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Abstract

BACKGROUND: Digitaria sanguinalis has been identified as a species at high risk of evolving
herbicide resistance, but thusfar, there are norecords of resistance to glyphosate. This species
isone of the most common weeds of summer cropsin extensive croppingareasin Argentina.
Thisweed shows an extended period of seedling emergence with several overlappingcohorts
during spring and summer, and it is commonly controlled with glyphosate. However, a D.
sanguinalis population was implicated as a putative glyphosate-resistant biotype based on
poor control at recommended glyphosate doses.

RESULTS: The field-collected D. sanguinalis population (Dgs R) from the Rolling Pampas has
evolved glyphosate resistance. Differences in plant survival and shikimate levels after field
recommended and higher glyphosate doses were evident between Dgs R and the known
susceptible (Dgs S) population, and the resistance index was 5.1. No evidence of differential
glyphosate absorption, translocation, metabolism, or basal EPSPS activity was foundbetween
Dgs S and Dgs R populations; however, a novel EPSPS Pro-106-His point substitution is likely
the primary glyphosate resistance endowing mechanism. EPSPS in vitro enzymatic activity
demonstrated that an 80-fold higher concentration of glyphosate is required in Dgs R to
achieve similar EPSPS activity inhibition asin the Dgs S population.

CONCLUSION: This study reports the first global case of glyphosate resistance in D. sanguinals.
This yet novel transversion at the second position of the EPSPS 106 codon demonstrates the
intensity of glyphosate pressure in selecting unexpected glyphosateresistance alleles if they

retain EPSPS functionality.
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1. Introduction

Digitaria sanguinalis (L.) Scop. is a grass species native to the Mediterranean region and
southwest Asia, but it was introduced and naturalised in tropical and temperate regions
throughoutthe rest of the world.»?3 Itis an annual, C4, and facultative self-pollinated species
that propagates by seeds.** In extensive cropping areas from Argentina, D. sanguinalis is one
of the most common weeds of soybean, sunflower, maize, and sorghum cropsand issimilarly
well adapted to both cultivated and no-tillage systems.?®’ This species shows an extended
period of seedling emergence with several overlapping cohorts during springand summer and

a high vegetative growth rate and fecundity 8°

Chemical control of D. sanguinalis with glyphosate, ACCase, ALS, or VLCFA herbicides has been
challenged due tothe longemergence period, which enables seedling cohortsto escape from
herbicide action.® Based on poor control at recommended glyphosate doses, aD. sanguinalis
population was identified as a putative glyphosate-resistant biotype. This population was
found to interfere with a transgenic glyphosate-resistant soybean crop in the main cropping
area of the Rolling Pampas (north Buenos Aires province, Argentina). It is well known that
herbicide resistance is an evolutionary process, and considering the high constancy and density
of D. sanguinalis populationsin Argentinean croplands, itis predicted thatthisarisesasa new

case of herbicide resistance.

Herbicide-resistant D. sanguinalis populations have beenidentified in Australia, Canada, China,
the Czech Republic, New Zealand, and the USA, where resistance to atrazine-, ACCase-, or ALS-
inhibiting herbicides has been reported, although no glyphosate-resistant populations have
been documented thus far.10111213.1415 Bigjtqria sanguinalis has recently been pointed out as a

species at highrisk of evolving herbicide resistance.'®'’

Herbicide resistance can be endowed by nontarget site mechanisms related to herbicide
detoxification orexclusion processes that minimise the amount of active ingredient reaching
the target enzyme ortarget-site mechanisms, resultingin overexpression of the target enzyme
or point mutations in the herbicide target enzyme and leading to changes in the herbicide—
target physical interaction.® Elucidating the mechanism(s) responsible forevolved herbicide

resistance helps to design management strategies of resistance evolution.”



The aims of this study were to (1) determine the level of glyphosate resistance of a putative
glyphosate-resistant D. sanguinalis and (2) identify the glyphosate resistance mechanisms

involved.

2. Materials and methods

2.1 Plant material

In March 2019, seeds of 50 surviving D. sanguinalis individuals (Dgs R) were collected from a
soybean field (35.15°S, 61.30°W; Lincoln district, Buenos Aires province) where glyphosate
doses up to 1960 g ae ha were applied. In the last three years, crop rotation in the sampled
area involved wheat—soybean and maize—soybean rotations, where weed management has
been mainly based on glyphosate treatment in fallow fields and soybean and maize crops.
Seeds of a known glyphosate-susceptible D. sanguinalis (Dgs S) were collected from a
population established as a weed in a pasture (38.19°S, 60.15°W). Inflorescences of 50

susceptible plants were collected at random in April 2019.

Seeds of both populations (Dgs Rand Dgs S) were stored at room temperature and four weeks
before experiments were sown in Petri dishes imbibed on moistened filter paper and
incubated in the dark at 5°C for 21 days. Seed dormancy release was performed following
Oreja et al.?° Seeds were then incubated for five days in a growth chamber at fluctuating
temperatures (30/20°Cday/night) underan 8 h photoperiod (light (400-700 nm) intensity of 75

umol m2s?).

Glyphosate dose-response experiments and shikimic acid assays were conducted at Chacra
Experimental Integrada Barrow (INTA-Argentina) (38.19°S, 60.14°W). Germinated seeds were
transferred to 1000 cm? pots filled with organicsubstrate (soil:peat moss (1:1)) (four plants per
pot) and placedina glasshouse at 25°C (average temperature) duringthe springand summer

seasons.

Experiments to assess leaf spray solution retention, *C-glyphosate leaf absorption,
translocation, metabolism, and 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) activity
were conducted at the Department of Agricultural Chemistry and Edaphology, University of
Cordoba (Spain). For these particular experiments, Dgs R and Dgs S seedlings were
transplanted into 250 cm? pots (one plant per pot) filled with the same substrate as above and

grownin a growth chamberat fluctuating temperature (26/18°Cday/night), constantrelative



humidity (60%) and 12 h photoperiod (light intensity of 300 pmol m2 s ). In all cases, the

plants were irrigated daily.
2.2 Glyphosate dose-response assays

Plantsurvival of DgsR and Dgs S in response toincreasing glyphosate doseswas evaluated in
two repeated dose-response experiments. Glyphosate (60.8% dimethyl amine salt of N-
phosphonomethyl glycine; Panzer® Gold, Argentina) was sprayed to plants at the 2-3 tiller
stage at doses of 0, 240, 480, 960, 1920, and 3840 g ae ha™. Pots containing four Dgs R or Dgs S
plantswere usedina completely randomised design with 10replicates perglyphosate dose.
Glyphosate was applied using a laboratory belt sprayer (application rate was 200 L ha?), as

described by Yanniccarietal.?!

Twenty-one days after glyphosate treatment, plant survival was recorded, where “surviving”
plants showed active growth with no apparentvisual injury asopposedto “dead” plants that

exhibited damaged and necroticleaves.
2.3 Shikimicacid concentration in leaves

The difference in shikimateaccumulationin glyphosate-resistant and -susceptible plants is an
indicator of glyphosate sensitivity.?? Leaf shikimate levels were estimated and compared
betweenthe DgsSand Dgs R plants aftertreatmentwith increasing glyphosate doses. Plants
at the 2-3 tiller stage were grown as described above, and quantification of shikimate was
conducted 72 hours after treatment (HAT) with glyphosate at 0, 240, 480, 960, 1920, and 3840
g ae ha. A completely randomised design with five replicates (each potwasa sampling unit)
per treatment was used. A sample (50 mg of fresh biomass weight) of the youngest fully
expanded leaf of one plant taken at random from each pot was analysed. Shikimic acid was
guantified by a spectrophotometric method at 382 nm employing Numak 752 UV-Vis
equipmentfollowing the methodology described by Perez-Jones et al.? Astandard curve was
constructed with the shikimicacid standard (3a,4a,5b-Trihydroxy-1-cyclohexene-1-carboxylic
acid, 99 %. Sigma-Aldrich, Inc., USA). Shikimate concentrationsin leaf tissues were quantified

againstthe standard curve. The experiment was conducted twice.

2.4 Spray solutioninterception and retention

A mixture of glyphosate (360 g ae ha™) plus Na-fluorescein (100 mg L) was applied to six
plants (3 leaf stages) of each Dgs S and Dgs R population using the treatment equipment

describedin Vazquez-Garcia et al.?* Aftertwo hours of glyphosate treatment, the plants were



cut and transferred to test tubes containing 50 mL of 5 mM NaOH. The samples were shaken
for 30 s and the washed solution was used to determine fluorescein absorbance using a
spectrofluorometer (Hitachi F-2500, Tokyo, Japan) involving 490 and 510 nm of excitation and
absorbance wavelength, respectively. Finally, plants were weighed afterdryingfor48 h at 60°C
and data were expressed in pL of sprayed solution per gram of dry matter. A completely
randomised design was used with two repetitions; each repetition consisted of six plants per

population.
2.5 C-glyphosate absorption, translocation and visualisation

14C-glyphosate plus commercial glyphosate solution was applied to Dgs S and Dgs R plants at
the 3-leaf stage to compare herbicide leaf absorption and patterns of translocation. The
youngest expanded leaf was marked and covered with aluminium foil before spraying the
whole plant with glyphosateat 360 g ae ha™ in an herbicide treatment cabinetwithanoutput
volume of 200 L ha™. Thirty minutes later, the aluminium foil was removed. *C-glyphosate
(95% glycine-2-1*Csupplied by the Institute of Isotopes Co., Ltd.; Budapest, Hungary) solution
at a specific activity of 50,000 dpm pL*! was used to treat five plants per population. One
microliter of the solution was applied to the adaxial surface of the mentioned leaf. The plants
were then maintainedin agrowth chamberat 26/18°C day/night with a 14 h photoperiod, 850
pumol? s PAR, and 60% relative humidity. At 96 HAT, the non-absorbed *C-glyphosate was
removed by washingthe treated leaves three times with 1 mL of a water—acetone solution (1:1
v/v) each time. Subsequently, the plants were sectioned into treated leaves, the remainder of
the shoot, and roots (this organ was carefully washed with distilled water, and dried with a
papertowel). The plantsamples werestoredin cellulose cones (Perkin-Elmer, BV BioScience
Packard), dried at 60°C for 96 h, and combusted in a biological oxidiser (Packard Tri Carb 307,
Packard Instrument Co., Downers Grove, IL, USA). The CO, released from combustion was
captured in 18 mL of a mix of Carbo-Sorb E and Permafluor [1:1 (v/v] (Perkin-Elmer, BV
BioScience Packard). The radioactivity of each individual sample and washing solution was
guantified using a scintillation counter model (LS 6500, Beckman Coulter Inc., Fullerton, CA,
USA) with 10 min reading time per sample. The percentages of *C-glyphosate recovered,
absorbed, and translocated to each plant section were calculated using the radioactivevalues
at dpm following Vazquez-Garcia et al.2* The equipment efficiency correction factor was 90%.

The translocation of *C-glyphosate was visualised in five plants of the Dgs S and Dgs R
populations. These plants were treated with the herbicideas described above and, at 96 HAT,

were washed individually, fixed on filter paper, and dried at room temperature for 7 d. Finally,



the plants were pressed for 4 h under a phosphor store film and visualised using a phosphor

imager (Cyclone, Perkin-Elmer, Packard BioScience BV, MA, USA).
2.6 Glyphosate metabolism

Glyphosate metabolism was measured on Dgs R and Dgs S plants. The herbicide was applied at
the 3—4 leaf stage plants at a dose of 360 g ae ha! and non-treated plants were used as a
control. The plants were washed with distilled water at 96 HAT and flash frozen in liquid
nitrogen and stored at -40°C before being used. Glyphosate and its metabolites (amino methyl
phosphonic acid (AMPA), glyoxylate, formaldehyde, and sarcosine) were determined via
reversed polarity capillary electrophoresis.?> A 3D Capillary Electrophoresis Agilent G1600A
instrument (Agilent Technologies, Inc., Santa Clara, CA, USA) equipped with a diode array
detector (DAD, wavelength range 190-600 nm) was employed. The background electrolyte
was composed of acetonitrile (10%), phthalate (7.5 mM), and hexadecyltrimethylammonium
bromide (0.75mM), and the voltage was —20kV. The concentrations of glyphosate and
metabolites were determined using standard equations.?® A completely randomised design
was employed, and three technical replications were analysed. The experiment was conducted

twice.
2.7 EPSPS activity

In plants from both Dgs R and Dgs S populations, the basal EPSPS activity was compared, and
the specific EPSPS activity was assayed at different concentrations of glyphosate (>99%; Sigma-
Aldrich, Madrid, Spain). Five grams of young foliar tissue were taken from Dgs R and Dgs S
plants and ground in liquid nitrogen using a mortar. Enzyme extraction was carried out
following the methodology described by Yanniccari et al.?* The specific EPSPS activity was
measured in a reaction medium containing glyphosate at 0, 0.1, 1, 10, 100, and 1000 uM. The
EPSPS enzyme reaction substrates were phosphoenolpyruvate and shikimate-3-phosphate
(Sigma-Aldrich, Madrid, Spain). The EnzChek Phosphate Assay Kit (Invitrogen, Carlsbad, CA,
USA) was used and the release of phosphate was measured spectrophotometrically (Beckman
DU-640; Beckman Instruments Inc., Fullerton, USA) at 360 nm for 10 min. A kit for protein
determination (Sigma-Aldrich, Madrid, Spain) was used to quantify the total soluble protein
(TSP) in the extract. Finally, EPSPS activity was measured as umol of inorganic phosphate
released per ug of TSP per min and it was expressed as a percentage relative to the control
without glyphosate.?> A completely randomised design was used, and fivetechnical replicates
of each glyphosate treatment were analysed per population. The experimentwas conducted

twice.



2.8 EPSPS gene sequencing

Five Dgs R plants that survived a glyphosate dose of 960 g ae ha! and five glyphosate-
untreated Dgs S plants were selected. The total DNA was obtained from the leaf tissue
following the methodology described by Doyle and Doyle.?” DNA quantification and quality

control were spectrophotometrically determined.

The forward primer (5-AGCTGTAGTCGTTGGCTGTG-3') and reverse primer (5'-
CCCAGCTATCAGAATGCTCTGC-3') were used to amplify aconserved region encompassing 101,
102, 106, 144, and 192 codons (EPSPS numbering system used by Padgette et al.?8) thatinvolve
low glyphosate sensitivity (Sammons & Gaines, 2014). The PCR reaction consisted of initial
denaturation at 94°C for 2 min and 35 cycles of 94°C for 1 min, 58°C for 1 min, and 72°Cfor 1
min, and final extension at 72°C for5 min. The reaction mix included 300 ng DNA template, 1X
reaction buffer (Inbio Highway), 1.5 mM MgCl,, 0.8 mM of dNTPs, 0.4 uM of each primer, and
1 UTaq polymerase (Inbio Highway) ina 25 uL reaction mix. An 828-bp fragment was obtained
as a single PCR product. The amplicons were purified and sequenced from both ends by
Macrogen Inc. (Seoul, Korea). The obtained sequence data were cleaned, aligned, and
compared using Chromasv.2.6.4 (Technelysium Pty Ltd, South Brisbane, Australia) and Bioedit
v.7.2 (North Carolina State University, Raleigh, USA).

2.9 EPSPS gene relative copy

Genomic DNA obtained from Dgs S and Dgr R plants (n =5) was employed as a template for
gPCRreactions using a Real-Time PCR System (Applied Biosystems QuantStudio3) and FastStart
Universal SYBR Green Master (Roche). The reaction mix (25 ul of final volume) included a 125
ng DNA template and was performed following the methodology described by Yanniccari et
al.?? A 246-bp fragment of the constitutive gene 185 rRNA was used for normalisation (forward
primer: 5-TGCAACAAACCCCGACTTCT-3'andreverse primer: 5-CCTTGGATGTGGTAGCCGTT-3’).
Primers specificto EPSPS were employed (forward: 5-CTTGAGTTCCTTGCTGATG-3' and reverse:
5-GTACTTCTGTCCTCCTTTAATG-3’) and the following programme was used: one cycle at 94°C
for 2 min, followed by 35 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min. Negative
controls consisting of primers with no templates were included. Primer efficiency was 92.35%
for EPSPS (R?=0.99) and 90.91% for 18S rRNA (R?=0.98). Each measurement was performed in

triplicate.

2.10 Statistical analysis



A nonlinearlog-logisticregression model was fitted on plant survivaland EPSPS activity data

overincreasing glyphosate doses:3°

y=c+{(d-c)/[(1+(x/ls0)°]}

where y is the variable response at the glyphosate rate x; c and d are the lower and upper
asymptote, respectively; b is the slope of the line at I55; and /s or is the glyphosate
concentration required to reduce the maximum response for EPSPS enzyme activity (/so) to
50% or the herbicide dose causing 50% mortality (LDs,). F-tests were performedtoassess the
accuracy of the models, and residual variance analysis and the coefficient of determination (R?)
were calculated. Finally, Is, and LDs, parameters calculated on the Dgs R and Dgs S models
were compared with the F-test (P <0.05) (GraphPad Prism 6 Software, San Diego, USA), and a
resistance index (RI) was determined as the LDs, of the Dgs R population divided by LD;, of the

Dgs S population.

Analysis of variance (ANOVA) was performed to evaluate the effect of Dgs R and Dgs S
populations on glyphosate leaf retention, uptake, translocation, and metabolism, EPSPS
activity, and EPSPS gene relative copy number. Differencesinthe meanvalues of shikimic acid
concentration and glyphosate spray retention between Dgs Rand Dgs S were compared with

Fisher'stest (P <0.05) (Statistica® v7.1. Stat Soft, Cérdoba, Argentina).

3. Results
3.1 Differential plant survival and shikimate accumulation inthe Dgs S and Dgs R populations

Around 85% of Dgs R plants survived the recommended field dose of glyphosate (960 g ae
ha?), while all Dgs S individuals were controlled at this glyphosate dose (Figure 1). Dose-
response models fitted to plant survival of the Dgs R and Dgs S populations were compared,
and LDs, parameters differed significantly between populations (P < 0.01). This parameter
calculated on Dgs S and Dgs R plants was 393.7 and 2010.0 g ae ha?, respectively, and the
estimated RI was 5.1. The LDs, associated with Dgs R was approximately two fold the

recommended dose of glyphosate.

The levels of shikimate accumulation in response to glyphosate were significantly different
between the Dgs S and Dgs R populations (P < 0.01) (Figure 2). The basal shikimate content
was similar for both Dgs S and Dgs R plants (i.e., without glyphosate treatment, both

populations showed the same shikimate level inleaves). Atthe lowestglyphosate dose, the



Dgs S plants accumulated 8.0-fold more shikimate than the control without herbicide, and the
shikimate contentincreased 15.0-fold when this population was treated atglyphosate doses
>480 g ae ha. In contrast, the Dgs R plants showed no significant changes in shikimate
concentration with respecttothe basal levelin responsetoincreasing glyphosate doses <960 g
ae hal. At 1920 or 3840 g ae ha glyphosate doses, the shikimate content of Dgr R plants

increased 5.8-fold comparedto theircontrols (Figure 2).
3.2 Spray solutioninterception, glyphosate absorption and translocation

The spray solution containing glyphosate showed different levels of leaf retention between the
Dgs R and Dgs S populations. Plants from Dgs R retained less spray solution in the leaves

comparedto Dgs S plants (544 versus 596.78 pL g of dry weight, respectively; Figure 3).

At 96 HAT, both Dgs S and Dgs R populations absorbed 92.1% !*C-glyphosate, and no
significant differences were detected between them (Figure 4). The !*C-glyphosate
translocation pattern was similar in Dgs S and Dgs R plants; around 43% of *C-glyphosate
absorbed wasfoundinthe treated leaf, whereas the remaining glyphosateaccumulated was
detected in the shoots (34% of *C-glyphosate absorbed) and roots (23% of *C-glyphosate
absorbed) (Figure 4). The Phosphor Imager images confirmed these results, which suggests
that no differences in *C-glyphosate translocation were evident between Dgs S and Dgs R

(Figure 5).
3.3 No major glyphosate metabolism

No evidence of differential glyphosate metabolism was found between the Dgs S and Dgs R
populations. At 96 HAT, only glyoxylate was detected in plants, but at a level lower than 5%.
Giventhatthe AMPA metabolite was notdetected in glyphosate-treated plants, the estimated
glyoxylate concentrationis unlikely to be associated with glyphosate metabolism. Glyphosate

recovery was higherthan 95%, regardless of the population analysed (Table 1).
3.4 Higher EPSPS activity associated with Dgs R plants

In the absence of glyphosate treatment, EPSPS activity was similar between the DgsR and Dgs
S populations, at 0.044 and 0.042 pmol Pi pg? TSP min?, respectively (Figure 6). Regression
models, fitted to EPSPS activity in response to glyphosate, estimated that the concentration of
the herbicide required to inhibit EPSPS activity by 50% (ls,) differed significantly between

populations (P < 0.001). The Is, calculated for the Dgs R and Dgs S populations was 47.97 and



0.60 uM, respectively,whichisan 80-fold higher concentration of glyphosate required in Dgs R

to achieve similar EPSPS activity inhibition asinthe Dgs S population (Figure 6).

3.5 A target-site EPSPS gene mutation isidentified in Dgs R plants

A DNA fragment of the EPSPS gene was sequenced (OM311258 and OM311259), and potential
target-site glyphosate resistance mechanisms were explored. A transversion mutation from
cytosine to adenine was detected, indicating a Pro-106-His substitution in the glyphosate
EPSPS target. The resistant plants were homozygous for the Pro-106-His allele (Figure 7). No
amino acid changes were identified at Gly-101, Thr-102, Gly-144, or Ala-192 residues, which
have also been shown to endow glyphosate resistance in plants. No differencesin EPSPS gene

relative copy were detected between the Dgs Sand Dgs R plants (Figure 8).
4. Discussion

The present study aimed to comprehensively characterisethe level of glyphosate resistance at
the molecular (EPSPS target site mutations and EPSPS gene amplification), physiological
(shikimic acid content, glyphosate leaf uptake, translocation, and metabolism), enzymatic
(EPSPS activity), and whole plant (survival) levels in a D. sanguinalis population recurrently
exposedforseveral years to glyphosate selection in extensive cropping conditions. The results
show that the field-collected D. sanguinalis population from the RollingPampas has evolved
glyphosate resistance. Differences in plant survival and shikimate levels after field
recommended and higher glyphosate doses were evident between Dgs R and the known
susceptible (Dgs S) population. Thisfinding adds a novel speciesto the ever-increasing list of

weeds evolvingresistance to glyphosate in global agriculture.

4.1 A novel target site EPSPS Pro-106-His mutation endows glyphosate resistance in D.

sanguinalis

Various EPSPS target site point mutations have been shown to endow low to moderate
glyphosate resistance levels in several weed species.’®3'3% |n particular, amino acid
substitutions at Pro-106in the EPSPS gene generally confer 2- to 7-fold glyphosate resistance
inmany weed species.'®*3 Thisis likely due to resistance mutations at Pro-106 residue located
outside the EPSPS active site and not directly involved in glyphosate binding and therefore

leadingtoslight structural alterationsin the glyphosate/PEP binding site.3*3°



Resistance mutations in Pro-106 have been frequently associated with substitutions to Ser,
Ala, or Thr through changes at the first base of the 106 codon, but cases of EPSPS mutations at
the second base of the codon are infrequent or unknown.*® For several glyphosate-resistant
weeds, it has been shown that a transition mutation at the second base of the 106 codon
produces Leu,3%373%3% but transversion mutations at this position (i.e., Pro-106-Arg, -GIn, or -
His) have not been reportedto date.*° Prolineisanon-polaramino acid, and substitution by a
polar residue, such as Thr and Ser, is the most common in target-site glyphosate-resistant

weeds.*!

The results presented here show thata novel EPSPS Pro-106-His mutation endows glyphosate
resistance inthe Dgs R population. The Pro-106-His substitution involves the modification of a
non-polaramino acid by a positively charged one, and it could be disruptiveto the active site.’®
Interestingly, thisisthe firstreport of atransversion mutation at the second base of the Pro-
106 codon involving a novel Pro-106-His substitution in a weed. This EPSPS target-site
mutationimplies no differences in EPSPS basal activity, and itis associated with an 80- and 5-
fold higher resistance at the EPSPS enzyme and plant levels, respectively. The 80-fold
resistance index at the EPSPS enzyme level endowed by this novel Pro-106-His mutation is
higher than those associated with other glyphosate resistance EPSPS mutations at Pro-106,
such as 106-Leu and 106-Ser, documented in plants (reviewed in Vila-Aiub et al.*3). Despite the
low affinity of EPSPS Pro-106-His variant for glyphosate, the differencebetweenRlcalculated
on EPSPS activity, and whole-plant assays, suggest that other factors such as EPSPS expression
in S and R Dgs plants in response to glyphosate treatment, the minimum level of EPSPS
inhibition that triggers toxiceffects and other metabolicderegulations, can beinvolved in the
reduced glyphosate sensitivity of resistant plants.3”42 The EPSPS Pro-106-His mutation was
found at the homozygous state in R Dgs plants, which isexpected inself-pollinated species as
D. sanguinalis. However, the inheritance pattern of this nucleargene in this tetraploid species

would be elucidated in future studies.

Considering that glyphosate is the main agronomic tool used to control D. sanguinalis under
no-tillage systems in glyphosate-tolerant soybean and corn crops,® glyphosate resistance
evolution in D. sanguinalis emerges as a challenge for farmers in the Rolling Pampas
agricultural region. Nevertheless, other herbicides have been shown to be effective in
controlling Dgs R plantsin different crops, as no evidence of multiple herbicideresistance was

found (datanot shown).



Other target-site resistance mechanisms, such as EPSPS gene amplification (duplication) or
EPSPS gene overexpression, have been reported to endow glyphosate resistance in several
weed species.’®* However, the results of the present study reveal that EPSPS gene expression,
estimated as EPSPS specific activity, and gene amplification do not contribute to glyphosate

resistance inthe Dgs R population (Figure 8).

4.2 Non-target site resistance mechanisms do not contribute to glyphosate resistance in Dgs

R

Amongthe nontargetsite glyphosate resistance mechanisms studied inthe Dgs R population,a
minor but significant 8% lower foliar retention was recorded when compared to Dgs S. The
lower spray retention, however, is unlikely to account for the low level of shikimate or high
plantsurvival exhibited by Dgs R plants when treated with 2—4 times higherglyphosate field
doses. Thus, the differential glyphosate spray retention found in Dgs R plants is likely
associated with variations in leaf surface or plant architecture that may contribute to an
increase in the variability in the amount of glyphosate spray solution interception and

retention.*

Reduced glyphosate translocation has often been reported as a mechanism for endowing
glyphosate resistance in plants.®#>4¢ In addition to impaired glyphosate translocation, reduced
glyphosate foliar uptake has also been observed in some weeds.*®*74® Until the recent
identification of the specific ECAKR4-1 gene endowing enhanced glyphosate metabolism in
Echinochloa colona,* glyphosate metabolismin field-evolved glyphosate-resistant weeds has
been rarely documented (but see de Carvalho et al.?® and Gonzalez-Torralva et al.*°). Two
glyphosate-resistant D. insularis populations from Brazil have shown a large amount of
glyphosate metabolites (AMPA, glyoxylate, sarcosine) produced 48 h after glyphosate
treatment.?® In contrast to this evidence, results from the present study showed that **C-
glyphosate foliar uptake and long-distance translocation and enhanced glyphosate metabolism

are notresponsible for glyphosate resistance in the Dgs R population.
5. Conclusion

This study reports the first global case of glyphosate resistance in D. sanguinalis, where anovel
EPSPS Pro-106-His point substitution is likely the primary glyphosate endowing mechanism.
This unlikely yet novel transversion at the second position of the EPSPS 106 codon
demonstrates the intensity of glyphosate pressure in selecting unexpected glyphosate

resistance alleles if they retain EPSPS functionality. The effects of the reported target-site



EPSPS glyphosate resistance Pro-106-His mutation on EPSPS catalyticactivity, theinheritance

pattern and adaptive fitness of Dgs R plants should be addressed in future studies.
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Figure 1. Effects of glyphosate doses on plant survival for the glyphosate-susceptible (Dgs S)
and -resistant (Dgs R) Digitaria sanguinalis 21 days after treatment. Symbols represent mean
values, and bars indicate = 1 standard error of the mean. The predictedresponses are shown
by lines according to the adjusted models: (Dgs S) y = —1.3+{(99.4+1.3)/[(1+(x/393.7)3°]} (P <
0.01; R*=0.99) and (Dgs R) y = 24.6+{(101.5+24.6)/[(1+(x/2010.0)*€€]} (P < 0.01; R? = 0.99).
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Figure 2. Accumulation of shikimic acid in the youngest fully expanded leaf of glyphosate-
susceptible(Dgs S) and -resistant (Dgs R) Digitaria sanguinalis 72 h after glyphosate treatment.

Columns represent mean values, and vertical bars indicate the standard error of the mean.

Letters above the bars indicate statistical significance (p <0.05).
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Figure 3. Spray solutioninterception and retention by resistant (Dgs R) and susceptible (Dgs S)
Digitaria sanguinalis plants. Columns represent mean values, and vertical bars indicate the
standard error of the mean. Different letters above the bars indicate significant differences

between populations (P <0.01).
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Figure 4. Glyphosate absorption and translocation in glyphosate-susceptible (Dgs S) and -
resistant (Dgs R) Digitaria sanguinalis plants 96 h after glyphosate treatment. (A) Absorption of
14C-glyphosate (P = 0.90). (B) “C-glyphosate detected in the labelled leaf (P = 0.23). (C)
Translocation of 1*C-glyphosate from the treated leaf to the rest of the shoot (P = 0.12). (D) **C-
glyphosate detected in the root system (P = 0.08). Columns represent mean values, and

vertical barsindicate the standard error of the mean.
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Figure 5. Cameraimage (upper panel) and the **C-glyphosate radioactive image (lower panel)
of the glyphosate-susceptible (Dgs S) and -resistant (Dgs R) Digitaria sanguinalis seedlings 96 h
after glyphosate treatment. *C-glyphosate was applied as a droplet to the midpoint of the

youngest leaf of each 4-leaf stage plant (arrowed).
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Figure 6. EPSPS enzyme activity of glyphosate-susceptible (Dgs S) and -resistant (Dgs R)
Digitaria sanguinalis populations. (A) Basal EPSPS activity without herbicide; columns
represent mean values and vertical barsindicate the standard error of the mean (P = 0.51). (B)
Relative EPSPS activity exposed to different glyphosate concentrations (uUM), expressed as a
percentage of the untreated control. Predict dose-response curves are shown accordingtothe
adjusted models: (Dgs S) y = -0.1+{(101.9+0.1)/[(1+(x/0.6)°53]} (P < 0.01; R? = 0.99) and (Dgs R)
y = -11.4+{(103.0+11.4)/[(1+(x/47.9)°4%]} (P < 0.01; R? = 0.99).
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Figure 7. Partial sequence and chromatogram of the EPSPS gene obtained from the Dgs R

Digitaria sanguinalis plants aligned to the EPSPS sequence of the Dgs S counterpart and the
conceptual translation of the amino acid sequences. Codon corresponding to EPSPS

aminoacid position 106 is shown inthe box.
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Figure 8. EPSPS relative gene copy number of glyphosate-susceptible (Dgs S) and -resistant
(Dgs R) Digitaria sanguinalis plants. All EPSPS relative copy numbers were estimated againstan

internal reference gene (18SrRNA). Columns represent mean values, and vertical bars indicate

the standard errorof the mean (P = 0.96).



Table 1. Glyphosate metabolism (%) 96 h aftertreatment (HAT) in glyphosate-susceptible (Dgs
S) and -resistant (Dgs R) Digitaria sanguinalis populations. Mean values * 1 standard error of

the mean are shown (n=6).

Metabolism (%) at 96 HAT

Population Glyphosate AMPA Glyoxylate

Dgs S 95.7+2.0 - 43+0.9

DgsR 9.0+1.9 - 4.0+0.6
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A novel EPSPS Pro-106-His point substitution is likely the primary glyphosate
resistance mechanism detected in Digitaria sanguinalis. This unlikely yet novel
transversion at the second position of the EPSPS 106 codon demonstrates the

intensity of glyphosate pressure in selecting unexpected glyphosate resistance alleles if
they retain EPSPS functionality.
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