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ALS-Resistant Spotted Spurge (Chamaesyce maculata) Confirmed in Georgia
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Metsulfuron is used for POST control of spotted spurge in many warm-season turfgrasses. A suspected
resistant (R) biotype of spotted spurge was collected from turfgrass in Georgia with a history of
exclusive metsulfuron use. Research was conducted to evaluate the resistance level of this biotype to
metsulfuron, efficacy of other mechanisms of action for control, and the molecular basis for
resistance. Compared with a susceptible (S) biotype, the R biotype required >90 and >135 times
greater metsulfuron rates to reach 50% injury and reduce biomass 50% from the nontreated,
respectively. The R biotype was also resistant to trifloxysulfuron but was injured equivalent to the S
biotype from dicamba, glyphosate, and triclopyr. Gene sequencing of the R biotype revealed a
Trps74 to Leu substitution that has conferred resistance to acetolactate synthase (ALS) inhibitors in
previous research. This is the first report of ALS resistance in spotted spurge. More importantly, this
is the first report of a herbicide-resistant broadleaf weed from a turfgrass system in the United States.
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Spotted spurge is an annual weed in row crops,
nurseries, and turfgrass systems (Bararpour et al.
1994; Cross and Skroch 1992; Dunn 1979). Plants
have pubescent leaves on branching stems with pros-
trate or decumbent growth habits (Elmore and
McDaniel 1986). Spotted spurge produces thousands
of seed that contributes to infestations and reductions
in crop yield (Dunn 1979; Elmore and McDaniel
1986; Krochmal 1952). In turfgrass, mechanical con-
trol is often ineffective because of regrowth of shoots
after mowing. Hand weeding spotted spurge is inef-
fective if the entire plant is not completely removed
from the soil. PRE herbicides, such as dithiopyr and
isoxaben, control spotted spurge in container-grown
perennials and ornamental grasses (Derr 1994,
2002; Judge et al. 2004; Norcini and Aldrich
1992). However, initial seed germination begins at
25 C, which is later than most summer annual weeds
of turf (Asgarpour et al. 2015; Hope 1982). PRE
herbicides applied in early spring may have erratic

efficacy for controlling spotted spurge that could
warrant POST herbicide use.
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Metsulfuron-methyl; spotted spurge, Chamaesyce maculata (L.) Small.
Efficacy, mutation, sulfonylurea, turfgrass.

Metsulfuron-methyl (metsulfuron) is an acetolactate
synthase (ALS) inhibitor that provides POST control
of spurge species (Chamaesyce spp.) in tolerant turf-
grasses (Derr 2012; McCarty 1991). Practitioners use
metsulfuron in the southern United States because of
economics and the tolerance of major warm-season turf-
grasses to labeled use rates (Anonymous 2015). Resis-
tance to ALS inhibitors has increased exponentially
over the last decade in turf and other cropping systems
(Heap 2015). Weed biotypes with resistance to ALS
inhibitors have altered target site enzymes or enhanced
metabolism (Tranel and Wright 2002). In turfgrass, tar-
get site alteration has conferred resistance to ALS inhibi-
tors in annual bluegrass (Poa annua L.) and annual
sedge (Cyperus compressus L.) populations and is more
common than metabolism-based resistance (Cross et al.
2013; McCullough et al. 2016; McElroy et al. 2013;
Shaner 1999; Whaley et al. 2006; Zheng et al. 2011).
The spread of resistant (R) biotypes may be exacerbated
by pollen-mediated gene flow of nuclear alleles that
transfer resistance to susceptible populations, along
with selection pressure from herbicide use (Powles
and Yu 2010; Yu and Powles 2014; Yu et al. 2008).

A spotted spurge biotype with suspected resistance
to metsulfuron was identified in a seashore paspalum
(Paspalum vaginatum Sw.) field in Georgia. The man-
ager used metsulfuron exclusively for about two dec-
ades, but reductions in control were noted in 2010.
Spotted spurge biotypes with ALS resistance could
create considerable problems for POST control in
many turfgrass species that are susceptible to injury
from alternative herbicides. The objectives of this
research were to evaluate (1) the resistance level of
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Table 1.

GA. Results were pooled over experimental runs.

Injury of two spotted spurge biotypes at 4 wk after treatments with six herbicides in two greenhouse experiments at Griffin,

Injury
WSSA group® Herbicide” Product information Rate® Resistant Susceptible
gaiha™! %
2 Metsulfuron MSM 60%, Alligare LLC., Opelika, AL (http:// 21 0 75
www.alligarellc.com/)
Trifloxysulfuron ~ Monument 75WG, Syngenta Corp., Greensboro, 29 0 45
NC (http://www.syngenta.com)
4 Dicamba Clarity 4L, diglycolamine salt of dicamba, BASF 560 37 41
Corp., Research Triangle Park, NC (http://www.
basf.com)
Triclopyr Turflon Ester 4L, Dow AgroSciences, Indianapolis, 1,120 82 88
IN (http:/fwww.dowagro.com)
9 Glyphosate Roundup Pro isopropylamine salt, Monsanto Co., St. 420 42 46
Louis, MO (http://www.monsanto.com)

*Weed Science Society of America (WSSA) group numbers listed represent (2) acetolactate synthase inhibitors, (4) synthetic auxins,

and (9) EPSP synthase inhibitor.

® Metsulfuron and trifloxysulfuron were applied with a nonionic surfactant at 0.25% vol/vol except glyphosate. The surfactant used
was Chem Nut 80-20, mixture of alkyl and arlkylaryl polyoxyethylene glycol, 80%, Chem Nut Inc., P.O. Box 3706, Albany, GA 31706.
T

° Dicamba and glyphosate rates are g ae ha™

this biotype to metsulfuron, (2) efficacy of other
mechanisms of action for POST control, and (3) the
molecular basis for resistance.

Materials and Methods

Plant Material. Spotted spurge plants were collected
from a ‘Sea Isle 17 seashore paspalum field in Cook
County, GA. The location coordinates will not be dis-
closed to protect the privacy of the landowner. A 27-
m” area was sprayed on July 1, 2014, with metsulfuron
(Manor GOWG Nufarm Americas, Burr Ridge, IL) at
84 g ai ha~', which is eight times the standard use
rate. Plants that were not controlled from this treatment
were removed from the field by hand on August 12,
2014. Spotted spurge was also collected in Griffin,
GA, from a susceptible (S) population. The two bio-
types were then transplanted to separate plastic pots
of 79-cm” surface areas and 10-cm depths and filled
80:20 (v/v) sand: peat moss. Pots were placed in a
greenhouse set at 32/25 C day/night temperatures at
the University of Georgia Griffin Campus. Approxi-
mately 20 plants of each biotype were irrigated as
needed to prevent moisture deficiencies. Seeds were
planted immediately after collection by hand and scat-
tered over pots of 3.8-cm diam and 20-cm depth with
the aforementioned potting medium. Pots were ferti-
gated (MacroN 28-7-14 sprayable fertilizer, LESCO
Inc., Cleveland, OH) weekly and allowed to produce
three to five branches before treatments. Pots were
thinned to single plants before treatments were applied.
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Metsulfuron Dose-Response Experiments. The
resistance level of the R biotype was compared with
the S biotype in a rate titration of metsulfuron.
Treatments were applied 1n a spray chamber cali-
brated to deliver 187 L ha™" with a flat fan nozzle
(8002E, TeeJet Spraying Systems Co., Roswell,
GA). Metsulfuron-methyl (60%, Alligare LLC, Ope-
lika, AL) was applied at 1.3, 2.6, 5.3, 10.5, 21, 42,
84, 168, or 336 g ha™". This range was chosen based
on standard use rates for spurge control in turfgrass
(10.5 to 21 g ha™ 1. Nontreated checks of the two
biotypes were included. A nonionic surfactant
(Chem Nut 80-20, mixture of alkyl and alkylaryl
polyoxyethylene glycol, 80%, Chem Nut Inc.,
Albany, GA) was added to the spray solution at
0.25% (v/v). Plants were returned to the greenhouse
at ~ 1 h after treatment and did not receive irriga-
tion until 24 h after treatment. Injury was visually
evaluated at 4 wk after treatment (WAT) on a scale
of 0 (no injury) to 100% (complete desiccation).
Shoot biomass was harvested 4 WAT, oven-dried
for 72 h at 60 C, and then weighed.

Multiple and Cross-Resistance Experiment. In
another experiment, the two biotypes were treated
with dicamba, glyphosate, metsulfuron, triclopyr, or tri-
floxysulfuron. A nontreated check was included. Appli-
cation rates and product information are presented in
Table 1. Metsulfuron and trifloxysulfuron were applied
with the aforementioned surfactant. Injury was visually
evaluated 4 WAT as previously described.
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Figure 1. Injury of two spotted spurge biotypes after treatment

with metsulfuron in two greenhouse experiments in Griffin, GA.
Results were pooled over two experimental runs. Vertical bars
represent standard errors of the mean (2 = 8). Data for the
susceptible (S) biotype was regressed with the following equation:
y = Boll — [exp(—P1x)]}, where y is injury, By is the asymptote,
and P is the slope estimate. Data for the resistant (R) biotype was
regressed with the following equation: y = By + PBix, where B
and f3; are the intercept and slope, respectively. Regression for the
S biotype: y = 87.68{1 — [exp(—0.23x)]}. Standard errors for By
and B; measured 3.3 and 0.04, respectively. The 95% confidence
intervals for Py, and P; measured 81-94 and 0.14-0.31,
respectively. Regression for the R biotype is 4.56 + 0.002x.
The standard error for the intercept and slope measured 0.9 and
0.007, respectively. The Isq for the R and S biotypes measured
>336 g ha™' and 3.7 g ha™", respectively. The 95% confidence
interval for the Isq estimate for the S biotype is 2.6-4.9.

The design for greenhouse experiments was a ran-
domized complete block with four replications. A
block design was chosen to minimize potential vari-
ability in greenhouse location on plant responses to
treatments. Both experiments were repeated once.

Data were subjected to ANOVA with PROC GLM
in SAS (SAS v. 9.3, Cary, NC). For plant injury,
data were plotted and regressed with an exponential
growth function and linear equation to describe the
relationship of herbicide rate with plant responses,

y = Bo{1—[exp (=B1¥)]} [1]

y= BO+BIX7 [2]

where y is injury, By is the asymptote (Equation 1) or
intercept (Equation 2), B, is the slope estimate, and x
is metsulfuron rate (Figure 1). For shoot biomass,
data were regressed with the following three-
parameter growth function model,

7 = Bot+B; exp (—Byx), (3]
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Figure 2. Dry shoot biomass of two spotted spurge biotypes at 4
wk after treatment with metsulfuron in two greenhouse experi-
ments in Griffin, GA. Results were pooled over experimental
runs. Vertical bars represent standard errors of the mean (z = 8).
Biomass for the nontreated averaged 0.23 (4 0.02 SEM) and
0.15 (+0.02 SEM) g plant™' for the R and S biotypes,
respectively. Data were regressed with the following equation:
3= PBo + Pilexp(—Pox)], where y is shoot biomass, By is the lower
asymptote, ; is the maximum predicted response, B, is the slope,
and x is metsulfuron rate. Regression for the R biotype: 73.63 +
25.29[exp(—0.011x)]. Standard errors for By, Pi, and P,
measured 22.3, 21.8, and 0.03, respectively. The 95% confidence
intervals for By, B;, and B, measured 29-118, —18 to 69, and
—0.04 to 0.06, respectively. Regression for the susceptible
biotype: 24.91 + 42.21[exp(—0.21x)]. Standard errors for B,
B1, and B, measured 4.2, 16.9, and 0.16, respectively. The 95%
confidence intervals for By, B;, and B, measured 16-33, 9-76,
and —0.1 to 0.5, respectively. The GRs for the R and S biotypes
are >336 and 2.5 g ha™', respectively. The 95% confidence
interval for the GRsq of the S biotype is <1.3-7.

where y is shoot biomass, B is the lower asymptote,
By is the maximum predicted response, B, is the
slope, and x is metsulfuron rate (Figure 2). Metsul-
furon rates that caused 50% injury (Iso) and 50%
reductions in shoot mass (GRsy) from the non-
treated were calculated to facilitate discussion of the
results. The 95% confidence limit for Isq and GRs
values were calculated in SigmaPlot (v. 11.2, Systat
Software Inc., San Jose, CA) with the aforemen-
tioned regression analyses. For the evaluation of var-
ious herbicides, means were separated with Fisher’s
LSD test at o = 0.05. Treatment-by-experimental
run interactions were not detected; therefore, results
were pooled over runs for presentation.

ALS Gene Assembly, Mapping, and SNP
Detection. Plants used for gene sequencing were
collected from the populations that were seeded
for the aforementioned experiments. To identify
potential target site mutations, massively parallel
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sequencing using the [llumina HiSeq (Illumina, San
Diego, CA; http://www.illumina.com/) platform was
utilized in lieu of traditional short-read capillary
sequencing using polymerase chain reaction. Meth-
odologies for the assembly and polymorphism detec-
tion in a nonmodel organism with no reference
genome or transcriptome were based on suggestions
by Brautigam and Gowik (2010). RNA was
extracted using a standard RNA extraction kit
(RNeasy Plant Mini Kit, Qiagen, Venlo, The Neth-
erlands; http://www.qiagen.com). Illumina sequen-
cing, including all RNA preparation steps before
sequencing, was conducted at the Hudson Alpha
Institute for Biotechnology (Huntsville, AL, USA;
http://gsl.hudsonalpha.org/).

Sequencing reads were processed using the Trin-
ity de novo assembly pipeline (http://trinityrnaseq.
sourceforge.net/) (Grabherr et al. 2011; Haas et al.
2013). Reads of the two biotypes were separately
paired, trimmed, and de novo assembled using Trin-
ity RNA-Seq de novo assembler. Contiguous
assembled sequences (contigs) identified as ALS-
expressed genes were identified using a local BLAST
search. To facilitate the BLAST search, full-length
ALS protein sequences were downloaded from the
National Center for Biotechnology Information
(NCBL http://www.ncbi.nlm.nih.gov/). Local BLAST
was conducted using tblastn within CLC Genomics
Workbench (CLC Bio, Primset, Denmark; http://
www.clcbio.com/). The assemblies of the two biotypes
were converted to BLAST databases, and NCBI pro-
tein sequences were searched against the assembly
databases. Contigs were identified and extracted from
each assembly as similar to ALS proteins. Extracted
putative ALS contigs were aligned and compared using
alignment within CLC Genomics Workbench. The
ALS sequences of two biotypes were submitted to
NCBI (GenBank KT382543 and KT382544 for R
and S biotypes, respectively).

Results and Discussion

Metsulfuron Dose—Response Experiments. A bio-
type-by-rate interaction was detected for injury; thus,
results are presented by biotype. The metsulfuron
rate that injured the S and R biotypes 50% measured
3.7 and >336 g ha™", respectively (Figure 1). The R
biotype was mJured <8% from all application rates,
but =42 g ha™" injured the S biotype >87%. Simi-
larly, a metsulfuron rate that reduced biomass of the
S and R biotypes by 50% from the nontreated mea-
sured 2.5 and >336 g ha™', respectively (Figure 2).
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The resistance factor for this spotted spurge bio-
type is >90-fold greater than the S biotype. Trezzi
et al. (2005) reported that wild poinsettia (Euphorbia
heterophylla L.) from Brazil had > 24-fold resistance
to imazethapyr than an S biotype. It was also deter-
mined that the biotype was resistant to metsulfuron,
nicosulfuron, and a protoporphyrinogen oxidase
inhibitor, fomesafen. Researchers have identified
comparable resistant levels to ALS inhibitors in
annual bluegrass populations from turfgrass systems
(Cross et al. 2013; McElroy et al. 2013). Similar
resistance to ALS inhibitors has been confirmed in
horseweed [Conyza canadensis (L.) Cronq.], pigweeds
(Amaranthus spp.), and rice barnyardgrass [Echino-
chloa phyllopogon (Stapf) Koso-Pol.] (Osuna et al.
2002; Whaley et al. 2006; Zheng et al. 2011).

Multiple and Cross-Reslstance Experiment. Met-
sulfuron at 21 g ha™" mJured the S biotype 75% at 4
WAT but did not injure the R biotype (Table 1).
Metsulfuron was more injurious to the S biotype
than trifloxysulfuron at 29 g ai ha™' (75% vs.
45%), but trifloxysulfuron did not injure the R bio-
type. Injury to the R biotype was equivalent to the S
biotype from dicamba, glyphosate, and triclopyr.
These herbicides averaged 39, 44, and 85% injury,
respectively. Results suggest this biotype is resistant
to another sulfonylurea used for spotted spurge con-
trol in turf, trifloxysulfuron.

Turfgrass managers have limitations with alterna-
tive mechanisms of action to ALS inhibitors in
warm-season grasses. For example, triclopyr is only
labeled for cool-season grasses and zoysiagrass (Zoysia
japonica Steud.) because of excessive injury potentlal
from labeled use rates (0.28 to 1.12 kg ha™) on
most warm-season species during active growth
(Cudney et al. 1997; McElroy and Breeden 2006).
Glyphosate was less efficacious than triclopyr at rates
evaluated and would be limited to spot applications
for POST control of spotted spurge. Dicamba is
safe on most major turfgrass species and provided
equivalent control on both biotypes after 4 wk.
However, dicamba was not as efficacious as triclopyr
and may require tank mixtures with other herbicides
for best results.

Another limitation to POST control of spotted
spurge is herbicide efficacy on mature plants. In field
experiments, dicamba, triclopyr, and other herbi-
cides required greater use rates to control the R bio-
type when plants were ~10 cm tall with multiple
(>4) branches, compared with seedlings treated
before branching (McCullough, personal observa-
tion). Reduced control from herbicides applied to
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Figure 3. Alignment of acetolactate synthase (ALS) sequences flanking codon Trpss4 from Arabidopsis thaliana and the spurge
populations. The yellow highlight indicates the Trpsy4 codon in A4. thaliana. The resistant population shows a mutation (TGG to
TTG) conferring Trps,4 to Leu substitution in ALS enzymes. (Color for this figure is available in the online version of this article.)

mature weeds has been reported for common cockle-
bur (Xanthium strumarium L.), pitted morningglory
(Ilpomoea lacunosa L.), smooth pigweed (Amaranthus
hybridus L.), and other annual weeds (Barrentine
1989; DeFelice et al. 1989; Klingman et al. 1992).
Furthermore, mature weeds may have produced
viable seed that could further spread resistant popu-
lations after control. Practitioners may need to mod-
ify application rates and regimens of alternative
herbicides to metsulfuron for controlling mature
populations of ALS-resistant spurge. Further research
is needed to evaluate the efficacy of other ALS inhib-
itors, Photosystem II inhibitors, and organic arseni-

cals for controlling this biotype.

Gene Sequencing of the ALS Enzyme. The R bio-
type contained two amino acid substitutions:
Asp-341 to Ser and Trp-574 to Leu (Figure 3;
Table 2). A mutation was not detected in the Pro-
197 codon. Considering Asp-341 is not one of the
18 amino acid in the ALS-inhibiting herbicide-
binding region and Trp-574 to Leu is historically
correlated with target site resistance, it can be con-
cluded that an amino acid substitution to Leu-574
is the molecular mechanism of resistance for this

spotted spurge biotype (McCourt et al. 2000).

Table 2. Missense mutations in the susceptible and resistant
spotted spurge biotypes as revealed by nucleotide read mapping
and translation to amino acid sequence.

Amino acid
Reference Polymorphism  Frequency®  substitution®

Nucleotide
position®

Susceptible spotted spurge biotype

1365 T G 37.50  Leuyy4to Glu
Resistant spotted spurge biotype

1658 G T 63.87  Tipsy4to Leu

959 G A 45.28  Aspsy to Ser

* Nucleotide position refers to the corresponding assembly of the
acetolactate synthase gene in susceptible and resistant biotypes.
b . .
Frequency is the number of mapped reads carrying the poly-
morphic nucleotide per the number of mapped reads carrying
the reference nucleotide in the two plants evaluated.
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The Trp-574 to Leu substitution has conferred
resistance to sulfonylureas, imidazolinones, and pyr-
imidinyl-benzoic acids (McCourt et al. 2006; McEl-
roy et al. 2013; Yu and Powles 2013). This specific
mutation has been identified as the molecular basis
for ALS resistance in annual bluegrass, Powell
amaranth [Amaranthus powellii (S.) Wats.], kochia
[Kochia scoparia (L.) Schrad.], rigid ryegrass (Lolium
rigidum Gaudin), wild mustard (Sinapis arvensis L.),
and other weed species (Christoffers et al. 2006;
McElroy et al. 2013; Warwick et al. 2008; Yu et al.
2008; Yu and Powles 2013).

Implications from These Findings. Spotted spurge
with resistance to ALS inhibitors will require alterna-
tive cultural and chemical control methods for accep-
table control. Selecting alternatives to ALS inhibitors
with comparable efficacy will be critical in turfgrasses
susceptible to injury from other mechanisms of
action, such as bermudagrass [Cynodon dactylon (L.)
Pers.] or seashore paspalum. Mechanical suppression
or hand weeding may be an effective approach to
controlling many resistant weeds in turfgrass. How-
ever, these techniques may not be practical in large
areas with severe infestations of spotted spurge.

The prolific seed production of spotted spurge will
contribute to the spread of R biotypes. Isoxaben or
other PRE herbicides should be applied before soil
temperatures reach 25 C for effective control (Asgar-
pour et al. 2015). The continued use of PRE herbi-
cides throughout the summer may be necessary to
control later flushes of seed germination in turfgrass.
Further research is needed to determine the distribu-
tion of ALS resistance in spotted spurge and related
Chamaesyce species in the United States.

This is the first report of ALS resistance in spotted
spurge. This is also the first report of a herbicide-
resistant broadleaf weed from a turfgrass system.
The confirmation of ALS resistance in a weed with
substantial seed production has serious implications
for herbicide resistance management. Rotating
POST herbicide mechanisms of action may provide
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acceptable control in certain turfgrass species. How-
ever, alternative herbicides to ALS inhibitors may
have potential for drift, turfgrass injury, or limited
efficacy. The identification of new weed species
with resistance to ALS inhibitors should emphasize
the importance of alternative management programs,
including herbicide rotation, in turfgrass and other
cropping systems.
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