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Abstract: Determining the intra-specific variability of response to a given herbicide is important
for monitoring the possible shifts in the sensitivity of weed populations. This study describes the
responses of populations of Alisma plantago-aquatica, Cyperus difformis, and Schoenoplectus mucronatus
from Italy, Greece, Portugal, and Spain to penoxsulam, an acetolactate synthase (ALS) inhibitor widely
used in rice. To evaluate previously evolved resistance to ALS inhibitors, sensitivity to azimsulfuron
and bensulfuron-methyl was assessed. Dose-response experiments with penoxsulam were performed
in a greenhouse simulating paddy rice field conditions. Log-logistic dose-response curves were used
to estimate the EDs, EDgy, EDgg and GRs5, GRgp, and GRgg. To calculate the average ED and GR
and assess the intra-specific variability, an artificial resampling method was performed. Populations
ALSPA 0364, 0365, 0469, 0470, 0471; SCPMU 0371, 0475, 0267; CYPDI 0013, 0431, 0432, 0433 appeared
to be resistant to sulfonylureas, while a higher sensitivity to penoxsulam was observed, while
populations ALSPA 0363, CYPDI 0223 and SCPMU 9719 proved to be cross-resistant. Regardless of
species, EDgg of susceptible populations were below penoxsulam label dose (40 g ai ha~!) while they
reached values higher than 320 g ai ha~! for resistant populations. Average GRsy were generally
lower than EDsy. Sensitivity variability among susceptible populations is relatively low, allowing for
discrimination between susceptible and resistant populations, and previously evolved resistance to
sulfonylureas can influence sensitivity to penoxsulam.

Keywords: Alisma plantago-aquatica; Cyperus difformis; Schoenoplectus mucronatus; ALS inhibitors;
resistance evolution; target-site resistance; cross-resistance; rice

1. Introduction

Rice is grown on about 500,000 ha in Europe, with Italy being the main producer cultivating
around 240,000 ha. Weeds are the main pest category for rice, especially in paddy conditions; so,
chemical weed control is an essential component of crop management. Intensive use of herbicides
with the same site of action (SoA), mainly inhibitors of acetolactate synthase (ALS), is a common
characteristic of weed management in rice. This situation strongly increases the risk of selecting
herbicide resistant biotypes, which have constantly increased over the last 20 years [1,2]. Since
the mid-1990s, several rice weed species have evolved resistance to ALS inhibitors in Europe,
United States of America (USA), and Korea [3-7]. More specifically, it is estimated that at least
half of the area cultivated with rice in Italy has been infested with ALS-resistant weed biotypes [2].

Agronomy 2018, 8, 220; doi:10.3390/agronomy8100220 www.mdpi.com/journal/agronomy


http://www.mdpi.com/journal/agronomy
http://www.mdpi.com
https://orcid.org/0000-0001-8118-9973
https://orcid.org/0000-0003-2431-3610
https://orcid.org/0000-0001-9144-3816
http://www.mdpi.com/2073-4395/8/10/220?type=check_update&version=1
http://dx.doi.org/10.3390/agronomy8100220
http://www.mdpi.com/journal/agronomy

Agronomy 2018, 8, 220 2of 14

Alisma plantago-aquatica L., Cyperus difformis L., and Schoenoplectus (or Scirpus) mucronatus (L.) Palla were
the first species involved [3,4,8], followed by Echinochloa crus-galli (L.) Beauv [9], and then weedy
rice infesting imazamox—tolerant rice varieties [10]. Monitoring a possible shift in the sensitivity of
weeds to a given herbicide after its introduction on the market is crucial to reduce the risk of resistance
evolution and the determination of intra-specific variability of response, i.e., the baseline sensitivity,
of key-target species is the necessary starting point. This is particularly valuable when the rate of
decrease of sensitivity and resistance evolution is rather slow, i.e., when a non-target site resistance
mechanism is involved. The European and Mediterranean Plant Protection Organisation [11] defines
baseline sensitivity as the mean of the variability of target species sensitivity before the commercial
introduction of an active substance. It has also been proven that a weed population is often resistant
not only to the main selecting agent, but also to herbicides having the same SoA [12,13], even before
they were marketed. Therefore, if a new herbicide having a certain SoA is introduced in a cropping
system where the selection pressure exerted by other herbicides with the same SoA has already been
acting, the baseline approach is not correct; a sensitivity analysis should instead be performed to
elucidate the efficacy of the new herbicide in various environmental and agronomic conditions and
with different weed populations [14]. This is particularly important for weed species where resistance
is widespread, such as A. plantago-aquatica, C. difformis, and S. mucronatus to ALS inhibitors. It has been
stressed that the lack of new herbicide SoA [15] together with the loss in some countries of older ones
with unique SoA due to stricter regulations [16], make the preservation of the efficacy of available
herbicides a top priority. Determination of baselines or sensitivity analysis to widely-used herbicides
can significantly contribute to this, as well as provide useful data in relation to the possible reduction
of herbicide doses [14,17]. However, their determination through large dose-response experiments
including many populations is costly and time-consuming, so available data are scarce.

Penoxsulam is a triazolopyrimidine sulphonamide ALS inhibitor for post-emergence application
in dry and water-seeded rice and a leading rice herbicide worldwide [18]. It is very active against
A. plantago-aquatica, C. difformis, and S. mucronatus, as well as controlling other important rice weed
species such as Echinochloa spp. [19]. However, its efficacy can be influenced in situations of cross
and/or multiple resistance, i.e., by the selection exerted by other herbicides with the same SoA [9,20].
This research determines the response to the ALS-inhibitor penoxsulam of 12 populations of C. difformis
and A. plantago-aquatica as well as 11 populations of S. mucronatus collected in Italy, Greece, Portugal,
and Spain. These species were selected for this study for their specificity as paddy rice weeds and
agronomic importance throughout Europe, also given the widespread presence of biotypes that are
resistant to other ALS inhibitors, such as the sulfonylureas. Aims were (a) to perform a sensitivity
analysis and explore the variability of response to penoxsulam of three important rice weed species;
and, (b) to propose a method to obtain baseline sensitivity information from a limited number of
susceptible populations.

2. Materials and Methods

2.1. Seed Collection

Seeds of 12 populations of C. difformis (Bayer code: CYPDI, smallflower umbrella sedge), 12 of
A. plantago-aquatica (Bayer code: ALSPA, common waterplantain), and 11 of S. mucronatus (Bayer code:
SCPMU, ricefield bulrush) were collected in southern European countries where rice is regularly
cultivated (Italy, Spain, Portugal and Greece). Given that more than 50% of the European rice
cultivated area is in Italy, more than 50% of the C. difformis and A. plantago-aquatica populations
were sampled there. Only Italian populations of S. mucronatus were included in the experiments,
since no resistant populations of this species are reported in other European countries [1]. Sampling
was partly done in rice fields left herbicide untreated or field margins and partly in sites with widely
differing herbicide history including fields where ALS inhibitors had never been used. Within each
site, seeds were collected from at least 50 mother plants in different parts of the fields to obtain a
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seed batch representative of the intra-population variability. Some known ALS-resistant biotypes, i.e.,
populations 0363 of A. plantago-aquatica, 0013 and 0223 of C. difformis and 9719 and 0267 of S. mucronatus,
were also included in the experiment as ALS-resistant checks. The samples were collected before
penoxsulam was commercialized, however other ALS inhibitors (SU) had been used in previous
years. Some populations, i.e., 0367, 0368, 0473, 0474, and 0475 of A. plantago-aquatica, 0439 and 0440
of C. difformis and 0478 of S. mucronatus were deliberately collected in areas where no ALS inhibitor
had been used before to assess whether previous exposure to a herbicide with this SoA could affect
sensitivity to penoxsulam. Information regarding origin and any previous exposure to ALS inhibitors
of each population is reported in Table 1.

Table 1. Country of origin, collection site and available information on previous exposure to
acetolactate synthase (ALS)-inhibitors of the different populations of Alisma plantago-aquatica (ALSPA),
Cyperus difformis (CYPDI) and Schoenoplectus mucronatus (SCPMU).

Previous Direct Exposure

Species Population Code Origin Collection Site to ALS Inhibitors
ALSPA 0363 Italy Rice field -

0364 Spain Rice field -

0365 Italy Rice field -

0366 Spain Rice field -

0367 Italy Ditch No

0368 Italy Rice field No or sporadic

0469 Spain Rice field Yes

0470 Italy Rice field -

0471 Portugal Rice field -

0473 Italy Uncultivate area No or sporadic

0474 Italy Ditch No

0475 Italy Rice field No or sporadic
CYPDI 0013 Italy Rice field -

0325 Italy Rice field -

0326 Spain Rice field Yes

0327 Italy Rice field -

0328 Spain Rice field Yes

0223 Italy Rice field Yes

0431 Spain Rice field Yes

0432 Spain Rice field Yes

0433 Italy Rice field Yes

0434 Greece Rice field -

0439 Italy Rice field No or sporadic

0440 Italy Rice field No or sporadic
SCPMU 9719 Italy Rice field Yes

0368 Italy Rice field -

0369 Italy Rice field -

0370 Italy Rice field -

0371 Italy Rice field -

0267 Italy Rice field Yes

0472 Italy Rice field -

0473 Italy Rice field -

0474 Italy Rice field -

0475 Italy Rice field -

0478 Italy Rice field No or sporadic

- indicates no precise information available.

2.2. Plant Material and Growing Conditions

Different treatments were performed to break dormancy and promote the germination of the
three species. Seeds of C. difformis were stratified at 4 C on moistened filter paper in Petri dishes for
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15 days and then immersed for 10 min in a sodium hypochlorite solution (10 mL L~!) to prevent
fungi development. Seeds were finally put in Petri dishes filled with an agar substrate (60 mg g™ 1)
containing KNO3 (20 mg g~ !) and incubated at a thermal regime of 25 (light)/15 (dark) C with a
12/12 h (light/dark) photoperiod. Seedlings were transplanted at the cotyledon stage into Styrofoam
containers each with 24 cavities (diameter 60 mm and 100 mm deep) filled with a mixed substrate
(silt loam soil 62%, sand 35%, and peat 3%). A longer chilling treatment (30 days) at 4 C, as reported
by Scarabel et al. [21], was adopted for dormancy-breaking of S. mucronatus seeds that were then
directly sown in Styrofoam containers. Seeds of A. plantago-aquatica were sown in plastic trays with a
perforated bottom and filled with a layer of 2-3 cm of peat. The trays were left floating on water for
20 days to maintain the substrate wet and achieve good germination. Seedlings were then transplanted
into Styrofoam containers. Seedlings of the three species were produced from the collected seed
batches and then placed in Styrofoam containers each with 12 cavities (diameter 60 mm and 100 mm
deep) filled with a mixed substrate (silt loam soil 62%, sand 35%, and peat 3%). Two seedlings
were maintained in each cavity and so the experimental unit was made up of 24 plants. In order to
simulate the environmental conditions of rice fields, the containers were placed in a greenhouse and left
floating in plastic trays filled with water. Two days before the herbicide application, the containers were
completely submerged and then remained in this condition for the rest of the experiment. Temperatures
in the greenhouse were maintained throughout the experiments in a range similar to paddy rice field
conditions in the period of herbicide applications. Daily temperature fluctuations ranged from an
average minimum of 14.3 C (range 7.5-23.0 C) during the night to an average maximum of 33.1 C
(range 12.0-44.0 C) during the day.

2.3. Preliminary Screenings

Given that several populations had previously been exposed to other ALS-inhibiting herbicides,
a separate preliminary screening was conducted with each species according to the methodology
described by Sattin et al. [22] to assess the sensitivity of the populations to penoxsulam, as well as
to two other ALS inhibitors widely used in rice fields in the areas where the studied populations
were collected, i.e., azimsulfuron and bensulfuron-methyl. Population 0363 of A. plantago-aquatica
was tested only with bensulfuron-methyl due to poor germination and consequently reduced number
of seedlings available for the experiment. Azimsulfuron (Gulliver®, 600 g ai kg~!, Cheminova Agro
Italia, Bergamo, Italy) and bensulfuron-methyl (Londax 60DF®, 600 g ai kg !, Du Pont de Nemours
Italiana, Milano, Italy) were applied at the label dose corresponding to 20 and 60 g ai ha~!, respectively,
while penoxsulam (ViperTM, 20 g ai L™, Dow Agrosciences Italia, Bologna, Italy) was applied at half
the label dose, i.e., 20 g ai ha™!, to identify populations that could be at an initial phase of developing
resistance. A surfactant (Trend 90%, isodecyl alcohol ethoxylate 900 g L1, Du Pont de Nemours Italiana,
Milano, Italy) was added to azimsulfuron solution at the dose of 1 mL L~!. Herbicide application was
performed on plants at the 2—4 true leaves stage, corresponding to stage 12-14 of the extended BBCH
scale [23]. Applications were made using a precision bench sprayer with a boom equipped with three
flat fan hydraulic nozzles (TeeJet XR11002-VK, Glendale Heights, IL, USA). Nozzles were 0.5 m apart
and delivered a spray volume of 300 L ha™!, applied at a pressure of 215 kPa and speed of 0.75 m s~ !.
Experimental layout was a completely randomized design with three replicates of 24 plants each.
Plants were counted just before the herbicide application and plant survival was determined 4-5 weeks
after treatment (WAT) and expressed as percentage of the plants observed before the treatment for
that specific experimental unit. Plants showing no active growth, i.e., no size increase or new leaves
production, regardless of color, were considered to be dead. Fresh weight of above-ground biomass
was recorded for each replicate and expressed as percentage of the average fresh weight biomass of the
untreated replicates of the corresponding population. Means and standard errors were calculated for
plant survival and the fresh weight above-ground biomass of each combination population x herbicide.
Populations that had a plant survival percentage above 20% when treated with one of the tested
herbicides at label dose were considered to be resistant [24]. The experiments were repeated twice.
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2.4. Dose-Response Experiments

Separate dose-response experiments were conducted for each species. All of the populations
were included in these experiments to assess their sensitivity to penoxsulam. Following the same
procedures used in the preliminary experiment, described above, plants were treated with a range of
penoxsulam doses (2.5, 5, 10, 20, 40, 80, and 160 g ai ha—! covering from 1/16 to 4 times the label dose).
Additional doses of 1.25 and 320 g ai ha~! were included for the populations that exerted a very high
or low sensitivity to ALS inhibitors according to the preliminary experiment, respectively. Untreated
controls were also included for all populations. The experimental layout was a completely randomized
design with three replicates of 24 plants for each treatment. Plant survival and fresh weight were
estimated at 4 WAT while using the same procedure as in the preliminary experiment. Means and
standard errors were estimated for plant survival and fresh weight of each treatment. The fresh weight
and survival data were used to estimate EDsy, EDgp, and EDyy, i.e., the effective dose required to kill
50%, 80% and 90% of the treated plants, and GRs5y, GRgy, and GRyy, i.e., the effective dose required
to obtain a growth reduction of 50%, 80% and 90% in comparison with the untreated plants for each
population using a log-logistic model [25] with the following equations:

D
Ui = T exp(2b;(log(EDsor) — log(z3)))) @
U = = @
/ 1+ exp(2bi(log(ED80i) 4+ 0.6930/b; — IOg(Zl])))
Ujj D 3)

~ 1+ exp(2b;(log(EDgy;) + 1.099/b; — log(z;))))

where Uj; denotes fresh weight or survival at the jth dose of the ith penoxsulam preparation (zij),
D denotes the upper asymptote. i.e., the average of fresh weight/survival at infinite doses of the
untreated plants and b is slope of the dose response in the inflection point. Since fresh weight for
each replicate was expressed as percentage of the average fresh weight of untreated plants of the
corresponding population, the corresponding upper asymptote was set to 100%. A common D value
for all penoxsulam preparations was assumed, while the EDs, EDgy, EDgj, and b parameters were
estimated for each dose response curve. EDsg, EDgg, and EDgy doses were compared using a ¢-test.
SAS 9.1 software (SAS Institute Inc., Cary, NC, USA) was used to perform this analysis. Given that
the number of susceptible populations of each species was rather low, to calculate the average EDsy,
EDgj of fresh biomass and plant survival and to assess the range of intra-specific variability (95%
confidence interval) for the three species, an artificial re-sampling method (with 5000 samples) was
performed with a bootstrap procedure [26] using a Microsoft Excel 2010 macro (Microsoft, Redmond,
WA, USA). Any populations that proved to be resistant or even partially resistant were not included in
the analysis.

3. Results

3.1. Preliminary Screenings

Bartlett’s test revealed that the two runs of the experiment conducted for each species did not
differ, so the data were averaged over the six replicates (three for each run). A wide variability of
sensitivity to ALS inhibitors was observed among the populations for all three species regarding both
percentages of plant survival and fresh biomass, which gave similar results (Spreadsheet S1). Standard
errors for A. plantago-aquatica were rather high, especially for the fresh weight data (Figure 1). This was
likely a consequence of the extremely small seeds and very slow seedling establishment. The efficacy
of the two SUs was very good on still susceptible populations of C. difformis and S. mucronatus, whereas
none of the A. plantago-aquatica populations were completely controlled by these herbicides, not even
those collected in sites where SU had never or sporadically been used (see Table 1 and Figures 1-3).
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As well as the resistant checks (ALSPA 0363, SCPMU 9719, CYPDI 0013 and 0267), other populations
that were collected in Italy as well as in Spain and Portugal appeared to be clearly resistant to both
sulfonylureas, i.e., ALSPA 0364, 0365, 0469, 0470, and 0471 (Figure 1), CYPDI 0013, 0223, 0431, 0432,
and 0433 (Figure 2), and SCPMU 9719, 0371, 0267, and 0475 (Figure 3). In general, a higher sensitivity
to penoxsulam in comparison with the two SUs was observed for the three species. The application at
half of the full label dose of penoxsulam (i.e., 20 g ai ha~!) achieved a higher or equal control level than
the application of the full label dose of azimsulfuron and bensulfuron-methyl, even on most of the
ALS resistant populations (Figures 1-3). This effect is particularly notable for S. mucronatus (Figure 3).
However, significant percentages of plants surviving the penoxsulam application were observed
for ALSPA populations 0364, 0365, 0469, 0470, and 0471 (Figure 1), CYPDI 0013, 0223, 0431, 0432,
and 0433 (Figure 2), SCPMU 9719 and 0475 (Figure 3). These populations can therefore be considered
cross-resistant to penoxsulam, azimsulfuron, and bensulfuron-methyl, or at least as shifting towards
this situation.
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Figure 1. Sensitivity of populations of Alisma plantago-aquatica (ALSPA) to three ALS inhibitors,
azimsulfuron (A), bensulfuron-methyl (B), applied at full label dose corresponding to 20 and 60 g ai
ha~1 respectively and penoxsulam (C), applied at half the full label dose, corresponding to 20 g ai ha-!
Population 0363 is an ALS-resistant check. Values of survival (black bars) and biomass (grey bars) are
expressed as percentage of the untreated control. Vertical bars represent standard errors. Due to low
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germination obtained for population 0363, only the screening with bensulfuron-methyl was conducted.
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Figure 2. Sensitivity of populations of Cyperus difformis (CYPDI) to three ALS inhibitors, azimsulfuron
(A), bensulfuron-methyl (B), applied at full label dose corresponding to 20 and 60 g ai ha~!, respectively,
and penoxsulam (C), applied at half the full label dose, corresponding to 20 g ai ha~!. Populations
0013 and 0223 are ALS-resistant checks. Values of survival (black bars) and biomass (grey bars) are
expressed as percentage of the untreated control. Vertical bars represent standard errors.

3.2. Dose-Response Experiments

Although the populations that are resistant to SUs were included in the dose-response experiment,
and some of them were still adequately controlled by the recommended field dose of penoxsulam, they
were not considered for the estimation of intra-specific variability, because most of them appeared to
be shifting towards a less susceptible status. Three of the SU-resistant checks (i.e., ALSPA 0363, CYPDI
0223, and SCHMU 9719) were confirmed to be highly cross-resistant to penoxsulam, whereas others
(i.e., ALSPA 0365, 0469, 0470, and 0471; CYPDI 0013, 0431, 0432, and 0433; SCPMU 0267 and 0475)
were partially controlled by the triazolopyrimidines sulfonamides (Figures 4—6) (Spreadsheet S1).
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Figure 3. Sensitivity of populations of Schoenoplectus mucronatus (SCPMU) to three ALS inhibitors,
azimsulfuron (A), bensulfuron-methyl (B), applied at full label dose corresponding to 20 and
60 g ai ha~!, respectively, and penoxsulam (C), applied at half the full label dose, corresponding
to20 gai ha=1. Populations 9719 and 0267 are ALS-resistant checks. Values of survival (black bars)
and biomass (grey bars) are expressed as percentage of the untreated control. Vertical bars represent
standard errors.

Statistical analysis of the susceptible populations revealed that, within each species, the curves
fitted for both “traits” were not parallel, and therefore EDs5j or GR5( alone does not explain the overall
variability. EDgy and EDgg as well as GRgy and GRgy were then also calculated, however EDgy and GRgg
were not considered because of their relatively high variability in the analysis to calculate an average
value for each species and to assess the range of intra-specific variability. Overall, GR values were
lower than ED The intra-specific variability regarding EDs, GRs, and curve slopes (data not shown)
among populations was relatively low in all three weeds, with no apparent effect of the population
origin (i.e., country or cultivated /uncultivated sampling site). Regardless of species, all SU-susceptible
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populations were very well controlled by penoxsulam, and even all EDgy were well below half of the
label dose (Figures 4-6). GRs of C. difformis and S. mucronatus were even lower, with GRgy and GRgg
ranging below one-fourth of the recommended field dose of penoxsulam (i.e., 40 g ai ha™!). Variability
among and within replicates for A. plantago-aquatica was again rather high, especially for fresh weight
data, so only EDs values for plant survival are reported (Figure 4). The average EDsy, EDgy, GRs,
and GRgy values estimated for the three species using a bootstrap procedure and considering only the
populations still susceptible to ALS inhibitors, were clearly lower than the recommended field dose of
penoxsulam (40 g ai ha™1), ranging from 1.4 to 8.4 g ai ha~! (Table 2).
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Figure 4. Estimation of EDsg, EDgg, and EDgg (ED5q black bars, EDgy white bars and EDgg grey bars)
of penoxsulam for plant survival (S) of populations of Alisma plantago-aquatica (ALSPA). Red bars
indicate populations resistant to SUs according to the preliminary screenings. Population 0363 is an
ALS-resistant check. Vertical bars represent 95% Confidence Intervals. Recommended field dose of
penoxsulam (40 g ai ha=1)is represented by the horizontal black line.

Table 2. Values of effective dose for 50% and 80% estimated plant survival (EDsp and EDgp) and fresh
biomass reduction (GRsg and GRgp) of Alisma plantago-aquatica (ALSPA), Cyperus difformis (CYPDI), and
Schoenoplectus mucronatus (SCPMU).

EDs5g or GRsp g ai ha—?! EDgg or GRgp g ai ha™!
Average Confidence Interval Average  Confidence Interval
ALSPA
Plant survival 6.0 3.6 8.4 8.4 5.2 11.6
CYPDI
Plant survival 6.5 49 8.1 7.6 6.0 9.2
Fresh biomass 2.6 24 2.8 3.8 3.5 41
SCPMU
Plant survival 6.1 3.7 8.5 7.8 4.8 10.8
Fresh biomass 14 0.9 1.9 3.1 2.1 4.1

Average values and 95% Confidence Intervals presented here were estimated with a bootstrap procedure and
considering only the populations that are still susceptible to ALS inhibitors.
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Figure 5. Estimation of EDsj, EDgg and EDgy (ED5p and GRs black bars, EDgy, and GRgy white bars
and EDgg and GRgg grey bars) of penoxsulam for plant survival (S) and fresh biomass reduction (B) of
populations of Cyperus difformis (CYPDI). Red bars indicate populations resistant to sulfonylureas (SUs)
according to the preliminary screenings. Populations 0013 and 0223 are ALS-resistant checks. Vertical
bars represent 95% Confidence Intervals. Recommended field dose of penoxsulam (40 g ai ha™') is
represented by the horizontal black line.
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Figure 6. Estimation of EDs5j, EDgy, and EDgy (ED5g and GRsg black bars, EDgy, and GRgy white
bars and EDgy and GRg grey bars) of penoxsulam for plant survival (S) and fresh biomass reduction
(B) of populations of Schoenoplectus mucronatus (SCPMU). Red bars indicate populations resistant to
SUs according to the preliminary screenings. Populations 9719 and 0267 are ALS-resistant checks.
Due to high variability, GRgy of populations 0267 0472, 0473, 0474, and 0475 are not reported. Vertical

bars represent 95% Confidence Intervals. Recommended field dose of penoxsulam (40 g ai ha™') is
represented by the horizontal black line.
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4. Discussion

Overall, the experiments with A. plantago-aquatica were less reliable due to the high variability
between replicates. This was because of relevant differences in biomass accumulation and growth
rate naturally occurring between individuals of this species (Sattin, personal communication), likely
due to the extremely small seed size, with a 1000 seed weight lower than 0.5 g [27]. The efficacy
of penoxsulam was affected by the previously evolved herbicide resistance selected by herbicides
having the same SoA, i.e., ALS-inhibitors; several populations of the three species can indeed be
considered to be cross-resistant to penoxsulam, azimsulfuron, and bensulfuron-methyl or at least
as shifting towards this situation. However penoxsulam generally showed a higher efficacy than
SUs. Good control levels were observed even on some SU-resistant A. plantago-aquatica, C. difformis,
and S. mucronatus populations, confirming what was previously reported by Tabacchi et al. [28].
These SU-resistant populations are probably characterized by point mutations in the ALS gene
that confer resistance to SUs but not to penoxsulam due to the partially different binding-site
of triazolopyrimidines sulphonamides. Different point mutations or even different amino
acid substitutions can confer different patterns of cross-resistance to the different groups of
ALS-inhibitors (e.g., sulfonylureas (SU), imidazolinones (IMI), triazolopyrimidines sulphonamides
(TP), pyrimidinylbenzoates (PB), and sulfonylaminocarbonyltriazolinones (SCT)), as widely reported
for several weed species by Tranel et al. [29]. Calha et al. [30] described cross-resistance to the SUs
azimsulfuron, bensulfuron-methyl, cinosulfuron, and ethoxysulfuron, but not to imazethapyr (IMI)
for A. plantago-aquatica populations collected in rice paddy fields in Portugal. Different patterns
of cross-resistance to ALS-Inhibitors were also reported for Italian, North American, and Spanish
populations of C. difformis [5,7,31,32], ranging from populations that are resistant only to SU to others
cross-resistant to the SUs bensulfuron-methyl, halosulfuron-methyl, orthosulfamuron, imazethapyr
(IMI), bispyribac-sodium (PB), penoxsulam (TP), and propoxycarbazonesodium (SCT) [7]. Similarly,
previous studies reported S. mucronatus populations having different patterns of cross-resistance
in Italy, USA and Chile [8,31,33]). Two point mutations of ALS gene (Pro197 to His and Trp574
to Leu) are more frequently reported as endowing resistance to ALS-inhibitors but with a different
cross-resistance pattern. Pro197 to His is often associated to resistance to SU but low or moderate to IMI
or TP, while Trp574 to Leu confers broad cross-resistance to different ALS-inhibitor groups [8,33-36].
However, Pro197 to His has recently been detected in an American C. difformis population that is
characterized by a cross-resistance to bispyribac-sodium (PB), halosulfuron (SU), imazamox (IMI),
and penoxsulam (TP) [32], so the level of homozygosis for this point mutation in a given individual
can probably influence the level and pattern of resistance to ALS-inhibitors. Since different levels of
ploidy (diploid and tetraploid) have been reported for C. difformis [36-38], the existence of multiple
copies of ALS genes could also contribute to modify the pattern and level of resistance conferred by a
specific point mutation.

Different point mutations, or different amino acidic substitution for the same mutation site
endowing herbicide resistance, can be present within the same population or in a certain cropping
area [39,40], therefore resistance level and pattern at the population level depend on the frequency
of the various resistant genotypes at that moment. The difference in sensitivity to penoxsulam of the
SU-resistant populations included in this study could be related to the diverse presence and frequency
of point mutations endowing different resistance patterns, such as Pro197 to His and Trp574 to Leu.
Populations presenting relevant cross-resistance to SU and penoxsulam (i.e., ALSPA 0363, CYPDI
0223, and SCPMU 9719) probably have a high frequency of genotypes with mutation Trp574 to Leu,
and this was reported for population SCPMU 9719 in a previous study [8]. Populations that are highly
SU-resistant but susceptible to penoxsulam (i.e., ALSPA 0364, CYPDI 0433, SCPMU 0267 and 0371)
are instead mainly composed of genotypes with mutation Pro197 to His. The presence and frequency
within a given population of point mutations endowing ALS resistance is a consequence of the previous
exposure to ALS-inhibitors but it is also continuously evolving according to the selection that is caused
by current herbicide use and other control tools. Genotypes with point mutations conferring resistance
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to penoxsulam, such as Trp574 to Leu, can therefore be progressively selected due to repeated use of
this herbicide even within populations that are currently still susceptible, and the increase in frequency
of these genotypes will finally lead to a situation of cross-resistance to all ALS-inhibitor families.

Considering the EDs and GRs values of A. plantago-aquatica, C. difformis, and S. mucronatus
susceptible populations, there seem to be no significant differences among various origins, although
the limited number of populations does not allow final conclusions to be drawn. The sensitivity
analysis reveals that penoxsulam was very effective in controlling all SU-susceptible populations with
EDg values well below half the label dose. Consequently, the average values of EDsg,gp and GRsg,g0
estimated for the three species were lower than 20 g ai ha~?!, even considering that the upper limit of
confidence intervals at 95%. This is in keeping with Merotto et al. [7] who estimated a value of GRsg
around 9 g ai ha~! for a susceptible North American C. difformis population. The artificial re-sampling
method using the bootstrap procedure can therefore provide an effective and robust method to assess
the average sensitivity to a given herbicide and the intra-specific variability based on a relatively small
number of herbicide susceptible populations.

The average values of EDsg gy and GRsp gy estimated for the three species can be adopted as a
reference to evaluate the susceptibility status of other populations, i.e., if a population has an ED or GR
value higher than the average (plus confidence interval) then this population could be considered as
evolving resistance. It would therefore be possible to promptly evaluate the shifting of susceptibility
to penoxsulam, before it is clearly detectable under field conditions, and take action to limit the
evolution of weed populations that are resistant to this herbicide. These findings are also useful
to select appropriate populations as susceptible checks to determine the resistance level of further
putative penoxsulam resistant populations. Selecting highly susceptible populations, i.e., those with
notably lower ED or GR values than the estimated averages, could lead to an overestimation of the
resistance level of putative resistant populations, since the Resistance Index is usually calculated as the
ratio EDsg R/EDsq S.
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