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Target-Site Resistance to Nicosulfuron in Johnsongrass (Sorghum halepense)
from Chilean Corn Fields

Maria J. Hernandez, Rocio Leon, Albert ]. Fischer, Marlene Gebauer, Rafael Galdames, and
Rodrigo Figueroa*

Johnsongrass is a common weed of corn in Chile, which is most often controlled by nicosulfuron, an
acetohydroxyacid synthase (AHAS)-inhibiting herbicide. Recurrent nicosulfuron use has resulted in
selection for resistant johnsongrass biotypes. We conducted studies to determine nicosulfuron
resistance levels in two johnsongrass biotypes from Chile and to investigate if this resistance was
target-site mediated. Whole-plant resistance to nicosulfuron was 33 and 46 times higher in resistant
(R) than in susceptible (S) plants grown from seed and rhizomes, respectively. The nicosulfuron
concentrations for 50% inhibition of AHAS enzyme activity in vitro were more than 11 times higher
in R than in S plants. Sequencing analysis of the AHAS coding sequence revealed a Trp-574-Leu
substitution in both R biotypes. This study shows that resistance to nicosulfuron in the two R
biotypes is conferred by an altered target site. We also report the first consensus sequence of the
johnsongrass AHAS gene corresponding to the known mutation sites conferring resistance to AHAS-

inhibiting herbicides.
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Key words:
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Corn is the second most important annual crop
in Chile, where it occupies approximately 141,000
ha per year with 23% of this area used for seed
production (ODEPA 2013). Corn is grown in the
central zone of the country, with 73% of the
production harvested within the O’Higgins and
Maule Regions. Genetically modified (GM) crops
can only be grown for seed production in Chile, and
transgenic varieties of corn resistant to glyphosate
and glufosinate are the most commonly grown GM
crops.

Johnsongrass is a perennial, highly competitive
grass and an important weed in crops worldwide,
such as corn (Z. mays), grain sorghum [Sorghum
bicolor (L.) Moench], and soybean [ Glycine max (L.)
Merr] (Holm et al. 1977). This allotetraploid
species (2n = 40) (Celarier 1958) is thought to
be derived from naturally occurring crosses between
S. bicolor and Sorghum propinquum (Kunth) Hichc.
(both 2n = 20) followed by chromosome doubling
(Bowers et al. 2003). Johnsongrass is difficult to
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Acetohydroxyacid synthase (AHAS), acetolactate synthase (ALS), AHAS-inhibiting

control because it produces large quantities of seeds
and rhizomes (McWhorter 1972). It is spread
through agricultural areas mainly by dispersal of
clonal fragments (rhizomes) or by seed dispersal
after mostly self-pollination (Warwick and Black
1983), a strategy that would lead to increased
homozygosity over time (Fernandez et al. 2013).
Full-season interference by heavy infestations of
johnsongrass can reduce corn yields by 74% to
100% (Bendixen 1986).

Soil cultivation alone does not control johnson-
grass effectively, because it can increase the density
and spread short rhizomes. The sectioning of large
rhizomes releases bud dormancy and results in
greater number of emerging shoots (McWhorter
1972). Herbicides applied PRE can control john-
songrass plants from seed but are less effective
against rhizome plants (McWhorter 1989). POST
applications of AHAS-inhibiting herbicides in corn
(Foy and Witt 1990) or acetyl coenzyme-A
carboxylase  (ACCase)-inhibiting herbicides in
broadleaf crops (Kaloumenos and Eleftherohorinos
2009) provide very good control of both seedling
and rhizome johnsongrass plants. Also, POST
applications of glyphosate in conjunction with
GM glyphosate-resistant crops can successfully
control johnsongrass plants from seed and rhizomes
as well.

The AHAS-inhibiting herbicide nicosulfuron

labeled for POST wuse in corn is effective on
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seedling- and rhizome-emerged johnsongrass. This
herbicide thus fills a critical void in POST weed
management options for corn (Gubbiga et al.
1996), especially in Chile where it has been used
since 1995. Recently, failures to control johnson-
grass with commercial nicosulfuron applications
have been reported for fields with a history of 3 to
10 yr of nicosulfuron use.

The target enzyme of nicosulfuron is AHAS (EC
2.2.1.6), also referred to as acetolactate synthase
(ALS), which catalyzes the first committed step in
the pathway for the biosynthesis of the branched chain
amino acids valine, leucine, and isoleucine (Duggleby
and Pang 2000). There are five chemical families of
AHAS-inhibiting herbicides that have been commer-
cialized: sulfonylureas (SU), imidazolinones (IMI),
triazolopyrimidines (TP), pyrimidinyl(thio)benzoates
(PTB), and sulfonylamino-carbonyl-triazolinones
(SCT). Resistance to AHAS-inhibiting herbicides
most often results from a single amino acid sub-
stitution in the AHAS enzyme, but can also arise from
enhanced metabolism (Fischer et al. 2000; Yu and
Powles 2014). Mutations in the herbicide-binding
region prevent herbicide binding, rendering the
altered enzyme insensitive to the herbicide (Corbett
and Tardif 2006). Point mutations at eight
positions in the AHAS gene causing amino acid
substitutions at Ala-122, Pro-197, Ala-205, Asp-376,
Arg-377, Trp-574, Ser-653, and Gly-654 have been
reported to confer resistance to AHAS-inhibiting
herbicides in weeds with substitutions at Pro-197
and Trp-574 being the most common resistance
mutations (Beckie and Tardif 2012; Tranel et al.
2013). Various cross-resistance patterns result
from the different mutations. For example, the
Trp-574-Leu substitution confers resistance to all
families of AHAS-inhibiting herbicides in many
weed species, while the Ala-122-Thr substitution
confers weed resistance to IMI but not to SU
herbicides (Beckie and Tardif 2012; Powles and Yu
2010).

In 2000, the first case of johnsongrass resistance
to nicosulfuron was reported in corn fields of Texas.
Since that time, nicosulfuron-resistant johnsongrass
has been identified in other US states and in
México, ltaly, and Venezuela, of which the
mechanism of resistance was only studied for the
Mexican biotypes and attributed to an insensitive
altered target site (Heap 2014). However, the AHAS
gene mutation(s) conferring resistance to nicosul-
furon were not identified.

Given the relevance of johnsongrass as a trouble-
some weed and nicosulfuron for its control in
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Table 1. Nicosulfuron control of johnsongrass biotypes
collected in Chilean corn farms assessed 15 and 30 d after
treatment (DAT) with 105 g nicosulfuron ha™' (double the
recommended field rate). Data are visual ratings on a 0 to 100
scale (0 = no control, 100 = complete control); each value is
the mean * standard error (n = 8).

Control (%)

Biotype 15 DAT 30 DAT
Codegua 75.0 = 3.7 96.2 £ 2.6
Coinco 73.7 £ 4.6 80.0 £ 5.0
Curepto 62.5 £ 3.1 72,5 £ 1.6
Donihue 1 65.0 = 5.0 71.2 = 3.5
Donihue 2 25.0 = 1.8 35.0 = 5.0
Melipilla 1 80.0 £ 5.6 92.5 £ 3.6
Melipilla 2 68.7 = 3.9 88.8 = 4.8
Malloa 55.0 £ 2.6 66.2 += 7.8
Nancagua 7.5 = 3.1 11.3 £ 2.9
Penaflor 80.0 = 4.6 91.2 £ 23
Rancagua 58.7 £ 2.2 76.2 = 2.6
San Joaquin® 82.5 £ 3.6 —
Talagante 75.0 = 3.7 97.5 £ 1.6

* Susceptible biotype.

Chilean corn production, the objectives of the
present study were: to confirm and determine the
level of resistance to nicosulfuron in johnsongrass
biotypes from Chile; to elucidate if the mechanism
of resistance relates to an altered AHAS enzyme,
and, if so, to identify the mutation(s) possibly
associated with such resistance.

Materials and Methods

Plant Material Collection and Preliminary Screen-
ing. During the spring of 2010, johnsongrass seeds
and rhizomes were collected from 12 corn fields in the
Chilean central valley (Table 1), between the Metro-
politan Region and the O’Higgins Region (from
33°26'S, 70°39'W to 34°10'S, 70°43"W). These
fields had been treated annually with nicosulfuron
(525 ¢ ha™') for more than 3 yr, and johnsongrass
control had become erratic with this herbicide in
recent years. Herbicides with other mechanisms of
action had also been used in the different locations
sampled (Table 2). At each location, seeds and
rhizomes were collected randomly from approxi-
mately 20 surviving plants after nicosulfuron appli-
cation. Seeds and rhizomes were also collected from
San Joaquin, a site in the Metropolitan Region that
had not been exposed to any herbicide application.
This biotype (hereafter referred to as SJ) was
considered nicosulfuron-susceptible (S). Plants ob-
tained from the rhizomes collected were screened with
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Table 2.

Cropping years, crop rotation, and seasons of herbicide use (2006 and 2011) at the johnsongrass biotype collection sites.

WSSA herbicide group®

Cropping history 2b 5¢ 274 15¢ 10° 98
Biotype Years Crop rotation No. of seasons
Coinco 5 No 4', 3° 3 1! 3,17 3 4
Codegua 7 No 5! 5 4! 24 32 5 5
Curepto 14 Yes 2,17 6 1 3 1 6
Donihue 1 6 No 6' 4 2%, 1° 3 6
Donihue 2 8 No 6! 5 6 6
Melipilla 1 4 Yes 3! 3 3 3
Melipilla 2 7 Yes 3! 5 5 1 1
Malloa 6 No 4! 4 1! 4' 1?7 4
Nancagua 12 No 6! 6 ! 42
Penaflor 7 No 1 2! 2 5
Rancagua 12 No 6! 6 1, 52 1
Talagante 5 No 3!, 27 4 1 4

* Shaner DL, ed (2014) Herbicide Handbook. 10th edn. Lawrence, KS: Weed Science Society of America. Pp 11-15.

b 1 Nicosulfuron; 2 dicamba + nicosulfuron.
Atrazme
Topramezone, Tembotrione.
¢ 1 Metolachlor; 2 atrazine + metolachlor; ?
f Ammonium glufosinate.

& Glyphosate.

acetochlor; 4

nicosulfuron from January to March 2011 at the
School of Agronomy and Forestry, Pontificia Uni-
versidad Catélica de Chile in Santiago. Screening was
conducted in the greenhouse (20 to 33 C and 16 h
photoperiod under supplemental 400 umol m ™ s~
photosynthetic photon-flux density from high-pres-
sure sodium lamps). Rhizomes were cut into 3-cm
segments with only one bud each. Six rhizomes per
pot were planted (3 cm depth) in 1.1 L pots
containing a mixture of peat:perlite (3:1) and
fertilized with 27.0 g of a commercial N-P-K (16—
8-12) plus micronutrients mixture (Basacote® Plus
6M, COMPO Expert Spain S.L., Barcelona, Spain)
and were thinned down to two uniform plants per
pot. Plants were irrigated regularly. At the four- to
five-leaf stage (30-cm height), plants from all sites
were screened with 2X nicosulfuron (for X = 52.5 g

ha™ 1) using a commercial formulation (FUROR®
Agricola Nacional S.A.C, Santiago, Chile) plus
ad]uvant (0.1% v/v nonionic surfactant, ZOOM®
50, Agricola Nacional S.A.C., Santiago, Chile). The
herbicide was applied with a backpack sprayer using
a flat fan-nozzle to deliver a volume of 240 L ha™'
under 150 kPa. Fifteen and 30 d after treatment
(DAT), control was visually rated on a 0 to 100 scale
(0 = no control, 100 = complete control of all
plants). Three replicates were used for the nontreated
(control) and eight for the treated pots. Treatments
(combinations of biotypes and nicosulfuron rates)
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alachlor.

were completely randomized. The experimental unit
was one pot with two plants.

The two most resistant populations, biotypes
Donihue 2 (D) and Nancagua (N) and the
susceptible S] biotype were used in the dose-
response experiments with rhizomes, the AHAS
activity in vitro assays, and the AHAS gene
sequencing subsequently described. Six individual
rthizomes from each of the three biotypes were
propagated in the greenhouse in 10-L pots contain-
ing the same substrate and fertilizer described earlier
to produce needed rhizomes.

Whole-Plant Dose Response. Two experiments
were conducted in the greenhouse using plants
grown from seeds or from rhizomes of the resistant
(D and N) and the susceptible (S]) biotypes.

For the experiment using seedling plants, seeds
were immersed in sodium hypochlorite bleach
following Vila-Aiub et al. (2007) to overcome seed
dormancy. The treated seeds were placed in 1.1 L
pots containing the same substrate and fertilized as
described earlier, and were covered with 1 cm of the
substrate mix. After emergence, seedlings were
thinned down to two seedlings per pot. For the
experiment with shoots emerging from rhizomes,
plants were grown from the new rhizomes obtained
as described in the preceding section. Plants of both
experiments were treated at the four- to five-leaf
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Table 3. Nucleotide sequences of oligonucleotide primer sets used for amplification of different fragments of the johnsongrass AHAS

gene. The degeneration used is the standard code: b (not A), n (any), m

(AorC), r(AorG),and y (Cor T).

Set Primer name Sequence (5'-3") Targeted mutation®

1 ALS-U-295° AGGGGCGCCGATAyctygtbgargce Ala-122, Pro-197, Ala-205
ALS-L-1170° ACAGTCCCATGCatnccmarcat

2 AHAS-Sb F CTGTTCTTTATGTTGGTGGT Asp-376, Arg-377, Trp-574, Ser-653, Gly-654
AHAS-Sb R TATCTGTAGCAAAAGGCACT

Numbermg of amino acids using as reference Arabidopsis thaliana AHAS gene (X51514).

® Primers designed by Prado et al. 2004.

stage (25 to 30-cm height) with nlcosulfuron using
eight rates ranging from 0 to 1,680 g ha " (biotypes
D and N) or from 0 to 420 g ha™! (susceptible
S] biotype). The herbicide formulation and spraying
conditions were the same as described earlier.
Twenty-one DAT, shoot fresh weight per pot was
measured (Yasuor et al. 2009). The experiments
followed a completely randomized design with three
replicates per treatment (factorial combination of
nicosulfuron rates and biotypes). The experimental
unit was one pot with two plants. Both experiments
were carried out twice.

AHAS Inhibition In Vitro Assay. The AHAS
activity was measured “in vitro” using a modifica-
tion of Ray’s method by detection of acetoin
obtained after the decarboxylation of the reaction
product, acetolactate, in the presence of acid (Ray
1984). Following the procedure of Fischer et al.
(2000) and Osuna et al. (2002), leaf tissue (3.5 g)
from shoots at the three- to four-leaf stage was used.
The nicosulfuron used at active ingredient (techni-
cal grade, 96.67 % purity; Agricola Nac1onal S A G,
Santlago Chile) concentrations of 0, 10~ %, 1071, 1,
10, 10% and 10° uM. The assay was conducted
three times, each time with a new biological sample,
and the enzyme activity for each herbicide concen-
tration was determined in triplicate.

AHAS Gene Sequencing. DNA from three plants
from each biotype was extracted using 100 mg of
young leaf tissue using a DNeasy Plant Mini Kit
(QIAGEN Inc., Valencia, CA). Genomic DNA was
quantified by NanoDrop 2000c¢ (Thermo Scientific,
CA). Primers were designed for amplification of
conserved domains where mutation sites endowing
resistance to AHAS-inhibiting herbicides have been
previously identified (Table 3) (Powles and Yu 2010;
Tranel et al. 2013). Because no information re-
garding the AHAS gene sequence of johnsongrass was
available, the AHAS gene sequences of the following

Poaceae species from the National Center for
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Biotechnology Information (NCBI; Bethesda, MD:
http://www.ncbi.nlm.nih.gov) database were used
for primer design: grain sorghum (S. bicolor)
(XM002452104), rice  (Oryza  sativa L.
(AY885675), ltalian ryegrass (Lolium multiflorum
Lam.) (AF310684), and downy brome (Bromus
tectorum L.) (AF488771). ClustalX2 was used for
sequence alignment and primers were designed using
the Primer3 software. Also, a set of universal and
degenerate primers designed by Prado et al. (2004)
was tested. The primer pairs finally employed with
their complete sequences and the targeted point
mutations  (reportedly conferring resistance to
AHAS-inhibiting herbicides) corresponding to the
amplified region of the gene are presented in
Table 3. For the primer pair ALS-U-295/ALS-L-
1170, polymerase chain reaction (PCR) was con-
ducted using 30 pL reaction mixture of 1X Phusion
HF Buffer, 1.5 mM MgCl,, 0.5 uM of each forward
and reverse primer, 0.3 mM dNTP mix (Invitrogen,
CA), one unit Phusion® High-Fidelity DNA Poly-
merase (Thermo Scientific), and 30 ng ¢ of genomic
DNA. PCR was conducted in a Veriti'™ thermo-
cycler (Applied Biosystems, CA) with an initial 2-
min DNA denaturation cycle at 98 C, followed by
35 cycles at 98 C for 10's, 71 C for 15 s, and 72 C
for 1 min; and a final extension cycle at 72 C for 10
min. PCR with primer pair AHAS-Sb F/AHAS-Sb R
was conducted in 30 pL reaction mixture 1X High
Fidelity PCR Buffer, containing 2.0 mM MgSOy,
0.2 uM of each forward and reverse primer, 0.2 mM
dNTP mix, one unit Platinum® 7z DNA Poly-
merase High Fidelity (Invitrogen) and 30 ng
genomic DNA. PCR cycles included one cycle of
94 C for 2 min, and 35 cycles of 94 C for 30's, 57 C
for 30 s, and 68 C for 1.2 min of elongation.
Amplified fra <}gments were purified in 1% agarose gel
with Wizard® SV Gel and PCR Clean-up System
(Promega, Madison, WI), and cloned in Escherichia
coli DH50. using a pGem®-T Easy Vector (Promega).
Plasmid DNA was extracted using an AxyPrep
Plasmid Miniprep (Axygen, CA). At least six selected
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clones from three plants per biotype were sent for
sequencing to Macrogen Korea (Seoul, Korea)
plasmid sequencing service (www.macrogen.com).
DNA sequences from the R and S biotypes were
analyzed using ClustalX2.

Statistical Analysis. The dose-response data from
repeated experiments were pooled for analysis,
because there were no differences between experi-
ments and no treatment by treatment interactions.
Pooled data were subjected to nonlinear regression
analysis using a three-parameter log-logistic equa-

tion (Ritz 2010):

y=d/ [1+(x/ED5o)b] 1]
Where y is the fresh weight, 4 is the mean

response when the herbicide rate approaches zero
(upper limit), £Ds, is the herbicide dose that results
in 50% growth reduction with respect to the
nontreated control and the lower limit (assumed
to be zero by this model), & is the slope of the line at
EDsy, and x is the nicosulfuron rate. ED50 was
calculated with fresh weight values (g pot ') and for
presentation purposes data in Figure 1 are expressed
as percentage of the nontreated control (Ritz 2010).

The AHAS inhibition in vitro assay was analyzed
using a four-parameter log-logistic equation (Price
et al. 2012):

y=c+{@d=o/[1+@/B0)'|}
Where y is the AHAS activity, ¢ and d are the

lower and upper asymptotes at high and zero
herbicide concentrations, respectively; & is the slope
and /5 is the effective dose causing 50% reduction
of the AHAS activity with respect to the control and
the lower limit. Regression curves were fitted using
SAS NLIN and plotted using Sigmaplot® software
(version 10.0). Values of EDs, and [s5y) were
considered to be statistically different when their
respective 95% confidence intervals did not overlap
(Alarcon-Reverte et al. 2013). Resistance indices (RI)
from the plant-dose response and the AHAS assays
were calculated as R to S ratios of the EDsjor the Is,.

Results and Discussion

Corn is generally grown as a monoculture in
Chile and only 25% of the corn farms in this study
exhibited some degree of crop rotation. Five
different herbicide groups have been used in the
region sampled (Table 2) to control johnsongrass in
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Figure 1. Shoot fresh weight responses of resistant (N, ¥ and

D, O) and susceptible (S], @) johnsongrass biotypes, from seeds
(a) and rhizomes (b), to increasing rates of nicosulfuron. Plants
were sprayed at the four- to five-leaf stage (30 cm height) and
harvested 21 d after treatment. Data are fresh weights expressed
as percent of the mean nontreated control; each data point is the
mean * standard error (7 = 6). Regression parameters are

presented in Table 4.

corn with various levels of effectiveness (e.g.,
tembotrione controls seedlings but not established
plants with rhizomes). However, in all sampled

fields the only AHAS-inhibiting herbicide used was

nicosulfuron.

Preliminary Resistance Screening. By 30 DAT,
visual ratings of johnsongrass control across the 12
sampled sites ranged from 100% (for the susceptible
SJ plants) to 11% (Table 1). As mentioned earlier,
out of the 12 sites, johnsongrass control was least at
Donihue 2 and Nancagua where selection for
nicosulfuron resistance was presumed to be at an
advanced stage. Locations with control levels
between 60% and 70% may represent fields at
intermediate stages of selection for nicosulfuron
resistance. Resistance to herbicides can evolve in
johnsongrass and spread throughout large areas
following recurrent use by the same herbicide (Heap
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Table 4. Parameter estimates for the log-logistic equation (Equation 1) used to calculate the herbicide concentration required for
50% reduction of aboveground fresh weight (EDs() of three johnsongrass biotypes grown from seeds and from rhizomes in dose-
response experiments and ratios of the £Dsq values of resistant to susceptible biotypes (Resistant Index [RI]).

Plant source

Seedlings Rhizome plants

Biotype 4 b EDs P value RI® D b EDs, P value RIP
g ha™! 95% g ha™! 95%
CI* CI*

N Model did > 1,680 — — > 109.0 Model > 1,680 — — > 84.4

not fit* did not fit!
D 399 0.5 502.3 218.8— < 0.0009 33.2 49.6 0.8 916.6 627.5—- < 0.0001 46.0
785.9 1205.7

SJ 33.1 0.9 15.1  8.5— < 0.0001 40.42 0.9 19.9 15.8 — < 0.0001 —

21.7 24.3

? Abbreviation: CI, confidence interval.

P Rl is the ratio of the EDs, values of resistant to susceptible biotypes.
N Fresh weight of nontreated control equals 35.04 * 1.6 g plant '

4 Fresh weight of nontreated control equals 33.7 = 1.1 g plant

2014). This may explain the finding of widespread
infestations of glyphosate R johnsongrass through-
out glyphosate-R soybean fields in the provinces of
Salta and Tucuman in Argentina, that were
regularly treated with this herbicide (Vila-Aiub
et al. 2007). Similarly, weeds R to AHAS-inhibiting
herbicides readily evolve where AHAS-inhibiting
herbicides are repeatedly used over an extended
period of time on a certain area (Busi et al. 2012;
Merotto et al. 2010; Shaner et al. 1997). Previous
research (Shaner et al. 1997) has determined that
resistance to AHAS-inhibiting herbicides evolves
much slower when they are part of a more diverse
weed management program. This may be the case
in Chilean corn fields where diversification of
herbicide use could have limited the spread of
nicosulfuron resistance in the fields we surveyed.

Whole-Plant Dose Response. The dose-response
assay on whole plants from both seeds and rhizomes
confirmed that biotypes D and N are both resistant
to nicosulfuron (Figure 1). Plants from these
biotypes were less affected by nicosulfuron than
plants from the susceptible SJ biotype. Treatment of
seedlings with the recommended field rate of
nicosulfuron for johnsongrass control in Chile
(52.5 g ha~ Y reduced shoot growth of S plants
by more than 80%, while shoot growth in plants
from R biotypes N and D was reduced by less than
10% and 25%, respectively (Figure 1). Similarly,
the same treatment reduced shoot growth of S
plants emerging from rhizomes more than 80%,
while shoot growth was reduced by less than 10%
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for plants from R biotypes N and D (Figure 1). The
EDspbased resistance level (RI) of the D biotype
was 33.2 and 46 for seedling and rhizomatous
plants, respectively (Table 4). At 32-fold the
recommended field rate (1,680 g nicosulfuron
ha™') plants from the R biotype N had a fresh
weight reduction of 30%, for both seedling and
plants grown from rhizomes (Figure 1). Due to the
weak dose response, the regression model could not
be fitted to calculate an EDs, for the N biotype; this
parameter would have a value outside the dose range
used. Thus, the ED50 for the N biotype is expressed
as > 1,680 g ha™ ' and the RI would be > 109.0
and > 84.4 for seedlings and plants grown from
rhizomes, respectively (Table 4). The high resis-
tance level of D and N plants would be compatible
with reduced sensitivity of the target AHAS enzyme
to inhibition by the herbicide (Merotto et al. 2009).

In Vitro AHAS Assay. Results from the assay in our
study suggested the presence of an altered, nico-
sulfuron-insensitive, target site in both R biotypes
(D and N). In the absence of nicosulfuron, the
AHAS specific activity was not different among
biotypes; acetoin levels were 9.5 (£ 0.51), 10.8
(£ 0.3), and 8.9 (% 0.2) nmol rng_1 protein
min ~ for §J, N and D plants, respectively.
However, enzyme incubation under increasing
nicosulfuron concentrations resulted in differential
AHAS activity responses between enzyme extracts
from R (N and D) and S (§]) plants (Figure 2). The
AHAS enzyme extracted from plants of johnson-
grass biotypes N and D was 11 and 16 times less
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Figure 2. In vitro inhibition of acetohydroxyacid synthase

(AHAS) specific activity by nicosulfuron in tissue extracts from
three- to four-leaf stage shoots of resistant (N, ¥ and D, O) and
susceptlble (S] Q) Johnsongrass biotypes. Data are nmol of
acetoin mg ~ of protein min  expressed as percent of no
herbicide control; each data point is the mean * standard error
(n = 3). Regression parameters are presented in Table 5.

sensitive to nicosulfuron than that of S plants
according to [Isgbased RI wvalues, respectively
(Table 5). However, there was inconsistency be-
tween resistance at the enzyme and whole-plant
levels. Although the /55values were similar for D
and N plants, nicosulfuron insensitivity at the whole
plant level was greater for the N biotype. Lower
sensitivity to in vitro assays compared to whole-
plant responses has also been documented for other
polyploid species, Bidens subalternans DC. (Lamego
et al 2009), barnyardgrass [Echinochloa crus-galli
(L.) Beauv.] (Panozzo et al. 2013), and monochoria
[(Monochoria vaginalis (Burm.f.) C.Presl ex Kunth]
(Kuk et al. 2003). Differential expression of
mutated and “wild type” alleles or homoeologous
AHAS gene copies in polyploid species can cause

Table 5.

variable contributions of the insensitive altered
AHAS to the total AHAS enzyme pool (“dilution
effect”), which could cause discrepancies between
resistance at enzyme vs. whole-plant level (Panozzo
et al. 2013; Riar et al. 2013; Yu et al. 2013).
Although in the present study the specific AHAS
activity was similar between R and S biotypes in the
absence of herbicide, the relative expression of
mutated and “wild type” variants of the AHAS gene
is unknown for plants in our study. Contribution by
unknown nontarget site mechanisms to the overall
plant resistance could be another reason for
differences between enzyme assays and whole-plant
responses. Although there are fewer cases of non-
target site resistance to AHAS-inhibiting herbicides,
enhanced herbicide metabolism has been well
documented as a mechanism of resistance in other
species (Fischer et al. 2000; Veldhuis et al. 2000;
Yasuor et al. 2009). Both an insensitive target-site
and enhanced herbicide metabolism can contribute
to the resistance observed in certain biotypes to
AHAS-inhibiting herbicides (Figueroa et al. 2007;
Kuk et al. 2003; Riar et al. 2013).

AHAS Gene Sequencing. Mutations in the AHAS
gene coding for a conserved herbicide binding
region prevent herbicide binding, making the
altered enzyme insensitive to the herbicide (Corbett
and Tardif 20006). Structurally different AHAS-
inhibiting herbicides orientate differently in the
herbicide binding region, with partial overlap.
Thus, a particular amino acid substitution within
the herbicide binding region can confer resistance to
some but not to other AHAS-inhibiting herbicide
(Powles and Yu 2010).

Primer pair ALS-U-295/ALS-L-1170 amplified
a fragment of 772 bp, and primer pair AHAS-Sb F/
AHAS-Sb R amplified a fragment of 1,364 bp.

Assembly of the sequences from these fragments

Parameter estimates for the log-logistic equation (Equation 2) used to calculate the herbicide concentration required for
inhibition of the acetohydroxyaad synthase (AHAS)-enzyme specific activity (nmol mg~ ' protein min

~1and Is¢ values obtained of

three johnsongrass biotypes in AHAS in vitro experiments and ratios of the /5, values of resistant to susceptible biotypes (Resistant

Index [RI]).

Biotype b ¢ d Isy P value RI®
uM 95% CI*

N 0.5 1.2 10.8 5.16 2.34-7.98 > 0.0001 11.5

D 0.5 1.2 8.7 7.46 1.77-13.14 > 0.0001 16.6

SJ 0.8 1.7 9.5 0.45 0.19-0.71 > 0.0001 —

? Abbreviation: CI, confidence interval.

® RI is the ratio of the /5, values of resistant to susceptible biotypes.
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AHAS gene N CACCTGGGGATGGTGGTGCAGTKGGAGGACAGGTTCTAT
G V. Q WLE D R F Y

AHAS gene D CACCTGGGGATGGTGGTGCAGTKGGAGGACAGGTI'CTAT
L GM V V QWLE D R F Y

AHAS gene SJ CACCTGGGGATGGTGGTGCAGTGGGAGGACAGGTI'CTAT
G Q w E D R F Y

574

Figure 3. Partial DNA sequencing of the AHAS gene of plants
from nicosulfuron-resistant (N and D) and —susceptible (SJ)
johnsongrass biotypes. Observed polymorphisms are marked in
bold and correspond to the Trp-574 position of the A. thaliana
AHAS gene (X51514).

produced a 1,977 bp DNA sequence of the AHAS
gene, which included conserved domains where
mutation sites endowing resistance to AHAS-
inhibiting herbicides have been previously identified
(Table 3) (Powles and Yu 2010; Tranel et al. 2013).
These sequences were submitted to GenBank
(NCBI) as accession numbers KJ538785,
KJ538786, and KJ638787 for the SJ, D, and N
biotypes, respectively. The deduced amino acid
sequence of this fragment contained 659 residues
(including stop codon) without introns showing
a high level of identity (90% to 99%) with
other AHAS gene sequences from the following
Poaceae species (% sequence identity and GenBank
number is indicated): grain sorghum (99%,
XMO002452104.1), corn (96%, X63553.1), and rice
barnyardgrass  [Echinochloa  phyllopogon  (Stapf)
Koso-Pol.] (90%, AB636380.1 and AB63381.1).
In the R biotypes, a point mutation (TGG to
TTG) resulting in an amino acid substitution
from tryptophan to leucine at position 574 (Trp-
574-Leu) of the AHAS enzyme was identified
(Figure 3). No other polymorphisms were observed
in the different biotypes. Analysis of cloned
fragments from both R biotypes revealed sequences
with and without the Trp-574-Leu substitution.
Flow cytometry analysis (Plant Cytometry Services,
Postbus 299, 5480 AG Schijndel, The Netherlands)
confirmed the tetraploidy of the johnsongrass plants
in this study (data not shown), establishing at least
the existence of two AHAS gene copies; the presence
of mutated and “wild-type” alleles was suggested in
other tetraploid species with multiple copies of the
AHAS gene (Panozzo et al. 2013; Riar et al. 2013).
Studies of plants with herbicide-resistant mutated
AHAS enzymes are most common in diploid
species. Recently, studies in polyploid species have
also been conducted and show that higher plants
can have different numbers of AHAS genes
depending on the level of ploidy (Grula et al.
1995; Iwakami et al. 2012; Lamego et al. 2009;
Rutledge et al. 1991; Scarabel et al. 2010).
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The mutation identified in both R johnsongrass
biotypes has been reported to confer broad
cross-resistance across different groups of AHAS-
inhibiting  herbicides, including nicosulfuron.
Therefore, gene expression causing the substitution
at Trp-574-Leu in the AHAS enzyme of both R
biotypes is the most likely cause of the nicosulfuron
resistance observed in this study (Beckie and Tardif
2012; Kaloumenos et al. 2013; Tranel et al. 2013).

Resistance to nicosulfuron in other weeds has also
been attributed to target site mutations. Amino acid
substitutions at Trp-574-Leu in the AHAS gene of
early watergrass [ Echinochloa oryzicola (Ard.) Fritsch]
conferred cross-resistance to penoxsulam, bispyribac-
sodium, imazamox, nicosulfuron, and several sulfo-
nylurea herbicides (Kaloumenos et al. 2013). Muta-
tions causing substitutions for serine at position 653
and for glycine at position 654 were associated with
cross-resistance to imazapyr, nicosulfuron, flucarba-
zone, and pyrithiobac in green foxtail [Setaria viridis
(L.) Beauv.] (Laplante et al. 2009).

We found the Trp-574-Leu mutation in se-
quences from all plants sampled from both R
biotypes; Trp-574-Leu is reportedly the most
common amino acid substitution conferring herbi-
cide resistance to AHAS-inhibiting herbicides across
27 species (Heap 2014). Johnsongrass plants
carrying the Trp-574-Leu substitution may have
been abundant among individuals in the R biotypes
from our study, given the negligible impact this
mutation has been shown to have on AHAS
functionality and plant fitness in other species
(e.g., rigid ryegrass (Lolium rigidum Gaudin) (Yu
et al. 2010). However, the presence of other
undetected mutations among our R plants cannot
be ruled out.

Johnsongrass reproduces sexually and vegetatively.
Mutations in the AHAS gene conferring herbicide
resistance are generally inherited as partially domi-
nant nuclear genes; thus resistance can be spread by
both seed and pollen (Tsuji et al. 2003). Further
studies to investigate the genetic diversity of the R and
S johnsongrass biotypes across Chilean corn fields to
elucidate the relative contribution of independent
evolutionary events and of seed and rhizome dispersal
to the spread of AHAS-inhibiting herbicide resistance
will be critical to devise mitigation strategies. For
example, gene flow of nontarget site resistance to
glyphosate has been limited among johnsongrass
biotypes in soybean fields of northern Argentina,
where independent evolutionary events appear to
have determined the current spread of resistance
(Fernandez et al. 2013). In such cases, in-field
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strategies to decrease the intensity of herbicide
selection would be prioritized over attempts to
reduce seed movement across distant locations (Tsuji
et al. 2003). Future studies on AHAS-resistance
evolution in this species will need to clarify the
number of genes involved, their expression and
inheritance (Riar et al. 2013).

This is the first report of a johnsongrass AHAS
gene sequence corresponding to the conserved
regions where mutations are known to endow
herbicide resistance and a point mutation in that
region causing a Trp-574-Leu substitution in the
johnsongrass AHAS enzyme. Previous studies with
other species have demonstrated the association
between this mutation and broad-spectrum re-
sistance across five chemical families of AHAS-
inhibiting herbicides (Beckie and Tardif 2012;
Tranel et al. 2013). Field expression of this
AHAS-enzyme alteration would preclude the use
of AHAS-inhibiting herbicides in the corn farms
where our R biotypes originated and in those other
farms where suboptimal control suggests interme-
diate levels of selection for nicosulfuron resistance.
Similarly, the introduction of imidazolinone-re-
sistant (Clearfield®) corn would also be precluded
in those farms. The diversification of weed control
(crop rotation, rotation of herbicides with different
modes of action) observed in many of the corn
farms surveyed (Table 2) may have reduced selec-
tion pressure and limited the spread of nicosulfuron
resistance across corn farms (Gressel and Segel
1990). This observation, together with the detection
of a target-site resistance mechanism, suggests
johnsongrass control in these Chilean corn fields
should contemplate the use of herbicides with
a different mode of action. However, the contribu-
tion of nontarget site endowed resistance, such as
enhanced metabolism cannot yet be discarded and
requires further study, because it endows resistance
to different and unrelated herbicides, thus compro-
mising the effectiveness of herbicide rotation to
mitigate resistance evolution (Yuan et al. 2010).
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