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Abstract

Glufosinate-ammonium (GFA) is a key non-selective herbicide for controlling Amaranthus
palmeri and other weeds by targeting glutamine synthetase (GS). GS copy number,
expression, sequence polymorphisms, and enzymatic properties in a GFA-resistant population
(CCR) were studied. Digital PCR revealed no major GS amplification or target upregulation:
most CCR plants had copy numbers and expression comparable to the susceptible reference,
with only minor increases in GS2.1 and GS2.2 in a few individuals. Sequencing identified a
non-synonymous substitution, G255D, in GS2.2 within a conserved region adjacent to the
GFA-binding site. G255D retained ~58% of wild-type activity in vitro assays, but was
completely insensitive to GFA, with no measurable inhibition at tested concentrations.
However, ectopic expression of G255D in Arabidopsis thaliana did not confer GFA
tolerance, indicating the mutation alone is insufficient for resistance. /n vitro analysis of the
Eleusine indica GS1.1 S59G substitution revealed increased catalytic activity without
affecting GFA sensitivity. A mutational panel of GS1.1 variants showed that substitutions at
E131, E192, G245, H249, R291, R311, and R332 abolished enzyme activity or inhibitor
sensitivity, with most variants retaining <2% of wild-type function. Among a broader set of
predicted GS1.1 variants, high resistance indices were consistently linked to strong reductions
in catalytic efficiency, underscoring the fitness costs of target-site alterations. Collectively,
GS2.2 G255D appears to be a rare substitution combining substantial residual activity with
complete GFA insensitivity and suggest that resistance via target-site modifications studied is

constrained by trade-offs between catalytic function and herbicide binding.

Key Words: Glufosinate resistance, TSR, mutation, Palmer amaranth, Amaranthus palmeri,

goosegrass, Eleusine indica

1. Introduction
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Glufosinate-ammonium (GFA) is a non-selective, postemergence herbicide widely utilized for
broad-spectrum control of weeds. It targets glutamine synthetase (GS; EC 6.3.1.2), a key
enzyme in nitrogen metabolism that catalyzes the ATP-dependent condensation of glutamate
and ammonia to form glutamine.! In higher plants, GS exists at two different locations: GS1 in
the cytosol and GS2 in the chloroplast.? GS2 typically dominates foliar tissues of C3 species
due to its role in photorespiratory ammonia reassimilation, while both GS1 and GS2 contribute
to nitrogen processing in C4 species such as Palmer amaranth (Amaranthus palmeri S. Watson),
where GS1 activity may account for a large proportion of total GS activity.>* Inhibition of GS
leads to toxic ammonia accumulation and disrupted photorespiration.” Though ammonia
accumulation was initially considered the primary cause of glufosinate-induced cell death,
recent studies indicate that reactive oxygen species (ROS) generation and membrane lipid

peroxidation contribute greatly to its phytotoxic effects.

Commercialized in the 1990s, glufosinate use expanded following the introduction of
transgenic crops carrying bar or pat, which encode phosphinothricin acetyltransferase to
detoxify glufosinate by converting it to N-acetyl-glufosinate.” This trait is now incorporated
into multiple cropping systems, including LibertyLink®, Enlist™, and XtendFlex®. In the
United States, GFA applications in soybean [Glycine max (L.) Merr.] increased from
approximately 1.08 million kg in 2012 to 6.54 million kg in 2020, highlighting its growing role

in managing herbicide-resistant weeds.®

Evolution of GFA resistance in weeds has been relatively limited compared to other herbicide
sites of action, with only five reported GFA-resistant species: goosegrass [Eleusine indica (L.)
Gaertn.], Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot], perennial
ryegrass (Lolium perenne L.), rigid ryegrass (Lolium rigidum Gaudin), and A. palmeri.®'
Among these, 4. palmeri is the only broadleaf species with confirmed resistance. As a
dioecious, highly fecund C4 weed with extensive gene flow and rapid adaptation capacity, 4.
palmeri presents a substantial threat to sustainable chemical control. Resistance to GFA in 4.
palmeri has been confirmed in populations from Arkansas, Missouri, and North Carolina,

including accessions with multiple herbicide resistances.!!

Mechanisms of herbicide resistance in weeds are broadly classified into target-site resistance
(TSR) and non-target-site resistance (NTSR). TSR mechanisms include point mutations in the
herbicide target gene, gene amplification, or overexpression of the target protein, all of which

reduce herbicide binding efficacy or increase the availability of the target. NTSR mechanisms
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92  encompass lower absorption or translocation, vacuolar sequestration, or enhanced metabolic
93  degradation, often mediated by cytochrome P450 monooxygenases (P450s), glutathione-S-
94  transferases (GSTs), or other detoxification pathways.?’ Glufosinate uptake can vary depending
95 on the herbicide applied in combination, with certain mixtures reduce absorption in species
96  such as A. palmeri and barnyardgrass [Echinochloa. crus-galli (L.) P. Beauv.].?! In 4. palmeri,
97  the most validated mechanism of glufosinate resistance to date involves GS2 overexpression

98  and gene amplification, with limited evidence supporting a role for target-site mutations.'”-*?

99 A few GS mutations have been reported or engineered in relation to glufosinate sensitivity, but
100  none have been conclusively linked to field-evolved resistance. A GS2 Asp173Asn substitution
101 in L. multiflorum was initially thought to confer resistance but was later shown to be non-
102  functional; resistance in that population was ultimately determined to be mediated by enhanced
103 metabolism.>> A S59G substitution in the GS1 isoform of E. indica conferred glufosinate
104  resistance, with transgenic rice (Oryza sativa L.) plants expressing the mutant gene exhibiting
105  reduced sensitivity to the herbicide.?* In controlled systems, substitutions such as H249Y and
106  R295K in soybean and rice GS2 enzymes have been engineered to reduce glufosinate binding,

107  but such mutations have not been observed in weed species under field selection.?>

108 Recent research has shown that extrachromosomal circular DNA (eccDNA) is a novel
109  mechanism underlying gene amplification in certain herbicide-resistant weeds, such as in
110  glyphosate-resistant A. palmeri.*’ Similarly, in a GFA-resistant 4. palmeri population from
111 Arkansas (MSR2), GS2.1 and GS2.2 isoforms were co-amplified on an eccDNA structure.?®
112 This finding suggests that eccDNA-mediated gene amplification may serve as a flexible and
113  rapid adaptation strategy in A. palmeri, allowing high-copy gene expression outside the
114 constraints of chromosomal regulation. However, the presence of GS2-containing eccDNA has
115  not been confirmed in all resistant populations, and resistance mechanisms are likely to be

116  heterogeneous across regions.

117  The present study investigates the response of a distinct A. palmeri population from Arkansas
118  (CCR)to GFA. Sequencing of the chloroplastic GS2 gene in this population revealed a glycine-
119  to-aspartic acid substitution at position 255 (G255D), located in a conserved region of the
120  enzyme. The G255D substitution was detected only in non-surviving plants and in heterozygous
121 form, and it was absent in GFA survivors. No GS2 copy number variation was detected among
122 CCR survivors. Functional enzyme assays confirmed that the G255D substitution does not

123  confer GFA resistance.
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124  In addition to G255D, a broader set of putative GS1 mutations was analyzed to assess their
125  potential impact on enzyme function and herbicide interaction. This curated set provides a
126  valuable molecular reference for future investigations. If field-evolved GFA resistance is later
127  linked to specific GS mutations, these data may help differentiate resistance-conferring variants
128  from neutral polymorphisms. The present study 1) evaluates GFA sensitivity in the CCR
129  population and characterizes the G255D variant, and 2) contributes to a clearer understanding
130  of resistance mechanisms in A. palmeri. As GFA continues to play a central role in weed
131 management, the timely identification and tracking of resistance mechanisms remain essential

132 for preserving its long-term utility.
133

134 2. Material and methods

135 2.1 Plant material

136  The 4. palmeri CCR population and the susceptible reference were grown in a greenhouse
137  under a 14:10 h light:dark photoperiod. Natural light was supplemented with high-pressure
138  sodium lamps providing a photon flux density of approximately 1100 pmol m s™! during
139  daylight hours. Day/night temperatures were maintained at 30/25 °C, respectively. Twenty-

140  three untreated CCR plants were collected for molecular characterization of resistance.
141 2.2 Preparation of DNA

142  Leaf samples of 0.5 cm? each were transferred into a sample tube (Collection microtubes;
143  Qiagen, Hilden, Germany). Subsequently, the samples were homogenized in a shaker mill
144  (TissueLyser II; Qiagen, Hilden, Germany) with steel beads. The process of DNA extraction
145  was carried out in a KingFisher Flex Magnetic Particle Processor (Thermo Fisher Scientific,
146  Schwerte, Germany), employing the Chemagic Plant 400 kit (Perkin Elmer, Rodgau,

147  Germany), in accordance with the manufacturer's instructions (with modifications

148  implemented by IDENTXX GmbH).
149 2.3 Preparation of total RNA

150  Frozen leaf samples (0.5 cm? each) were transferred into a sample tube. Subsequently, the

151  samples were homogenized with steel beads in a shaker mill (TissueLyser II; Qiagen, Hilden,
152  Germany). The total RNA extraction was carried out in the KingFisher Flex Magnetic Particle
153  Processor (Thermo Fisher Scientific, Schwerte, Germany), employing the MagMAX(™)
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154  Plant RNA Isolation Kit (Applied Biosystems, Darmstadt, Germany), in accordance with the

155  manufacturer's instructions.
156 2.4 Preparation of cDNA

157  The random hexamer-primed cDNA was obtained by reverse transcription of 200 ng uL™! of
158  total RNA using the PrimeScript RT Reagent Kit with gDNA Eraser (Takara Bio Europe, St-

159  Germain-en-Laye, France) according to the manufacturer's instructions.
160 2.5 GS copy number and expression analysis

161  The digital PCR (dPCR) was performed in a final volume of 12 pL using 1.48 uL of DNA or
162  cDNA, 0.48 uL (0.2 uM) of specific primers and 0.24 pL (0.2 uM) of probe (Table SI)
163  (biomers.net GmbH, Ulm, Germany), 3 pL of QIAcuity HighMultiplex ProbePCR Kit (Qiagen,
164  Hilden Germany) and 4.64 pL PCR-Grade H>O for the quintruple dPCR. dPCR was performed
165  in a dPCR thermal cycler (QIAcuity One, Splex Device, Qiagen, Hilden Germany) in a 96-well
166  nanoplate (QIAcuity Nanoplate 8.5k 96-well) under the following conditions: 2 min at 95°C
167 and 55 cycles of 15 s denaturation at 95°C; 55 s annealing and elongation at 60°C. The
168  following conditions were met during the imaging of the partitions. The FAM and HEX
169  experiments were conducted with an exposure time of 500 milliseconds, with the gain set to 6.
170  The ROX experiment utilized an exposure time of 300 milliseconds, also with the gain set to 4.
171 The TAMRA experiment utilized an exposure time of 400 milliseconds, also with the gain set
172 to 6. The CyS5 experiment utilized an exposure time of 400 milliseconds, also with the gain set
173  to 8. The assessment of copy number variation and expression analysis was conducted by
174  employing Qiagen's QIAcuity Software Suite, version 3.1.0.0. This process entailed the
175  utilization of positive, negative, and no-template control wells (NTC), along with the

176  determination of sample thresholds.

177 2.6 Identification of target-Site mutations in A. palmeri CCR population GS isoforms via
178  cDNA sequencing

179  The amplification of the coding sequences was performed in a final volume of 25 pL using 5
180  pL of the random hexamer primed cDNA and 1 pL (10 pmol) of specific primers (Table S2),
181 12.5 of MyFi™ DNA Polymerase (Bioline GmbH, Luckenwalde, Germany) and 6.5 uL. PCR-
182  Grade H20. DNA was amplified in a PCR thermal cycler (T100 PCR thermal cycler, Bio-Rad
183  Laboratories GmbH, Germany) under the following conditions: 3 min at 95°C and 35 cycles of
184 30 s denaturation at 95°C; 30 s annealing at primer specific temperature and 2 min elongation

185 at 72°C; and a final elongation step at 72°C for 5 min. Aliquots were taken and analysed on
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186  1.5% agarose gels. The PCR products were sequenced from both sites via Sanger sequencing
187  (SeqlLab-Microsynth, Gottingen, Germany). Chromatograms were processed in Geneious V.
188  9.1.8 (Biomatters, Auckland, New Zealand), and sequences were aligned against wild-type GS
189  coding sequences. Resulting nucleotide substitutions were translated into amino acid changes

190 to identify potential target-site mutations
191 2.7 Protein expression and purification

192  The full-length of GS wild-type and variants CDS sequences form A. palmeri and E. indica
193  were synthesized de novo and cloned into the pRSetB expression vector (Invitrogen, Carlsbad,
194  CA, USA) using BamHI and HindIII restriction sites. An N-terminal hexahistidine tag was
195  included to facilitate purification. Recombinant constructs were transformed into Escherichia
196  coli strain BL21(DE3)pLysS (Novagen, EMD Millipore, Billerica, MA, USA), and
197  transformants were selected on LB agar containing 100 pg mL™" ampicillin and 34 pg mL™

198  chloramphenicol.

199  For protein expression, a single colony was used to inoculate 3 mL LB medium with antibiotics
200 and incubated at 37°C with shaking (200 rpm) for 6 h. A 20-uL aliquot of this pre-culture was
201  transferred into 20 mL fresh LB medium and incubated overnight. The next day, 100 pL of the
202  overnight culture was inoculated into 100 mL ZYM-5052 autoinduction medium (see
203  Supplemental Data for preparation), supplemented with antibiotics, and incubated at 37°C for
204 5, followed by 21 h at 25°C.

205 Cells were harvested by centrifugation at 6,000 x g for 30 min at 4°C. Cell pellets were
206  resuspended in PPO lysis buffer [10 mL g! pellet; 50 mM NaH2POa4, 100 mM NaCl, 5 mM
207  imidazole, 5% (v/v) glycerol, pH 7.5, 20 mg mL " lysozyme, 30 U mL* DNase I] supplemented
208  with protease inhibitors (complete EDTA-free; Roche Diagnostics, Mannheim, Germany).
209  Suspensions were sonicated on ice (3 min, 90% amplitude, 30-s intervals). Cell debris was
210 removed by centrifugation at 38,000 % g for 30 min at 4°C, and 2 mL of 5 M NaCl was added

211 to the clarified supernatant.

212 For purification, a 500-uL bed volume of HisPur Ni-NTA resin (Thermo Fisher Scientific, IL,
213  USA) was equilibrated with buffer (20 mM NaH:POs, 50 mM NaCl, 5 mM imidazole, 5 mM
214 MgClz, 17% glycerol, 0.1 mM EDTA, pH 8.0). The supernatant was passed through the resin,
215  washed with 5.6 mL wash buffer (20 mM NaH:PO., 50 mM NaCl, 5 mM imidazole, 17%
216  glycerol, pH 7.5), and the bound protein was eluted with 1 mL elution buffer (20 mM NaH:POs,
217 50 mM NaCl, 250 mM imidazole, 17% glycerol, pH 7.5). Protein concentrations were
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218  determined using a Scandrop nanovolume spectrophotometer (Analytikjena, Life Science,
219  Germany). Purity and solubility were assessed by SDS-PAGE (10%) using 2.5 pg protein per
220 lane.

221 2.8 Glutamine synthetase enzyme activity

222  GS activity was determined spectrophotometrically following the Sigma-Aldrich enzymatic
223  assay protocol. The reaction couples the ATP-dependent conversion of L-glutamate and
224  ammonium to L-glutamine with pyruvate kinase (PK) and L-lactate dehydrogenase (LDH), such
225  that oxidation of B-NADH to B-NAD" can be monitored at 340 nm. Recombinant GS from 4.
226  palmeri was expressed in Escherichia coli, purified by affinity chromatography, and quantified
227 by the Bradford method using bovine serum albumin as standard. Assays were conducted at
228 37°C in 3.00 mL total volume containing 34.1 mM imidazole (pH 7.1), 102 mM sodium L-
229  glutamate, 8.5 mM ATP, 1.1 mM phosphoenolpyruvate, 60 mM MgClz, 18.9 mM KCI, 45 mM
230 NH.CI, 0.25 mM B-NADH, 28 U PK, 40 U LDH, and 0.4-0.8 U recombinant GS. Reaction
231  mixtures were equilibrated to 37°C and initiated by the addition of enzyme, and the decrease in
232  absorbance at 340 nm was recorded for 5—10 min; only the linear portion of the curve was used
233 for activity calculations. For inhibition assays, GFA was added directly to the reaction mixture
234  to final concentrations ranging from 107® M to 102 M, using 2.5-fold serial dilutions, with a
235  no-inhibitor control included in each run. Activity was calculated using an extinction coefficient
236  for NADH of 6.22 mM™ cm™ and expressed as units per mg protein, where one unit
237  corresponds to the formation of 1 pmol of L-glutamine in 15 min at pH 7.1 and 37°C.
238  Background activity was corrected by including blank assays without GS. Percent inhibition
239  was calculated relative to untreated (positive) and no-enzyme (negative) controls. Assays were
240  conducted in duplicate. ICso values (concentration of inhibitor reducing GS activity by 50%)
241  were estimated by nonlinear regression (three- or four-parameter log-logistic models).
242  Resistance factors were calculated by dividing the ICso of each mutant variant by that of wild-

243  type GS.
244 2.9 Transgene preparation and Arabidopsis transformation

245  Mutant GS variants G2.2 G255D from A. palmeri and G254D from Arabidopsis were cloned
246 into the RTP6557 transformation vector, which was subsequently introduced into
247  Agrobacterium tumefaciens strain C58C1pMP90. The construct also carried an acetolactate
248  synthase (ALS) herbicide-resistance gene as a selectable marker, ensuring that Arabidopsis

249  seedlings tested for resistance to GFA herbicide expressed the transgene.
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250  Agrobacterium cultures were initiated 1 d prior to transformation by inoculating 1 mL of
251  glycerol stock into 250 mL of YEB medium (1 g L™! yeast extract, 5 g L™! beef extract, 5 g L™
252  peptone, 5 g L' sucrose, and 0.49 g L' MgSO4-7H20) supplemented with the appropriate
253 antibiotic. Cultures were grown for 12 h at 28°C with agitation at 150 rpm. On the following
254  day, the culture density was adjusted to ODswo = 1.0 in YEB medium, harvested by
255  centrifugation (1600 g, 10 min), and resuspended in 150 mL of infiltration medium (2.2 g L™!
256  Murashige & Skoog salts, 50 g L™! sucrose, 0.5 g L™ MES hydrate, and 10 pL L™ BAP [1 mg
257  mL™" stock solution]). The pH of the infiltration medium was adjusted to 5.7-5.8.

258  Arabidopsis plants carrying immature floral buds were transformed by the floral-dip method,
259  immersing inflorescences for 10 s in the bacterial suspension supplemented with Silwet-L77 at
260  0.05% vvl. After dipping, plants were maintained overnight under high humidity and low light,
261  then transferred to long-day conditions until maturity. Once siliques had yellowed, seeds were

262  harvested into paper bags. T: seeds were collected, placed into Falcon tubes, and stored at 4°C.

263  After >14 d of cold storage, T seeds were sown and stratified as previously described. Putative
264  transgenic seedlings were selected by treatment with a 20 ppm imazamox (technical grade)
265  solution. Plants were grown under short-day conditions for 12—14 d until the four-leaf stage, at
266  which point resistant individuals were transplanted into 6 x 6 cm pots containing GS90 soil.
267  Plants were grown for an additional 10 d, then shifted to long-day growth conditions 1 d prior
268  to herbicide application.

269  Herbicide treatments were applied at the ten-leaf stage using a spray chamber calibrated to
270  deliver 375 L ha™! of spray solution. GFA herbicide was applied at rates of 100, 500, and 1000
271 gactive ingredient (a.i.) ha™', with DASH HC (BASF, ref. ID no. 30059102; 349 g L™! oil [fatty
272 acid esters] and 209 g L' alkoxylated alcohols-phosphate esters) as an adjuvant. Control plants
273  received spray solution containing adjuvant only. Herbicide efficacy was visually evaluated 7

274 d after application.
275  2.10 Molecular Modeling

276 A homology model of AMAPA cytosolic GS1.1 was built to identify residues for targeted
277  experiments on GFA binding, with emphasis on protein—protein interactions that can influence
278  herbicide sensitivity. The maize GS1.1 crystal structure co-crystallized with ADP and
279  methionine sulfoximine phosphate (PDB 2D3A
280  served as the template.>” Model construction and placement of GFA into the site corresponding

281  to methionine sulfoximine phosphate were performed in MOE using default settings.
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282  [Molecular Operating Environment (MOE), 2024.06, Chemical Computing Group ULC, 1010
283 Sherbrooke St. West, Suite #910, Montreal, QC, Canada, H34A 2R7, 2024.] For the template
284  region resolved in the protein crystal structure (residues C3—P356), AMAPA cytosolic GS1.1
285  shares 88.1% sequence identity and 95.5% similarity with maize; residues directly contacting
286  GFA are fully conserved, indicating preserved active site geometry and identical ligand
287  interactions. However, sensitivity or resistance to GFA is also influenced by the stability and
288  architecture of subunit interfaces in the GS oligomer. One principal interface is mainly formed
289 by Nterminal residues (R34—E69; Table 3), and a second interface involves a central sequence

290 segment.

291  To evaluate how amino acid substitutions might affect these interfaces, interfacial residues were
292  mapped from the homology model and a multiple sequence alignment, and prioritized candidate
293  mutations based on evolutionary conservation and single nucleotide polymorphisms (SNPs).
294  Selected substitutions were modeled in silico and assessed by molecular modeling to estimate
295 their effects on interface stabilization. Analyses focused on potential changes to intermolecular
296  contacts critical for oligomer integrity — notably polar and charge assisted hydrogen bonds
297  (e.g. E69 to R316) and hydrophobic patches (e.g. V161, A163) that could alter oligomer
298  packing or ligand access. These structure-based considerations provide a rationale for selecting
299  residues for experimental validation to dissect how active site binding and oligomeric interfaces

300 jointly determine GFA sensitivity and resistance.
301
302 3. Results

303 3.1 Copy number variation and mRNA abundance of GS isoforms in the A. palmeri

304 CCR population

305  Digital PCR (dPCR) analysis was employed to detect differences in gene copy number and
306 mRNA abundance among the four GS isoforms in 23 untreated CCR plants, using an herbicide-
307  sensitive plant as reference (fold change = 1.0). For the majority of CCR plants, copy number
308 values for all isoforms were close to reference, generally falling between 0.8 and 1.5, indicating
309 no substantial gene amplification (Fig. 1A). Few CCR plants exhibited slight deviations.
310 CCR13,CCR17,and CCR22 showed a slight increase in GS2.2 CN, with fold changes reaching
311 upto 2.0-fold. In CCR13 and CCR22 plants, a mild elevation in copies was observed also for
312 (GS2.1, suggesting that amplification in these isoforms is not widespread but can occur in certain

313  CCR individuals. No plant demonstrated extreme amplification (>10-fold) for any GS isoform.
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314  Expression analysis also did not detect major target upregulation with most of the plants
315  expressing the GS isoforms similar or slightly lower to the sensitive plant (Fig. 1B). Taken
316  together, the vast majority of CCR plants maintain GS copy numbers or expression similar to

317  the sensitive control, with increases in GS2.1 and GS2.2 CN being found in a few individuals.
318 3.2 GS cDNA sequencing in CCR plants

319  The sequencing of the GS2.2 isoform in the 23 CCR plants revealed a non-synonymous
320  substitution at position 255, where glycine (G) in the susceptible reference sequence was
321 replaced by aspartic acid (D). This G255D substitution was present in heterozygous form in
322  several plants (Table 1). This residue lies within a highly conserved domain of GS 2.2, near
323  E192 (in GS1.1) or E251 (in GS2.1) (Fig. S1), a residue involved in GFA binding, suggesting
324  that the amino acid substitution may have functional significance in inhibitor and/or substrate
325 binding.”’ The mutation was detected in heterozygosis in multiple CCR individuals, while
326  others retained the wild-type glycine. Sequencing of the remaining three GS isoforms (GS1.1,
327  GS1.2 and GS2.1) did not reveal any amino acid substitutions compared to the susceptible
328 reference (Table 1). Given the conservation of the G255 site across GS isoforms, and the
329  proximity with E251, the G255D substitution may alter enzyme properties and affect GFA
330 binding to the target enzyme.

331 3.3 Enzyme activity and inhibition profile of GS2.2 G255D

332  Enzyme assays comparing the wild-type GS 2.2 and the G255D variant revealed a substantial
333  reduction in catalytic activity associated with the amino acid substitution. The wild-type GS 2.2
334  displayed full activity, measured at approximately —30 mOD min™* (100% activity) (Fig. 2). In
335  contrast, the G255D variant retained only 58% of wild-type activity, corresponding to
336  approximately —17 mOD min'. This decrease in activity indicates that the G255 residue plays
337  arole in substrate interaction and/or catalytic efficiency. The data supports the hypothesis that
338  the G255D substitution, located in a highly conserved domain, alters GS2.2 enzyme function.
339 In addition, enzyme inhibition assays demonstrated a striking difference in sensitivity to GFA
340  between the wild-type GS2.2 and the G255D variant (Fig. 3). The wild-type enzyme displayed
341  a typical dose-response curve, with activity decreasing as GFA concentration increased,
342  resulting in an ICso of 1.1 x 10™* M. In contrast, the GS2.2 G255D variant maintained stable
343  activity across the full range of GFA concentrations tested, with no measurable inhibition and
344  an ICso value that could not be determined. This absence of inhibition indicates that the G255D
345  substitution confers a high level of resistance to GFA in vitro, consistent with the residue

346  predicted role in substrate binding and inhibitor interaction.
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347 3.4 Ectopic expression of G255D in Arabidopsis transgenics

348  Transgenic plants ectopically expressing the GS2.2 G255D variant were evaluated for tolerance
349  to GFA at three application rates (100, 500, and 1000 g ha™!). At all concentrations tested, plants
350  expressing the G255D variant exhibited visible injury symptoms similar to those observed in
351  wild-type controls, including chlorosis and necrosis of young leaves (Fig. 4A). The G255D-
352  expressing lines exhibited no improvement in plant survival or injury level compared to wild-
353  type plants at any dose. Despite conferring strong resistance to inhibition by GFA in vitro, the
354  (G255D substitution alone is insufficient to provide GFA tolerance in planta when expressed
355  ectopically. In addition, the G255D was also ectopically expressed using the Arabidopsis GS2.2
356  backbone (G225D of 4. palmeri corresponds to G254D in A. Thaliana). Like G255D, G254D

357  failed to confer any visual tolerance in the transgenic plants (Fig. 4B).
358 3.5 GS1 target-site mutations effect on GFA sensitivity

359 A set of cytosolic GS1.1 variants from A. palmeri was assayed for sensitivity to GFA. These
360 variants were generated on residues important for GFA binding?® (Fig S1). Variants were
361 created by a single nucleotide change in the codon encoding for each selected residue (Table
362  S3). The wild-type enzyme (WT) was strongly inhibited by GFA, with an ICso of 22.5 pM and
363  complete inhibition (100%) at 10 mM inhibitor, consistent with high susceptibility.

364  In contrast, many GS1.1 variants harboring substitutions at residues E131, E192, G245, H249,
365 R291, R311, or R332 displayed extreme loss of sensitivity, with ICso values exceeding 10 mM.
366 At saturating inhibitor concentrations, inhibition rarely exceeded 10%, and residual activities
367  were typically <2% of WT (Table 2). Several variants (e.g. E192G, G245N/R/V, H249Q/P/Y,
368 R311G, R332C/H/K) were catalytically inactive, precluding ICso estimation. The highest
369 remaining activity observed was for the G245C variant (1.8%), while all the others were < 1%

370 relative to the wild-type enzyme.

371 Overall, several specific mutations in cytosolic GS1.1 catalytic domain dramatically abolish
372  sensitivity to GFA but impair catalytic efficiency simultaneously. This indicates that resistance-

373  conferring substitutions come at a substantial cost to enzyme functionality.

374 A panel of additional GS1.1 variants carrying putative target-site resistance mutations in the
375  GS1.1 subunits interaction domain, where GFA is predicted to bind, were obtained by modeling
376  simulation (see material and methods) (Fig S2) and evaluated for both baseline catalytic activity
377  (expressed as % of wild-type GS1.1) and resistance index (RI) to GFA (Fig. 6 and Table 3).

378  Around 10 of the tested variants clustered near the origin, having low Rls (<5) and reduced
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379  activity, often below 40% of the wild-type level, indicating that these substitutions were either
380 functionally neutral in terms of resistance or detrimental to enzyme performance. A smaller
381  subset displayed moderate resistance (RI 8—12) but at the cost of substantially reduced catalytic
382  activity (<40%). Four variants had very high GS activity ranging from 200 to 800 % of the
383  wild-type enzyme but also low RI. Finally, another ten variants display mild and high RI (7 to
384  750) but severe reduction in enzyme activity below 20%. To further explore the relevance of
385  previously reported target-site alterations, the Eleusine indica GS1.1 S59G mutation was also

386 evaluated in this study for its effects on catalytic efficiency and inhibitor sensitivity.
387 3.6 The S59G target site mutation does not affect GFA inhibition potency

388  To assess whether the S59G amino acid substitution in ELEIN GS1.1 affects sensitivity to the
389  GFA, as previously published®*, inhibition kinetics were compared between the wild-type and
390 mutant enzymes. Both variants displayed highly similar dose—response profiles, with enzymatic
391  activity progressively declining as GFA concentration increased. The ICso of GFA on wild-type
392  and S59G variant enzymes were 13uM and 19uM, respectively, representing only a minor,
393  biologically insignificant difference with regards to the resistance mechanism (Fig. 5). Maximal
394  inhibition was achieved at similar concentrations in both cases, and the shape of the inhibition
395 curves was comparable, indicating no detectable change in inhibitor binding or susceptibility.
396  However, the S59G substitution results in a higher enzyme activity compared to the wild-type
397 enzyme (Fig S3), suggesting that the S59G substitution does not alter GS1.1 function with

398 respect to GFA sensitivity, but it increases the overall catalytic activity of the enzyme.
399
400 4. Discussion

401  Digital PCR and sequencing of GS genes in the 4. palmeri CCR population revealed a

402  resistance profile distinct from that of previously characterized GFA-resistant populations

403  such as MSR2.?® While the MSR2 population exhibited high-level amplification of GS2.1 and
404  GS2.2 isoforms, consistent with robust overexpression of the GFA target site, the CCR

405  population had minimal copy number variation. Most CCR individuals had GS copy numbers
406  comparable to a susceptible reference (0.8—1.5-fold), with only a few plants, specifically

407 CCR13, CCR17, and CCR22, displaying moderate increases in GS2.2 (up to ~2.0-fold) and
408  GS2.1 (Fig. 1A). GS CN variation was not prevalent among the assessed plants and did not
409  exceed thresholds typically associated with gene amplification-driven resistance. This contrast

410  shows the genetic variability of glufosinate resistance mechanisms across populations and
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411 highlights the CCR population's unique profile lacking substantial GS amplification. There
412  was no difference in GS expression between the resistant populations and the susceptible

413  reference (Fig.1B).

414  The G255D substitution was identified in GS2.2 in heterozygous form in several CCR

415  individuals. This residue is located adjacent to E251, a known contact site for GFA binding
416  based on structural modeling.?’ The substitution from glycine to aspartic acid introduces a
417  charged residue in a conserved domain of the enzyme, which altered the active site

418  conformation and reduced catalytic efficiency. There was a 42% decrease in GS activity for
419  the G255D variant compared to wild-type GS2.2 (Fig. 2). In addition, GFA inhibition assays
420  demonstrated that while the wild-type enzyme exhibited a typical dose-dependent inhibition
421  curve (ICso=1.1 x 10™* M), the G255D variant showed no measurable inhibition across the

422  tested concentrations, indicating complete insensitivity to GFA at the enzymatic level (Fig. 3).

423  However, when the G255D variant was ectopically expressed in Arabidopsis thaliana, it
424  failed to confer GFA tolerance in planta. Transgenic lines expressing G255D exhibited

425  similar injury symptoms and biomass reduction as wild-type plants across all GFA treatment
426  rates (Fig. 4A). A parallel set of transgenics expressing the corresponding mutation in the
427  Arabidopsis GS2.2 backbone (G254D) also showed no resistant phenotype (Fig. 4B).

428  Although G255D confers resistance to GFA at the enzyme level, it does not confer whole-
429  plant resistance. This could be due to reduced enzyme efficiency, lack of compensatory

430 mechanisms, or additional physiological constraints.

431  These observations emphasize the need for cautious interpretation of in vitro experiments

432  when evaluating potential resistance-conferring mutations. The inability of G255D to confer
433  GFA tolerance in planta implies its limited adaptive value when expressed in isolation. It

434  remains to be determined whether this substitution represents a background polymorphism, an
435  early-stage adaptation, or a mutation that requires co-occurring mechanisms to manifest a

436  resistant phenotype. Overall, the resistance mechanism of the CCR population is unlikely to

437  be based on target-site mutations or target overexpression.

438  Further insights into GS structure-function relationships can contextualize these findings. GS
439  catalyzes the ATP-dependent assimilation of ammonia into glutamate to produce glutamine.'*
440  Glufosinate acts as a competitive inhibitor of glutamate, binding at the same site due to

441  structural similarity with the intermediate y-glutamyl phosphate. Key residues involved in

442  GFA binding, including E131, E192, G245, H249, R291, and R311, are conserved across GS
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443  isoforms.?*3° The G255D mutation lies in proximity to these residues and may influence local

444  conformational dynamics affecting both substrate and inhibitor interaction.

445  To explore this further, different codon variants were introduced at key GS1.1 residues to

446  evaluate their effects on GFA sensitivity and catalytic function. Inclusion of multiple

447  substitutions at single positions like E131A/D/G/K, E192A/D/G/K/Q/V, G245N/R/V,

448  H249L/N/Q/P/Y, R311G/L/P/Q, R322G/S/K/M/T/V (Table S3) allowed assessment of

449  whether loss of herbicide sensitivity was a general outcome of amino acid replacement at

450 these sites or specific to particular residue chemistries. The results indicate that although

451  many of these variants resulted in loss of GFA sensitivity, they also reduced catalytic activity
452  to negligible levels, which limits the potential of such substitutions to confer field-relevant
453  resistance (Table 2). Additionally, variants obtained by molecular prediction method rendered
454  similar results. Variants retaining more than 65% of wild-type catalytic activity and exhibiting
455  a Rl substantially higher than that of the GS2.2 G255D reference would warrant further

456  evaluation for resistance; however, molecular docking analyses did not identify substitutions
457  meeting these criteria (Fig. 6, Table S3). It is to be noted that while G255D was found in

458  (S2.2, the panel of target site mutants was tested using the GS1.1 isoform backbone.

459  However, since GS1.1 and GS2.2 share a high sequence similarity, especially high

29,30

460  conservation of the residues involved in GFA binding ", it would be expected that target-

461  site mutations tested in GS1.1 are likely to produce the same effect in GS2.2.

462 In a study involving soybean cell suspension culture, resistant lines displayed a 4.6-fold

463  higher ICso of GS activity relative to untreated controls, indicating reduced sensitivity of the
464  enzyme to inhibition. Sequencing revealed multiple nucleotide substitutions in the GS gene,
465 including a H249Y change within the substrate/inhibitor binding region, consistent with

466  altered target-site interaction.”> Although no enzyme stability assays were performed, the
467  authors proposed that these substitutions may reduce enzyme stability while simultaneously
468  diminishing herbicide-binding. Such mutations can be recovered under in vitro conditions,
469  where minimal metabolic demands permit survival of impaired cells, but are unlikely to

470  persist in field populations due to associated fitness costs. In contrast, DNA shuffling of rice
471  GS1 produced a variant carrying the R295K substitution that conferred measurable GFA
472  resistance when expressed in Arabidopsis.?® Although the level of resistance was weaker than
473  that conferred by bar/pat, this study demonstrates the feasibility of engineering GS-based
474  tolerance through specific amino acid substitutions. A study in L. multiflorum identified a

475  DI173N substitution in the GS2 gene that was proposed to confer GFA resistance.>! However,
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476  this hypothesis was disputed in a subsequent study reporting no difference in GS activity

477  between resistant and susceptible biotypes.?? Structural modeling further demonstrated that
478  residue 173 is distant from the catalytic site and unlikely to influence herbicide binding. All
479  these studies illustrate the structural constraints of GS: some substitutions disrupt the

480  herbicide binding but impair catalytic function, while others shift herbicide sensitivity without
481  major loss of activity, emphasizing why GS mutations rarely translate into field-relevant

482  resistance.

483  The GFA-resistant E. indica population originally described by Jalaludin et al. (2015)!° as
484  exhibiting up to 20-fold resistance was subsequently investigated by Zhang et al. (2021).%* In
485  that study, the S59G substitution in £iGSI-1 was identified and functionally tested. However,
486 the resistance conferred by this mutation was relatively small, with ~1.5-fold shifts in crude
487  extracts, ~2-fold in yeast, and ~2.5-fold in transgenic rice. This discrepancy indicates that
488  S59G alone cannot account for the high resistance level reported by Jalaludin et al. As also
489  acknowledged by Zhang et al., additional mechanisms are likely to contribute, potentially
490  including enhanced antioxidant capacity or other non—target-site processes that mitigate GFA
491  injury. Repeated assays in the present study did not reveal any ICso shift (Fig.5), in contrast to
492  the 1.5- to 2.5-fold differences reported by Zhang et al.?* These results support the conclusion
493  that the S59G substitution does not directly confer resistance. Such elevated activity could
494  contribute to survival under sublethal doses of GFA, where inhibition of a proportion of GS
495  enzymes may still allow sufficient residual activity in the more active mutant isoform.

496  Together, the apparent resistance in the mutant biotype arises not from reduced sensitivity but
497  from increased catalytic activity of the mutant enzyme (Fig. S3) combined with efficacy

498 limitations of GFA in E. indica.

499  Overall, this study constitutes a critical reference point for evaluating the functional

500 consequences of GS mutations in herbicide resistance research. By demonstrating that G255D
501  does not confer GFA resistance at the plant level, this work supports the ongoing effort to

502  distinguish resistance-conferring mutations from non-functional polymorphisms in A. palmeri

503  populations.

504 5. Conclusion

505  GFA resistance in the CCR 4. pal/meri population is not explained by GS amplification or the
506  (GS2.2 G255D substitution. While G255D abolished GFA inhibition in vitro, its reduced

507 catalytic efficiency and failure to confer tolerance in planta highlight the strong functional
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508  constraints on target-site resistance. Broader mutational analyses confirmed that most

509  substitutions disrupting GFA binding also compromise enzyme activity, underscoring the

510 limited adaptive potential of GS alterations. These findings emphasize that GFA resistance in
511  field populations is unlikely to arise from target-site modifications alone, reinforcing the need

512  to investigate alternative, non—target-site mechanisms.
513
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684
685  Figure Legends

686 FIGURE 1 Copy number variation (CNV) (A) and mRNA abundance (B) of Amaranthus
687  palmeri GS in CCR plants determined by digital PCR (dPCR). CNV values and expression fold
688  change are shown for GS1.1 (black), GS1.2 (red), GS2.1 (green), and GS2.2 (blue). Values
689  were calculated using the AAC; method with a known glufosinate ammonium (GFA)-sensitive
690  A. palmeri sensitive plant as reference which contains only one copy of each GS isoforms. Error

691  bars indicate confidence interval 95% (CI 95).

692 FIGURE 2 Enzymatic activity of wild-type GS2.2 and the G255D mutant. Activities were
693  measured in vitro and are expressed as the change in absorbance per min (mOD min™). Wild-
694  type GS2.2 activity was set to 100% (black bar), while the G255D variant retained 58% of
695  WT activity (grey bar).

696 FIGURE 3 Inhibition of Amaranthus palmeri GS2.1 wild-type (WT) and G255D mutant
697  enzymes by glufosinate-ammonium (GFA). Enzyme activity was measured as the change in
698  absorbance per min (mOD min™) across a range of GFA concentrations. The WT GS2.2
699  enzyme (upper panel) exhibited a sigmoidal dose—response curve with an ICso of 100 uM. The
700  G255D mutant (lower panel) showed no detectable inhibition within the tested concentration
701  range, and an ICso could not be determined (ND). Data points represent the mean + standard

702  error of three replicate measurements.

703  FIGURE 4 Response of (A) Arabidopsis thaliana plants expressing Amaranthus palmeri
704  GS2.1 G255D or G254D to postemergence glufosinate-ammonium (GFA) application.
705 Independent T: transgenic events expressing GS2.1 _G255D A or G254D (B) (upper five pots
706  in each tray) were sprayed at the rosette stage with GFA at 100, 500, or 1000 g a.i. ha™'. Wild-
707  type plants (WT MC24) and empty vector controls (LV RTP6557) are shown in the bottom row
708  ofeach tray. Photographs were taken 10 days after treatment. Transgenic plants were confirmed

709 by PCR detection of the AHAS resistance marker gene. Untreated control plants are also shown.

710  FIGURE 5 Inhibition of Eleusine indica GS1.1 wild-type (WT) and S59G mutant enzymes by
711 glufosinate-ammonium (GFA). Enzyme inhibition was measured as the percentage decrease in
712 activity relative to the uninhibited control across a range of GFA concentrations. Dose—response
713 curves were fitted using a four-parameter logistic model. The WT enzyme (upper panel)
714 exhibited an ICso of 13 uM, while the S59G mutant (lower panel) had an ICso of 13 pM. Data

715  points represent the mean + standard error of three replicate measurements.
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716 FIGURE 6 Relationship between resistance index (RI) and enzyme activity of Amaranthus
717 palmeri chloroplastic GS1.1 variants.

718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739

740

Internal


https://doi.org/10.1101/2025.11.01.685562

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.01.685562; this version posted November 1, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

741 Table 1. GS isoforms cDNA sequencing in CCR population. Sanger sequencing was
742  employed to detect sequence polymorphisms in 23 untreated CCR plants in all four GS
743  isoforms. NP= No polymorphisms detected and G255D+/- indicates that the substitution

744  was heterozygous. G255 indicates that the plant retained the wild-type allele.

CCR GS1.1 GS1.2 GS2.1 GS2.2
population

Plant 1 NP NP NP G255D+/-
Plant 2 NP NP NP G255
Plant 3 NP NP NP G255
Plant 4 NP NP NP G255D+/-
Plant 5 NP NP NP G255D+/-
Plant 6 NP NP NP G255D+/-
Plant 7 NP NP NP G255D+/-
Plant 8 NP NP NP G255D+/-
Plant 9 NP NP NP G255D+/-
Plant 10 NP NP NP G255D+/-
Plant 11 NP NP NP G255D+/-
Plant 12 NP NP NP G255D+/-
Plant 13 NP NP NP G255D+/-
Plant 14 NP NP NP G255D+/-
Plant 15 NP NP NP G255D+/-
Plant 16 NP NP NP G255D+/-
Plant 17 NP NP NP G255D+/-
Plant 18 NP NP NP G255
Plant 19 NP NP NP G255
Plant 20 NP NP NP G255
Plant 21 NP NP NP G255D+/-
Plant 22 NP NP NP G255D+/-
Plant 23 NP NP NP G255D+/-
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Table 2. Enzymatic activity and glufosinate-ammonium sensitivity of cytosolic GS1.1

variants from Amaranthus palmeri.

Mutations were introduced into the cytosolic GS1.1 isoform and purified enzymes were

assayed in vitro. ICso values represent the inhibitor concentration required to reduce activity

by 50%, calculated from dose-response curves. "Inhibition at 107 M" indicates the

percentage inhibition at saturating glufosinate-ammonium relative to uninhibited control.

"Remaining activity" represents the baseline enzymatic activity in the absence of inhibitor,

expressed as a percentage of wild-type (WT) activity. Variants designated "inactive"

exhibited no detectable activity under assay conditions and ICso values are not reported.

Glufosinate- Glufosinate-
GS1.1 ammonium ammonium Remaining

Isoform Mutation ICso [uM] % Inhibition at actoivity

P<0.0001 saturation 10000 pM %l
Cytosolic WT 22.5 100 100
Cytosolic E131A >10000 8.5 0.04
Cytosolic E131D >10000 48 0.2
Cytosolic E131G >10000 7.2 0.04
Cytosolic E131K >10000 0 0.04
Cytosolic E131Q >10000 6.5 0.04
Cytosolic E131V >10000 6.6 0.03
Cytosolic E192A  Enzyme inactive - -
Cytosolic E192D >10000 0 0.89
Cytosolic E192G  Enzyme inactive - -
Cytosolic E192K >10000 1.3 0.03
Cytosolic E192Q >10000 0 0.03
Cytosolic E192V  Enzyme inactive - -
Cytosolic G245A  Enzyme inactive - -
Cytosolic G245C >10000 0 1.81
Cytosolic G245S >10000 9 0.2
Cytosolic G245N  Enzyme inactive - 0
Cytosolic G245R  Enzyme inactive - 0
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Cytosolic G245V Enzyme inactive - 0
Cytosolic H249L >10000 7.8 0.03
Cytosolic H249N >10000 17 0.06

Cytosolic H249Q Enzyme inactive - -
Cytosolic H249P Enzyme inactive - -
Cytosolic H249Y Enzyme inactive - -

Cytosolic H249R >10000 29 0.02
Cytosolic R291C >10000 0 0.07
Cytosolic R291S >10000 0.3 0.08
Cytosolic R291G >10000 0 0.06
Cytosolic R291H >10000 0 0.1
Cytosolic R291L >10000 0 0.05
Cytosolic R291P >10000 0 0.04
Cytosolic R311G  Enzyme inactive - -

Cytosolic R311L >10000 14 0.35
Cytosolic R311P >10000 0 0.16
Cytosolic R311Q >10000 1.9 0.46

Cytosolic R332G  Enzyme inactive - -
Cytosolic R332S  Enzyme inactive - -
Cytosolic R332K  Enzyme inactive - -
Cytosolic R332M  Enzyme inactive - -
Cytosolic R332T Enzyme inactive - -
Cytosolic R332W  Enzyme inactive - -
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Table 3. Additional mutations introduced into GS1.1 isoform of Amaranthus palmeri,

obtained by modeling prediction. ICso values represent the inhibitor concentration required

to reduce activity by 50%, calculated from dose—response curves. Remaining activity

represents the baseline enzymatic activity in the absence of inhibitor, expressed as a

percentage of wild-type (WT) activity.

GS1.1 Mutation Remaining Glufosinate- Resistance
Isoform activity ammonium index (RI)
[%o] IC50[uM]
P<0.0001
Cytosolic WT 100 21.7 1
Cytosolic R34A 10 182 8.4
Cytosolic K36A 14 248 11.5
Cytosolic R38E 166 4.8 0.2
Cytosolic YS55L 37 17 0.8
Cytosolic D56C 5 3.9 0.2
Cytosolic D56S 2 56 2.6
Cytosolic S58M 105 94 4.3
Cytosolic S59N 4 39.5 1.8
Cytosolic T60Q 5 366 16.9
Cytosolic E69L 39 246 11.4
Cytosolic GI55F 31 254 11.7
Cytosolic Y158A 5 1401 64.6
Cytosolic Y158T 29 76 3.5
Cytosolic CI159H 1 4046 186.5
Cytosolic G160T 13 405 18.7
Cytosolic VI16IN 6 64 3.0
Cytosolic V161S 23 39 1.8
Cytosolic G162N 2 489 22.6
Cytosolic Al163Y 101 54 2.5
Cytosolic K165S 71 7.6 0.3
Cytosolic K165V 209 33 1.5
Cytosolic S174E 529 1 0.0
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Cytosolic
Cytosolic
Cytosolic
Cytosolic
Cytosolic
Cytosolic
Cytosolic
Cytosolic
Cytosolic
Cytosolic

K177L
V193T
G245P
E297A
E297Q
E297S
A309L
A309Y
R316A
R316E

823
85
22

13
19
34

1.3
69
247
6.9
0.6

204
17355
313
197

0.1
32
11.4
0.3
0.0
0.0
9.4
799.7
14.4
9.1
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Figure S1. Glutamine synthetase 1 protein sequence of Zea mays (GS1.1) and Amaranthus

palmeri. In blue squares are depicted the residues involved in P-PPT (phosphinothricin or

glufosinate) as reported by Unno ef al., 2006.
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Figure S2. Glutamine synthetase 1 protein sequence of Amaranthus palmeri. In blue squares

are depicted the residues involved in P-PPT (phosphinothricin or glufosinate) as obtained by

docking simulation (see material and methods).
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Figure S3. Enzyme activity of cytosolic glutamine synthetase 1 (GS1.1) from Eleusine indica.
Activities of the wild-type (WT) and the S59G variant were determined by measuring the rate of

absorbance change (mOD min™) in vitro. Bars represent mean values = SE of three replicate

assays.
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Table S1. Primer information for copy number and expression analysis

PRIMER NAME SEQUENCE INFORMATION METHOD INFORMATION
GS 1.1 CNV for TGTGTGATGCCTATACTCCACA dPCR CNV
GS 1.1 CNV rev TACCATGGTTCCTCGGCAAC dPCR CNV
GS 1.1 CNV probe AGGAGAGCCAATCCCAACCAACA 3525/ BMN- dPCR CNV
GS 1.2 CNV for TCGATGAGGAATGATGGTGGGATCGA dPCR CNV
GS 1.2 CNV rev ACCAGTGAGTCTTCTCTCGTTGCCC dPCR CNV

Hex / BMN-
GS 1.2 CNV probe AGCGATTGAGAAGTTGAGCCTCCGCCACAA Q535 dPCR CNV
GS 2.1 CNV for CTCTATCCGTGTGGGTCGTG dPCR CNV
GS 2.1 CNV rev ACACTCACATACCCAGGATA dPCR CNV
GS 2.1 CNV probe GGCCTGCCTCAAACATGGACCC 22)2(0/ BMN- dPCR CNV
GS 2.2 CNV for TGGTAACAGGTTTGCTCGCCGA dPCR CNV
GS 2.2 CNV rev TGGTTGGAATTACACATTAAGAGCGAGT dPCR CNV
GS 2.2 CNV probe CCCACACTTGAGGCCGAGTCACTTGCAGC IgMRA/ BMN- dPCR CNV
Actin CNV for GCGGAAAGCTAAGCGTGAAC dPCR CNV
Actin CNV rev CAGACCTGCTCTGGAGTCAG dPCR CNV
Actin CNV probe ACTGGAGGAAAAGGCGGATGCTGCA Cy5/ BMN-Q620 | dPCR CNV
GS 1.1 Expression for CCATTCAGGAGGGGCAACAA dPCR Expression
GS 1.1 Expression rev TGCAGCAAGGTGTACTCCTG dPCR Expression
G5 1.1 Expression TGCCGAGGAACCATGGTACGGT Fam / BMN- dPCR Expression
probe Q535
GS 1.2 Expression for TGCTGAAATTGCTGGAGCCA dPCR Expression
GS 1.2 Expression rev GCGGAGGCTCAACTTCTCAA dPCR Expression
G5 1.2 Expression AGGGTGACTGGAATGGTGCTGGT Hex / BMN- dPCR Expression
probe Q535
GS 2.1 Expression for CTCTATCCGTGTGGGTCGTG dPCR Expression
GS 2.1 Expression rev TGCGATACACGATTTATGATTGAA dPCR Expression
G5 2.1 Expression GGCCTGCCTCAAACATGGACCC ROX / BMN- dPCR Expression
probe Q620
GS 2.2 Expression for CACGGAAAAGGCAGGCAAAG dPCR Expression
GS 2.2 Expression rev TTCTGGTTCAATTAATGGTTGGAA dPCR Expression
G5 2.2 Expression AGGCCGAGTCACTTGCAGCT TAMRA/BMN- | 15 R Expression
probe Q2
Actin Expression for AAGACTACTGCTGAAGGCCG dPCR Expression

Actin Expression rev

TCCTCTAGTTGGTTTTGCTTCTCT

dPCR Expression

Actin Expression probe

AGCGAGCTAGACAGAAACGTGCT

Cy5/ BMN-Q620

dPCR Expression
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Table S2. Primer information for cDNA sequencing

PRIMER NAME SEQUENCE INFORMATION
GS1.1for01 AGAACATACTCATCTTCCACTTCTC
GS1lilrevOl CCAGCAGAGATTCCAACAGACGGGCCG
GS 1.1 for 02 TGGCCCCTTGGTTGGCCTGTAGG
GS1l.1rev02 TTGATTAAGTTCGTGGCCGC

GS 1.2 for 01 GGATCGGAGGATCTGGCTTG
GS12rev0l CCACTGTCCGGGCATAACTT

GS 1.2 for 02 TGGCTTCCCAGGTCCTCAGGGG
GS1.2rev02 CAAGAAATTCCAAATTCACATTAACATRAYC
GS 2.1 for 01 CGACACCCTTTTCCGATCA
GS2.1rev01 AACACTTGGGCCAACTTGGA

GS 2.1 for 02 TGGGATGGCCAGTGGGAGCC
GS2.1rev02 ACACTCACATACCCAGGATA

GS 2.2 for 01 TCACTCTCTCTCTAGTTACTTSACGCC
GS2.2rev01 GGCTCCCACTGGCCATCCCAAAGGCCA
GS 2.2 for 02 GTTGAGCACCCATCTGAGCT
GS2.2rev02 TCCCTCGTTCAAGAATATGCGA
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Table S3. Possible amino acid substitutions in cytosolic Amaranthus palmeri GS1.1 resulting
from single nucleotide polymorphisms (SNPs). The table lists residues in the GS1 protein known
to interact with glufosinate (Unno et al., 2006). Each residue is followed by the set of alternative

amino acids that could result from a SNP, based on one single base changes.

Cytosolic AMAPA GS1.1
Possible substitution deriving from
Residue a SNP
E131 A

E192

G245

H249

Ao T Z o< R Z O PO RN QU <O RAQU
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