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Abstract: Background: Amaranthus palmeri S. Watson is a serious
problem in soybean crops from Argentina. This weed has evolved high
level of resistance to (ALS)-inhibiting herbicides mainly due to a target-site
mechanism by an altered ALS enzyme. In an A. palmeri population from
Totoras with cross-resistance to (ALS)-inhibiting herbicides, six allelic
versions of the ALS enzyme were identified.

Objective: The aim of this study was to evaluate plants from that resistant
population carrying the ALS substitutions A122S, D376E or A205V, which
had not been characterized before for this species.

Methods: Subpopulations with each substitution were produced by a
vegetative cloning procedure or by cross-pollination and dose-response
assays and herbicide single-dose tests were performed to evaluate in vivo

resistance levels to (ALS)-inhibiting herbicides.

Results: Dose-response experiments showed that all the resistant
subpopulations survived at the highest doses tested (32 X) for imidazolinones,
triazolopyrimidines and sulfonylureas, while the susceptible population was
completely controlled at considerably lower doses. Furthermore, an analysis of
the novel A122S substitution showed that it provides cross-resistance to five
classes of (ALS)-inhibiting herbicides, excluding the entire ALS herbicide group
as an effective control tool in weed populations carrying this substitution.

Conclusions: The results indicated that D376E, A205V and A122S
substitutions found for the first time in A. palmeri confer cross-resistance
to the most used chemical families from herbicide group 2. Interestingly,
it was confirmed that the A205V substitution conferred resistance to
herbicides in the triazolopyrimidines family. Data generated should be

considered in management strategies for delaying the spread of resistance.
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1. Introduction

Palmer amaranth (Amaranthus palmeri S. Watson) is an extremely competitive
weed given its huge stress tolerance, genetic variability, high growth rate, and
reproduction capacity (Ward et al., 2013). It is a dioecious species, therefore its
reproductive biology favors the dispersion and recombination of alleles, speeding up
herbicide resistance evolution along withother traits. For instance, the transfer of
glyphosate resistance from resistant males to susceptible female plants by pollen has
been demonstrated up to a distance of 300 m (Culpepper et al., 2006). In addition,
A. palmeri can hybridize with other species of the genus (Franssen et al., 2001;
Gaines et al., 2012; Trucco et al., 2007). This property also increases the probability
of finding populations with multiple herbicide resistance.

In most cases, resistance to (ALS)-inhibiting herbicides in Amaranthus spp. is
caused by changes in the sequence of the ALS gene (Ashigh et al., 2009; Larran et al.,
2018; McNaughton et al., 2005; Molin et al., 2016; Nakka et al., 2017; Singh et al.,
2019; Trucco et al., 2006). However, although many of these substitutions reduce
ALS enzyme sensitivity in vitro (Yu, Powles, 2014), not all of them provide robust
protection against herbicide damage. For instance, the level of in vitro resistance to
thifensulfuron for ALS with S653N substitution from Amaranthus tuberculatus was
4-fold higher than the wild type enzyme, but this substitution was not enough to
confer resistance to ALS inhibitors herbicides in vivo (Patzoldt, Tranel, 2007).

Weed populations are infrequently composed of only resistant or only susceptible
individuals to a specific herbicide (Cousens, Mortimer, 1995). In cross-pollinated
weeds, and even in self-pollinated species, a great diversity of ALS mutations is
often found. Thus, to confirm the level of resistance for a specific ALS mutation,
plants carrying exclusively a specific substitution must be selected or generated, and
then tested.

The generation of purified subpopulations (from homozygous individuals) is one of
the most widespread methodologies to study herbicide resistance in weeds (Denget al.,
2017; Yu et al., 2012). However, this practice is hard for cross-pollinated weeds species
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with different ALS substitutions, such A. palmeri. For that
reason, Teaster and Hoagland (2014) developed a macro-
vegetative propagation method that facilitates long-term
studies in selected cloned lines of A. palmeri.

Over the pastfewyears, wefound a target-siteresistance
due to specific ALS mutations in an A. palmeri population
from Totoras (Santa Fe, Argentina) (Larran et al., 2017).
In this work, we selected, cloned and evaluated plants
from that resistant population of A. palmeri carrying the
ALS substitutions A122S (Larran et al., 2017), or D376E
and A205V, which had not been characterized before for
this species. Even more, this is the first characterization
of the novel A122S substitution in plants. The resistance
profile to different (ALS)-inhibiting herbicides was
elucidated. Data generated can be useful to make the right
weed management recommendations for delaying the
spread of resistance.

2. Materials and Methods

21 Plant material

The original A. palmeri population (R) was collected
from a field in Totoras (32° 34’ 59.88”S, 61° 10’ 59.88"W)
in which DERBY® (a.i. imazethapyr 10% w/v; Gleba,
La Plata, Argentina) had been continuously used for at least
ten years. The susceptible population (S) was collected in a
field from Tucuman (27° 17’ 45.36”S, 65° 0’ 3.37”W), where
(ALS)-inhibiting herbicides had never been used.

2.2 Plant selection with the D376E, A205V or A122S ALS
substitutions

Plants from the resistant population were selected by
application of DERBY at dose 1X (100 g ai ha™) as described
in Larran et al. (2017). Surviving plants were sampled for
ALS gene sequencing and/or marker analysis to define the
resistance mutation of each individual.

The complete ALS gene of each plant was amplified
and cloned in pGEM®-T easy vector (Life Technologies,
Grand Island, NY, USA) as described in Larran et al. (2017).
Then, these recombinant DNA molecules were sequenced
(Macrogen Inc., Seoul, Korea).

Derived cleaved amplified polymorphic sequence
(dCAPS) markers were developed for the identification
of A122S substitution by screening 50 surviving plants.
The primers used were ALSdcaps122f (5-CTAAACCTCC
TTCCGCTACTATAACTCAATCACC-3") and ALSdcaps122r
(5-CGAGTAAGAGCTTGATGGATTTCCATGCATG-3"). The
amplification reactions were performed in a final volume
of 12 pl, containing: 0.2 mM dNTPs mix, 0.5 uM primers,
1X amplification buffer and 0.48 U of the GoTaq® DNA
Polymerase enzyme (Promega). The PCR program was 95°C
for 2 min; 35 cycles of 95°C for 30 s, 58°C for 30 s, 72°C for
30 sand a final step at 72°C for 5 min. Restriction digestions
were carried out with Sphl enzyme (Biolabs New England)
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which recognizes and cuts the sequence GCATG"C present
in WT sequence. The WT sequence produces a 171-bp
digested band, whereas sequence with A122S substitution
produces a 202-bp undigested band. DNA bands were
visualized on 6% w/v polyacrylamide gels stained with
SYBR safe (Invitrogen®).

2.3 Vegetative cloning of plants carrying the D376E, A205V or
A122S ALS substitutions

A vegetative cloning procedure was used to achieve
homogeneous material (three subpopulations). Each
selected plant was multiplied using the protocol described
by Teaster and Hoagland (2014), which, briefly, is based
on isolating cuttings, coating the cut end with rooting
hormone powder, planting them in moistened vermiculite/
peat/loam mixture and incubating them under continuous
light (150 pmol m? s™) for 7 days. Clone cultivation
was carried out under normal growth conditions (25°C,
photoperiod 16:8 hours day/night, light intensity
of 400 pmol m?s™).

2.4 Chemical compounds

Five herbicides were used in different assays: DERBY®
(a.i. imazethapyr 10% w/v; Gleba, imidazolinones),
VRILEC® (a.i. chlorimuron-ethyl 25% w/w; Agrofina,
sulfonylureas), SPIDER® (a.i. diclosulam 84% w/w; Dow
Agro-Sciences, triazolopyrimidines), EVEREST 70WDG®
(a.i. flucarbazone sodium 70% w/w, Arysta LifeScience,
sulfonylaminocarbonyltriazolinone) NOMINEE
GOLD® (bispyribac sodium 40% w/v, SummitAgro,
pyrimidinylthiobenzoates).

and

2.5 Dose-response assays

Atleast 120 vegetative clones from each subpopulation
R1 (D376E), R2 (A205V) and R3 (A122S) and plants from
population S were grown in 500 cm? pots as described in
Larran et al. (2017). Commercial herbicide formulations
were applied when plants reached 8-10 cm height at the
following doses: imazethapyr (50, 100, 200, 400, 800,
1,600 and 3,200 g ai ha), chlorimuron-ethyl (25, 50, 100,
200, 400, 800 and 1,600 g ai ha™) and diclosulam (15, 30,
60, 120, 240, 480 and 960 g ai ha'). The dose-response
curves were analyzed as described in Larran et al. (2017).
The experiment was conducted using six replicates
per dose.

2.6 Herbicide single-dose test on the R3.2 population

A population of A. palmeri (here in after referred as
R3.2) carrying the A122S substitution in homozygosis was
generated by crossing two homozygous plants (a female and
a male) for such substitution. Seeds were harvested and
stored until use.
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To remove physiological dormancy, seeds from both
R3.2 and S populations were imbibed for 7 days on agar
solution (0.1% w/v) at 4°C. After that, plants were grown
and separately sprayed at recommended field doses
(1X) of the next herbicides: imazethapyr (100 g ai ha™),
chlorimuron-ethyl (50 g ai ha), diclosulam (30 g ai ha),
flucarbazone sodium (150 g ai ha™) and bispyribac sodium
(40 ml ha). Ten replicated pots from each R3.2 and S
populations, for each herbicide were used. Twenty one days
after treatment (DAT), the number of surviving plants and
their fresh biomass were recorded. Data were analyzed by
t-Student tests using SigmaPlot software (version 11.0;
Systat Software, Inc).

3. Results and Discussion

31 Herbicide resistance in R1, R2 and R3 subpopulations

In vivo resistance levels to (ALS)-inhibiting herbicides
were evaluated in vegetative clones carrying the D376E,
A205V or A122S ALS substitutions (R1, R2 and R3
subpopulations, respectively). These subpopulations were
produced by a vegetative cloning procedure to develop
homogeneous material (Figure 1). Plants selected for
cloning were screened from a resistant population of A.
palmeri (Larran et al., 2017) by ALS sequencing (D376E,
A205V) or by dCAPS (A122S) (Figure 2), according to each
genotype frequency.

Dose-response experiments showed that all the R
subpopulations survived at the highest doses tested
(32X) for each herbicide, while the S population was
completely controlled at considerably lower doses
(Figure 3 a-c). However, S population seems to be slightly
less sensitive to chlorimuron-ethyl, since the LD,

Cuttings for cloning (5 cm in length) (a). Shoots, after 15 days, with
established roots (b). Clone utilized for dose-response curves (8-10 cm
in length) (c).

Figure 1 - Vegetative cloning procedure of plants of A. palmeri
carrying the D376E, A205V or A122S ALS substitutions
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(73 g ai ha™) is higher than the recommended field dose
(50 g ai hat). Therefore, this population might carry a
non-target site resistance to ALS inhibitors, since it has
wild-type ALS (data not shown) and is not fully sensitive
to chlorimuron-ethyl (GR,, is 86 g ai ha™), if other
susceptible populations of A. palmeri are considered
(Burgos et al., 2001; Nakka et al., 2017).

Although the R subpopulations survived at all
herbicides doses, the growth rate was decreased,
affecting the biomass after each treatment (Figure 3
d-f). Resistant Factors (Rf) estimated from GR,  ranged
from 10-21 to 19-83 for imazethapyr and diclosulam,
respectively (Table 1). Regarding chlorimuron-ethyl,
only R2 subpopulation showed a significant but low Rf
(1.6). This may be caused by the S population not being
completely susceptible to chlorimuron-ethyl, leading to
an under-estimation of genuine resistance levels to this
chemical family.

In summary, these that these
substitutions found for the first time in A. palmeri
confer cross-resistance to the most used
families from herbicide group 2 [imidazolinones (IMI),
triazolopyrimidines (TP) and sulfonylureas (SU)].

results indicate

chemical

Amino acids are numbered according to A. thaliana ALS sequence
(AAK68759). The DNA bands were visualized on 6% w/v polyacrylamide
gels stained with SYBR safe. The WT sequences produced a 171-bp digested
band (lanes 2, 3 and 5), and sequences with A122S mutation produced a
202-bp undigested band (lanes 2, 3 and 4).

Figure 2 - Scheme of ALS sequences of A. palmeri from R1 (a)
and R2 (b) subpopulations and dCAPS analysis for screening
the A122S substitution to produce R3 subpopulation (c)

Adv Weed Sci. Adv Weed Sci

3



4

Advances in Weed Science

Palmieri VE, Larran AS, Martinatto AK, Permingeat HR, Perotti VE

a
100
o
o]
15
‘E 80
2
ksl
x 60
g
>
‘g 40
R1
E R2
@
a 20 e
. v
1 10 100 1000 10000
Imazethapyr (g ai ha™)
b
100
o
g
153
E 80
)
ks
x 60
IS
2
§ 40
o R1
L% R2
a 20 &
. v
1 10 100 1000 10000
c Diclosulam (g ai ha™)
100
o
£ 80
o
€
po)
s 60
2
IS
; 40
g R1
2 R2
c 20 R3
s s
. v
1 10 100 1000 10000
Chlorimuron-ethyl (g ai ha™)

d
100
R1
R2
5 R3
g &0 :
3
€
2 60
o
=
2]
é 40
o
0
2
a 20
. v
1 10 100 1000 10000
Imazethapyr (g ai ha™)
e
140
R1
R2
= 120 R3
% S
© 100
€
2
5 80
X
? 60
@
£
o
B 40
=
a
20
. v
1 10 100 1000 10000
Diclosulam (g ai ha™)
f
120 R1
R2
100 R
- S
Io)
3 80
€
2
5 60
=
2 40
©
5
5 20
2
S ¢
1 10 100 1000 10000
Chlorimuron-ethyl (g ai ha™)

Results are expressed as a percentage of plant survival (a-c) and dry biomass (d-f) in comparison to untreated control groups. Arrows indicate the

recommended field doses. Vertical bars represent standard error.

Figure 3 - Dose-response curves with ALS-inhibiting herbicides in vegetative clones of A. palmeri (R1, R2 and R3 subpopulations)

The cross-resistance conferred by the D376E
substitution is consistent to previous reports from other
weed species (Ashigh et al., 2009; Whaley et al., 2007;

Yu et al., 2012). Concerning the A205V substitution, this
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had been proved to provide in vivo resistance to IMI and
SU families in A palmeri, as well as in other weeds (Ashigh,
Tardif, 2007; Matzrafi et al., 2015; McNaughton et al.,
2005). In this work, we show that A205V also confers
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Table 1 - Dose-response curve parameters of A. palmeri

Herbicide Vegetal Parameters
(family) material LD, Rf GR,, Rf
R1 >3200 >290  58+10* 153
Imazethapyr R2 >3200 >290 833" 218
(M) R3 >3200 >290  39=12* 103
S 1+3 - 3.8+x06 -
R1 >960 >80  607+142* 831
Diclosulam R2 >960 >80  564=114* 773
(TP) R3 >960 >80  137:17* 188
S 122 - 73=08 =
R1 >1600  >22 89+19 1
Chlorimuron-ethyl ~ R2 >1600  >22 140=14* 16
(su) R3 >1600  >22 7136 08
S 7317 - 86=11 -

Resistance factors (Rfs) were calculated using LD, or GRg, of R subpo-

pulations and S population. * indicate statistically significant differences
between R subpopulations and S population (t-Student, p < 0.05).

resistance to TP, a chemical family not evaluated before for
this mutation.

Finally, the novel A122S substitution showed cross-
resistance to the three chemical families evaluated, similarly
to other mutations at the same position, such as A122Y and
A122N, reported in Raphanus raphanistrum and Echinochloa
crus-galli, respectively (Han et al., 2012; Panozzo et al., 2017).

3.2 Deeping on the in vivo characterization of the novel A122S
ALS substitution

The macro-vegetative propagation technique allows
obtaining numerous clones that can be used as replicates
in resistance tests. It has been used to study resistance to
multiple herbicides in different Amaranthus species, as well
as to characterize the response of A. palmeri to abiotic stress
(Korres et al., 2017; Ma et al., 2013; Shergill et al., 2018;
Teaster, Hoagland, 2014).

Herbicide single-dose tests were performed using plants
from seeds of the R3.2 population obtained to discard
any artifact of the technique on the resistance phenotype
observed in the clones. Also, two additional herbicides
from other families (flucarbazone sodium and bispyribac
sodium) were included to assess them as possible control
tools for this population.
with imazethapyr,
flucarbazone sodium at 1X doses failed to control the
R3.2 population while plant survival in S population
decreased (100% vs 50-60%) (Table 2). On the other hand,
chlorimuron-ethyl and bispyribac sodium applications
did not control individuals from the R3.2 population,
suggesting resistance; however, these doses did not control

Treatments diclosulam and
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Table 2 - Plant survival and fresh biomass 21 DAT of A.
palmeri S and R3.2 populations

Plant survival Fresh biomass

Treatment (% of untreated) (a)
S R3.2 S R3.2

Untreated 1.0+0.2 1.2+0.3
Imazethapyr 50+16 100~ 0.22+0.08* 0.7+01
Chlorimuron-ethyl ~ 70+15 7518 0.5+0.2 0.5+01*
Diclosulam 60+16 100* 04=01* 0.87+0.08
FlieEnesrene 60+16 100 0301 0601
sodium
Sleriloze 90+10 100  052:009* 065:0.04
sodium

* indicate statistically significant differences as compared to S population
(plant survival) and to untreated samples (fresh biomass) (t-Student,
p < 0.05).

the S population. Once more, the lower susceptibility
to chlorimuron-ethyl in the S population could explain
part of these results. Curiously, if considering treated
vs untreated plants from the R3.2 population, only
chlorimuron-ethyl showed significant effects on biomass
(Table 2). Regarding bispyribac sodium, it is possible that
the appropriate 1X dose for A. palmeri should be higher
than the 1X dose indicated for other weed species, given
that experiments with a 4X dose allowed a differential
survival rate between R3.2 (100%) and S population (60%)
(data not shown).

Thus, we confirmed that macro-vegetative propagation
is a reliable tool to evaluate herbicide resistance in A.
palmeri, since the results from in vivo tests with plants
obtained from seeds are consistent with those observed
using clones. In addition, we proved that the novel
substitution A122S endows cross-resistance to five classes
of (ALS)-inhibiting herbicides, excluding this herbicide
group as an effective control tool in weed populations
carrying this substitution.

4. Conclusions

In vivo resistance to (ALS)-inhibiting herbicides
was confirmed in A. palmeri plants carrying the ALS
substitutions D376E, A205V or A122S, which had not been
characterized before for this species. These three amino
acid substitutions confer cross-resistance to SU, IMI and
TP, the most used chemical families from herbicide group
2. Additionally, a deeper analysis of the A122S substitution
supported two main conclusions: i) this novel substitution
endows cross-resistance to five classes of (ALS)-inhibiting
herbicides; and ii) the macro-vegetative propagation is a
reliable tool to evaluate herbicide resistance in A. palmeri.
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Data generated should be considered to support weed
management recommendations.
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