agronomy @\Py

Article

Bastard Cabbage (Rapistrum rugosum L.) Resistance
to Tribenuron-Methyl and Iodosulfuron-Methyl-
Sodium in Spain and Alternative Herbicides

for Its Control

Gabriel Pardo *, Ana I. Mari 2, Joaquin Aibar 3, Lluisa Vilaplana 45 and Alicia Cirujeda !

1 Department of Plant Health, Weed Laboratory, Centro de Investigacion y Tecnologia Agroalimentaria de

Aragon-Instituto Agroalimentario de Aragén-IA2 (CITA-Universidad de Zaragoza), Avda Montanana

930, ES 50059 Zaragoza, Spain

Department of Plant Health, Integrated Management Group, Centro de Investigacion y Tecnologia

Agroalimentaria de Aragén (CITA), Avda Montafiana 930, ES 50059 Zaragoza, Spain

3 Escuela Politécnica Superior, Universidad de Zaragoza-Instituto Agroalimentario de Aragén-I1A2 (CITA-
Universidad de Zaragoza), Ctra. de Cuarte km 67, ES 22071 Huesca, Spain

4 Nanobiotechnology for Diagnostics Group (Nb4D), Department of Chemical and Biomolecular
Nanotechnology, Institute for Advanced Chemistry of Catalonia (IQAC) of the Spanish Council for
Scientific Research (CSIC), Jordi Girona 18-26, ES 08034 Barcelona, Spain.

5 CIBER de Bioingenieria, Biomateriales y Nanomedicina (CIBER-BBN), Jordi Girona 18-26,

ES 08034 Barcelona, Spain

Correspondence: gpardos@aragon.es; Tel.: +34-976-716322

*

Received: 10 June 2019; Accepted: 26 August 2019; Published: 28 August 2019

Abstract: Complaints about the lack of control of Rapistrum rugosum with tribenuron-methyl and
iodosulfuron-methyl-sodium in winter cereals in Northeastern Spain motivated this study. During
2015-2018, greenhouse trials were conducted to test the responses of two possibly resistant (R1 and
R2) and two susceptible populations to both active ingredients to determine the response of these
populations to alternative herbicides. In the first trial that was repeated twice, populations were
treated with both active ingredients (three rates, six replicates), and the lack of control confirmed
resistance both times. The second trial was conducted on the self-pollinated progeny of the initial
populations (13 rates, 6 replicates) to confirm the heritable character of resistance and to determine
the resistance factors related to survival and biomass. Resistance factors based on biomass were 188
and 253 for tribenuron-methyl and 42 and 26 for iodosulfuron-methyl-sodium for R1 and R2,
respectively, confirming the strong resistance of the progeny. In the third trial, nine active
ingredients (a.i.) registered for broadleaved weed control in winter cereals were tested on the four
populations (two rates, four replicates). All the alternative herbicides, except florasulam, results in
important phytotoxicity to all tested populations, with 100% efficacy for several a.i. This work is the
first report of R. rugosum that is resistant to iodosulfuron-methyl-sodium and the first report in
Europe of R. rugosum that is resistant to tribenuron-methyl.

Keywords: ALS inhibitors; weed management; chemical control; cereals; dose-response

1. Introduction

Chemical weed control is, at present, the most widespread weed control method in the
developed countries, especially for main crops such as cereals and fruit trees. This control method
has revolutionized agriculture due to its high efficacy, low cost, and fast weed control. Yields have
increased substantially, and, in comparison with tillage, herbicide use reduces erosion, fuel use,
greenhouse gas emissions, and nutrient run-off, and conserves water [1]. In 1982, an exhaustive
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review was published [2] describing how integrated weed management could solve the emerging
problems of relying too much on chemical weed control.

After more than 60 years of herbicide usage, weed resistance to herbicides stands is one of the
main challenges associated with their use [3]. This problem may become even more serious in the
near future, mainly because farmers have increasingly fewer possibilities for rotating herbicides
because steadily fewer active ingredients (a.i.) are available. The authorization of new active
ingredients for use in agriculture has not grown as fast as the number of a.i. that are no longer sold
because they do not satisfy environmental requirements or because the companies are not interested
in applying for registration. Generally, newly authorized herbicides do not possess new modes of
action [4] because no herbicides with new sites of action have been developed in the last 30 years
[5,6].

Herbicide resistance is the naturally occurring and inheritable ability of some weed biotypes
within a given weed population to survive a herbicide treatment that should, under normal use
conditions, effectively control that weed population [7]. In the case of suspected resistance, it is
necessary to confirm the lack of activity of an active ingredient able to control individuals of the same
species and that this ability is inherited by the progeny [8]. Generally, two resistance mechanisms are
used, target-site and non-target-site mechanisms, based on the reduced or lost ability of the herbicide
to bind to its target protein. In the first case, a mutation at the site of action of the herbicide occurs,
impeding its activity. Non-target-site mechanisms can arise for several reasons: changes in the plant
that reduce or impede herbicide retention, alterations in absorption or transport, and increased
metabolism degrading the herbicide previous to its action [9,10].

At present, 495 confirmed cases of herbicide resistance worldwide affect 255 weed species [11].
If this problem continues and increases, weed control using herbicides could be seriously
compromised; integrated weed management provides the only possibility to achieve acceptable
efficacy [12]. The acetolactate synthase (ALS) inhibitors mode of action group has the highest number
of cases of herbicide resistance (161 cases), far ahead of the second group, the photosystem II
inhibitors, with 74 cases [11]. The ALS inhibitor tribenuron-methyl has been broadly applied in
winter cereals in Spain since its authorization in 1986 for broadleaved weed control. ALS-inhibiting
herbicides have been widely used in many crops, including rainfed winter cereals, given their many
advantages (broad spectrum, low mammalian toxicity, flexible timing of application, etc.) and are
still considered an important alternative to auxin-based herbicides for weed control. However, they
are prone to the development of resistant weed biotypes. In the nearby region of Catalonia,
populations of Papaver rhoeas L.that are resistant to tribenuron-methyl have been described since 1998
[13], and in a survey conducted in the 1990s testing 134 populations in Northeastern Spain, 72% of
the analyzed poppy populations were resistant to this active ingredient [14], describing the
generalized problem. Other weeds that are resistant to herbicides with this mode of action that have
been found in winter cereals include Sinapis alba L. in Spain and Stellaria media (L.) Vill. and Centaurea
cyanus L. in other European countries [11].

Rapistrum rugosum (L.) All. is a weed in Spanish rainfed cereal fields and in many other countries
with a Mediterranean climate. In this species, a single seed is located inside each silique (fruit). In
nature, seeds are not released from the fruits at maturity, but fruits containing the seeds fall off the
plants. Once in the soil, the fruits rot slowly, thus conferring seeds a physical dormancy status until
they are able to emerge from the hard fruit. In spring 2015, the first complaints of a lack of control
were received at the Plant Protection Service (CSCV de Aragdn) after using herbicides from the
sulfonylurea family, i.e., tribenuron-methyl and iodosulfuron-methyl-sodium, in barley and wheat
fields in the Aragon region (Northeastern Spain). In the sampled fields, tribenuron-methyl had been
applied for at least five years, and iodosulfuron-methyl-sodium was applied in 2014 and 2015, always
at one application per year (JA Cambra, pers. comm.). At present, only two cases of herbicide
resistance of this weed have been confirmed worldwide: one in Australia, resistant to chlorsulfuron
(1996), and one in Iran, resistant to bispyribac-Na, florasulam, flucarbazone-Na, and tribenuron-
methyl [11]. In this second case, target-site and non-target-site mechanisms are involved [15].
Concerning resistance to ALS-inhibiting herbicides, the most common cause of resistance is single
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point mutations that alter the structure of the ALS, making it less sensitive to certain herbicides. In
this context, the mutation Pro 197/Ser has been described as a frequent mutation in resistant weeds
of the Brassicaceae family, but it can occur at other sites of the ALS gene [15].

Herbicide resistance to ALS inhibitors in other species of the Brassicaceae family has been
reported: Raphanum raphanistrum [16], tribenuron-methyl in Sinapis alba [17,18], Descurainia sophia
[19,20], and ethametsulfuron-methyl in Sinapis arvensis [21]. The possibility that the complaints in the
Spanish fields correspond to herbicide resistance is high because (1) the Brassicaceae family is ranked
third in the frequency of resistance appearance (22 cases), (2) the ALS-inhibiting herbicides are those
with the most cases of resistance (160: 92 to tribenuron-methyl and 98 to iodosulfuron and with many
cases of cross-resistance between both active ingredients), and (3) the winter cereals are the group of
crops with the most resistance cases worldwide (137 cases in wheat and barley) [11].

The objectives of this work were as follows: (1) to confirm the resistance of two R. rugosum
populations and their progeny to the active ingredients tribenuron-methyl and iodosulfuron-methyl-
sodium following Heap’s criteria [8], (2) to determine the response of these populations to the use of
alternative labelled herbicides in winter cereals, and (3) to determine whether the mutation of Proline
197 may be involved in the resistance mechanism of the resistant populations.

2. Materials and Methods

The response to herbicides was tested on two resistant and two susceptible R. rugosum
populations in three experiments conducted between 2015 and 2019.

2.1. Plant Material

Seed pods of the two suspected resistant populations were collected in June 2015 from plants
that survived the sequential application of both herbicides. Populations are referred to as R1 (42°10’
5"2 N, 1°2'11" W, Luna, Zaragoza, Spain) and R2 (41°54'22” N, 0°29'9” W, Senés de Alcubierre,
Huesca, Spain). Populations serving as susceptible comparisons growing in non-treated areas were
collected in Valarefa (Zaragoza, Spain, 42°5'6” N, 1°18'43” W) and in Zaragoza (41°39'7"” N, 0°51'52"
W) and named S1 and S2, respectively. Seed pods were collected at maturity a few days prior to cereal
harvest. Siliques were kept at room temperature in trays in the laboratory to ensure drying and then
kept in glass pots containing silica gel at 4 °C until use. The dose-response experiment (trial 2) was
conducted with the progeny of each population. To obtain descendants, additional surplus plants of
trial 1 of each population were confined separately in different greenhouses to impede crossings
between individuals of the different populations. Pollination was forced inside each single plant
using brushes. The collected fruits were treated the same as those collected from the fields. To
overcome physical dormancy, seeds were extracted from the siliques using a scalpel immediately
prior to conducting the trials. Preliminary tests demonstrated high and homogenous emergence after
this procedure. One seed was placed per pot (measuring 7 x 7 x 8 cm) containing horticultural
substrate (90% organic matter, 10% ash, 0.2% N, and 0.1% P). The trials were installed in a greenhouse
belonging to the CITA facilities at Montafiana (Zaragoza, Spain) with minimum temperatures above
5 °C and maximum temperatures under 30 °C. No artificial light was used so that the photoperiod
was the natural day length. Watering was conducted manually when needed.

At the end of the trials, which were concluded between 28 and 30 days after treatment (DAT),
survival and above-ground dry plant biomass were recorded. Survival was assessed in each pot as
100% corresponding to alive and 0% corresponding to dead plants, and dry above-ground biomass
was determined for each plant after drying the plants at 60 °C until constant weight (PSelecta,
Digitheat, Barcelona, Spain). The percentage biomass reduction of each plant was calculated
compared to the untreated mean as follows: % Biomass = bi x 100/mean biomass of untreated plants,
where bi is the biomass of each treated plant.

The details of each trial are described below.
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2.2. Verification of Herbicide Resistance (Trial 1) and Quantification of the Resistance (Trial 2)

Trial 1 was repeated twice, in December 2015 and February 2016, and both trials were identical
in treatment and structure. Both active ingredients were tested at 0, x/2, x, and 2x, with x being the
highest recommended rate for each product. These rates were 10 g a.i. ha™ and 18.75 g a.i. ha™ for
iodosulfuron-methyl-sodium and tribenuron-methyl, respectively. Commercial formulations were
Hussar® (Bayer AG, Leverkusen, Germany) and Granstar 50 SX® (FMC International Switzerland
Sarl, Geneve, Switzerland). The adjuvants used were alkylethersulfate-sodium (Biopower®, Bayer
CropScience, Frankfurt am Main, Germany) at 405 g a.i. ha™ for iodosulfuron-methyl-sodium and
isodecyl alcohol ethoxylate (Trend® Du Pont Ibérica, Silla, Valencia, Spain) at 270 g a.i. ha for
tribenuron-methyl.

Application was performed at the 4-6-leaf stage with a fixed constant-pressure sprayer at 2 bar
using Teejet® XR 110 nozzles (Wheaton, IL, USA) at a 300 L ha! spray volume. The lowest dosages
were applied first with increasing concentrations thereafter. The four populations, S1, S2, R1, and R2,
were tested, and six replicates per treatment were distributed in the greenhouse randomly after
treatment.

Trial 2 was conducted in May-June 2017 and again in April-May 2019 using the progeny of the
initial seeds obtained as explained previously with two aims: (1) to verify that the resistance is a
heritable trait and (2) to calculate LDso (dose causing death of 50% of the individuals) and WGso (dose
reducing dry weight 50% compared to the untreated control) values as well as the resistance factor
of the resistant populations toward both active ingredients. In the first trial, 7 herbicide rates were
tested and were insufficient to obtain the desired mortality of the resistant populations (at dose 32x),
and mortality of the S1 and S2 populations occurred at the lowest tested herbicide rate (dose x/2).
Therefore, in the second trial, 13 herbicide rates were tested: 0, x/64, x/32, x/16, x/8, x/4 x/2, x, 2x, 4x,
8x, 16x, 32x, and 64x, with x being the highest recommended rate for each product, i.e., 18.75 and 10
g a.i. for tribenuron-methyl and iodosulfuron-methyl, respectively. Only data from the second trial
are shown. Populations S1, S2, R1, and R2 were used, and treatments were applied as described
above. The highest recommended rates (x) were the same as in trial 1, and the same adjuvants were
used.

2.3. Alternative Herbicides to Tribenuron-Methyl and to Iodosulfuron-Methyl (Trial 3)

This trial was conducted in February—March 2018. A total of 9 different active ingredients were
tested in this trial on the initial seeds of the same four populations, applying, in this case, rates x and
2x, with x being the highest recommended rate for each product (Table 1). All the selected herbicides
are registered for use in winter cereals in Europe and are thus candidates as alternative herbicides for
R. rugosum control. The 4 populations, 19 treatments (including one untreated control), and 4
replicates per treatment were randomly distributed in the same greenhouse.

Table 1. Active ingredients tested in the trial searching for alternative herbicides for Rapistrum
rugosum control.

Active
Ingredxex}t/ Company Appl.lcatlon Mode of Action HRAC D(‘)se x
Commercial Time group! (ga.i. ha)
Name
2,4-D acid
o ad Nufarm Gmbh & Co. Action comparable to that of indole
U-46D . . Post-emergence . . . (©) 840
KG (Linz, Austria) acetic acid (synthetic auxins)
Complet®
Basf SE
Inhibition of ph hesi
Bt;iztiiinlf® (Ludwigshafen Post-emergence n 1b1t10r;zt§s (s):rsrf?lt esis at c3 960
& (Rhein), Germany) P Y
bromoxynil g .
A Agan Ltd. Inh f ph h
Bromotril 25 dama Agan Ltd Post-emergence nhibition of photosynthesis at c3 25
sco (Ashdod, Israel) photosystem II
carfentrazone- FMC Chemical SPRL Post-emergence Inhibition of protoporphyrinogen 20

ethyl (Brussels, Belgium) oxidase (PPO) (photosynthetic pigments)
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Platform 40
WGe
florasulam Dow Agrosciences Inhibition of acetolactate synthase (ALS)
. H LTD. (La Rinconada, Post-emergence . Y B 7.5
Nikos® Seville, Spain) (acetohydroxy acid synthase, AHAS)
fluroxypyr qubache@ N-V. Action comparable to that of indole
(Sint-Truiden, Post-emergence . ' R . O 200
Flurostar 200® Belgium) acetic acid (synthetic auxins)
MCPA 2 Nufarm B.V ?Capelle Action comparable to that of indole
. aan den Ijssel, Post-emergence S . . (@] 1200
U-46 SP Fluid® Netherlands) acetic acid (synthetic auxins)
Iodosulfuron- Bayer AG
methyl-sodium 3 (Leverkusen, Post-emergence Inhibition of ALS (AHAS) B 10
Hussar® Germany)
Tribenuron- FMC International
rlnEchu 1(1 Switzerland Sarl Post-emergence Inhibition of acetolactate synthase ALS B 18.75
Granstar}; 0Sx® (Geneve, 8 (acetohydroxy acid synthase AHAS) ’
Switzerland)

x: highest recommended dose, a.i.: active ingredient. ' [22]. 2 MCPA: 2-methyl-4-chlorophenoxyacetic
acid; %in each treatment, 405 g a.i. ha™ alkylethersulfate-sodium was added. ¢ in each treatment, 270 g
a.i. ha isodecyl alcohol ethoxylate was added.

2.4. Proline 197 for Resistance Mechanism Identification; Process of ALS Gene Amplification and Sequencing

Rapistrum rugosum seeds from S (susceptible) and R (resistant) populations were germinated and
grown in suitable pots in a greenhouse. DNA was extracted from young leaves, taking two disks of
1.5 cm in diameter for each sample. This material was ground and homogenized with a plastic pestle,
and DNA extraction was subsequently performed by using an EZNA Plant DNA kit (Omega Bio-tek,
Norcross, GA, USA) following the manufacturer’s protocol. Finally, the DNA was quantified
spectrophotometrically. At the time these studies were started, no R. rugosum ALS sequence was
available in any international sequence database. For this reason, two strategies were considered.
First, primers already published for Sinapis arvensis [23] were used for PCR amplification (named
RaprugALSFldeg and RaprugALSR1deg), and simultaneously, a sequence alignment was launched
by including DNA and amino acid information of other related Brassicaceae species: Capsella bursa-
pastoris (L.) Medik. (GenBank: HQ880661.1), Raphanus raphanistrum (AJ344984.1), and Sinapis arvensis
(FJ655877.1). Conserved homologous regions near the Proline 197 residue were targeted for designing
another pair of primers (named RaprugALSF1 and RaprugALSR1) that could be more specific for the
plant species analyzed (primer sequences listed in Table 2). With the primers designed for S. arvenss,
the amplification did not work properly, and the bands obtained were extremely faint. The PCR was
improved using primers designed by aligning different Brassicaceae ALS sequences and obtaining a
predicted 590-bp DNA fragment, which was sequenced and analyzed. Each PCR was conducted in a
final volume of 25 uL with 75 ng of purified DNA as a template. Each reaction included 0.75 pL of 10
UM forward and reverse oligonucleotides, 10 uL of 2.5x Mastermix (5 Prime, Gaithersburg, MD, USA)
and 2.5 pL of 10x load dye (5 Prime, Gaithersburg, MD, USA). The cycling conditions were performed
as follows: denaturation at 94 °C for 2 min; 32 cycles of 94 °C for 30 s, 50 °C for 45 s, and 72 °C for 1
min; and finally, an extension step of 72 °C for 5 min. Subsequently, PCR products were visualized
by running 1.5% agarose gels, extracted using a QIAquick Gel Extraction Kit (Qiagen, Crawley, West
Sussex, UK) and sequenced by capillary sequencing outsourced to Secugen (Madrid, Spain).

Table 2. List of primers used to amplify a fragment of the ALS gene of R. rugosum.

Primer Sequence 5-3’
RaprugALSFldeg TTCRTCTCCCGMTACGCTCCC [23]
RaprugALSRldeg = CAARCTGYTGCTGAATATC [23]

RaprugALSF1 GAAACCGTMTTCGCTTACC
RaprugALSR1 CCACCACCAACATACAA
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2.5. Data Processing

Survival and biomass data were tested for normality and homoscedasticity, and the data that
did not fulfil these criteria were transformed following arcsin V(x/100) before applying the
ANOVA test using R version 2.15.0 (R Foundation for Statistical Computing, Vienna, Austria) [24].
The results from both replicates of trial 1 were identical from a statistical point of view; thus, the data
could be pooled together and presented as a single experiment with 12 replicates per treatment. The
interaction of populations x treatment was significant, so each product was analyzed separately to
determine if the response of populations R and S were significantly different for each herbicide dose.
Data from trial 3 were analyzed similarly to determine the effect of each treatment on the four tested
populations. The Tukey mean separation test was applied in trials 1 and 3 (p <0.05). All these analyses
were performed using the Agricolae package in R (R Foundation for Statistical Computing, Vienna,
Austria).

The dry biomass and survival data from trial 2 were adjusted to 10 dose-response models
proposed by Ritz et al. [25]. The best adjustments were achieved using the log-logistic model with
four parameters:

d—c
* 1+ exp{b(log(x) — log(e))}

where c is the lower curve limit; 4 is the upper limit; e is the EC50 value, which is the herbicide rate
that halves the value of the parameter under consideration; and b is the slope at the inflection point

f (x, (b, c,d, e)) =c

of the curve. Adjustments were completed with the same R program (R Foundation for Statistical
Computing, Vienna, Austria). In addition, the resistance factor was calculated by dividing the e
values of the R1 and R2 populations by that of S1 or S2, choosing the lowest value in each case.
Following Heap [8], resistance is confirmed when the resistance factor is higher than 10 and when
this response is inherited.

Sequence alignments in the molecular analysis were performed using ClustalW and BLAST
(Basic Local Alignment Search Tool) from the NCBI webpage.

3. Results and Discussion

3.1. Confirmation and Quantification of the Resistance to Tribenuron-Methyl and lodosulfuron-Methyl-
Sodium

3.1.1. Response of the Initial Population: Trial 1

A significantly different response was found in the S and R populations both for survival and
dry biomass at 30 DAT at the rate of 9.375 g a.i. ha of tribenuron-methyl and upwards (Figure 1).
All individuals of both R populations were capable of remaining alive at double the maximum
recommended field rate (37.5 g a.i. ha™!), maintaining more than half the dry biomass of the untreated
control (Figure 1). Although some individuals of the S populations were still alive at 30 DAT at rates
of 9.375 g a.i. ha™ and upward, their biomass was negligible, and plants most likely died a few days
later (Figure 1).

The responses of the populations to iodosulfuron-methyl-sodium were similar to those found
for tribenuron-methyl, but the differences between populations were even more significant. Mortality
for the S populations was virtually complete at half of the recommended field dose (5 g a.i. ha™);
however, the R populations showed a higher susceptibility to this active ingredient (Figure 2). These
trials thus confirm a distinct response to tribenuron-methyl and to iodosulfuron-methy] for the tested
S and R populations, meeting the first requirement for herbicide resistance following Heap [8].
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Figure 1. Box-plot showing (a) survival and (b) biomass for each of the tested Rapistrum rugosum
populations compared with those of the untreated control depending on the tribenuron-methyl
herbicide rate shown in the upper part of the graphs (in g a.i. ha) 30 days after treatment (DAT).
Bold points denote means, and white points denote outliers. Populations with different letters for

each herbicide rate and for each parameter correspond to statistically significant differences following
Tukey’s test (p < 0.05).
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Figure 2. Box-plot showing (a) survival and (b) biomass for each of the tested Rapistrum rugosum
populations compared with those of the untreated control depending on the iodosulfuron-methyl-
sodium herbicide rate shown in the upper part of the graphs (in g a.i. ha™) 30 DAT. Bold points denote
means, and white points denote outliers. Populations with different letters for each herbicide rate and
for each parameter correspond to statistically significant differences following Tukey’s test (p < 0.05).

3.1.2. Dose-Response of the Progeny to Tribenuron-Methyl and Iodosulfuron-Methyl-Sodium: Trial

A lack of R. rugosum control was also visible in the progeny from both the survival and the
biomass reduction points of view (Figure 3). Thus, R1 and R2 meet the second requirement,
confirming the herbicide resistance of both populations toward tribenuron-methyl [8]. R1 and R2
maintained 20%-30% biomass at the highest tested rate (1200 g a.i. ha™) with a resistance factor of

188 and 253 for the R1 and R populations 2, respectively, calculated based on the S1 value.
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Figure 3. (a) Survival and (b) dry biomass of Rapistrum rugosum calculated based on those of the
untreated control depending on the population and on the applied tribenuron-methyl dose 28 DAT.

Resistance was even more evident when focusing on survival data. Some R individuals survived
28 DAT (Figure 3) at the highest tested dose, 64x (1200 g a.i. ha™), whereas the first S individuals
started to die at the second-lowest dose upward, x/32 (0.59 g a.i. ha''), and all S plants died at x/2 (9.36
g a.i. ha). The resistance factors (RFs) calculated based on survival data were 511 and 450 for R1 and
R2, respectively (Table 3). Thus, for both measured parameters of survival and biomass reduction, an
RF >10, which is the requirement to confirm resistance, is surpassed by a wide margin [8].

Table 3. Estimated log-logistic regression parameters for resistant (R) and susceptible (S) Rapistrum
rugosum populations to tribenuron-methyl.

Survival/Biomass Population Lower Limit Upper Limit Slope LDso/WGso RF
R1 -0.11(3.3) 100.91(3.13) 1.71(0.56) 945.03 (359) 511
Survival R2 -0.14 (4.3) 99.39(3.17) 2.54(0.66) 833.12 (224) 450
S1 -0.13(5.02) 104.75(9.04) 0.92(0.19) 1.85 (0.55) -
S2 -0.12(4.46) 103(8.95) 1.12(0.25) 1.89 (0.66) 1.02
R1 -1.15 (3.4) 99.57(7.39) 0.47(0.19) 82.69 (68.23) 188
Biomass R2 28.97 (1.9) 103.67(4.45) 0.84(0.39) 111.33 (90.33) 253
S1 11.94(2.62) 99.72(8.17) 2.40(0.8) 0.44 (0.07) -
S2 9.29(2.51) 100.42(8.10) 4.03(1.43) 0.46 (0.07) 1.04

Values in parentheses are standard errors. LD50: lethal dose 50; WG50: dose reducing biomass to 50%; REF:
resistance factor.

The regression graphs of the adjustment to this active ingredient also show that the results are
clear, and the S and R populations have different responses to iodosulfuron-methyl-sodium in both
the tested parameters, especially for survival (Figure 4).
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Figure 4. (a) Survival and (b) dry biomass of Rapistrum rugosum calculated based on those of the
untreated control depending on the population and on the applied iodosulfuron-methyl-sodium dose
28 DAT.

The resistance factors calculated from the biomass of populations R1 and R2 were 41.6 and 26.1,
respectively, but when calculated based on survival, they increased to 633 and 487 (Table 4),
respectively. Therefore, the two tested R populations are also resistant to iodosulfuron-methyl-
sodium according to the third resistance criterion [8].

According to the International Survey of Herbicide Resistant Weeds [11], 16 out of 92 cases of
resistance to tribenuron-methyl and 8 out of 98 cases of iodosulfuron-methyl-sodium resistance have
been reported in Brassicaceae, and five Brassicaceae species are known to be cross-resistant to both
active ingredients, confirming that this family is prone to developing resistance toward ALS-
inhibiting herbicides. The most similar case found in the literature is the R. rugosum population in
Iran, which is resistant to the ALS-inhibiting herbicides bispyribac-Na, florasulam, flucarbazone-Na,
and tribenuron-methyl, despite iodosulfuron-methyl-sodium not being tested in that case [15]. In
Spain, a different Brassicaceae species, Sinapis alba, was found to be resistant to several ALS inhibitors
[18]. In both cases, several mutations in the ALS enzyme (at Pro197, Ser653, etc.) are involved in the
resistance to these ALS-inhibiting active ingredients of different chemical families. In the Iranian R.
rugosum population, other non-target-site mechanisms based on enhanced metabolism have also been
identified, with the lack of efficacy originating in plants capable of detoxifying tribenuron-methyl
metabolites. Other mechanisms, such as a lack of retention, absorption, or translocation in the leaves,
stems, and roots of the plant, were discarded because they were the same for the R and S populations
[15]. The very high resistance factors found in the present populations suggest that the target-site
mechanism might confer resistance. In several other Brassicaceae species, this mechanism has been
confirmed to ALS-inhibiting herbicides in Sinapis alba [17,18], Sinapis arvensis [5,26-28], Raphanus
raphanistrum [29], Sisymbrium orientale and Brassica tournefortii [30], and Descurainia sophia [19,20,31].
However, despite being rarer, metabolism-based resistance to ALS-inhibiting herbicides has also
been found in some Brassicaceae, such as R. raphanistrum [15] and Sinapis arvensis [21].

Finally, it is important to highlight the extent of the resistance of the tested populations, as the
only other published case, in Iran [15], had much lower resistance factors. Whereas the resistance
factors in the Spanish populations R1 and R2 to tribenuron-methyl based on biomass were 250 and
180, respectively, the Iranian populations showed a resistance factor of only 2.5 to 6.6. The confirmed
resistance of a R. rugosum population to iodosulfuron-methyl-sodium is the first instance worldwide.
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Table 4. Estimated log-logistic regression parameters for Rapistrum rugosum populations resistant (R)
and susceptible (S) to iodosulfuron-methyl-sodium.

Survival/Biomass Population = Lower Limit  Upper Limit Slope LDso/WGso RF
R1 4.73(0.8) 100.31 (2.70)  3.15(0.31)  164.77 (54.44) 633
Survival R2 -12.39 (5.84)  99.51(228)  1.37(0.44) 126.84 (16.83) 487
S1 0.27 (0.27) 101.67 (8.65)  2.63(0.80) 0.31 (0.36) 1.19
S2 0.21 (0.26) 103.75 (7.16)  3.19(0.98) 0.26 (0.34) -
R1 12.23(5.66) 110.62 (4.77)  0.88(0.14) 7.89 (2.25) 41.56
Biomass R2 7.04 (6.60) 107.27 (5.72)  0.69(0.13) 4.95 (1.78) 26.05
s1 13.66(2.39) 10251 (7.67)  1.81(0.57) 0.20 (0.03) 1.05
S2 11.12 (2.32) 99.77 (7.06) 1.92(0.56) 0.19 (0.03) -

Values in parentheses are standard errors.
3.2. Alternative Herbicides to Tribenuron-Methyl and to lIodosulfuron-Methyl: Trial 3

3.2.1. ALS Inhibitors

Resistance to tribenuron-methyl and to iodosulfuron-methyl was again confirmed in this trial
(Table 5). Florasulam, which belongs to a different chemical family within the ALS inhibitors
(triazopyrimidines vs. sulfonylureas), did not control the resistant populations, which is not
surprising because cross-resistance to different chemical families is well described in other weed
species [18,28]. The efficacy on the R populations was 50%—-75% at the double field dose (15 g a.i. ha)
(Table 4). However, the phytotoxic effect was high, as shown with the biomass data, which were
statistically the same for the R and S populations. Thus, the R plants would likely die at this dose
when competing in the field with cereal plants, but this active ingredient should not be recommended
because this lack of complete susceptibility indicates a first step in developing more serious cross-
resistance. In contrast, the R. rugosum populations from Iran that were resistant to bispyribac-Na,
florasulam, flucarbazone-Na and tribenuron-methyl were susceptible to imazamox, with all of these
active ingredients being ALS inhibitors belonging to different chemical families [15].

Table 5. Survival and dry biomass calculated based on those of the untreated control depending on
the Rapistrum rugosum population and on the applied herbicide doses (active ingredient in g ha-) for
available herbicides in winter cereals. Rows with different letters for each dose and for each parameter
correspond to statistically significant differences following Tukey’s test (p < 0.05). Survival and
biomass were determined 30 days after herbicide application.

Survival (%) Dry Biomass (%)
. . Dose . .
Group Active Ingredient (¢ a.i. ha) Population Population
gat RI R2 SI S2 RI_R2 S1__ S2

florasulam 7.5 75a 50a O0b Ob 82a 124a 46a 57a
15 25ab 50a Ob Ob 33a 436a 46a 50a
o . . 10 100a 100a Ob Ob 60.6a 46.7a 6.8b 69b
ALS Inhibitors iodosulfuron-methyl-sodium 20 100a 100a Ob O0b 350a 59.0a 57b 43b

18.75 100a 100a Ob Ob 746a 56.0a 56b 6.1b

i -methyl
tribenuron-methy 375  100a 100a 0b 0b 558a 679a 80b 65b

840 Oa 0a 0Oa 0O0a Oa Oa Oa Oa
2,4-D acid
ad 1680 0a 0a 0a Oa 0a 0Oa 0a Oa
Auxinics MCPA 1200 Oa 0Oa Oa Oa Oa Oa Oa Oa
2400 0a Oa 0Oa 0O0a Oa 0a Oa Oa
flurox . 200 Oa 0a Oa O0a Oa Oa Oa Oa
uroxypy 400 0a 0a Oa Oa 0Oa Oa Oa Oa
bentazone 960 Oa 0Oa Oa 0Oa Oa Oa Oa Oa
1920 Oa 0Oa 0Oa 0O0a Oa 0a Oa Oa
225 0a 25a 25a Oa 0 66a 09a Oa
th b il
Others romoxynt 450 0a 0a 0a 0a 0a 0Oa 0Oa Oa
20 Oa 0Oa Oa 25a Oa Oa Oa 72a

carfentrazone-ethyl 40 0a 0a 0a 0a 0Oa Oa O0a Oa
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3.2.2. Auxinic Herbicides

The three auxinic herbicides tested, 2,4-D, MCPA, and fluroxypyr, controlled all four
populations at 100% starting with the lowest tested dose (Table 4). No green biomass was available
at 30 DAT for any of the tested populations.

These results show that some herbicides are still effective in controlling this species despite being
commercialized for almost seven decades and confirm that the auxinic mode of action is less prone
to generating resistance than the sulfonylureas commercialized in Spain since the mid-1980s.
Resistance to auxinic herbicides is still not common; at present, there are only 39 recorded cases [11].
However, some Brassicaceae species are resistant to auxinic herbicides, including R. rugosum and four
weed species resistant to fluroxypyr worldwide [11], so none of these herbicides should be used in
large quantities in the coming years.

3.2.3. Other Post-Emergence Herbicides

All three tested herbicides (bentazone, bromoxynil, and carfentrazone) also had high efficacy at
both tested rates. Even though a few individuals of different populations survived, their biomass was
low, and the plants were not capable of finishing the biological cycle or producing seeds (Table 4). In
Spain, Sinapis alba populations resistant to sulfonylureas were well controlled with bromoxynil and
MCPA [17]. However, the existence of three weed species resistant to bentazone and/or to bromoxynil
and three other species resistant to carfentrazone worldwide [11] indicates that the risk of developing
multiple resistances to these herbicides also exists.

3.3. Sequencing of Rapistrum Rugosum ALS Point Mutations Associated with Herbicide Resistance

Sequence analysis revealed that none of the samples studied presented the Pro197/Ser mutation.
Based on these data, we conclude that the resistance mechanism may be due to other point mutations
at other genome sites, as has been already reported in other species [18]. The metabolic cause is, in
our opinion, less probable due to the high resistance factors found. Thus, to completely characterize
the resistance mechanism of R. rugosum, a deeper molecular analysis might be performed. This would
probably also explain why the resistance factor of R. rugosum to iodosulfuron-methyl-sodium was
higher than that to tribenuron-methyl.

4. Conclusions

This work confirms the first case of resistance of R. rugosum to tribenuron-methyl in Europe and
to iodosulfuron-methyl-sodium worldwide. Fortunately, several alternative herbicides are still
available to control the R. rugosum populations that have confirmed herbicide resistance to
tribenuron-methyl and to iodosulfuron-methyl-sodium. Among the tested active ingredients, sex
alternative herbicides caused plant death in all four tested populations at a high dose (2x), and four
caused plant death at the field rate. The tested populations exhibit incipient cross-resistance to the
ALS-inhibiting herbicide florasulam but do not yet exhibit multiple resistance. As resistance toward
all the still-effective herbicides has been confirmed for other weed species, it is thus recommended to
rotate these active ingredients and to combine them with non-chemical weed control methods to
delay the appearance of multiple resistance.
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