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Insight into the herbicide
resistance patterns in Lolium
rigidum populations in Tunisian
and Moroccan wheat regions

Zakia El-Mastouri®, Pavlina Kosnarova®, Katerina Hamouzova®™,
Ezzedine Alimi® and Josef Soukup*®

‘Department of Agroecology and Crop Production, Faculty of Agrobiology, Food and Natural
Resources, Czech University of Life Sciences Prague, Prague, Czechia, 2Maghreb Phytotest,
Tunis, Tunisia

Rigid ryegrass (Lolium rigidum Gaud.) is one of the most troublesome weeds in
Moroccan and Tunisian cereal crop fields. In total, 19 rigid ryegrass field
populations were randomly selected in northern wheat crop areas of Morocco
and Tunisia to examine the patterns of herbicide resistance to acetolactate
synthase (ALS)- and acetyl-CoA carboxylase (ACCase)-inhibiting herbicides.
Greenhouse experiments confirmed reduced sensitivity to ALS- and/or
ACCase-inhibiting herbicides in all L. rigidum populations. The occurrence of
target-site resistance (TSR) was tested using high-throughput genotyping. The
advent of next-generation sequencing (NGS) has enabled easy identification of
causal mutations and confirmed the presence of ALS and ACCase mutations at
specific codons conferring TSR. Thirteen populations showed resistance to ALS-
inhibiting herbicides associated with point mutations in positions Pro-197-Thr,
Pro-197-Ser, Pro-197-Leu, Pro-197-Gln and Trp-574-Leu, while resistance to
ACCase-inhibiting herbicides was detected in 18 populations in positions Asp-
2078-Val, Trp-2027-Cys, lle-1781-Leu, Gly-2096-Ala, and Ile-2041-Asn of the
enzymes conferring TSR. Additionally, dose-response experiments with
pyroxsulam applied after the inhibition of cytochrome P450 monooxygenase
by malathion showed an increase in sensitivity in two out of seven highly resistant
(HR) rigid ryegrass populations. This demonstrates the presence of non-target-
site resistance (NTSR) in some ryegrass populations. Further evidence of NTSR
was investigated in dose-response experiments with pyroxsulam, following
pretreatment with the glutathione S-transferase (GST) inhibitor 4-chloro-7-
nitrobenzoxadiazole (NBD-Cl), which partially reversed resistance in only a few
individuals of two L. rigidum populations. Hence, our study confirms the
existence of multiple and cross-resistance to ALS- and ACCase-inhibiting
herbicides in L. rigidum from Morocco and Tunisia with both TSR and NTSR
mechanisms. These results emphasize local resistance management as an
important tool to detect and mitigate gene flow from rigid ryegrass
populations where resistance has evolved.
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Introduction

In both of the North African countries Morocco and Tunisia,
the cereal sector plays an important role in agricultural production
(Lhomme et al., 2009; Latiri et al., 2010). Under rainfed conditions,
cereals occupy approximately 1.5 million hectares in Tunisia
(Dhehibi et al., 2012; Ben Abdelmalek and Nouiri, 2020;
Khammassi et al., 2020) and 5 million hectares in Morocco.
Cereal fields are mainly located in the northern part of both
countries, but also, to a limited extent, in the arid southern regions.

According to region, small grain cereals are planted annually
between October and December, with durum wheat (Triticum
durum) and soft wheat (Triticum aestivum) as the major
dominant crops in Tunisia and Morocco, respectively. The
farming system is mainly continuous cropping with a very short
rotational system. These intensive practices increase management
selection pressure, resulting in the emergence of herbicide-resistant
populations (Deélye, 2005; Kosnarova et al., 2021).

Variations in annual cereal production are related to several
factors, including the weed species spectrum (Slama et al., 2005;
Annabi et al., 2009; Lhomme et al., 2009; Dhehibi et al., 2012;
Radhouane, 2013; Khammassi et al., 2020). Rigid ryegrass (Lolium
rigidum Gaud.) is an annual plant species of the ryegrass genus,
which is a highly genetically diverse, cross-pollinated tribe (Heap
and Knight, 1986; Bararpour et al., 2017). In Morocco and Tunisia,
L. rigidum is abundant in all cereal crops but particularly in the
irrigated and rainfed areas (480,000 in Tunisia and 2 million
hectares in Morocco approximately) (Khammassi et al., 2017;
Tanji and Boutfirass, 2018; Khammassi et al., 2020). The
introduction of acetolactate synthase (ALS)- and acetyl-CoA
carboxylase (ACCase)-inhibiting herbicides was quickly adopted
by Tunisian and Moroccan farmers in the 1990s to control ryegrass
species and other grasses (Menchari et al., 2016; Bouhache, 2018;
Tanji and Boutfirass, 2018; Bouhache, 2020). Herbicides from both
sites of action are extensively used by Tunisian and Moroccan
growers for several reasons, including: (1) low cost, (2) high efficacy,
(3) large spectrum of weeds at very low rates, and (4) environmental
safety profile (Khammassi et al., 2020; Tanji et al, 2020). The
ACCase herbicides include aryloxyphenoxy-propionates (APPs),
cyclohexanediones (DIMs), and the more recent phenylpyrazoline
(DEN). The mode of action of this group is selective to several crops
and effective on the plastidic homomeric ACCase in grass species,
with little to no activity on the heteromeric broad-leaf equivalent
ACCase (Delye et al., 2002; Delye, 2005; Khammassi et al., 2020;
Jursik et al.,, 2021). The ALS inhibitor herbicides inhibit the first
enzyme in the biosynthetic pathway of branched-chain essential
amino acids valine, leucine, and isoleucine. Herbicides in this site of
action belong to chemical families of sulfonylureas (SUs),
imidazolinones, triazolopyrimidines (types 1 and 2), pyrimidinyl-
benzoates, sulfonanilides, and triazolinones. ALS inhibitors are one
of the most broadly used classes of herbicides (Green, 2014).

The ryegrass populations in Tunisian and Moroccan cereal
fields have varying sensitivity to ALS and ACCase-inhibiting
herbicides (Tanji and Boutfirass, 2018; Khammassi et al., 2020).
Several herbicide bioassays revealed an increase in resistance levels
in both countries (Hajri et al., 2015; Bouhache, 2018; Tanji and
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Boutfirass, 2018; Bouhache, 2020; Khammassi et al., 2020). The
genetic basis of herbicide resistance has not been well documented
because of the lack of testing facilities and the high cost.

Herbicide resistance can be classed into two mechanisms: target-
site resistance (TSR) and non-target-site resistance. The TSR
corresponds to the increased expression of the target protein or
structural changes to the herbicide binding. Regarding ALS- and
ACCase-inhibiting herbicides, basic biomolecular techniques
allowing the detection of known mutation area(s) at one or several
loci: 122, 197, 205, 376, 377, 574, 653, and 654 (for ALS) and 1781,
1999, 2027, 2041, 2078, 2088, 2096, and 2097 (for ACCase) are well
reported in grass weeds (Delye, 2005; Marshall and Moss, 2008;
Powles and Yu, 2010). The use of next-generation sequencing (NGS)
has greatly facilitated research (Griffin et al., 2011; Mestanza et al,
2019) related to resistance diagnosis in weed science by allowing
massive genotyping-by-sequencing and seeking mutations involved
in both ALS- and ACCase-inhibiting herbicides in a large number of
ryegrass populations (Chen et al., 2014; Délye et al., 2020; Mohamadi
et al,, 2022). Non-target-site resistance (NTSR) is the second class of
herbicide resistance. This has a broader definition, as it includes
multiple mechanisms that could prevent the herbicide from reaching
its target (Suzukawa et al, 2021). This also includes the enhanced
metabolic resistance (EMR), which is a well-studied mechanism and
reported in L. rigidum with both ALS- and ACCase-inhibiting
herbicides (e.g., Torra et al, 2021). In fact, herbicide metabolism
means the degradation of herbicide molecules by specific endogenous
plant enzymes (Suzukawa et al., 2021). This type of NTSR is
nonspecific, as a single enzyme may inactivate one or more
herbicides within the same or different chemical classes (Délye,
2013). Cytochrome P450 monooxygenases (CYP450s) are one of
the most well-known enzyme classes identified in the process of
herbicide detoxification. In fact, the increase in the activity of this
enzyme can lead to metabolism-based herbicide resistance
(Siminszky, 2006).

In addition to P450s, glutathione S-transferase (GST) is an
important enzyme that metabolizes herbicide molecules. It seems to
be involved in cutting herbicide bounds by conjugating glutathione
with herbicide molecules and facilitating the recognition of
glutathione transporters, which leads to reduced translocation
(Suzukawa et al., 2021). Therefore, the GST biochemical activity
assay and compounds such as GST inhibitor 4-chloro-7-
nitrobenzoxadiazole (NBD-CIl) are important tools to highlight
the involvement of GSTs in weed herbicide resistance (Cai
et al., 2022).

In this paper, we aim to (1) identify herbicide resistance to ALS and
ACCase using preselection phenotypic data and (2) investigate the
molecular basis of resistance to ALS- and ACCase-inhibiting herbicides
in L. rigidum populations collected from Morocco and Tunisia.

Materials and methods
Plant material

A total of 20 ryegrass populations (hereafter named LOLRI-01-
LOLRI-19, LOLRI-S) collected from both northern Tunisia and
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Morocco cereal field regions were tested for resistance to ALS- and
ACCase-inhibiting herbicides (Figure 1; Table 1). The fields
sampled had a history of ALS- and ACCase-inhibiting herbicide
applications against ryegrass, but the details of this history could not
be obtained. Wheat was usually the main crop, with no
intercropping. Diclofop, fenoxaprop, fluazifop, imazamethabenz,
tralkoxydim, etc. were largely the oldest ALS- and ACCase-
inhibiting herbicides applied in these fields. Seeds of L. rigidum
were collected homogenously from at least 250 plants in each field
at weed maturity (May to July 2021). An additional common
population of ryegrass (hereafter named LOLRI-S) was taken
from the Atlas Mountains that stretch over 2,500 km (about half
the width of the USA) from Morocco to Tunisia as a susceptible
species with no herbicide history (35.0391IN, 0.2909E). The
germination rate of all populations was 95%, including the
sensitive population, at the time of pot experiment establishment.

Dose—-response trial

Seeds from all populations listed above were sown directly in
plastic pots (diameter: 70 mm, height: 90 mm) filled with potting
mix (pH = 7.5, 1% organic matter, clay containing chernozem, 46%
loam, 209 mmol (+) sorption capacity, 87 ppm P, 203 ppm K, 197
ppm Mg, 8.073 ppm Ca), with 20 seeds per pot, and covered with
0.5 cm high potting mix. Pots were randomly placed in the
greenhouse located at the Czech University of Life Sciences
Prague (49.0915833N, 14.7343022E) under a determined
temperature (22°C/18°C) and light (14 h/10 h), respectively.
Plants were irrigated using tap water regularly, with fertilization
(N-P-K, 7-7-6) according to the need. At the one- to two-leaf
growth stage, plants were thinned to leave 10 plants per pot for
herbicide treatment and evaluations.

Four formulated herbicides were included in the trial, as was an
untreated control. All herbicides were applied postemergence
(BBCH 12-13) according to the label (Table 1). Treatments were
arranged in a randomized complete block design with four
replications. Pots were arranged in specific plates as an
experimental unit, depending on dose and herbicide application.
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Plates were subsequently randomized with respect to replicates and
populations. The applications were made using a laboratory spray
chamber set up with Lurmark 01F80 nozzles to deliver 250 L/ha at a
pressure of 250 Pascal (30 psi).

The mean temperatures during the 28 days following spraying
ranged + 22.3°C by day and £14.2°C at night. The air humidity
ranged between 45% and 65% (mean relative humidity for 24 h).
Efficacy was evaluated as a visual percentage control based on a 0%-
100% linear scale, assessed at 28 days after treatment (DAT). The
number of surviving plants was recorded, as were the shoot fresh and
dry weights. The experiment was repeated twice in space and time.

ALS and ACCase molecular assays: next-
generation sequencing

Leaf samples of L. rigidum populations were collected from the
ALS and ACCase -inhibitor sensitivity screening. Within each
population, one disc of a 2-mm diameter hollow punch was used.
A total of 50 leaves (individuals) representing each ryegrass
population were punched and placed in a 2-mL microtube
containing two steel beads. Tubes were kept open for at least 2
weeks at room temperature to let samples dry and prevent molding
before sending them to INRAe (Dijon, France) for TSR genotyping
using Illumina NGS technology. Several regions of the ACCase and
ALS genes were amplified separately from each DNA extract primer
pairs as detailed by Délye et al. (2020). These regions carried the
eight codons involved in TSR to ALS inhibitors (codons 122, 197,
205, 376, 377, 574, 653 and 654, as standardized according to the
Arabidopsis ALS sequence) and seven additional codons potentially
involved in TSR (codons 121, 124, 196, 199, 375, 571 and 578) were
included in this genetic diagnosis (Délye et al.,, 2020). The codons
with a demonstrated role in resistance to one or more ACCase
-inhibiting herbicides in field weeds are: 1781, 1999, 2027, 2041,
2078, 2088, 2096 (Delye et al, 2002). As for ALS, about fifteen
additional codons located in regions of ACCase interacting with
herbicides were also analyzed and to which no role in weed
resistance has been demonstrated. Sequencing and data analysis
were performed as described by Délye et al.,2020. The raw sequence

A LoLR14,LoLRI1s
O LotRL1e
< LOLRIT, LOLRI9
£ LoLRie

Maps of Tunisia (left) and Morocco (right) showing regions where susceptible ryegrass populations were collected. Populations one to 13 are related

to Morocco, and populations 14 to 19 are referring to Tunisian areas.
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TABLE 1 Herbicides and rates used in the dose—response study with Lolium rigidum.

Local Groupe Site Active ingredient Local registered Gradient

trade name HRAC of action rate (N) tested®

Pallas OD 2 Inhibition Pyroxsulam + safener 45gail™ +90 05Lha™ NT, N/2, N, 2N
of ALS

Axial EC 1 Inhibition Pinoxaden + safener 45 gai L' +11.25 1Lha™ NT, N/2, N, 2N
of ACCase

Brocar EC 1 Inhibition Clodinafop + safener 240 gai L'+ 60 0.25L ha™ NT, N/2, N, 2N
of ACCase

Amilcar/ 2 Inhibition Todosulfuron + 7.5gai Lt+75 gai 125 L ha™® NT, N/2, N, 2N

Cossack OD of ALS mesosulfuron + safener L'+ 225

NT, nontreated; N, recommended field dose registered in both Morocco and Tunisia; HRAC, Herbicide Resistance Action Committee.

“Applied to 19 resistant and one sensitive populations as first prescreening.

data have been deposited with links to BioProject accession number
PRJNA1045233 in the NCBI BioProject database (http://www.ncbi.
nlm.nih.gov/bioproject/ www.ncbi.nlm.nih.gov/bioproject/).

Response of whole plants to herbicide in
combination with malathion

Seeds from L. rigidum, including the sensitive population, were
sown, grown, and kept in the same conditions as described above.
To highlight the role of P450, its inhibition is induced before
herbicide application (Busi et al., 2011). The first treatment was
an application of pyroxsulam (Pallas OD), at BBCH 12-13. In the
second treatment, pyroxsulam was applied 1 h after the application
of malathion at 0 or 1,000 g ai ha™!
CYP450 inhibitor). Pyroxsulam doses applied postemergence were
0, 1.4625 g ai ha ', 5.625 g ai ha™!, 11.25 g ai ha™!, 22.5 g ai ha™’
(field rate), and 45 g ai ha™'. The experimental layout was as

(organophosphate insecticide,

described in the preceding dose-response screening. The fresh
weight of aboveground tissue was collected at 28 DAT, and
survivors were counted in each pot.

Response of whole plants to herbicide in
combination with NBD-Cl

Plant materials from L. rigidum populations were prepared as
described in dose-response trial. A known GST inhibitor, NBD-Cl,
has been used as a tool to highlight the role of GST in herbicide
resistance (Cai et al., 2022). One hour before pyroxsulam
application, 270 g ai ha™' of NBD-Cl was applied at the BBCH
12-13 growth stage. Three pyroxsulam rates of 11.25 gai ha™', 22.5
g ai ha™', and 45 g ai ha™' were applied. The experimental layout
was as described in the preceding dose-response screening. Survival
data were collected by counting the number of surviving individuals
in each pot at 28 DAT.

Statistical analysis

For the prescreening experiments, the survival percentage for
each L. rigidum population and each herbicide (ALS and ACCase
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inhibitors) was analyzed using a linear model (two-way ANOVA)
with R (v.3.5.3) software. Populations and herbicide rates were
considered factors and replicates an error term (block). The
reliability of the ANOVA model was checked by four different
plots: (1) Q-Q or quantile-quantile plot, (2) residual versus fitted
plot, (3) scale-location plot, and (4) Cooks distance plot. In
addition, a Shapiro-Wilk test was assessed for normality, and
data were transformed when necessary. Tukey’s honest significant
difference (HSD) tests were performed to compare the percentage
control of suspected resistant populations to the known susceptible
population at a probability level of 0.05.

Dose-response analyses with the application of malathion in
POST were performed by analyzing survival percentage and fresh
biomass for each population and each herbicide. The four-
parameter Log-logistic models were assessed, and the normality
of residuals was checked. GRs, and GRg, were calculated and
corresponded to rates that required 50% and 90% survivor
reduction, respectively. For some populations, GRs, could not be
calculated because the survival percentage did not decrease by 50%
even at the highest rates (x 50 field rate tested separately). The
resistance index (RI) was calculated by dividing GRs, or GRg
values for each population tested by the same parameters extracted
from the sensitive population (LOLRI-S), respectively. The dose-
response studies were repeated twice, and data were pooled
before analysis.

Results
Prescreening and dose—response results

The tested ACCase- and ALS-inhibiting herbicides showed low
control in almost all selected, suspected resistant, populations of L.
rigidum (Figures 2A, B) at all rates in a comparison with a sensitive
population (LOLRI-S). Fresh biomass was used as a response
parameter to reflect the real physiological activity of leaves
associated with their photosynthesis and respiration better than
dry biomass (Huang et al,, 2019). Within each population, a
significantly lower percentage of fresh biomass was correlated to
the rate of each herbicide tested (R* = 0.62, p-value <0.001). Fresh
biomass reduction varied significantly between all ACCase- and

frontiersin.org
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ALS-inhibiting herbicides tested (F-value = 9.76, p-value <0.001)
and ryegrass populations (F-value = 61.73, p-value <0.001).
However, there was no significant interaction (at o = 0.05)
between herbicide treatment (rate) and population (F-value =
1.41, p-value = 0.052), which confirmed that both parameters are
independent. In other words, the variation in the percent reduction
of fresh biomass was due to differences in plant populations rather
than herbicide doses.

All ryegrass populations showed low control by one or both
ACCase- and/or ALS-inhibiting herbicides tested at a double field
rate (<10% of fresh biomass reduction) except LOLRI-08, LOLRI-
09, LOLRI-10, LOLRI-13, LOLRI-14, LOLRI-15, and LOLRI-18,
which showed high sensitivity to at least one of the four herbicides
tested (Figures 2A, B). Populations LOLRI-10 and LOLRI-14 were
highly sensitive to three of the four herbicides tested. Their
responses were similar to the untreated check, LOLRI-S (p-value
=0.97, p-value = 0.93, respectively), followed by LOLRI-15 (p-value
= 0.15). However, populations LOLRI-04, LOLRI-05, LOLRI-06,
LOLRI-07, and LOLRI-19 were highly resistant (HR) to all
herbicides tested (<25% fresh biomass reduction at double field
rate). Fresh weight reductions at field rate (N) were 25% and 40%
with ACCase- and ALS-inhibiting herbicides, respectively. Except

10.3389/fpls.2024.1331725

for LOLRI-10, all Moroccan ryegrass populations were HR to
clodinafop (0% fresh weight reduction at double field rate 120 g
ai ha™'; also check this error throughout the paper). However, for
the same active ingredient, the Tunisian populations showed a
higher degree of fresh weight reductions (20%-40%) at a double
field rate than the Moroccan populations (Figure 2B). Some
ryegrass populations showed more sensitivity to pyroxsulam at
both field and double field rates. Pinoxaden provided low control
of the Tunisian populations (except LOLRI-15 and LOLRI-16)
versus Moroccan ones. With both pinoxaden and iodosulfuron +
mesosulfuron, individuals from each ryegrass population reacted
differently (Figures 2A, B). These results suggested a reduction in
sensitivity to ACCase- and/or ALS-inhibiting herbicides in
individuals within all ryegrass populations tested.

Target-site resistance: next-
generation sequencing

For a better understanding of mechanisms endowing resistance
to both ALS- and ACCase-inhibiting herbicides, the detection of
mutations in codons of interest was investigated by NGS technology
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(A) Boxplots of reduction in foliage fresh biomass relative to untreated control for suspected ALS- and ACCase-inhibiting resistant Lolium rigidum
from 1 to population 10, including sensitive (LOLRI-S). Four herbicides were applied at three rates each from left to right (orange, green, and blue,
respectively) with pyroxsulam (11.25 g ha™, 22.5 g ha™", and 45 g ha™"), iodosulfuron + mesoulfuron (4.7 + 47 gha %, 9.4 + 9.4 gha™*, and 18.8 +
18.8 g ha™%), pinoxaden (25 g ai ha™, 50 g ha™, and 150 g ai ha™), clodinafop (30 g ai ha™, 60 g ai ha™, and 120 g ai ha™%). The median is
represented by the horizontal line inside boxes, and the short lines outside boxes correspond to minima and maxima. (B) Boxplots of reduction in
foliage fresh biomass relative to untreated control for suspected ALS- and ACCase-inhibiting resistant Lolium rigidum from 11 to population 19,
including sensitive (LOLRI-S). Four herbicides were applied at three rates each from left to right (orange, green, and blue, respectively) with
pyroxsulam (11.25 g ai ha 1225 gaiha 1 and 45 g ai ha %), iodosulfuron + mesoulfuron (4.7 + 4.7 g aiha 194+94 g aiha ! and 18.8 + 18.8 g ai
ha™), pinoxaden (25 g ai ha™, 50 g ai ha™, and 150 g ai ha™), clodinafop (30 g ai ha™, 60 g ai ha™, and 120 g ai ha™%). The median is represented by
the horizontal line inside boxes, and the short lines outside boxes correspond to minima and maxima.
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(ALS and ACCase molecular assays: next-generation sequencing).
From all L. rigidum populations tested, 14 populations possessed
ALS mutations (73.6%), 18 possessed ACCase mutations (94.7%),
and 13 showed mutations on the two genes (68.4%, Table 2).

Regarding ALS-inhibiting herbicides, 13 populations possessed
one to four mutations at codon 197 (Ser-197, Leu-197, Thr-197, and
GIn-197); four of the six possible single mutations at codon 197
were identified. In addition, mutations at codon 574 were also
detected in six L. rigidum populations (Leu-574), five of which also
had one or more mutations at codon 197 (Table 2). Regarding
ACCase-inhibiting herbicides, 17 populations possessed mutations
detected at codon 1781. The mutation detected at codon 2027 was
found in four L. rigidum populations. Codon 2041 mutations were
detected in 14 populations. At codon 2078, 11 populations of 18
tested possessed mutations. Only one population (LOLRI-06)
showed mutation at codon 2096. A new mutation was detected at
codon 1706 (Gly to Asp) in LOLRI-06, where three other mutations
known to give resistance to ACCase inhibitors were also present
(Tle-1781-Leu, Gly-2096-Ala, and Ile-2041-Asn). The identification
of the presence of both ALS- and ACCase-inhibiting herbicide-
available mutations corresponded with the survivor of all herbicide-
treated plants tested for target site mutation surviving herbicide
treatment in these populations. The sensitive population LOLRI-S
had no mutations, and all herbicide-treated plants were recorded as
dead at 28 DAT.

Non-target-site resistance: CYP450 and
GST assays

CYP450: determination of herbicide efficacy in a
synergism with malathion

In the seven populations randomly selected (LOLRI-02, LOLRI-
04, LOLRI-07, LOLRI-12, LOLRI-16, LOLRI-19, and LOLRI-S), the
application of malathion alone did not impact all measured
parameters (fresh weight, dry weight, and percentage of survivor).
Also, the application of pyroxsulam with malathion did not show any
difference if compared with pyroxsulam, applied alone, in all
measured parameters with sensitive population LOLRI-S (Table 3;
Figure 3). In populations LOLRI-04 and LOLRI-12, both GRs, and
GRy, showed slight differences when malathion was sprayed before
the herbicide application, which led to the conclusion that CYP450
has no role in enhanced metabolism in these populations (Table 3;
Figure 3). In LOLRI-02, LOLRI-16, and LOLRI-19, both Rls, and
Rlgg of percent survivors decreased (12.11 and 2.1, respectively), with
a large difference observed in LOLRI-19 (8.26 and 4.42, respectively).
LOLRI-07 showed a decreased slope as well as a significant effect of
the P450 inhibitor while mixed with pyroxsulam (p-value = 0.016).

Regarding phenotypic results, most individuals with LOLRI-S
had died at all pyroxsulam rates by 28 days after application (with
and without malathion) or had severe red leaf symptoms (Figures
4A, B). Both LOLRI-04 and LOLRI-12 do not show any impact of
the herbicide alone or in combination with the P450 inhibitor
(Figure 4A). However, individuals of LOLRI-16, LOLRI-02, LOLRI-
19, and LOLRI-07 are more sensitive (red leaf symptoms) when

1

malathion is applied at 1,000 gai ha™" in a mixture with pyroxsulam
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TABLE 2 Mutations in 13 Moroccan (LOLRI-01 to LOLRI-13) and six
Tunisian (LOLRI-14 to LOLRI-19) ryegrass populations analyzed.

ALS ACCase New Populations
mutations mutations mutations where
found
Trp-574-Leu, Pro- Asp-2078-Val, ND LOLRI-01
197-Thr Ile-1781-Leu,
Ile-2041-Asn
Pro-197-Gln, Trp- Ile-1781-Leu, ND LOLRI-02
574-Leu Asp-2078-Val,
Trp-2027-Cys,
Tle-2041-Asn
Pro-197-Thr Asp-2078-Val, ND LOLRI-03,
Ile-1781-Leu LOLRI-18
Pro-197-Ser, Pro- Ile-1781-Leu, ND LOLRI-04,
197-Leu Asp-2078-Val, LOLRI-17
Tle-2041-Asn
Trp-574-Leu, Pro- Tle-1781-Leu, ND LOLRI-05
197-Ser, Pro-197- Ile-2041-Asn
Leu, Pro-197-Thr,
Pro-197-Gln
Pro-197-Ser, Pro- Ile-1781-Leu, Gly-1706-Asp LOLRI-06
197-Gln, Pro-197- Gly2096-Ala,
Thr, Trp-574-Leu Ile-2041-Asn
ND Ile-1781-Leu, ND LOLRI-07,
Tle-2041-Asn LOLRI-19
Pro-197-Gln ND ND LOLRI-08
ND Tle-1781-Leu, ND LOLRI-09
Trp-2027-Cys
Trp-574-Leu Asp-2078-Val ND LOLRI-10
ND Asp-2078-Val, ND LOLRI-11,
Ile-2041-Asn, LOLRI-13,
Ile-1781-Leu LOLRI-14
Pro-197-Thr, Pro- Ile-1781-Leu, ND LOLRI-12,
197-Gln Trp-2027-Cys, LOLRI-16
Ile-2041-Asn,
Asp-2078-Val
Pro-197-Thr Asp-2078-Val, ND LOLRI-15

Ile-2041-Asn,
Ile-1781-Leu

ND, not detected.

compared to treatments involving pyroxsulam alone at the same
rates (Figures 4A, B). Visually, LOLRI-02 seemed to have a high
proportion of sensitive individuals (red leaves leading to dead
plants) in all rates of pyroxsulam when mixed with malathion
(Figure 4B) compared to the application of pyroxsulam alone at the
same rates. LOLRI-07 showed a slight effect of the P450 inhibitor
among the individuals. This suggests that LOLRI-02, LOLRI-16,
LOLRI-19, and LOLRI-07 may have the beginnings of a NTSR
phenomenon with the P450 mechanism.

Glutathione S-transferase: determination of
herbicide efficacy with inhibited GST

Based on phenotyping results from the pyroxsulam dose-
response bioassay, including the GST inhibitor, none of the six
resistant L. rigidum populations selected (LOLRI-02, LOLRI-04,
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LOLRI-07, LOLRI-12, LOLRI-16, and LOLRI-19) showed a
decrease in fresh weight. The addition of NBD-Cl inhibitor at 270
gaiha™', when added to all pyroxsulam rates (11.25 gaiha™',22.5 ¢
ai ha™', and 45 g ai ha™"), did not show much visual impact in all
populations except in the sensitive LOLRI-S, as well as very few
individuals of LOLRI-02, LOLRI-07, LOLRI-16, and LOLRI-19
(Table 4). This leads us to conclude that with pyroxsulam, there
might be involvement of glutathione S-transferase in the NTSR
pathway, but only in some individuals of these four L.
rigidum populations.

Discussion

Based on phenotype and genotype results and in order to
investigate different resistance mechanisms, the populations of L.
rigidum collected in different locations across Morocco and Tunisia
showed resistance to pyroxsulam, mesosulfuron + iodosulfuron,
pinoxaden, and clodinafop. Resistance of ryegrass to the same MoA
and or SoA was already documented in both Tunisia and Morocco
(Bouhache, 2020; Khammassi et al., 2020; Tanji et al., 2020). Other
studies confirmed the increase of resistant L. rigidum populations to
ALS- and ACCase-inhibiting herbicides in wheat fields in the
Northern part of Tunisia (Menchari et al., 2016).

Resistance to chemical classes of ALS-inhibiting herbicides in L.
rigidum can be potentially based on TSR and/or NTSR mechanisms
(Busi et al., 2018). By using NGS sequencing, all known ALS and
ACCase mutation points were studied and tested in all populations,
and the TSR-conferring mutation/s was/were identified (Table 2).
Six out of 19 populations did not show any ALS mutations, and only
one population showed no ACCase TSR-conferring mutations

10.3389/fpls.2024.1331725

(Table 2). From these seven populations, two (LOLRI-02 and
LOLRI-19) were revealed to be more sensitive when malathion or
NBD-CI were used with pyroxsulam (Tables 3, 4; Figures 2.1, 2.2).
Regarding ALS-inhibiting herbicides, the frequency of mutations in
populations ranged from 2% to 91%, with an average of 24.3%
(Table 5). At codon 197, mutations confer high resistance to
sulfonylureas, and a variable level of resistance to other families
of ALS inhibitors (Loubet et al., 2021). In addition, codon 574
confers high resistance to all ALS inhibitors (Heap, 2021).
Regarding ACCase-inhibiting herbicides, the frequency of
mutations in populations was 3% to 162%, with an average of
64.8%. The frequency of ACCase mutations exceeded 100% in
several populations with 1781 and 2078 or 1781 and 2041
(Table 5). This can be explained by two hypotheses: (1) the
presence of double mutations (impossible to be checked with
Mumina reads because these two mutations are not carried by the
same amplicon), and (2) the presence of Lolium polyploid in the
populations concerned, although this could not be investigated in
the present work. The most frequently detected mutation in all
ryegrass populations was at Leucine-1781 (Table 5). This codon did
confer resistance to most ACCase inhibitors and low resistance to
clethodim (Kaundun et al., 2013). The mutation detected at
Cysteine-2027 confers resistance to APPs and pinoxaden and was
found in four L. rigidum populations. Ile-to-Asn substitution at
codon position 2041 mutations were detected in 14 populations,
and according to bibliography (e.g., Délye et al., 2011; Scarabel et al.,
20115 Guo et al., 2017), this codon confers resistance to APPs with
weaker resistance to pinoxaden. At codon 2078, the mutation
detected confers resistance to all ACCase inhibitors (Délye et al,
2008). Only one population showed mutation at codon 2096. This
codon conferred resistance to fops, weak resistance to clethodim,

TABLE 3 Values of the log-logistic models from dose—responses using pyroxsulam (+ malathion) at 1,000 g ai ha™ of two Tunisian (LOLRI-16, LOLRI-
19) and four Moroccan (LOLRI-02, LOLRI-04, LOLRI-07, and LOLRI-12) Lolium rigidum populations and one sensitive reference population (LOLRI-S).

Parameter = Population = Treatment Std. error®  Std. error®

Survival (%) LOLRI-S — Malathion 0.091 0.10 0.05 1.00 1.00 0.00 0.01 1.12E-13
LOLRI-S + Malathion 0.081 0.08 0.05 1.00 L11 0.01 0.01 7.61E-08
LOLRI-04 — Malathion 0.224 f 0.21 f 419 f 0.12 0.13
LOLRI-04 + Malathion 0.251 f 0.31 f 6.21 f 0.05 2.26E-08
LOLRI-12 — Malathion 0.945 326 0.20 3421 4.14 481 0.13 0.37
LOLRI-12 + Malathion 10.143 4.59 027 56.14 543 9.59 0.48 0.65
LOLRI-16 — Malathion 0.500 f 0.43 f 8.66 f 0.06 3.96E-10
LOLRI-16 + Malathion 0.172 f 0.14 f 2.86 f 0.02 3.83E-05
LOLRI-02 — Malathion 0.278 0.59 0.14 6.20 2.85 0.07 0.01 7.82E-14
LOLRI-02 + Malathion 4.706 043 0.03 529 0.63 0.86 0.04 071
LOLRI-19 — Malathion 8.218 1.94 032 20.37 6.52 8.49 1.26 0.84
LOLRI-19 + Malathion 0.538 0.68 022 8.26 442 0.11 0.02 2.59E-07
LOLRI-07 — Malathion 12.202 1.93 0.10 20.28 2.06 3.69 0.17 0.65
LOLRI-07 + Malathion 0.303 f 0.17 f 353 f 0.04 0.016

GRso and GRg: herbicide concentration that required for 50% and 90% of L. rigidum survivor reduction, respectively. RI: Resistance Index calculated as ® RI5p=GRso(R)/GRs((S) or ©
RI90=GRoy(R)/GRoo(S). @ Slope at GRs. @ (© tandard errors at GRsg and GRoy, respectively. ® p_value at GRs. ® values can not be estimated.
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Dose—-response curves (log-logistic four-parameter function) for two Tunisian (LOLRI-16 and LOLRI-19) and four Moroccan (LOLRI-02, LOLRI-04,
LOLRI-07, and LOLRI-12) Lolium rigidum populations treated with pyroxsulam without malathion (left) and in mixture with malathion at 1,000 g ai
ha™* (right). Dark lines and circles represent the sensitive population (LOLRI-S).

and no resistance to cycloxydim or pinoxaden. An unprecedented
mutation was detected at codon 1706 (Gly to Asp) in low frequency
(3%, Table 5); this mutation is in the herbicide-binding zone of
ACCase. Its possible role in the resistance remains to be
demonstrated. These frequencies are correlated with the
phenotypic results (R*> = 0.41). Although LOLRI-10 showed
mutations at both 2078 and 574 codons (Table 2), the frequency
of mutation revealed very low (2% and 3%, respectively, Table 5),
which explains its high phenotypic sensitivity to both ALS and
ACCase inhibitors used (Figures 2.1, 2.2).

Frontiers in Plant Science

NTSR is considered to be the predominant type of resistance to
both the first and second groups of herbicides worldwide in grasses
(Suzukawa et al., 2021) and develops independently from TSR. Our
study is the first confirmed report of NTSR in L. rigidum in
Morocco and Tunisia. In dose-response experiments,
pretreatment with the P450 inhibitor malathion had no effect on
the efficacy of pyroxsulam in two out of six randomly selected
populations. However, it partially synergized in four L. rigidum
populations, leading to a shift toward sensitivity in the three
resistant populations. This indicates that P450 could be involved
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(A) Phenotype results of two Moroccan populations (LOLRI-04 and LOLRI-12), one Tunisian population (LOLRI-16), and sensitive Lolium rigidum
(LOLRI-S) 28 days after application of pyroxsulam at 11.25 g ai ha™* (0.5N), 22.5 g ai ha™* (IN), and 45 g ai ha™* (2N) without malathion in the left
(from the second pot with green stickers) and the same rates of pyroxsulam with malathion at 1,000 g ai ha™* in the right (from the fifth pot with
blue stickers). First and eighth pots (from left to right) correspond to untreated (white sticker) and malathion (red sticker) modalities at 1,000 g ai
ha™, respectively. (B) Phenotype results of two Moroccan populations (LOLRI-02 and LOLRI-07), one Tunisian population (LOLRI-19), and sensitive
Lolium rigidum (LOLRI-S) 28 days after application of pyroxsulam at 11.25 g ai ha™* (0.5N), 22.5 g ai ha™* (IN), and 45 g ai ha™* (2N) without malathion
in the left (from the second pot with green stickers) and the same rates of pyroxsulam with malathion at 1,000 g ai ha™ in the right (from the fifth
pot with blue stickers). First and eighth pots (from left to right) correspond to untreated (white sticker) and malathion (red sticker) modalities at 1,000

g ai ha™, respectively.

in the resistance of L. rigidum to ALS-inhibiting herbicides, at least
those of the sulfonamide family. The CYP450 superfamily is the
largest enzymatic protein family in plants, linked to vital functions
and participating in the synthesis of fatty acids, sterols, and
hormones. Members of this superfamily are involved in multiple
metabolic pathways with distinct and complex functions, mediating
a vast array of reactions (Siminszky, 2006). Malathion has an
inhibiting effect on P450 in plants, which can no longer catalyze
herbicide degradation. Therefore, resistant plants may totally or
partially, as in the case of this study, lose their resistance.

TABLE 4 Percentage of survivals in seven Lolium rigidum populations after application of pyroxsulam + NBD-Cl at 270 g ai ha

In addition to cytochrome P450, GSTs are another key enzyme
superfamily with many roles in primary and secondary metabolism.
Some GST members are involved in herbicide detoxification
(Cummins et al,, 2013; Cai et al, 2022). Both constitutive and
induced GST overexpressions were identified in numerous
herbicide-resistant weed species. According to our study, the GST
inhibitor NBD-CI could partially sensitize selected L. rigidum
populations to pyroxsulam, suggesting GSTs may contribute to
these populations’ pyroxsulam resistance. This result was
demonstrated in only a few individuals from some populations in

-1

Pyroxsulam NBD-Cl LOLRI-S LOLRI-02 LOLRI-04 LOLRI-07 LOLRI-12 LOLRI-16 LOLRI-19
(g ai ha™)
0 - 100 + 0 100 + 0 100 £ 0 100 £ 0 100 £ 0 100 £ 0 100 £ 0
+ 100 =0 100 £ 0 100 £ 0 100 £ 0 100 £ 0 100 £ 0 100 £ 0
11.25 - 30 £ 10 100 + 20 100 £ 0 100 £ 0 100 £ 0 100 £ 0 100 £ 0
+ 30 £ 10 100 + 20 100 £ 0 100 £ 0 100 £ 0 100 £ 0 100 £ 0
22.5 - 0£0 90 £ 10 100 £ 0 100 = 10 100 £ 0 90 + 20 100 = 10
+ 0£0 90 £ 10 100 £ 0 100 = 10 100 £ 0 90 = 20 100 = 10
45 - 0+0 90 + 20 100 £ 0 100 = 10 100 £ 0 90 + 20 90 £ 0
+ 0+0 90 £+ 20 100 £ 0 100 = 10 100 £ 0 90 + 20 90 +0
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TABLE 5 Frequency of mutations (%) in 19 ryegrass populations (LOLRI-01 to LOLRI-13 Moroccan and LOLRI-14 to LOLRI-19 Tunisian) by next-

generation sequencing.

Population
number

LOLRI-01 5 70 45 13 55
LOLRI-02 11 11 99 25 3 35
LOLRI-03 22 61 50
LOLRI-04 41 30 88 3 3
LOLRI-05 1 13 3 1 62 59 7

LOLRI-06 7 27 10 3 40 7 6 3
LOLRI-07 99 11

LOLRI-08 9

LOLRI-09 31 11

LOLRI-10 2 3
LOLRI-11 4 10 18
LOLRI-12 23 3 15 13 9 6
LOLRI-13 4 18 18
LOLRI-14 2 16 15
LOLRI-15 9 3 4
LOLRI-16 13 7 21 14 12 3
LOLRI-17 15 76 41 15 21
LOLRI-18 12 83 45
LOLRI-19 111 21

the dose-response experiments (Table 4). From this, quantifying
the GST activity (with the same principle as P450) was difficult to
assess in the case of the populations selected.

Cross- and multiple resistances in weeds severely limit herbicide
treatment options (Torra et al., 2021). While TSR is logically limited
to herbicides of the same mode of action, NTSR mechanisms with
dissipated and/or “general use” metabolic proteins are capable of
detoxifying a range of herbicides (Siminszky, 2006; Suzukawa
et al., 2021).

Conclusion

To better understand the nature of resistance in Morocco and
Tunisia L. rigidum populations, we subjected them to the most
frequently used active ingredients (pyroxsulam, iodosulfuron +
mesosulfuron, pinoxaden, and clodinafop), to which farmers are
claiming weed control failure in wheat fields. The 19 populations
tested from Morocco and Tunisia wheat fields showed the presence of

Frontiers in Plant Science

both TSR (in all populations) and involvement of NTSR (in a few
studied populations) mechanisms. Some populations can still be
controlled by using ALS and not ACCase herbicides, or vice versa.
This leads to confirming that growers can still use both modes of
action according to the nature of the resistance involved in their
populations. However, the herbicide mode of action used should be
diversified to decrease selection pressure and avoid the spread of new
mutations. Knowledge of TSR background is essential, so the
monitoring and testing of resistance L. rigidum in Maghreb
countries (Morocco, Tunisia, including Algeria) is crucial. The use
of next-generation sequencing will help to identify and quantify TSR
status in the region with subsequent mapping. Integrated weed
management, including the appropriate use of herbicides, should
be adopted, especially in regions where cereal monocropping is highly
abundant, in order to minimize the selection pressure and promote
enhanced metabolism. Studying NTSR mechanisms evolved L.
rigidum in cereal field populations, and management of this type of
resistance in Maghreb is essential for the performance of chemical
control in the future.

frontiersin.org


https://doi.org/10.3389/fpls.2024.1331725
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

El-Mastouri et al.

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found here: https://www.ncbinlm.nih.
gov/bioproject/PRINA1045233/.

Author contributions

ZE-M: Methodology, Data curation, Formal analysis,
Investigation, Supervision, Writing - original draft. PK:
Methodology, Supervision, Writing - review & editing. KH:
Conceptualization, Methodology, Supervision, Writing — review &
editing. AE: Methodology,
Conceptualization, Supervision, Writing - review & editing.

Writing - review & editing. JS:

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The research
in this paper was supported by funding from the Czech University
of Life Sciences Prague (CZU). Maghreb Phytotest SARL (Tunisia)
and Promagri SA (Morocco) team members were involved in

References

Annabi, M., Bahri, H., and Latiri, K. (2009). Statut organique et respiration
microbienne des sols du nord de la Tunisie. Biotechnol. Agronomy. Soc. Environ. 13,
401-408.

Bararpour, M. T., Norsworthy, J. K., Burgos, N. R,, Korres, N. E., and Gbur, E. E.
(2017). Identification and biological characteristics of ryegrass (Lolium spp.) accessions
in arkansas. Weed. Sci. 65, 350-360. doi: 10.1017/wsc.2016.28

Ben Abdelmalek, M., and Nouiri, I. (2020). Study of trends and mapping of drought
events in Tunisia and their impacts on agricultural production. Sci. Total. Environ. 734,
1-17. doi: 10.1016/j.scitotenv.2020.139311

Bouhache, M. (2018). Résistance du Ray-grass aux herbicides : un nouveau défi pour
la cérealiculture au Maroc. Agric. du Maghreb. 101, 68-71.

Bouhache, M. (2020). Bases pratiques de désherbage des céréales d’automne au
Maroc. Assoc. Marocaine. Prot. Des. Plantes., 165.

Busi, R., Porrib, A., Gainesc, T. A., and Powles, S. B. (2018). Pyroxasulfone resistance
in Lolium rigidum is metabolism-based. Pesticide. Biochem. Physiol. 148, 74-80. doi:
10.1016/j.pestbp.2018.03.017

Busi, R,, Vila-Aiub, M. M., and Powles, S. B. (2011). Genetic control of a cytochrome
P450 metabolism-based herbicide resistance mechanism in Lolium rigidum. Heredity
106, 817-824. doi: 10.1038/hdy.2010.124

Cai, X,, Chen, J., Wang, X,, Gao, H., Xiang, B., and Dong, L. (2022). Mefenacet
resistance in multiple herbicide-resistant Echinochloa crus-galli L. populations.
Pesticide. Biochem. Physiol. 182, 1-8. doi: 10.1016/j.pestbp.2022.105038

Chen, S., McElroy, S. J., Flessnera, M. L., and Daneb, F. (2014). Utilizing next-
generation sequencing to study homeologous polymorphisms and herbicide-
resistance-endowing mutations in Poa annua acetolactate synthase genes. Pest
Manage. Sci. 71, 1141-1148. doi: 10.1002/ps.3897

Cummins, I, Wortley, D. J., Sabbadin, F., He, Z., Coxon, C. R, Straker, H. E,, et al.
(2013). Key role for a glutathione transferase in multiple-herbicide resistance in grass
weeds. Proc. Natl. Acad. Sci. 110, 5812-5817. doi: 10.1073/pnas.1221179110

Delye, C. (2005). Weed resistance to acetyl coenzyme A carboxylase inhibitors: an
update. Weed. Sci. 53, 728-746p. doi: 10.1614/WS-04-203R.1

Delye, C. (2013). Unravelling the genetic bases of non-target-site-based resistance
(NTSR) to herbicides: a major challenge for weed science in the forthcoming decade.
Pest Manage. Sci. 69, 176-187. doi: 10.1002/ps.3318

Frontiers in Plant Science

11

10.3389/fpls.2024.1331725

collecting seeds on wheat lands. Support was also provided by
Corteva Agriscience™.

Acknowledgments

We are grateful to Mrs. Ezgi Dogru and the CZU field team for
their experimental support.

Conflict of interest

Author AE is employed by Maghreb Phytotest SARL.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Delye, C., Matejicek, A., and Gasquez, J. (2002). PCR-based detection of resistance to
acetyl-CoA carboxylase-inhibiting herbicides in blackgrass (Alopecurus myosuroides
Huds) and ryegrass (Lolium rigidum Gaud.). Pest Manage. Sci. 58, 474-478. doi:
10.1002/ps.485

Délye, C., Matéjicek, A., and Michel, S. (2008). Cross-resistance patterns to ACCase-
inhibiting herbicides conferred by mutant ACCase isoforms in Alopecurus myosuroides
Huds. (black-grass), re-examined at the recommended herbicide field rate. Pest
Manage. Sci. 64, 1179-1186. doi: 10.1002/ps.1614,

Délye, C., Michel, S., and Pernin, F. (2011). ‘Universal’ PCR assays detecting
mutations in acetyl-coenzyme A carboxylase or acetolactate synthase that endow
herbicide resistance in grass weeds. Weed. Res. 51, 353-362. doi: 10.1111/.1365-
3180.2011.00852.x

Délye, C., Michel, S., Pernin, F., Gautier, V., Gislard, M., Poncetb, C,, et al. (2020).
Harnessing the power of next-generation sequencing technologies to the purpose of
high-throughput pesticide resistance diagnosis. Pest Manage. Sci. 76, 543-552.
doi: 10.1002/ps.5543

Dhehibi, B., Bahri, H., and Annabi, M. (2012). Input and output technical efficiency
and total factor productivity of wheat production in Tunisia. Afr. J. Agric. Resour.
Economics. 7, 1-18. doi: 10.22004/ag.econ.156975

Green, M. J. (2014). Current state of herbicides in herbicide-resistant crops. Pest
Manage. Sci. 70, 1351-1357. doi: 10.1002/ps.3727

Griffin, P. C,, Robin, C., and Hoffmann, A. A. (2011). A next-generation sequencing
method for overcoming the multiple gene copy problem in polyploid phylogenetics,
applied to Poa grasses. BMC Biol. 9, 18. doi: 10.1186/1741-7007-9-19

Guo, W,, Zhang, L., Wang, H., Li, Q,, Liu, W., and Wang, J. (2017). A rare Ile-2041-
Thr mutation in the ACCase gene confers resistance to ACCase-inhibiting herbicides in
shortawn foxtail (Alopecurus aequalis). Weed Sci. 65, 239-246. doi: 10.1017/
wsc.2016.32

Hajri, H., Menchari, Y., and Ghrobel, A. (2015). Multiple resistance to Acetyl
Coenzyme A Carboxylase and Acetolactate Synthase inhibiting herbicides in
Tunisian ryegrass populations (Lolium rigidum). J. Agric. Sci. Technol. 75, 738-744.
doi: 10.17265/2161-6256/2015.09.005

Heap, 1. M. (2021) The international survey of herbicide resistant weeds. Available at:
http://www.weedscience.com.

frontiersin.org


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1045233/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1045233/
https://doi.org/10.1017/wsc.2016.28
https://doi.org/10.1016/j.scitotenv.2020.139311
https://doi.org/10.1016/j.pestbp.2018.03.017
https://doi.org/10.1038/hdy.2010.124
https://doi.org/10.1016/j.pestbp.2022.105038
https://doi.org/10.1002/ps.3897
https://doi.org/10.1073/pnas.1221179110
https://doi.org/10.1614/WS-04-203R.1
https://doi.org/10.1002/ps.3318
https://doi.org/10.1002/ps.485
https://doi.org/10.1002/ps.1614,
https://doi.org/10.1111/j.1365-3180.2011.00852.x
https://doi.org/10.1111/j.1365-3180.2011.00852.x
https://doi.org/10.1002/ps.5543
https://doi.org/10.22004/ag.econ.156975
https://doi.org/10.1002/ps.3727
https://doi.org/10.1186/1741-7007-9-19
https://doi.org/10.1017/wsc.2016.32
https://doi.org/10.1017/wsc.2016.32
https://doi.org/10.17265/2161-6256/2015.09.005
http://www.weedscience.com
https://doi.org/10.3389/fpls.2024.1331725
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

El-Mastouri et al.

Heap, I, and Knight, R. (1986). The occurrence of herbicide cross-resistance in a
population of annual ryegrass, Lolium rigidum, resistant to diclofop-methyl. Aust. J.
Agric. Res. 37, 149-156. doi: 10.1071/AR9860149

Huang, W., Ratkowsky, D. A, Hui, C., Wang, P., Su, J., and Shi, P. (2019). Leaf fresh
weight versus dry weight: which is better for describing the scaling relationship between
leaf biomass and leaf area for broad-leaved plants? Forests 10, 256. doi: 10.3390/f10030256

Jursik, M., Hamouzova, K., and Hajslova, J. (2021). Dynamics of the degradation of
acetyl-coA carboxylase herbicides in vegetables. Foods 10, 1-13. doi: 10.3390/
foods10020405

Kaundun, S. S., Hutchings, S.-J., Dale, R. P., and McIndoe, E. (2013). Role of a novel
11781T mutation and other mechanisms in conferring resistance to acetyl-coA
carboxylase inhibiting herbicides in a black-grass population. PloS One 1-10. doi:
10.1371/journal.pone.0069568

Khammassi, M., Chaabane, H., and Souissi, T. (2017). Rigid ryegrass problem in
wheat and its management in Tunisia. Indian ]. Weed. Sci. 49, 191-193. doi: 10.5958/
0974-8164.2017.00049.1

Khammassi, M., Hajri, H., Menchari, Y., Chaabane, H., and Souissi, T. (2020).
Current status in resistance to ACCase and ALS-inhibiting herbicides in rigid ryegrass
populations from cereal crops in North of Tunisia. J. Agric. Sci. 157, 1-8. doi: 10.1017/
5002185962000009X

Kosnarova, P., Hamouz, P., Hamouzova, K., Linn, A., Sen, M. K., Mikulka, J., et al.
(2021). Apera spica-venti in the Czech Republic develops resistance to three herbicide
modes of action. Weed. Res. 61, 1-10. doi: 10.1111/wre.12500

Latiri, K., Lhomme, J. P., Annabi, M., and Setter, T. L. (2010). Wheat production in
Tunisia: Progress, inter-annual variability and relation to rainfall. Eur. J. Agron. 33, 33—
42. doi: 10.1016/j.¢ja.2010.02.004

Lhomme, J. P., Mougou, R., and Mansour, M. (2009). Potential impact of climate
change on durum wheat cropping in Tunisia. Climatic. Change 96, 549-564. doi:
10.1007/s10584-009-9571-9

Loubet, 1., Caddoux, L., Fontaine, S., Michel, S., Pernin, F., Barrés, B., et al. (2021). A
high diversity of mechanisms endows ALS-inhibiting herbicide resistance in the
invasive common ragweed (Ambrosia artemisiifolia L.). Sci. Rep. 11, 1-13.
doi: 10.1038/s41598-021-99306-9,

Marshall, R., and Moss, S. R. (2008). Characterisation and molecular basis of ALS
inhibitor resistance in the grass weed Alopecurus myosuroides. Weed. Res. 48, 439-447.
doi: 10.1111/j.1365-3180.2008.00654.x

Frontiers in Plant Science

12

10.3389/fpls.2024.1331725

Menchari, Y., Annabi, M., Bahri, H., and Latiri, K. (2016). Herbicides use in wheat
crop in Tunisia: trends, variability and relation with weed resistance development. Res.
Agric. Agron. 2016, 1-11. doi: 10.5171/2016.990377,

Mestanza, C., Riegel, R., Vasquez, S. C.,, Veliz, D., Cruz-Rosero, N., Canchignia, H.,
et al. (2019). Discovery of mutations in Chenopodium quinoa Willd through EMS
mutagenesis and mutation screening using pre-selection phenotypic data and next-
generation sequencing. J. Agric. Sci. 156, 1196-1204. doi: 10.1017/50021859619000182

Mohamadi, F., Valade, R., Bonin, L., Fournier, M., Moreau, F., Ougen, P., et al.
(2022). DIY-LOL - Prototypage d’un outil de diagnostic moléculaire democratisable
pour une gestion durable des adventices. Innov. Agronomiques. 85, 121-129.

Powles, S. B, and Yu, Q. (2010). Evolution in action: plants resistant to herbicides.
Annu. Rev. Plant Biol. 61, 317-347. doi: 10.1146/annurev-arplant-042809-112119

Radhouane, L. (2013). Climate change impacts on North African countries and on
some Tunisian economic sectors. J. Agric. Environ. Int. Dev. 107, 101-113.
doi: 10.12895/jaeid.20131.123

Scarabel, L., Panozzo, S., Varotto, S., and Sattin, M. (2011). Allelic variation of the
ACCase gene and response to ACCase-inhibiting herbicides in pinoxaden-resistant
Lolium spp. Pest Manage. Sci. 67, 932-941. doi: 10.1002/ps.2133

Siminszky, B. (2006). Plant cytochrome P450-mediated herbicide metabolism.
Phytochem Rev. 5, 445-458. doi: 10.1007/s11101-006-9011-7

Slama, A., Ben Salem, M., Ben Naceur, M., and Zid, E. (2005). Les céréales en Tunisie
: production, effet de la sécheresse et mécanismes de résistance. Secheresse 16, 225-229.

Suzukawa, A. K., Bobadilla, L. K., Mallory-Smith, C., and Brunharo, C. A. C. G.
(2021). Non-target-site resistance in lolium spp. Globally: A review. Front. Plant Sci. 11,
1-17. doi: 10.3389/fpls.2020.609209

Tanji, A., and Boutfirass, M. (2018). Effective Preemergence Herbicides for Rigid
Ryegrass (Lolium rigidum Gaud.) Control in Irrigated Bread Wheat (Triticum aestivum
L.). J. Agric. Sci. 10, 79-85. doi: 10.5539/jas.v10n4p79

Tanji, A., Zahhari, T., and Bailly, G. (2020). Découverte de deux mutations dans des
populations Marocaines de raygrass resistants aux herbicides. Agric. du Maghreb. 131,
74-78.

Torra, J., Montull, J. M., Taberner, A., Onkokesung, N., Boonham, N., and Edwards,
R. (2021). Target-site and non-target-site resistance mechanisms confer multiple and
cross- resistance to ALS and ACCase inhibiting herbicides in lolium rigidum from
Spain. Front. Plant Sci. 12, 1-13. doi: 10.3389/fpls.2021.625138

frontiersin.org


https://doi.org/10.1071/AR9860149
https://doi.org/10.3390/f10030256
https://doi.org/10.3390/foods10020405
https://doi.org/10.3390/foods10020405
https://doi.org/10.1371/journal.pone.0069568
https://doi.org/10.5958/0974-8164.2017.00049.1
https://doi.org/10.5958/0974-8164.2017.00049.1
https://doi.org/10.1017/S002185962000009X
https://doi.org/10.1017/S002185962000009X
https://doi.org/10.1111/wre.12500
https://doi.org/10.1016/j.eja.2010.02.004
https://doi.org/10.1007/s10584-009-9571-9
https://doi.org/10.1038/s41598-021-99306-9,
https://doi.org/10.1111/j.1365-3180.2008.00654.x
https://doi.org/10.5171/2016.990377,
https://doi.org/10.1017/S0021859619000182
https://doi.org/10.1146/annurev-arplant-042809-112119
https://doi.org/10.12895/jaeid.20131.123
https://doi.org/10.1002/ps.2133
https://doi.org/10.1007/s11101-006-9011-7
https://doi.org/10.3389/fpls.2020.609209
https://doi.org/10.5539/jas.v10n4p79
https://doi.org/10.3389/fpls.2021.625138
https://doi.org/10.3389/fpls.2024.1331725
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Insight into the herbicide resistance patterns in Lolium rigidum populations in Tunisian and Moroccan wheat regions
	Introduction
	Materials and methods
	Plant material
	Dose–response trial
	ALS and ACCase molecular assays: next-generation sequencing
	Response of whole plants to herbicide in combination with malathion
	Response of whole plants to herbicide in combination with NBD-Cl
	Statistical analysis

	Results
	Prescreening and dose–response results
	Target-site resistance: next-generation sequencing
	Non-target-site resistance: CYP450 and GST assays
	CYP450: determination of herbicide efficacy in a synergism with malathion
	Glutathione S-transferase: determination of herbicide efficacy with inhibited GST


	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


