dehydrogenase 2 [Arabidopsis thaliana)] 1145332399 (+4) 33kDa 44% 39% 32%
10.1 phosphoglycerate kinase [Arabidopsis thaliana] £i]15223484 (+4) 50kDa 100% 100% 100%%
10.2 phosphoglycerate kinase 1 [Arabidopsis thaliana] 2115230595 (+2) 50kDa 7% 97% 99%
11.1 fructose-bisphosphate aldolase, class | [Arabidopsis thali gi| 330252066 (+1) 43kDa 100% 100% 100%
11.2 fructose-bisphosphate aldolase, class | [Arabidopsis thali gi| 330250312 (+1) 42kDa 97% o 28%
12 RecMName: Full=ATP synthase subunit beta, chloroplastic; gi | 6686269 (+1) 54kDa 0 100% 0
13 RecName: Full=Elongation factor 1-alpha; Short=EF-1-alpl gi| 119143 (+9) 50kDa 100% 100% 100%
14.1 CpC[Arabidopsis thaliana] gi| 2921158 103 kDa 0 100% 58%
14.2 Clp ATPase [Arabidopsisthaliana) £i|186510816 (+4) 106 kDa 0 100% 0
14.3 RecName: Full=ERD1 protein, chloroplastic; Flags: Precur: gi| 1169544 (+2) 103 kDa 0 7% 0
15.1 heat shock protein 81-2 [Arabidopsis thaliana) £i]15241115 (+2) 80kDa 0 100% 0
15.2 RecName: Full=Heat shock protein 90-1; Short=AtHSP90.1 gi | 26454635 (+1) 81kDa 0 72% 0
16.1 5-methyltetrahydropteroyltriglutamate--homocysteine r gi | 145334507 (+3) 84kDa 64% 100% 87%
16.2 methionine synthase 3 [Arabidopsis thaliana] £i]145334531 (+2) 91kDa 14% 48% 27%
16.3 methionine synthase 2 [Arabid opsis thaliana] 21| 186509731 (+3) 85kDa 13% 48% 24%
17.1 glyceraldehyde-3-phosphate dehydrogenase (NADP+) (p gi| 186478427 (+4) 38kDa Q 100% 0
17.2 RecName: Full=Glyceraldehyde-3-phosphate dehydroger gi | 20455491 (+1) 48kDa 0 100% 95%
18 cystolic glyceraldehyde-3- phosphate dehydrogenase [Ar gi| 166706 (+1) 37kDa 0 100% 90%
19.1 RecName: Full=Malate dehydrogenase, cytoplasmic2  gi| 11133446 (+2) 36kDa 61% 100% 66%
19.2 RecName: Full=Malate dehydrogenase, cytoplasmicl  gi|11133509 (+4) 36kDa 43% 92% 64%
20 RecName: Full=Proteasome subunit alpha type-5-A; AltN gi| 12229903 (+10) 26kDa 84% 100% 100%
21 putative ribulose-5-phosphate-3-epimerase [Arabidopsi: gi | 15027997 (+7) 30kDa 4% 91% 100%
22 phosphoglycerate kinase, putative [Arabidopsis thaliana gi| 21536853 (+1) 42kDa 39% 100% 100%
23 putative carboxymethylenebutenolid ase [Arabidopsisth gi | 110743666 (+5) 26kDa 83% 100% 100%
24 heat shock protein 70-2 [Arabidopsisthaliana] gi|15240578 (+2) 77kDa 0 100% 0
25 NAD-dependent malic enzyme 1[Arabidopsis thaliana] gi| 15225438 (+4) 70kDa 0 100% 90%
26.1 proteasome subunit beta type-7-B [Arabidopsis thaliana] gi | 30693626 (+5) 30kDa 99% 92% 100%%
26.2 proteasome subunit beta type-7-A [Arabidopsis thaliana gi| 332643797 (+4) 29kDa 12% 0 6%
27.1 RecName: Full=Proteasome subunit alpha type-6-B; AltN gi| 12229902 (+5) 27kDa 42% 99%. 75%
27.2 RecName: Full=Proteasome subunit alpha type-6-A; AltN gi| 12643647 (+4) 27kDa 0 o 0
28 adenosylhomocysteinase 1 [Arabidopsis thaliana] 21145333043 (+4) 36kDa 0 100% 90%
29 thiol protease aleurain-like protein [Arabidopsis thalian: gi | 332644500 (+3) 40kDa 57% 100% 0
30 Unknown protein [Arabidopsis thaliana] gi| 17085446 (+7) 34kDa 0 100% 100%
311 adenine phosphoribosyltransferase 1 [Arabidopsis thalia gi | 18396344 (+6) 26kDa 0 75% 9456
31.2 RecName: Full=Adenine phosphoribosyltransferase 2; Sh gi| 2499931 (+1) 21kDa 0 18% 11%
32 hypothetical protein F16M2.40 - Arabidopsis thaliana gi|11277801 (+1) 32kDa 97% 99%. 99%
33 RecName: Full=Eukaryotic initiation factor 4A-1; Short=el gi| 1170503 (+8) 47kDa 0 100% 96%
34 unnamed protein product [Arabidopsisthaliana] £i| 300648936 (+4) 60kDa 4% 97% 96%

Table Al. LC-MS/MS matches sorted by protein identification probability across
samples from each waterhemp population (ACR, MCR, and WCS).
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35 DING protein [Arabidopsis thaliana] gi| 53854257

36 2,3-bisphosphoglycerate-independent phosphoglycerate gi | 18391066 (+4)

37 elongation factor G [Arabidopsis thaliana] £i|62320893
38.1 S-adenosylmethionine synthase 4 [Arabidopsisthaliana] gi| 332642427 (+1)
38.2 RecName: Full=S-adenosylmethionine synthase 2; Short= gi | 127045 (+2)

39 proteasome subunit beta type-6 [Arabidopsis thaliana]  gi| 15235889 (+10)

40 RecName: Full=l-ascorbate peroxidase 2, cytosolic; AltN: gi| 118572828 (+10)
41.1 RecName: Full=Chaperonin CPN60, mitochondrial; AltNai gi| 12644189 (+3)
41.2 mitochondrial chaperonin HSPE0 [Arabidopsis thaliana]  gi| 22531044 (+6)

42 putative 20S proteasome beta subunit PBC2 [Arabidopsis gi| 12744997 (+10)

43 peptide methionine sulfoxide reductase A3 [Arabidopsis gi| 15240796 (+2)

44 RecName: Full=DEAD-box ATP-dependent RNA helicase ! gi| 108861899 (+10)
45.1 auxin-induced atb2-like protein [Arabidopsis thaliana]  gi|332195607
45.2 NAD{P)-linked oxidoreductase-like protein [Arabidopsis gi|332195599
45.3 NAD(P)-linked oxidoreductase-like protein [Arabidopsis gi| 30696459 (+3)
46.1 605 ribosomal protein L8-3 [Arabidopsis thaliana] gi|15234298 (+2)
46.2 605 ribosomal protein L8-2 [Arabidopsisthaliana] £i]|186510913 (+2)

47 RecMame: Full=Probable phosphoglucomutase, cytoplas gi| 12585324 (+5)

48 oxygen-evolving enhancer protein 3-2 [Arabidopsisthalii gi| 15234637 (+3)

49 peptide methionine sulfoxide reductase A2 [Arabidopsis gi| 15240795 (+4)

50 Glycosyl hydrolase family protein [Arabidopsisthaliana] gi| 22326920 (+3)

51 605 ribosomal protein L13-1 [Arabidopsis thaliana] gi]145332789 (+10)

52 chaperonin-60 alpha subunit [ Arabidopsis thaliana] £i|1223910 (+9)

53 RecName: Full=Proteasome subunit alpha type-3; AltNan gi | 12644056 (+10)
54.1 RecName: Full=Ferredoxin-dependent glutamate syntha gi| 12643970 (+6)
54.2 ferredoxin-dependent glutamate synthase 2 [Arabidopsi gi| 15227306 (+3)
55.1 putative WD-40repeat protein, MSI4 [Arabidopsis thaliar gi| 20148237 (+7)
55.2 histone-binding protein RBBP4 [Arabidopsisthaliana]  gi| 332660266 (+2)

Table Al. Continued

45

6 kDa

61kDa
45kDa
43kDa
43kDa
25kDa
28kDa
61kDa
62kDa
23kDa
23kDa
48kDa
36kDa
38kDa
38kDa
28kDa
28kDa
63kDa
25kDa
24kDa
68kDa
24kDa
62kDa
27kDa
180kDa
178kDa
S6kDa
54kDa

100%

3 2 2
Fooofooo o

33

coocococoooFRooooo o oo

100%
100%
100%
100%

100%
86%
97%

99%
91%
82%

57%

100%

93%
100%

100%

o 0o oo

[=Ri=Ri=RE=N=]

0000000000000



Biological
sample
name
ACR
ACR
ACR
ACR
ACR
ACR
ACR
ACR
ACR

Protein name

Protein accession numbers

RecName: Full=Malate dehydrogenase 1, mitochondrial; AltN=gi| 11133715,gi | 18404382,¢i| 332194789

heat shock protein 70-4 [Arabidopsis thaliana]
Elongation factor 1-alpha [Ar=bidopsis thaliana]
DING protein [Arabidopsis thaliana]
phosphoglycerate kinase [A=bidopsis thaliana]
frud bi e class| [Ar
D-ribulose-5 -3 epimerase [Arabid
At2g32520 [Arsbidopsisthaliana]

proteasome subunit alphatype-5-B [Arabid opsis thaliana]
proteasome subunit beta type-7-B [Ar=bidopsis thaliana]

iz thaliana]

iz thaliana]

£i| 332641697, £i| 75311168

gi] 119143, £i| 145323785, gi| 186532608, 21| 33200993521 | 33
£i| 53854257

gi] 15223454 2| 1864591325 gi |
£i| 330252066, £i| 75313518
£i| 15027997,2i| 15240250,51 | 20253209, i | 30637525, 21| 332
£i| 110743666, =i | 15225693, i | 21554208, 21| 30102612,£i | 32
£i| 12229903, gi| 145325425, i 1522096 1, 21| 15231824 g | 18
£i| 30693626,2i| 332007 184, 2i | 332007185, i | 332007 186, i

195235, gi | 332195236, i |

RecName: Full=14-3-3-like protein GF14lambds; AltName: Ful gi| 1345585

transketolase-like protein [Arabidopsis thaliana]
unnamed protein product [Arabidopsis thaliana]

£i] 18411711 £i| 20268682, £ | 21553673, i | 22136500, 21| 233
£i| 300648936, gi | 30698866, 21 | 332197184 /| 332197186, i

RecName: Full=Proteaso me subunit alpha type-6-B; AltName: gi| 12279902,z | 152 24993,5i | 300536463,gi| 330250885,i | 3
RecName: Full=Heat shock cognate 70k D protein 3; Short=Hsczi | 18206367,51| 332641245, i 332641247

phosphoglycerate kinase 1 [Arabid opsis thaliana]
Full=Malate dehyd

RecName:F nase, oytopl ic2
ATSg47340/MCA23 18 [Arabidopsis thaliana]

£i| 15230595,2i| 332641725, 5| 75273138
£i] 11133446 £i| 15239843, g1 | 332007563
£i| 10177920,gi| 151463285 | 15238822 i | 227295722, 51| 24

peptide methionine sulfoxide reductase A3 [Arabidopsis thali gi| 15240796,5i | 332003779, 5i | 75264361
peptide methionine sulfoxide reductase A2 [Arabidopsis thali gi| 15240795,5i | 332003778, 5 | 38454142, 51 | 46202480,5i | 75

elongation factor G [Arabidopsis thaliana]
pyruvate, phosphate dikinase 1 [Arabid opsis thaliana]
S-methyltetrshydro pteroy Itrig lutamate--h

£i| 62320853
£i| 145333150, gi| 145333164,5i| 186511835,21| 193806403 g

ysteine methy gi| 145334507, i | 332005103, 21| 332005104,z | 8134565

RecName: Full=14-3-3-like protein GF14nu; AltName: Full=Ger gi| 3023217

hypothetical protein F16M2.40 - Arsbidopsis thaliana
phosphoenolpyruvate carboxylase 3 [Arabidopsis thaliana]

£i| 11277801,gi| 7523401
£i| 332642071, £i| 73917651

RecName: Full=L-ascorbate peroxidase 2, cytosolic AltName: Fgi| 118572825, gi| 257352621, i | 257632803, | 25764357 8,5

thiol protease aleurain-like protein [Arabid opsis thaliana]
glutathione 5-transferase TAU 23 [Arabidopsis thaliang]
phosphoglycerate kinase, putative [Arabidopsis thaliang]

£i| 332644500, g1 | 33264450, 2| 73622182, g1 | 79314271
£i| 15218301, £i| 21553948, g1 | 33219757 4,21 | 8052536, 21| 944
£i| 21536853, 21| 238541551

RecName: Full=Malate dehydrogenase 1, mitochondrial; AltN=gi| 11133715,gi | 18404382,¢i| 332194789

BOS ri protein L3-3 [A isthaliana]
heat shock protein 70-4 [Arabidopsis thaliana]
Elongation factor 1-alpha [Ar=bidopsis thaliana]

DING protein [Arabidopsis thaliana]
phosphoglycerate kinase [A=bidopsis thaliana]

ad vlh cysteinase 1[A haliana]
frud bi ) class| [Ar is thaliana]
D-ribu | 5 -3-2pi ase [Arabidopsis thaliana]

At2g32520 [Arsbidopsisthaliana]

=i| 15234298,2i| 332661223 51 | 75221276

=i| 332641657, £i| 75311168

=i| 119143 5| 145323788,z | 186532608, 21| 332009935,5i | 33
=i| 53854257

£i| 15223484 1| 185491325, £i | 332195235, gi | 332195236, |
=i| 145333043, £i | 15236376, =i | 332657945, =i | 332657948, gi |
=i| 330252066, £i| 75313518

=i| 15027997,2i| 15240250, | 20259209, £i | 30857525, zi | 332
=i| 110743665, £i| 15225653, £i | 21554208, 5i | 30102612, | 32

putative malate oxidoreductase [malic enzyme) [Ar=bidopsistgi| 15225438,5i | 20268709,51 | 24030498, 51| 33025114851 | 45

Unknown protein [Arabidopsis thaliana]
phosphoglycerate kinase 1 [Arabid opsis thaliana]
proteasome subunit alphatype-5-B [Arabid opsis thaliana]
Glycosy| hydrolase family protein [Arabidopsis thaliana]

£i| 17065446,2i| 18399513, 51| 20148535, i | 21552994, 21| 330
£i| 15230595,2i| 332641725 2| 75273138

£i| 12229903, gi| 145325425, i | 1522096 1, 21| 15231824 gi | 18
£i| 22326920,2i| 30688067, g1 | 332005527, 21| 332005528

glyceralde hyde-3 e dehy [NADP+) (phospt gi| 185478427, gi | 332190823, gi | 332 190825,2i| 332190826, i

Clp ATPase [Arabidopsis thaliana]
2,3-bi erate-independent

£i| 186510816, gi | 296529804, 2| 332644945,51| 332644346 g

erate mutigi| 18391066,gi | 19548023, 21| 2160168, 21| 0316342, 3321

RecName: Full=Eukaryotic initiation factor 44-2; Short=elF-44- gi| 1170503,gi | 1170505, gi | 332194952,2i | 332194953 i 332
RecName: Full=Proteaso me subunit alpha type-6-B; AltName: gi| 12279902,z | 152 24993,5i | 300536463,gi| 330250885,i | 3

RecName: Full=Gly: de-3 e dehy

Egi| 20455491,g7| 332193812

RecName: Full=ATP synthase subunit bets, chloroplastic; AltN:gi| 6686263,gi | 7525040
RecName: Full=14-3-3-like protein GF14lambds; AltName: Ful gi| 1345585

Atd4z05180/C17L7_100 [Arabidopsis thaliana]
transketolase-like protein [Arabidopsis thaliana]
unnamed protein product [Arabidopsis thaliana]

£i| 15234637,2i| 18206245,g1 | 23308489, 2i | 332657088
£i] 18411711, £i| 20268682, 5| 21553673, i | 22136500, 21| 233
£i| 300648936, gi | 30698866, 2i | 332197184 1| 332197 186, i

RecName: Full=Heat shock cognate 7Ok Da protein 3; Short=Hs: gi| 18206367,21| 332641246, g1 | 332641247

thiol protease aleurain-like protein [Arabid opsis thaliana]
ATSg47340/MCA23 18 [Arabidopsis thaliana]

proteasome subunit beta type-7-B [A=bidopsis thaliana]
phosphoenclpyruvate carboxylase 2 [Arabidopsis thaliana]

£i| 332644500, g1 | 33264450, 2| 73622182, g1 | 79314271

£i| 10177920,gi| 151463285 | 15238822 i | 227295722, 51| 24
£i| 30693626,2i| 332007 184, £i | 332007185, | 332007 186, i
£i| 240254633, gi | 33025505 L, g | 330255052, 21| 73917650

DEAD-box ATP-dependent RNA helicase 56 [Arabidopsis thalia gi| 108861899, gi| 18652207 1,5i| 186522075,5i | 238481238,gi
peptide methionine sulfoxide reductase A3 [Arabidopsis thali gi| 15240796,51 | 332003779, 5| 75264351

peptide methionine sulfoxide reductase A2 [Arabidopsis thali gi| 15240795,5i | 332003778, 5 | 38454142, 51 | 46202480,5i | 75
RecName: Full=Probable phosphoglucomutase, oytoplasmic; gi| 12585324,z | 238479031, 5i| 238479033,5i | 332196584 i |

%-adenosylmethionine synthase 4 [Arabidopsis thaliana]
elongation factor G [Arabidopsis thaliana]

pyruvate, phosphate dikinase 1 [Arabid opsis thaliana]
S-methyltetrshydropteroy Itrig lutamate--h

£i] 332642427, 51| 75311602
£i| 52320853
£i| 145333150, gi| 145333164,5i| 186511835,21| 193806403 g

ysteine methy gi| 145334507, i | 332005103, 21| 332005104,21| 8134566

RecName: Full=Chaperonin CPNEG, mitochondrial; Althame: F =i| 12644189 21| 15229553, 51| 20465256, 51| 332643321
RecName: Full=14-3-3-like protein GF14nu; AltName: Full=Ger gi| 3023217

heat shock protein 81-2 [Arabidopsis thaliana]

heat shock protein 70-2 [Arabidopsis thaliana]
proteasome subunit beta ty pe-&[Arabidopsis thaliana]
cystolic glycer yde-3 e dehy
hypothetical protein F16M2.40 - Arsbidopsis thaliana
phosphoenolpyruvate carboxylase 3 [Arabidopsis thaliana]

£i] 15241115,¢| 2495365, 2| 332009328
£i| 15240578, £i| 24030296,g1 | 332008487
£i| 15235888,¢i| 15450505, 5| 16323318, i | 21592 365, 21| 332

[Arabido gi| 165706,gi| 166710

£i| 11277801,gi| 7523401
£i| 332642071, £i| 73917651

M.W. D=}

35,805.20
71,103.20
45,503.40

5,554.20
45,539.50
42,3150
20,008.50
25,321.60
25,347.30
23,617.60
27,376.50
75,841.00
53,512.40
27,250.30
71,149.30
50,113.10
35,674.80
31,452.70
22,544.60
24,433.50
44,345.30

105,140.10
84,358.40
23,825.60
22,131.10

110,164.10
27,347.00
33,541.60
25,682.10
42,148.30
35,805.20
27,348.20
71,103.20
45,503.40

5,554.20
45,539.50
53,373.20
42,33150
20,008.50
25,321.60
£3,657.30
33,797.20
50,113.10
25,347.30
£7,927.80
7,667.30

105,774.70
62,663.60
45,762.30
27,250.30
47,659.30
53,934.80
27,376.50
24,643.50
75,841.00
53,512.40
71,149.30
33,541.60
31,452.70
23,617.60

108,757.20
52,860.10
22,544.60
24,433.50
£3,483.50
42,795.50
4434530

105,140.10
84,358.40
£1,281.80
23,825.60
20,068.00
76,997.50
25,151.40
35,986.60
22,131.10

110,164.10

Protein ID  Total spectrum
prop

100.00%
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0.02%6
0.005
0.01%
0.01%
0.03%
0.01%
0.01%

0.01%
0.01%
0.01%
0.01%
0.01%
0.005
0.03%
0.03%
0.01%
0.01%
0.01%
0.02%6
0.09%
0.01%
0.01%
0.02%6
0.01%
0.09%
0.01%
0.02%6
0.01%
0.0%6
0.01%
0.01%
0.01%
0.01%
0.01%
0.01%
0.08%
0.02%6
0.01%
0.0%6
0.0%6
0.03%
0.01%
0.05%
0.01%
0.07%

Table A2. LC-MS/MS analysis of Arabidopsis matched protein and protein cluster
report. GSTs further investigated are starred.
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Percentage of sequence

total spectm | coverage

10.30%



MCR
MCR
MCR
MCR
MCR
MCR
MCR
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCS
WCs

*

RecName: Full=L-ascorbate peroxidase 2, cytosolic AltName: Fgi| 118572825, £i| 257352621, i | 257632803, | 25764357 8,5

RecName: F

Malste dehydroge nase, cytoplasmic2
chaperonin-&0 alpha subunit [Arabidopsis thaliana)

ClpC [Arabidopsis thaliana]

glutathione 5-transferase TAU 23 [Arabidopsis thaliang]
phosphoglycerate kinase, putative [Arabidopsis thaliana]

£i] 11133446 £i| 15239843, g1 | 332007563

£i] 1223910,gi | 15226314,gi| 21554572, | 2506276, gi | 25771
£i| 2921158

£i| 1521830, gi| 21553948, g1 | 33219757 4,21 | 8052536, 21| 944
£i| 21536853,2i| 238541551

RecName: Full=Heat shock protein 90-1; Short=AtHSP30.1; Alth gi| 26454635,21 | 332008861
RecName: Full=Malate dehydrogenase 1, mitochondrial; AltN=gi| 11133715,gi | 18404382,¢i| 332194789

phosphoglycerate kinase [A=bidopsis thaliana]

ad vlh cysteinase 1[A haliana]
frud bi ) class| [Ar
D-ribu | 5 -3-2pi ase [Arabidopsis thaliana]

At2g32520 [Arsbidopsisthaliana]

£i| 15223484 =i | 186491325, £i| 332195235, £i | 332195236, 5i |
=i| 145333043, £i | 15236376, =i | 332657945, =i | 332657948, gi|

is thaliana] gi| 330252066, gi| 75313518

£i| 15027997,2i| 15240250, | 20253209, i | 30637525, 21| 332
£i| 110743666, =i | 15225693, i | 21554205, 21| 30102612,5i | 32

putative malate oxidoreductase [malic enzyme) [Ar=bidopsistgi| 15225438,5i | 20268709,51 | 24030498, 51| 33025114851 | 45

Unknown protein [Arabidopsis thaliana]
proteasome subunit alphatype-5-B [Arabid opsis thaliana]
proteasome subunit beta type-7-B [Ar=bidopsis thaliana]

£i| 17065446,2i| 18399513, 51| 20148535, i | 21552994, 21| 330
£i| 12229903, gi| 145325425, gi | 1522096 1, 21| 15231824 g | 18
£i| 30693626,2i| 332007 184, i | 332007185, i | 332007 186, i

RecName: Full=Eukaryotic initistion factor 44-2; Short=elF-4A- gi| 1170503,gi| 1170505, gi| 332194952,gi| 332194953 i 332

Elongation factor 1-alpha [Ar=bidopsis thaliana]

gi] 119143, £i| 145323785, gi| 186532608, 21| 33200993521 | 33

RecName: Full=14-3-3-like protein GF14lambds; AltName: Ful gi| 1345585

transketolase-like protein [Arabidopsis thaliana]
unnamed protein product [Arabidopsis thaliana]

RecName: Full=Proteaso me subunit alpha type-6-B; AltName:

phosphoglycerate kinase 1 [Arabid opsis thaliana]
ATSg47340/MCA 2318 [Arsbidopsis thaliana]
phosphoenclpyruvate carboxylase 2 [Arabidopsis thaliana]
proteasome subunit beta type-3-B [Ar=bidopsis thaliana]
pyruvate, phosphate dikinase 1 [Arabid opsis thaliana]
S-methyltetrshydropteroy Itrig lutamate--h

£i] 18411711 £i| 20268682, £ | 21553673, i | 22136500, 21| 233
£i| 300648936, gi | 30698866, 21 | 332197184 /| 332197186, i
£i| 12229900,2i| 15224993, 51| 300536463, 21| 330250885,21 | 3
£i| 15230595,2i| 332641725, 5| 75273138

£i| 10177920,gi| 15146328, 5| 15238822 i 227295722, 51| 24
£i| 240254633, gi | 33025505 L, g | 330255052, 21| 73917650

£i| 12744997,2i| 17380184 g | 18395005, gi | 18411547 5| 213
£i| 145333150, gi| 145333164,5i| 186511835,g1| 193806403 g

ysteine methy gi| 145334507, i | 332005103, 21| 332005104,g1| 8134566

RecName: Full=14-3-3-like protein GF14nu; AltName: Full=Ger gi| 3023217

proteasome subunit beta ty pe-&[Arabidopsis thaliana]
cystolic glycer yde-3 e dehy
hypothetical protein F16M2.40 - Arsbidopsis thaliana
RecName: Full=Gly: de-3 dehy

phosphoenolpyruvate carboxylase 3 [Arabidopsis thaliana]

£i| 15235888,¢i| 15450505, 5| 16323318, i | 21592 365, 21| 332

[Arabido gi| 165706,gi| 166710

£i| 11277801,gi| 7523401

Egi| 20455491 27| 332193812

£i| 332642071, £i| 73917651

RecName: Full=L-ascorbate peroxidase 2, cytosolic AltName: Fgi| 118572825, gi| 257352621, i | 257632803, | 25764357 8,5

¥

RecName: F
ClpC [Arabidopsis thaliana]

glutathione 5-transferase TAU 23 [Arabidopsis thaliang]
phosphoglycerate kinase, putative [Arabidopsis thaliang]

nase, cytoplasmic2

Table A2. Continued

gi] 11133446,£i| 15239843, 21| 332007563

gi| 2921158

£i| 1521830, gi| 21553948, g1 | 33219757 4,21 | 8052536, 21| 944
£i| 21536853, 21| 238541551
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27,347.00
35,674.80
£2,131.40

103,458.80
25,682.10
42,148.30
81,183.70
35,805.20
45,539.50
53,373.20
42,33150
20,008.50
25,321.60
£3,657.30
33,797.20
25,347.30
23,617.60
45,762.30
45,503.40
27,376.50
75,841.00
53,512.40
27,250.30
50,113.10
31,452.70

108,757.20
22,753.80

105,140.10
84,358.40
23,825.60
25,151.40
35,986.60
22,131.10
47,659.30

110,164.10
27,347.00
35,674.80

103,458.80
25,682.10
42,148.30
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0.00%
0.01%
0.01%
0.02%6
0.02%6
0.02%6
0.01%
0.03%
0.02%6
0.005
0.02%6
0.03%
0.01%

0.01%



Protein Number Percentage Maximum

Biological identification of total  of total sequence

sample name  Protein Cluster Protein accession numbers probability  spectra  spectra coverage

ACR Cluster of DING protein [Arabidopsis thaliana] (gi | 53854257) gi| 53854257 100.00% 2 0.01% 49.10%
ACR Cluster of glutathione S-transferase TAU 23 [Arabidopsis thaliana] (gi| 1gi| 15218301,gi| 21553948,gi | 332197974,gi | 8052536, ¢ 100.00% 3 0.02% 4.09%
ACR Cluster of unnamed protein product [Arabidopsis thaliana] (gi| 1017792 gi| 10177920,gi | 15146328,gi | 15238822, gi | 227295722 100.00% 5 0.03% 12.00%
ACR Cluster of RecName: Full=Elongation factor 1-alpha; Short=EF-1-alpha; £ gi| 119143,gi | 145323788, gi | 186532608,gi | 332009935 100.00% 2 0.01% 4.68%
ACR Cluster of phosphoglycerate kinase [Arabidopsis thaliana] (gi | 15223484 gi | 15223484,gi | 15230595, gi | 186491325,gi | 33219523 100.00% 4 0.03% 12.10%
ACR Cluster of pyruvate, phosphate dikinase 1 [Arabidopsis thaliana] (gi| 14 gi| 145333150,gi | 145333164,gi | 186511835,gi | 193806 100.00% 6 0.04% 4.50%
ACR Cluster of phosphoenolpyruvate carboxylase 3 [Arabidopsis thaliana] (g gi | 240254633, gi | 24636264, gi | 330255051, gi | 3302550 100.00% 2 0.01% 2.38%
ACR Cluster of fructose-bisphosphate aldolase, class | [Arabidopsis thaliana gi | 330250312, gi | 330252066,gi | 75268018, gi | 7531351 100.00% 3 0.02% 7.02%
ACR Cluster of RecName: Full=Malate dehydrogenase 1, mitochondrial; AltNgi | 11133715,gi| 145332399,gi | 15232468, gi | 18404382 100.00% 3 0.02% 11.10%
ACR Cluster of RecName: Full=14-3-3-like protein GF14 lambda; AltName: Fugi | 12230867,gi | 1345595,gi | 152112421,gi | 1702987, gi 100.00% 1 0.01% 4.84%
MCR Cluster of DING protein [Arabidopsis thaliana] (gi | 53854257) gi| 53854257 100.00% 2 0.01% 54.70%
MCR * Cluster of glutathione S-transferase TAU 23 [Arabidopsis thaliana] (gi| 1gi| 15218301,gi| 21553948,gi | 332197974,gi | 8052536, ¢ 100.00% 4 0.02% 4.09%
MCR Cluster of unnamed protein product [Arabidopsis thaliana] (gi| 1017792 gi | 10177920,gi | 15146328, gi | 15238822,gi | 227295722 100.00% 4 0.02% 12.00%
MCR Cluster of RecName: Full=Proteasome subunit alpha type-5-A; AltName gi | 12229903, gi | 145325425, gi | 15220961, gi | 15231824 100.00% 2 0.01% 10.50%
MCR Cluster of phosphoglycerate kinase, putative [Arabidopsis thaliana] (gi gi|21536853,gi|298541591 100.00% 3 0.02% 5.99%
MCR Cluster of cystolic glyceraldehyde-3-phosphate dehydrogenase [Arabid gi | 166706,gi | 166710 100.00% 8 0.05% 20.10%
MCR Cluster of thiol protease aleurain-like protein [Arabidopsis thaliana] (g gi | 332644500,gi | 332644501,gi | 73622182,gi | 7931427 100.00% 2 0.01% 7.26%
MCR Cluster of chaperonin-60 alpha subunit [Arabidopsis thaliana] (gi | 1223¢gi | 1223910,gi | 15226314,gi | 21554572,gi | 2506276, | 100.00% 2 0.01% 4.27%
MCR Cluster of RecName: Full=Eukaryotic initiation factor 4A-1; Short=elF-4£ gi | 1170503,gi | 1170505, gi | 332194952,gi | 332194953,¢ 100.00% 2 0.01% 5.83%
MCR Cluster of heat shock protein 70-2 [Arabidopsis thaliana] (gi| 15240578) gi|15240578,gi | 24030296,gi | 332008487 100.00% 5 0.03% 8.64%
MCR Cluster of 5-methyltetrahydropteroyltriglutamate--homocysteine metl gi | 145334507, gi | 145334531,gi | 186509731, gi | 332005 100.00% 3 0.02% 6.14%
MCR Cluster of heat shock protein 81-2 [Arabidopsis thaliana] (gi| 15241115) gi|15241115,gi|2495365,gi | 26454635,gi | 332008861, ¢ 100.00% 6 0.04% 8.73%
MCR Cluster of heat shock protein 70-4 [Arabidopsis thaliana] (gi| 332641697 gi | 12643245,gi | 12643273,gi | 12644165,gi | 18206367, 100.00% 18 0.11% 17.70%
MCR Cluster of glyceraldehyde-3-phosphate dehydrogenase (NADP+) (phos gi | 186478427,gi | 20455491, gi | 332190823,gi | 3321908 100.00% 7 0.04% 14.30%
MCR Cluster of RecName: Full=Elongation factor 1-alpha; Short=EF-1-alpha; £ gi| 119143,gi | 145323788,gi | 186532608,gi | 332009935 100.00% 3 0.02% 6.46%
MCR Cluster of phosphoglycerate kinase [Arabidopsis thaliana] (gi | 15223484 gi | 15223484,gi | 15230595, gi | 186491325,gi | 33219523 100.00% 3 0.02% 8.58%
MCR Cluster of Transketolase [Arabidopsis thaliana] (gi| 18411711) gi|18411711,gi|20268682,gi | 21553673,gi | 22136900, ¢ 100.00% 4 0.02% 9.45%
MCR Cluster of pyruvate, phosphate dikinase 1 [Arabidopsis thaliana] (gi| 14 gi| 145333150,gi | 145333164,gi | 186511835,gi | 193806 100.00% 13 0.08% 8.68%
MCR Cluster of phosphoenolpyruvate carboxylase 3 [Arabidopsis thaliana] (g gi | 240254633, gi | 24636264, gi | 330255051, gi | 3302550 100.00% 13 0.08% 9.19%
MCR Cluster of RecName: Full=ATP synthase subunit beta, chloroplastic; Altl gi| 6686269,gi | 7525040 100.00% 15 0.09% 27.50%
MCR Cluster of adenosylhomocysteinase 1 [Arabidopsis thaliana] (gi | 145333 gi | 145333043, gi | 15236376,gi | 332657945,gi | 3326579 100.00% 4 0.02% 8.45%
MCR Cluster of peptide methionine sulfoxide reductase A2 [Arabidopsis tha gi | 15240795,gi | 332003778,gi | 38454142, gi | 46402480 99.80% 2 0.01% 10.10%
MCR Cluster of fructose-bisphosphate aldolase, class | [Arabidopsis thaliana gi|330250312,gi | 330252066,gi | 75268018, gi | 7531351 100.00% 3 0.02% 10.80%
MCR Cluster of peptide methionine sulfoxide reductase A3 [Arabidopsis tha gi| 15240796,gi | 332003779,gi | 75264361 100.00% 2 0.01% 10.90%
MCR Cluster of ClpC [Arabidopsis thaliana] (gi| 2921158) gi| 1169544, gi | 18423233, | 186510816,gi | 2921158, gi 100.00% 6 0.04% 5.67%
MCR Cluster of 2,3-bisphosphoglycerate-independent phosphoglycerate mugi | 18391066,gi | 19548023, gi | 2160168,gi | 30316342,gi 100.00% 2 0.01% 3.05%
MCR Cluster of RecName: Full=Malate dehydrogenase 1, mitochondrial; AltNgi | 11133715,gi| 145332399,gi | 15232468, gi | 18404382 100.00% 5 0.03% 11.40%
MCR Cluster of RecName: Full=Malate dehydrogenase, cytoplasmic 2 (gi|111gi|11133446,gi | 11133509,gi | 15219721,gi | 15239843, 100.00% 2 0.01% 8.43%
MCR Cluster of RecName: Full=14-3-3-like protein GF14 lambda; AltName: Fugi | 12230867,gi | 1345595,gi | 152112421, gi | 1702987, gi 100.00% 6 0.04% 10.40%
MCR Cluster of elongation factor G [Arabidopsis thaliana] (gi | 62320893) 862320893 100.00% 2 0.01% 8.54%
MCR2 Cluster of RecName: Full=Probable phosphoglucomutase, cytoplasmic: gi| 12585324,gi | 238479031, gi | 238479033, gi | 3321969 100.00% 2 0.01% 3.59%
WCS Cluster of putative ribulose-5-phosphate-3-epimerase [Arabidopsis the gi | 15027997,gi | 15240250,gi | 20259209, gi | 30697525, 100.00% 5 0.03% 12.50%
WCS Cluster of glutathione S-transferase TAU 23 [Arabidopsis thaliana] (gi|1gi| 15218301,gi | 21553948,gi | 332197974,gi | 8052536,¢ 100.00% 11 0.06% 4.09%
WCS Cluster of unnamed protein product [Arabidopsis thaliana] (gi| 1017792 gi | 10177920,gi | 15146328, gi | 15238822,gi | 227295722 100.00% 9 0.05% 7.07%
WCS Cluster of putative carboxymethylenebutenolidase [Arabidopsis thalia gi| 110743666,gi | 15225693, gi | 21554208,gi | 30102612 100.00% 2 0.01% 8.79%
WCS Cluster of RecName: Full=Proteasome subunit alpha type-5-A; AltName gi | 12229903, gi | 145325425, gi | 15220961,gi | 15231824 100.00% 5 0.03% 14.80%
WCS Cluster of auxin-induced atb2-like protein [Arabidopsis thaliana] (gi| 32 gi | 30696459, gi | 332195599, gi | 332195603,gi | 3321956 100.00% 2 0.01% 8.18%
WCS Cluster of RecName: Full=Glutathione S-transferase 16; AltName: Full=(gi | 12230166,gi | 148887379,gi | 15227063,gi | 18655397 100.00% 15 0.09% 5.19%
WCS Cluster of proteasome subunit beta type-7-B [Arabidopsis thaliana] (gi | gi | 30693626,gi | 332007184,gi | 332007185, gi | 3320071 99.90% 3 0.02% 6.93%
WCS Cluster of RecName: Full=Elongation factor 1-alpha; Short=EF-1-alpha; £gi | 119143,gi | 145323788, gi | 186532608,gi | 332009935 100.00% 4 0.02% 4.23%
WCS Cluster of phosphoglycerate kinase [Arabidopsis thaliana] (gi | 15223484 gi | 15223484,gi | 15230595, gi | 186491325,gi | 33219523 100.00% 4 0.02% 11.70%
WCS Cluster of pyruvate, phosphate dikinase 1 [Arabidopsis thaliana] (gi| 14 gi | 145333150,gi | 145333164, gi | 186511835, gi | 193806 100.00% 12 0.07% 4.08%
WCS Cluster of phosphoenolpyruvate carboxylase 3 [Arabidopsis thaliana] (¢ gi | 240254633, gi | 24636264, gi | 330255051, gi | 3302550 100.00% 4 0.02% 3.31%
WCS Cluster of RecName: Full=Malate dehydrogenase 1, mitochondrial; AltNgi|11133715,gi | 145332399,gi | 15232468,gi | 18404382 100.00% 5 0.03% 7.28%

Table A2. Continued
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Gene
designation

Gene bank match
[Arabidopsis)

Size (bp)

Matching waterhemp contig sequence (ACR)

BTubulin

2i| 13526187

346

TACCATGGACAGTATTOGGGLCGECCCTTATGGLCAGATTTTICGLCCGGATAACTTTGTTITTGGACAATC
TEGEGECAGGEAAATAATTGGECTAAAGETCATTATACTGAAGGTGCTGAGTTGATTGATTCGGTTCTAGATG
TIGTTCGAAAAGAAGCTGAGAAT TG TGATTGTATGLAAGGGTTTCAAGTTTGTCATTCATTGGGAGGAGEA
ACAGGATCTGGAATGGEAACATTGCTGATT TCAAAGATACGAGAGGAGTATCCAGATCGAATGATGATGA
CATTTTCGGTTITCCCTTOGCCGAAGGTTTCAGATACTGTEETTGAGCCTTACAATGCTACA

ArGSTUL

GI:15220041

550

TATGAGAATAGTAGGAGAATTTEGACTACAAAAGETEAAGAACAAGAGECAGCCAAGAAGGAATTCATA
GECCATT T AAATTATTAGAGCAACAATTAGG AAACAAGCCATATT T TGCAGEGEATTCATTTGEETTTETT
GATGTTAGTCTCATCCCATTCTATTETTGETT T TATACTTGEGAAAAACTAGECAACATTAGTATTGGETEAG
TCATECCCTAAGCTTATTGAATEEGCTAARAGATECATEGARAGAGATAGTETTGCTAAGTCTCTTCAAGA
TEAGAAGAAGATCTATGACTTCCTATTGEAGTTGAAGAAGECACTTEGTATOGAGTAGEEEAAACGCEET
AT TG T TAAA G ATATGTTCCATCT TTTTATTCATATGAGTT TATCATOGTCATCCTAATGAGTTTCGCTA
GAGGCAGGETCTGETTATTCATATCAGTCTATTAGTCTAATCAAACACGAATAGATCGTTGGAMCGGTTTA
TETTETAT G ETAGATTGAAGTATGGET TG TGT TG TATG G TAGATTGAAGTATGEETTGAGTACTTGAGTTT
TITTITTGTTGETTGTATNTG

ArG5TU2

Gl:15220041

435

TAATGTTCCTATCCCAAGAT AAACTCAGAAAGTTTATCCATT TGAGGAATAGATGTGTTAACAGAATGTCTA
AGTACACATETTTTACCCCAAGCANTGATT T TGEEACACTCTAATTCAATATTAAMACTTCCACAAGTTTCAT
AAACTTEAAACCAGCTETAAAATGEANTTAGGECAATGTCCATATACCCAAATTTATCTOCTTCAAAATAAS
ACTTATCT O AR CACTTETTCTAGTETCTT TAGACATTCTATGAACTCTETTT T TEGCTTCTTCTCTTTCTTI TG
TATCCTT TG TCTCCATAACTTATTGCTTGCTTCAAAAA AL CTTAGTAATCCACAAACTEAGCCCAGAATCTT
GATTETECCCTCTEGETAAGGATCAGAAGACAGAAAATEAGTATCCCCTTTCCAATATTCATCAATATACTCC
AC

ArGSTUS

GI:15220041

736

GOCAC A G A TAATCTTTATT AT TATTAATTATAACACAACATCCAATCATAATTGGAAAAACTAATACA
ACAATAA A CTTTETETACTEECAGTACTTATTTT TCAGTATGACAAACTTCAATAAAGTTCACGAACAC
AN AT ATAGAANATAAANGECATTCAAACAGETATATCAAAGGTAGACCTTTATCTTGCATTTACECAS
GAGTCTACTTCTAAAATCAACCOGTARACCTTTCAACCACACAACAACACTTARACCGAAGCATCATARAAN
A AR A TAGAAN CCATACTTAATTCCCC DG TTCCATTATATT TACATCTGATATGTAACATTGTCACTATC
AGGTACAAGTATTTCAGAACGGAGGTAATATATGATCTCTATTGTTCCAAARACTCTTTCTTCATGSCCATA
CACTTT TGO AAGAAGGCCTAGCCARAATTTCCTCACGCCAMGCATTGACATEAGGGLETTCCTCGAACATC
TITATAATTTTGETACCACTCAATGTT TGCAAGGOGGGLATGTGATGAACATCTCCTAGACTAAACGTATCA
CCCGCTACGTACTTATTCTTCGACAAATACGCTTCGTATATGTCGAGGACCTTTGOGAATT TAGGCTCGTATT
CATCTACTATTGCATCGTCACAAGCCAAGCCCATGTAACCCTTETAAGCAAGCTCCATTGCGAGTTTAMGIEE
CGATCGACTCGAAT

AriG5TF1

GI:330250548

305

CECEEEECCACCCTC O ETTTTEECAGCTECTAATCAGAAACACCTTCAATACCAATTGETTGATGTCGA
TG TG G EECTAACAAACAACCATCTTTTCTTTCT T T TAATCCTTT TG GETCAAATCCCTECTTT TGAAS
ATCGAGATCTCACTTTATTTGAATCAAGGGCAATAACAAAATACATAGCACACACCTATEGAAGAACAAGEA
ACACCTCTTACATACAAAA CAGE G ARG AAATGECAGATCAAGCCATT TG GATGEAACTAGAGECTCACT
AATTTGATCCAGTAGTAAGT

ArGSTr2

G1:330250548

228

CCGGATGCACCCAACGTGTATTAGCCGCTECTCATGAGAAGAATCTTGATTATGAATTGGTTATTGTTGACT
TGAGGAAACACCAACAARAGGAACCATCTTITCTCTCCCTCAATCOGTTTGGTCAAGTCCCTGTTTTCCAAG
ATGGAGATCTCAAATTGATTGAATCAAGGGCAATAACAAGATACATAGCATACACTTACGAAGGCCAAGE
AACACCCCTTACTT

Table A3. Gene identities and contig sequences. Genes listed represent LC-MS
identities matched with contigs from the sequenced ACR transcriptome (Lee et al.,

2009).
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