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Abstract: Resistance of agricultural crops to herbicides is an important topic that concerns many
researchers. One of the most popular groups of herbicides is the imidazolinone group. Resistant
forms of crops such as wheat (Triticum aestivum L.), sunflower (Helianthus annuus L.), corn (Zea mays
L.), rice (Oryza sativa L.) and oilseed rape (Brassica napus L.) have been developed to this group of
herbicides. All crops resistant to this group of herbicides have the commercial name Clearfield®.
In this review, the information concerning oilseed rape resistance to the imidazolinone group of
herbicides is collected and summarized; it will be useful for breeders and researchers engaged
in this direction. This review touches upon the topic of mechanisms of oilseed rape resistance
to imidazolinones. Mutation variants known to date, which provide resistance to this group of
herbicides, are described, and known molecular markers of them are presented. Approaches to
the selection of oilseed rape for resistance to the imidazolinone group of herbicides are mentioned.
Various methods of utilizing imidazolinone resistance to improve the purity of hybrid seeds are
also considered.

Keywords: resistance; herbicide; polyploidy; imidazolinone; Clearfield®; oilseed rape; agricultural
crops; oilseeds

1. Introduction

Rapeseed (Brassica napus L.) is a herbaceous plant of the cabbage family (Brassicaceae
L.). Rapeseed is an allotetraploid (2n = 38) with two genomes A and C. It is derived from an
interspecific cross between Brassica campestris L., an A-genome donor, and Brassica oleracea
L., a C-genome donor. The A genome consists of ten chromosomes and the C genome
consists of nine chromosomes [1–3]. Rapeseed is an important oilseed crop worldwide.
It is used as a raw material for biofuel, and oilseed rape varieties with a reduced content
of erucic acid and glucosinolates and improved consumer properties (in particular, lack
of unpleasant taste and greenish color) are consumed as food [4,5]. The largest areas of
rapeseed cultivation are in countries such as Canada, Australia, EU 28, China and India [6].

As with any other crop, one of the most important parameters determining the prof-
itability of rapeseed cultivation is its yield. The yield of this crop is affected by many factors,
including weed infestation of fields by weeds that compete with rapeseed for sunlight,
water, soil nutrients and physical space in the field, which is a serious problem and limits
the yield of this crop, reducing it by 23–64% compared to weed-free controls [7–10]. In
addition, weed infestation affects the permeability of the rapeseed root system, which leads
to an increase in moisture in the above-ground space and creates a favorable environment
for pathogen growth and spread, increasing yield losses [11]. On the other hand, the
presence of weeds deteriorates the quality of the raw material, as the presence of weed
seeds among rapeseed reduces the quality of oil and makes it difficult to process [12].
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Developing herbicide-resistant canola varieties and hybrids is a priority for breeding,
as they are one of the most effective tools for weed control [3,13]. Herbicides to which
resistant forms of rapeseed have been developed can be divided into six groups: glufosi-
nate, glyphosate, bromoxynil, imidazolinones, triazinines and sulfonylureas [6]. Rapeseed
resistant to glufosinate, glyphosate and bromoxynil has been bred by genetic engineering,
while rapeseed resistant to imidazolinones, triazines and sulfonylurea has been bred by
conventional breeding [14]. For countries where GMO crops are banned, the fact that it is
possible to obtain resistant plants using traditional methods is fundamental when choosing
the direction of breeding work. The imidazolinone group of herbicides is attractive not
only because resistance to them has emerged without genome editing but also because of
the low toxicity of this group of herbicides to mammals and low application rates [15,16].
Imidazolinone herbicides were developed in the 1980s [17,18]. Since then, forms resis-
tant to this group of herbicides have been obtained not only for oilseed rape but also for
wheat (Triticum aestivum L.), sunflower (Helianthus annuus L.), maize (Zea mays L.) and rice
(Oryza sativa L.) [3]. Imidazolinone-resistant varieties and hybrids are marketed under the
Clearfield® production system label, and the abbreviation “CL” in the names of varieties
and hybrids indicates their suitability for the Clearfield® production system [6]. The imida-
zolinones include imazapyr, imazapic, imazethapyr, imazamox, imazamethobenz-methyl
and imazaquin. The imidazolinones belong to one of five chemical families of acetohy-
droxyacid synthase (AHAS, also called acetolactate synthase or ALS) inhibitor herbicides.
The other four families of herbicides are sulfonylureas (SUs), triazolopyrimidines (TPs),
pyrimidinyl-thiobenzoates (PTBs) and sulfonyl-aminocarbonyl-triazolinones (SCTs) [19].
AHAS is a key enzyme for the biosynthesis of branched-chain amino acids, including valine,
leucine and isoleucine [20,21]. Five AHAS loci have been reported in oilseed rape. Three
loci, AHAS2, AHAS3 and AHAS4, originate from the A genome, and two loci, AHAS1
and AHAS5, originate from the C genome [2]. Of these, the AHAS1 and AHAS3 genes
are expressed constitutively and encode the major AHAS activities required for B. napus
growth and development.

2. Mutants and Mutations Conferring Resistance to Imidazolinones

A single-nucleotide polymorphism (SNP) is a type of DNA polymorphism in the
genome that results from a change in a single nucleotide in the DNA sequence [22,23].
Since SNPs in coding triplets are capable of making amino acid substitutions, this can
lead to changes in the agronomic traits of plants. Therefore, specific single-nucleotide
changes are used as an important tool for the genetic improvement of crops [24–27]. The
first oilseed rape mutants resistant to imidazolinones were obtained by Swanson et al. in
1989 by chemical mutagenesis of microspores using 20 µM ethyl nitrosourea (ENU) in
combination with a selective medium containing 40 µg/L imazethapyr (or a herbicide
under the commercial name Pursuit) [28]. These mutants were named P1 and P2 (Table 1).
In this study, the mutants were tested for resistance by several herbicides, including testing
an imidazolinone group herbicide with the commercial name “Pursuit”. Before describing
the results obtained by the researchers in this article, we would like to note that, in our
opinion, there is some inconsistency in the data on fertilizer application rates. The point is
that the researchers write that they tested 0, 50, 100, 300 and 500 g/ha of “Pursuit” to test
the mutants for resistance. However, the herbicide with the commercial name “Pursuit”
has an imazethapyr (active ingredient) concentration of about 240 g/L. Therefore, in terms
of the active ingredient (for example 50 × 0.24 = 12), the treatment concentrations were 0,
12, 24, 75 and 120 g/ha, when the recommended application rate of imazethapyr active
ingredient averages between 50 and 100 g per hectare. On the other hand, in the text of
the article, the researchers mention an application rate of 50 g/ha and resistance of the P2
mutant at ten times the recommended application rate. These facts indicate that the article
lists all herbicide application options in terms of active ingredients and this should be
taken into account. Assuming that our conversion of application rates to active ingredient
is correct, the P1 mutant was not affected by application of 50 g/ha of imazethapyr and
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tolerated rates up to 100 g/ha of imazethapyr (about 90% of plants survived), while the P2
mutant was not affected by application of 100 g/ha of imazethapyr and tolerated rates up
to 500 g/ha of imazethapyr (about 80% of plants survived). In comparison, the non-mutant
Topas rapeseed died when 20 g/ha of imazethapyr was applied [28,29].

In a study of mutations that cause resistance to imidazolinones, the P1 mutant was
shown to have a mutation in the BnAHAS1 gene (C genome) with a single-nucleotide
substitution at codon 653 that results in the substitution of serine for aspargin, and the
P2 mutant has a mutation in the BnAHAS3 gene (A genome) with a single-nucleotide
substitution at codon 574 that results in the substitution of tryptophan for leucine [30]. In
addition, the P2 mutant was cross-resistant to SU and TP [30]. Pyramiding the mutations
by crossing the P1 and P2 mutants resulted in a mutant that was superior to either of
the heterozygous mutants (P1 × Topas and P2 × Topas) individually in imidazolinone
resistance, indicating an additive effect of imidazolinone resistance in the presence of both
mutations. Testing of the obtained mutants under field conditions and analysis of the
inheritability of the trait showed that the mutations conferring resistance to imidazolinones
do not possess complete dominance. Thus, two mutations in the homozygous state are
required to produce high resistance to imidazolinones. Imidazolinone-resistant canola lines
NS738, NS1471 and NS1473 were bred from P1 and P2 mutants [31].

Researchers from China have reported a naturally occurring M9 mutant that is resis-
tant to imidazolinones [32–36]. The mutant carried about 135–180 g/ha of imazethapyr.
Surprisingly, the mutation in the M9 mutant was identical to the mutation in the P1 mutant,
BnAHAS1R (Ser653Asp), but the researchers are talking about a fully dominant muta-
tion, not a semi-dominant mutation, as the researchers wrote about the P1 mutant [28,30].
This difference in data for the same mutation may be due to the fact that the researchers
used different doses of herbicide to determine plant resistance when studying the inher-
itance of the trait. Researchers Swanson et al., 1989 [28], used 100 g/ha of imazethapyr
to test while researchers Hu et al., 2012 [33], used a lower herbicide concentration of
90 g/ha of imazethapyr to test. This may mean that the herbicide dose used may be insuffi-
cient to detect the negative effects of herbicide application on plants heterozygous for the
reported mutation.

Table 1. Information on mutants and mutations of resistance of oilseed rape to herbicides of the
imidazolinone group.
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Resistance IMI
IMI IMI (IMI) (IMI)
SU SU SU SU
TP (TP) (TP) (TP)

Gene BnAHAS1 BnAHAS3 BnAHAS3
BnAHAS1

Genome C A A, C

Mutated gene
(mutation)

BnAHAS1R
(Ser653Asp)

BnAHAS3R
(Trp574Leu)

BnAHAS3R
(Trp574Leu)

BnAHAS1-2R
(Trp574Leu)

BnAHAS3R
(Trp574Leu)

BnAHAS1-3R
(Pro197Leu)

References [28] [32–34] [37] [28,30] [35] [9] [38]

In the line with resistance: IMI—imidazolinone, SU—sulfonylurea, TP—triazolpyrimidine; values indicated in
brackets “(IMI)” mean that this mutant has not been tested for resistance to this herbicide but is assumed to
have it.
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Also, in 2015, other researchers reported a new rapeseed germplasm, mutant 12WH318,
which was derived from multiple crosses with resistant lines of foreign selection [37]. In
the article, the researchers say that they crossed transgenic lines, but the article is written
in Chinese, so most likely, we did not translate correctly and the researchers were instead
referring to the mutagenic origin of the original lines, because in all the literature we
could find, resistance to herbicides of the imidazolinone group was obtained exclusively
by conventional breeding through mutagenesis, which is a very big advantage, since in
many countries the cultivation of GMO plants is prohibited [37]. Among other things, the
researchers mention in the paper that the material they used in the crosses could have
come from P1 and P2 mutants. These facts also suggest that the translation “transgenic
source lines” was probably incorrect. The 12WH318 mutant possessed the BnAHAS1R
(Ser653Asp) mutation, as did mutants P1 and M9 (Table 1), which, according to researchers,
is inherited as a fully dominant gene [37]. Regarding the herbicide doses tolerated by this
mutant, we did not find a precise formulation in the article that would indicate the level of
resistance of this mutant to imazethapyr, possibly also due to translation difficulties. Most
likely, this mutant was able to tolerate a maximum of 108.59–190.77 g/ha of imazethapyr.

In 2017, Hu et al. reported an M342 mutant obtained by seed mutagenesis using
ethyl methanesulfonate (EMS) [35]. This mutant possessed a mutation similar to the P2
mutant, namely BnAHAS3R (Trp574Leu). It exhibited high resistance to imidosalinones
and tolerated imazethapyr at a concentration of 360 g/ha. This mutant also exhibited
cross-resistance to sulfonylurea, as did the P2 mutant [35]. Since the mutations in the M342
and P2 mutants are the same, it can be assumed that the M342 mutant is also resistant to
TP (studies not performed) like the P2 mutant.

More recently, Guo et al. published data on pyramiding mutations from the M342 and
PN19 mutants by crossing them, resulting in the 5N mutant [9]. The researchers sought to
obtain a mutant with higher resistance to sulfonylurea than the M342 and PN19 mutants.
Indeed, combining the A mutation of the BnAHAS3R gene (Trp574Leu) from the M342
mutant and the C mutation of the BnAHAS1-2R gene (Trp574Leu) from the PN19 mutant
in the 5N mutant resulted in its increased resistance. The 5N mutant tolerated 360 g/ha
of tribenuron-methyl (TBM) herbicide and 180 g/ha of mesosulfuron (MES) herbicide,
whereas M342 tolerated up to 90 g/ha of TBM and 45 g/ha of MES, and the PN19 mutant
tolerated 45 g/ha of TBM and 22.5 g/ha of MES. Testing of the 5N mutant for resistance to
imidazolinones has not been performed, but since this mutant is derived from the M342
mutant and inherited the BnAHAS3R mutation (Trp574Leu), it can be expected to be
cross-resistant to IMI as well as TP.

Another DS3 mutant was obtained by mutagenesis of the M342 mutant using EMS,
as reported by researchers Guo et al. [38]. This mutant has two mutations: in genome A,
BnAHAS3R (Trp574Leu), inherited from the M342 mutant, and in genome C, BnAHAS1-3R
(Pro197Leu), obtained by chemical mutagenesis of seeds using EMS. The calculated 50%
phytotoxicity values for the DS3 mutant doses were 753.2 g/ha of TBM and 669.8 g/ha of
MES, whereas for the M342 mutant, these doses were 210.6 g/ha of TBM and 179.1 g/ha of
MES [38]. The DS3 mutant was not treated with other herbicide groups in the present study.
However, since this mutant contains a mutation in the A gene, BnAHAS3R (Trp574Leu), it
can be assumed that it is also resistant to the IMI and TP groups of herbicides.

Thus, to date, only two mutations in AHAS genes responsible for resistance to imi-
dazolinones are known: the BnAHAS1R mutation (Ser653Asp) of the BnAHAS1 gene in
the C subgenome, which replaced serine with aspargin by single-nucleotide substitution,
and the BnAHAS3R mutation (Trp574Leu) of the BnAHAS3 gene in the A subgenome,
which replaced tryptophan with leucine by single-nucleotide substitution. It is possible that
mutations in mutants 5N and DS3 are synergistic with respect to resistance to imidazoli-
nones, which may mean that other mutations (BnAHAS1-2R (Trp574Leu), BnAHAS1-3R
(Pro197Leu)) also contribute to this resistance, but studies on the level of resistance of these
mutants to imidazolinones have not been performed.
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3. Markers for Mutant Forms of AHAS Genes Leading to Resistance to Imidazolinones

Marker-mediated selection greatly facilitates the selection process of plants. Functional
markers targeting polymorphic regions within genes are directly related to phenotypic
variability. Such markers, due to their complete linkage to alleles of the trait locus, are
preferred for selection over DNA markers not located in the gene itself, such as RAPDs,
SSRs and AFLPs [27,39–41].

Currently, two markers each have been published in open sources for BnAHAS1R
(Ser653Asp) and BnAHAS3R (Trp574Leu) mutations, which are responsible for resistance
to imidazolinones (Table 2) [27,34,35,42,43].

Table 2. Information on markers to imidazolinone resistance genes in oilseed rape.
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Researchers Hu et al. in 2013 and in 2015 published markers targeting the Ser653Asp
polymorphism in the BnAHAS1 gene that can detect the presence/absence of SNPs associ-
ated with resistance or susceptibility to herbicides of the imidazolinone group [34,42]. In
the 2013 version, these markers were named AP15F/AP18R (for the susceptibility type)
and AP15F/AP19R (for the resistant type); in the 2015 version, these same markers were
named AHAS1-C/AHAS1-S (for the susceptibility type) and AHAS1-C/AHAS1-R (for the
resistant type). These markers produce bends of the same size (828 bp) after electrophoresis;
therefore, two independent electrophoresis experiments with subsequent comparison of
the results obtained are necessary to identify the plant genotype A.

In 2017, researchers Hu et al. developed an allele-specific cleaved amplified polymor-
phic sequence to detect the Trp574Leu polymorphism in the BnAHAS3 gene (Table 2) [35].
And because the mutation in the SNP fell within the BsrDI restriction site (GCAATG), it
became possible to distinguish between bends with the mutated and wild-type gene based
on the length of the PCR product. The researchers named this marker pair BsrDI-AHAS3-
F/BsrDI-AHAS3-R and used it in conjunction with the BsrDI restriction site. In this system,
the wild-type allele is cut into fragments of 570 and 196 bp in length, while the mutant
allele corresponds to a fragment of 766 bp in length [35].



Horticulturae 2024, 10, 553 6 of 9

The markers described above require fragment separation by electrophoresis after
PCR amplification, making their application relatively limited due to high cost and low
throughput [27]. Mass plant testing is essential for plant breeding programs, so meth-
ods are constantly being improved. The development of convenient tools for marker-
mediated selection simplifies the mass screening of plants. The KASP method involves
a high-throughput competitive allele-specific PCR combined with a fluorescence reporting
system for allele identification to detect genetic variation occurring at the nucleotide level
(SNPs) [44].

This method can significantly increase throughput and reduce economic costs; as
such, KASP technology has been widely used for genetic research [44,45]. In 2020, Hu
et al. developed the KASP marker KBA1R19681913B (Table 2), which can accurately
detect nucleotide polymorphisms by advising the homozygous and heterozygous states
of SNPs in the BnAHAS1R gene responsible for the Ser653Asp substitution [43]. The
KASP marker was evaluated in two F2 populations that met the expected 1:2:1 ratio in
genotypes and 3:1 ratio in phenotypes for the resistance trait, confirming the inheritance of
the imidazolinone resistance trait by a single gene with complete dominance.

In 2023, Shi et al., investigating the 5N mutant, developed functional KASP markers for
both mutations of this mutant: BnAHAS3R (Trp574Leu) and BnAHAS1-2R (Trp574Leu) [27].
Table 2 summarizes the markers for the BnAHAS3R(Trp574Leu) mutation since our review
focuses on resistance to herbicides of the imidazolinone group. KASP markers KASP-A-
1667 (BnALS3) and KASP-A-1676 (BnALS1) were validated in three different populations.

4. Improving Hybrid Seed Purity Using Imidazolinones

Gradually, rapeseed hybrids are replacing varieties due to their higher productivity
and other valuable qualities for breeding. Researchers estimate that a 1% reduction in seed
purity reduces rapeseed yield by 1%, but it is not easy to obtain hybrid seeds with high
purity [34]. An efficient male sterility system is required for the cost-effective production of
hybrid seeds on an industrial scale.

At least seven male sterility systems have been used to produce rape hybrids, but they
all have a number of drawbacks. These include the following: inheritance of male sterility
systems is linked with unfavorable traits, it is time-consuming for cytoplasmic male sterility
systems to establish isogenic pairs and other sterility systems can be unstable [46–55].

In 2015, Wu Ni et al. proposed to increase the purity of hybrid seeds using the prop-
erty of oilseed rape resistance to herbicides of the imidazolinone group [34]. Studies were
conducted using the M9 mutant, which carries the BnAHAS1R (Ser653Asp) mutation,
conferring resistance to imidazolinone group herbicides. As mentioned above, the resis-
tance trait in this mutant is inherited according to the principle of complete dominance, so
for resistance to manifest itself in the phenotype, it is sufficient for the plant to have the
mutation in the heterozygous state. Based on this, an experiment was conducted in which
the susceptible maternal line 3075R with male sterility was pollinated with the resistant line
M9. As a result, all hybrid offspring were heterozygous for the resistance mutation, while
the self-pollinated plants did not have this mutation. Thus, when the hybrid was treated
postemergence by the herbicide imidazolinone, all true hybrids survived, while plants
from self-pollination of the susceptible parental line died. This seed hybridization method
increased the purity of hybrids from 83.51% (without herbicide treatment) to 96.92% (after
treatment) for one hybrid and from 79.35% to 95.76% for the other hybrid, which increased
the yield of the hybrids by 322 and 394 kg/ha, respectively.

Another way to improve hybrid seed purity for systems with unstable male sterility
and for double-line hybrids is to use gametocidal chemical treatments. Many different types
of gametocides have been developed for oilseed rape, such as gibberellins, etrel/ethephon,
methyl arsenate, benzotriazole, etc. [46,56–58], but most of these gametocides have not
found practical applications due to high cost, low efficacy, high toxicity, etc. [46]. Therefore,
it is relevant to search for gametocides with high efficacy, low toxicity and low cost. Yu
et al. 2020 reported their research on testing 27 different AHAS-inhibiting herbicides as
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gametocides, among which were herbicides of the imidazolinone group. In this study,
the gametocidal effect of herbicides was tested on both fertile lines and unstable male
sterile Polima lines (SU only). It has been shown that imidazolinone group herbicides have
a gametocidal effect and can induce more than 90% male sterility when 750–1125 mg/ha
imazethapyr and 400–800 mg/ha imazamox are applied [46]. The effect of imidazolinone
group herbicides on increasing the purity of hybrid seeds when hybridized with Polima
male sterile lines was not evaluated in this study.

5. Conclusions

Growing crops in herbicide-tolerant cropping systems is undoubtedly the best method
of weed control today. But like all technologies, these growing methods have their
limitations. On the one hand, since resistance to imidazolinones requires only one or
two nucleotide substitutions in AHAS genes, it is not difficult to obtain many imidazolinone-
resistant oilseed rape lines by introgression of mutations from resistant mutants. On the
other hand, it is this factor that is the most dangerous for the future of Clearfield® technol-
ogy. This factor is related to the rapid evolution of weeds and their acquisition of resistance.
There are many studies highlighting the problem of herbicide resistance transfer from
resistant oilseed rape to weeds [11,59–63]. On the other hand, oilseed rape is cultivated in
a 3/4-field rotation [28], which reduces the likelihood of resistant forms because pollen
viability of interspecific hybrids is inferior to parental forms and resistant forms are un-
likely to emerge under unstable selection on herbicide backgrounds [59]. In general, this
cultivation technology is promising, but how long it will be effective depends on the correct
observance of precautions in agrotechniques.
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