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RESEARCH

Acetohydroxyacid synthase (AHAS; EC 4.1.3.18) is the 
first enzyme in the biosynthesis of the branched-chain 

amino acids (BCAAs) and is also known as acetolactate synthase 
(ALS) (Singh and Shaner, 1995).  Acetohydroxyacid synthase 
catalyzes the condensation of two pyruvate molecules to form 
acetolactate in the leucine and valine pathway. It can also 
catalyze one molecule of pyruvate with one molecule of 2-keto-
butyrate to form 2-aceto-2-hydroxybutyrate as the first step 
in the isoleucine biosynthesis (Singh and Shaner, 1995). Major 
interest in AHAS has developed since the herbicides sulfo-
nylurea and imidazolinone (IMI) were discovered as enzyme 
inhibitors (LaRossa and Schloss, 1984; Ray, 1984). Knowledge 
about their modes of action has helped to explain why these 
herbicides have very low toxicity in animals. Acetohydroxyacid 
synthase is not present in animals, but it has been detected in 
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ABSTRACT
Imidazolinones are powerful herbicides that 
inhibit branched-chain amino acid biosynthesis 
by targeting the catalytic subunit of aceto-
hydroxyacid synthase (AHAS). Imidazolinone 
application in the advanced vegetative or early 
reproductive developmental stages is associ-
ated with male sterility in resistant sunflower 
(Helianthus annuus L.); however, the underlying 
mechanism of this sterility remains unknown. 
This study describes the morphological, cytoem-
bryological, and molecular alterations induced by 
imazapyr (IM) treatment on reproductive tissues at 
different developmental stages in two sunflower 
genotypes, resistant and intermediate resistant, 
respectively. Pollen and seed physiological vari-
ables were compared between the treated and 
control plants. The number of pollen grains per 
flower and viable seeds were negatively affected 
by IM treatment in the intermediate-resistant 
genotype, and the biometric traits of early devel-
oped disc flower were also significantly different 
in this genotype. Differential interference contrast 
microscopy revealed that IM treatment slightly 
accelerates megagamethophyte development. 
Anther observations at microsporogenesis using 
confocal microscopy show that the sporogenous 
tissue was damaged. Furthermore, the expres-
sion profiles of the sunflower AHAS paralogs 
(ahas1, ahas2, and ahas3) were measured by 
quantitative polymerase chain reaction in the 
anthers and pistils of two developmental stages in 
treated and control plants. Imazapyr treatment in 
early reproductive growth stages clearly induces 
divergent expression patterns in the ahas gene 
family. These findings provide new insight into a 
novel chemical method for inducing male sterility 
in sunflowers and enhance our understanding 
of the effects of AHAS-inhibitor herbicides in  
reproductive tissues.
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all plant samples measured thus far and in some microor-
ganisms (Duggleby et al., 2008).

Acetohydroxyacid synthase is the target site of five 
structurally diverse chemical classes: sulfonylureas, IMIs, 
triazolopyrimidines, pyrimidinylthio- (or oxy-)benzo-
ates, and sulfonylamino-carbonyltriazolinones (Tan et 
al., 2006). These classes of herbicides are absorbed by the 
roots and foliage and then transported into the meristems 
of the plants. They inhibit AHAS by blocking substrate 
access to the active sites by binding within the substrate-
access channel, and the inhibition is noncompetitive with 
pyruvate (Duggleby et al., 2008).

The inhibition of AHAS leads to a global eleva-
tion of free amino acid levels and imbalances in their 
relative proportions (Hofgen et al., 1995). Crop injury 
after herbicide treatment includes symptoms such as 
chlorosis, stunting, yellowing, reduction of biomass 
production, and yield loss. Spontaneous resistance to 
AHAS-inhibiting herbicides has been discovered in 
many wild populations of crops and weeds exposed to 
strong selection pressure from herbicide (Gressel and 
Segel, 1978; Mallory-Smith et al., 1990). Acetohydroxy-
acid synthase inhibitory resistance either is manifested as 
a consequence of enhanced metabolism of the herbicide 
by the plant or it is due to the mutation of the AHAS 
gene, which in turn results in the change of a single 
amino acid residue in the herbicide-binding site (Tranel 
and Wright, 2002). Sunflower (Helianthus annuus L.) is 
the second most important oilseed crop in the world. 
Similar to other annuals in the same genus, this species is 
an outcrosser that bears a sporophytic self-incompatible 
mechanism (SSI) (Heiser et al., 1969) where the pollen 
grain phenotype is determined by the diploid genotype 
of the anther from which it originates (Hiscock and 
McInnis, 2003). Nevertheless, in cultivated sunflower, 
breeding for self-compatibility has been very successful, 
achieving 15 to 95% self-compatibility with an average 
of 68% (Astiz et al., 2011).

The flowers of H. annuus are arranged in a capitulum 
that consists of an outer whorl of asexual ligullate flowers 
in the peripheria and inner whorls of bisexual flowers in 
the disc. The individual disc flowers develop sequentially, 
with flowers from the outer whorls developing before 
those in the center of the inflorescence. Bisexual flowers 
present dicogamy and are protandious, which means 
that anthers dehiscence first occurs with pollen release, 
followed by receptivity of the bilobate stigma.

The first commercial herbicide resistance trait in 
sunflower was introgressed into elite inbred lines by 
conventional breeding methods to develop IMI-resis-
tant cultivars known as Imisun sunflowers (Miller and 
Al-Khatib, 2002; Sala et al., 2012). A digenic model 
adequately explained the inheritance of Imisun, where 
a major nuclear inherited semidominant gene (Imr1) 

interacts with a second modifier gene (Imr2) to confer 
complete resistance (Bruniard and Miller, 2001). There-
fore, complete resistance in sunflower hybrids can only 
be achieved by homozygosity of both resistant genes in 
parental lines (Bruniard and Miller, 2001).

Catalytic subunits of AHAS are coded by three 
different nuclear genes: ahas1, ahas2, and ahas3. Ahas1 is a 
multiallelic locus and the only member of this gene family 
where all the induced and natural mutations for herbicide 
resistance in sunflower have been described (Kolkman et 
al., 2004; Sala et al., 2012). The gene Imr1, also known 
as Arpur (Kolkman et al., 2004) or Ahasl1-1 (Sala et al., 
2008), harbors a C-to-T mutation in codon 205, which 
confers a moderate resistance to IMI. Our group findings 
revealed that the mechanism of resistance endowed by 
modifier gene Imr2 is related to non-target-site resistance 
(Breccia et al., 2017). We also have identified, in previous 
gene expression studies, that the three ahas paralogs are 
tissue specific and temporarily regulated (Ochogavía et 
al., 2014). The maximum expression of ahas2 and ahas3 
occurred in bud flowers and embryos, and the highest 
expression of ahas1 was detected in young leaves (Ocho-
gavía et al., 2014).

Chemical hybridization agents could be used to 
induce male sterility for the production of hybrid 
seeds. The AHAS-inhibitory hybridization agent used 
in rapeseed (Brassica napus L.) is tibenuron methyl. 
Recently published results have associated this treatment 
with anomalous microsporogenesis. Zhao et al. (2015) 
proposed that BCAA starvation induces pollen forma-
tion failure and ultimately leads to autophagic cell death 
in the anthers. In sunflower, it has been reported as a 
promising method for producing male sterility by IMI 
treatment (Sala and Bulos, 2012). The application of 
imazethapyr during the early reproductive development 
stages induced male and female sterility in IMI-resistant 
sunflower lines.

Male sterility induced by herbicide treatment could 
allow breeders to test the combining ability of sunflower 
maintainer lines in the early stages of development, as well 
as provide flexibility in the application timing of breeding 
programs. However, no evidence about the underlying 
mechanism by which this herbicide interferes with the 
normal development of reproductive tissues is available 
in sunflower. The aim of this work was to characterize 
the reproductive tissue development of two Imisun geno-
types, as well as the expression patterns of the three ahas 
paralogs in the stamens and pistils of plants treated with 
IM in the early reproductive growth stages. The results 
provide knowledge about a new method to produce male 
sterility in sunflower and contribute to the understanding 
of the molecular effects of AHAS-inhibitor herbicides in 
reproductive tissues.
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Quantitative and Qualitative Pollen  
Grain Analyses
The number of pollen grains per flower (PGF) was estimated 
using a haemocytometer Improved Neubauer-Boeco on five 
closed flowers (in phenophase E1) from three different treated 
and control plants of each genotype (total number of samples 
= 60) (Kearns and Inouye, 1993). One anther per flower was 
carefully dissected. The pollen content of the lower half of the 
right theca was removed and placed in a 0.2-mL microtube 
with 30 mL of distilled water. The contents were stirred in a 
vertical vortex mixer to achieve a homogeneous suspension of 
pollen. A 5-mL aliquot from the pollen suspension was trans-
ferred to a Neubauer haemocytometer slide, and the grains were 
counted under a SZM-LED2 (OPTIKA Microscopes Italy) 
stereomicroscope, and it was used to estimate the total pollen 
contained in the original suspension (Kearns and Inouye, 1993). 
The number of pollen grains per anther was calculated as the 
product between the counted pollen grains in the suspension 
and the four anther quarters. Finally, the PGF was calculated by 
multiplying the number of anthers per flower (normally five) by 
the number of pollen grains per anther.

To assess viability, fresh pollen was collected on a glass 
slide during the anther dehiscence period (E3 phenophase) 
and was immediately soaked in a solution of lactophenol and 
0.01% aniline blue (w/v) (Maneval, 1936). The dye allows for 
discrimination between viable and nonviable pollen grains, as 
it is capable of incorporating into the cytoplasm in only perme-
able cells. Blue-stained grains typically have high germination 
rates (Maneval, 1936). Stained and nonstained pollen grains 
were counted under the SZM-LED2 stereomicroscope from a 
total of 100 grains per plant from five treated and control plants, 
and the viability percentages were calculated.

The pollen grain diameter and the exomorphology were 
investigated using differential interference contrast (DIC) 
microscopy. The tissue clarification method was based on Herr’s 
clearing solution (lactic acid, chloral hydrate, phenol, clove oil, 
and xylene; ratio of 2:2:2:2:1) for Nomarski interference contrast 
optics (Herr, Jr., 1971). The anthers of five flowers in anthesis 
from three different treated and control plants of each genotype 
were dissected under the SZM-LED2 stereomicroscope and 
soaked in the Herr’s solution using cavity microscope slides.

Pollen grains were analyzed under DIC microscopy with 
a Leica DM2500 microscope (Leica Microsystems) equipped 
with 10´, 20´, and 40´ HI PLAN achromat objectives. Images 
were digitalized using Leica Application Suite 4 software (Leica 
Microsystems, 2009). The diameters of five PGF (n = 300) were 
measured from the innermost layer of the pollen grain exine 
using ImageJ 1.48 (Abramoff et al., 2004). The equal variance 
and normality of the empirical distribution of all variables was 
assessed by Levene’s and Shapiro–Wilk test, respectively. For 
each genotype mean values from the treated and control plants 
were statistically compared by Student’s t test (p < 0.05) in R 
version 3.0.0 (R Development Core Team, 2010).

A supplemental study was conducted from three fixed 
young capitula (11 d after treatment) per treatment combina-
tions in R and I genotypes. Immature reproductive tissue was 
fixed in modified FAA as was described above and dissected 
under a binocular SZM-LED2 stereomicroscope. Five anthers 
from different flowers were clarified using Herr’s solution (Herr, 

MATERIALS AND METHODS
Plant Materials and Growth Conditions
Two inbred, Imisun sunflower lines were used in this study—
HA425 (Imr1 Imr1 Imr2 Imr2) and 1058-1 (Imr1 Imr1 imr2 imr2), 
which are IMI resistant (R) and intermediate resistant (I), 
respectively. The HA425 line was developed and released by 
the USDA-ARS and the North Dakota Agricultural Experi-
ment Station (Miller and Al-Khatib, 2002), and the 1058-1 line 
was developed from a backcross between HA425 and an IMI-
susceptible line HA89 (Bruniard and Miller, 2001).

Plants were grown conventionally at the Experimental 
Field Station of Universidad Nacional de Rosario (33°1¢ S, 
60°53¢ W) with careful exclusion of insects and weeds in a 
completely randomized design with six replications. Each repli-
cation included 20 plants. The commercial herbicide imazapyr 
(IM) was used {2-[(RS)-4-isopropil-4-metil-5-oxo-2-imidaz-
olin-2-il] nicotinic acid; Clearsol, BASF}. The herbicide was 
applied at a dose of 80 g a.i. ha−1 when plants were in the R1 
early reproductive developmental stage (Schneiter and Miller, 
1981), as described by Sala and Bulos (2012). Cross-pollination 
was prevented by covering inflorescences with pollination bags. 
Field experiments of lines HA425 and 1058-1 were performed 
in the 2015–2016 and 2016–2017 seasons, respectively. The 
assay including both genotypes was repeated in season 2017–
2018 to obtain the samples for the confocal microscopy analysis. 
All statistical comparisons were conducted between treated and 
control plants of each genotype.

Five reproductive tissue samples were randomly obtained 
from different plants of each replication. Flower buds were 
dissected from capitula 11 d after treatment and also in different 
stages of development when the complete plant achieved the 
R5 developmental stage, including (i) completely closed bud 
flowers (E1 phenophase) and (ii) flowers in anthesis (E3 pheno-
phase) (Schneiter and Miller, 1981) from both the treated 
and control plants. Stamens (male tissues) and ovaries (female 
tissues) were dissected from flowers and immediately frozen 
at −80°C in separate microtubes until RNA extraction. The 
anthers and ovaries used in the cytoembryologycal study were 
fixed for 24 h in modified FAA, which contained 95% ethanol, 
glacial acetic acid, distilled water, 40% formaldehyde, and 25% 
glutaraldehyde GII in proportions of 50:5:35:8:2 (Lersten and 
Curtis, 1988).

Morphological Characterization  
of Disc Flowers
Digital stereomicroscope images of five bisexual disc flowers from 
five independent plants were obtained under an SZM-LED2 
microscope (OPTIKA Microscopes Italy) from each combina-
tion of genotype (R and I), phenophase (E1 and E3), and IM 
treatment (IM-treated and control) (n = 200). Different morpho-
logical parameters were measured from photographs using ImageJ 
software (Abramoff et al., 2004): total flower length, ovarian 
length, and ovarian width. Data were tested for equal variance 
using Levene’s test and for normality using a Shapiro–Wilk test at 
the 5% significance level. Statistical differences were determined 
by pairwise comparisons of treated and control plants of each 
genotype with a Student’s t test (p < 0.05) using R version 3.0.0 
(R Development Core Team, 2013).

https://www.crops.org
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Jr., 1971). They were analyzed under confocal microscopy and 
imaged on No. 1.5 cover slips. All images were collected with 
a C1plus confocal on a Nikon TE2000 E2 inverted microscope 
(Nikon Instruments) equipped with 20´ Plan Apo numerical 
aperture 1.0 objective. Green fluorescence with the 488-nm 
line from a 40 mW Melles Griot argon ion laser and a 525/50 
emission filter. Images were acquired with Nikon EZ-C1 
version 3.9 software (Nikon Corporation, 2009).

Megagametophyte Development
Pistils from disc flowers at two different developmental stages 
(E1 and E3 phenophases) were fixed in modified FAA (Lersten 
and Curtis, 1988). Ovules were carefully dissected from ovaries 
and clarified by Herr’s technique (1971) using cavity micro-
scope slides, as described above. Three ovules of three different 
treated and control plants from each genotype were observed 
by DIC microscopy with a Leica DM2500 microscope (Leica 
Microsystems) equipped with 10´, 20´, and 40´ HI PLAN 
achromat objectives. Images were digitized and cellular struc-
tures were measured using ImageJ 1.48 (Abramoff et al., 2004). 
Ovule and embryo sac structures are indicated in Supplemental 
Fig. S1. The embryo sac’s length and width and the nucellar–
endothelium layer’s width in the broader section of the embryo 
sac were measured. The equal variance and the normality of 
empirical distribution of all variables were assessed by Levene’s 
and Shapiro–Wilk test, respectively. For each genotype, mean 
values of treated and control plants were statistically compared 
using a Student’s t test in R version 3.0.0 (R Development Core 
Team, 2010).

Filled Seed Count
Mature seeds from five treated and control plants of each 
genotype were analyzed by hand. A total of 100 seeds per plant 
were soaked in distilled water until the pericarp could be easily 
removed. The presence of vital seed structures such as cotyle-
dons and radicles were verified. Empty, partially empty, and 
normal seeds were classified. The number of filled seeds was 
recorded for R and I genotypes (n = 2000). The equal variance 
and the normality of the empirical distribution was assessed by 
Levene’s and Shapiro–Wilk test. The mean values of treated 
and control plants were statistically compared with Student’s t 
test using R version 3.0.0 (R Development Core Team, 2010).

RNA Extraction and Complementary  
DNA Synthesis
The RNA was extracted from 120 to 150 mg of anthers and 
ovaries using a PureLink RNA Mini Kit (Invitrogen Life 
Technologies) according to the instructions provided by the 
manufacturer. Two independent RNA extractions were 
performed from each tissue. DNase I treatment was performed 
using PureLink DNase with column application (Invitrogen Life 
Technologies). The RNA integrity was verified on 1% agarose 
gel and stored at −80—C until use. First-strand complementary 
DNA (cDNA) synthesis was performed using the SuperScript 
First-Strand Synthesis System for real-time polymerase chain 
reaction (PCR, Invitrogen Life Technologies) according to the 
manufacturer’s instructions. Reverse transcription was initiated 
using oligo(dT) supplied by the kit. The cDNA was diluted 

at 1:5 using nuclease-free water. A detailed description of the 
experimental procedure is provided in Supplemental Table S1.

Quantitative PCR Analysis
Three ahas genes (ahas1, ahas2, and ahas3) and three reference 
genes (Actin, MicroRNA precursor 156, and Unknown protein 2 
as ACT, MIR156, and UNK2 ,respectively) were amplified 
by real-time PCR using a Rotor-Gene Q with high-resolu-
tion melting thermal cycler (Qiagen). The oligonucleotides 
sequences of the ahas genes have been previously designed and 
assayed by our group and published in Breccia et al. (2013). 
The reference genes has also been selected and validated by our 
research group (ACT, MIR156, and UNK2) and were published 
as the optimal reference panel for reproductive tissue expres-
sion normalization of H. annuus (Ochogavía et al., 2017). The 
primers and amplification conditions are available in Ochogavía 
et al. (2017).

Three technical replicates from each tissue were assayed 
from two independent plants. The reaction medium contained 
1´ SYBR Green PCR Master Mix (Mezcla Real, Biody-
namics), 0.4 mM of the forward and reverse primers, and 3 mL 
of cDNA in a total volume of 15 mL. An initial denaturaliza-
tion step was included (2 min at 70°C), followed by 40 cycles 
consisting of denaturation for 15 s at 95°C, annealing for 30 
s at 58 to 61°C, and extension for 40 s at 72°C. No-template 
controls were also included.

The quantitation cycle (Cq) and efficiency values (E) of 
each independent quantitative PCR (qPCR) run were obtained 
from the Comparative Quantitation application of Rotor-Gene 
Q Series software (QIAGEN, 2008). The primer amplification 
specificity was verified for the existence or lack of primer dimers 
or nonspecific amplicons by the presence of a single peak in 
qPCR melting curve products and the presence of a single band 
of the expected size on 2.5% agarose gel. A checklist outlining 
the RNA to qPCR quality and methodology is presented in the 
Supplemental Table S1. Each replicate sample value was normal-
ized by the three previously validated reference genes.

The relative profiling of each ahas gene was compared 
among tissues and developmental stages in treated and control 
plants using qBASE+ software version 3.1 (Hellemans et al., 
2007). Additionally, differences in relative expression were 
tested for statistical significance between treated and control 
plants and between the two developmental stages using the 
Relative Expression Software Tool (REST) version 2.0.13 
(Pfaffl et al., 2002). Transcript levels were referenced to the 
lowest gene expression. The results of both analysis methods 
were also compared.

RESULTS
Morphological Characterization  
of Disc Flowers
Plants of the inbred lines HA425 (R) and 1058-1 (I) 
treated with IM did not show any herbicidal effect in 
leaves or buds, and they achieved flowering on the same 
date as the control plants (Fig. 1A–1D). Imidazolinone-
susceptible treated plants (inbred line HA89) showed 
immediate dehydration symptoms (24 h after application) 

https://www.crops.org
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significant decrease in pollen yield in treated plants of 
the I genotype. The treated plants had 27% less PGF than 
control plants. The means, SEs, and p values are provided 
in Table 1. Pollen viability was similar between the R and 
I genotypes (96.1 and 95.6%, respectively). Furthermore, 
there were no differences in the percentage of lacto-
phenol-aniline blue-stained grains between IM-treated 
and control plants (Fig. 1N–1Q, Table 1).

The pollen grain diameter was analyzed by DIC 
microscopy (Fig. 2E–2H). No differences in the mean 
diameters were found when comparing the treated and 
control plants of the R genotype. However, we found 
that treated plants of the I genotype had pollen grains 
with significantly greater diameter (Table 1). Moreover, 
anthers in flower buds (E1 phenophase) revealed that both 
genotypes had large amounts of normal pollen grains, and 
no alterations or differences were detected in the anther 
morphology after IM treatment (Fig. 2A–2D). These 
results suggest that IM treatment alters the pollen grain 
formation of the I genotype, but it remains invariable in 
the R genotype. Moreover, we found that IM treatment 
does not induce anther malformation, and there was no 

and necrosis, and they finally died 20 d after treatment 
(Fig. 1E).

The stereomicroscope images obtained from bisexual 
disc flowers in E1 and E3 phenophases were analyzed to 
determine the sizes of female reproductive structures in 
the treated and control plants with the R and I genotypes 
(Fig. 1F–1I and 1J–1M, respectively). Total flower length, 
ovarian length, and ovarian width were measured and 
statistically compared by t test. The means and p values 
of statistical comparisons are shown in Table 1. Biometric 
data for disc flowers and ovaries show statistical significant 
differences between treated and control plants in only the 
bud flower phenophase (E1) in the I genotype.

Quantitative and Qualitative Pollen Analysis
Clarified anthers from the flower buds of the R and I 
sunflower lines had two thecas containing masses of pollen 
grains in both treated and control plants (Fig.  2A–2D). 
Pollen grains per flower were estimated from closed 
anthers (E1 phenophase) in R and I genotypes. No statisti-
cally significant differences were detected between treated 
and control plants of the R genotype, but there was a 

Fig. 1. Comparison of imazapyr-treated (IM-treated) and control plants from HA425 imidazolinone-resistant (R) and 1058-1 intermediate-
resistant (I) genotypes. Plants in the field belong to: (A) R control and (B) R IM-treated plants, (C) I control and (D) I IM-treated plants, and 
(E) HA89 (imidazolinone-susceptible) IM-treated plants. The center row shows photographs taken under stereomicroscope of (F–I) bud 
(E1) and (J–M) anthesis (E3) disc flowers from (F, J) R control and (G, K) IM-treated plants, and (H, L) I control and (I, M) IM-treated plants. 
The bottom row shows photographs taken under stereomicroscope of pollen grain viability tests. Blue-stained pollen grains are viable, 
but yellow pollen grains are unviable, from (N) R control, (O) R IM-treated, (P) I control, and (Q) I IM-treated plants. Scale bar = 50 mm.
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pollen viability differences either between R and I geno-
types or between treated and control plants.

When we compared young anthers (11 d after IM 
treatment and the control) of immature flowers from the 
center of the disc of R and I genotypes, we did not find 
alterations in the archesporial cells inside de pollen sacs 
(Fig. 3A–3D). For the four treatment combinations, it was 
possible to visualize cell divisions. We can assume that the 
archespores mother cells are suffering meiotic reduction 
(see arrowheads). However, we found a rather different 
scenario in bisexual flowers from the periphery of the 
same disc of IM-treated anthers. After meiotic reduction, 
we expect to find clusters of microspores or individual 
microgametophytes. Although the confocal view of the 
right theca showed developed microspores with big and 
bright nucleous (Fig. 3E and 3F), left theca showed tissue 
damage, inferring cell death that might occur by apop-
tosis. The dark holes in the superior half of the theca 
indicated microspore damage (Fig. 3E).

Megagametophyte Development
We used DIC microscopy to observe the megagameto-
phytes of flower bud and flowers in anthesis of the R and 
I genotypes. The embryo sac cytology was analyzed in 
three different treated and control plants in both E1 and 
E3 phenophases. The mature sunflower ovule is anat-
ropous, unitegmic, and tenuinucellate (Supplemental 
Fig. S1; Pullaiah, 1979). The observed embryo sacs were 

of the Polygonum type ( Johri et al., 1992), had normal 
shapes, and were dimensioned according to their develop-
mental stage without alterations in their cells (Fig. 2I–2P).

Most bud flowers in the E1 phenophase had ovules 
containing a young six-celled megagametophyte with 
an egg apparatus (the egg cell and two hooked syner-
gids), a central cell, and two or three antipodals cells 
(Fig. 2I–2L). However, it is notable that the develop-
ment of embryo sacs from treated plants was slightly 
advanced with respect to the control plants in the same 
phenological stage (Fig. 2J and 2L). Furthermore, some 
immature, narrow, and short embryo sacs were identi-
fied in E1 flowers of untreated plants, indicating that cell 
wall formation was incomplete (partial cytokinesis) and 
preventing the cells from being distinguished.

Mature embryo sacs were found in flower pheno-
phase E3 (Fig. 2M–2P). Large megagametophytes with 
two synergides and one egg cell at the micropylar end 
were observed. The central cell, situated in the middle 
region between the micropylar and chalazal ends, showed 
abundant cytoplasm. The polar nuclei were already fused 
and formed a single nucleus located near the egg cell. 
In the chalazal region, two or three elongated antipodal 
cells with disorganized nuclei were linearly arranged in 
a transverse plane.

The embryo sacs were biometrically characterized by 
image analysis of the DIC micrographies. The embryo 
sac length, embryo sac width, and nucellar–endothelium 

Table 1. Biometric data of inbred sunflower lines HA425 and 1058-1: bisexual flowers (disc flowers), pollen grains, 
megagametophytes, and percentage of seed set. Means ± SE of parameters measured on control and treated plants of the 
imidazolinone (IMI)-resistant and IMI-intermediate-resistant genotypes are shown.

IMI-resistant genotype (HA425) IMI- Intermediate resistant genotype (1058-1)
Parameter† Control Treated p Control Treated p
Morphological variables

 Disc flower length (mm), E1 12.58 ± 0.48 13.32 ± 0.39 0.26 12.77 ± 0.14 12.07 ± 0.13 0.009*

 Ovarian length (mm), E1 3.58 ± 0.78 2.59 ± 0.10 0.26 5.27 ± 0.10 4.7 ± 0.14 0.19*

 Ovarian width (mm), E1 4.47 ± 0.64 6.13 ± 0.36 0.06 2.6 ± 0.26 2.3 ± 0.1 0.068

 Disc flower length (mm), E3 21.28 ± 0.26 21.29 ± 0.27 0.98 20.5 ± 0.13 20.33 ± 0.23 0.66

 Ovarian length (mm), E3 10.02 ± 0.15 10.05 ± 0.17 0.95 8.60 ± 0.1 8.45 ± 0.1 0.39

 Ovarian width (mm), E3 3.46 ± 0.15 3.43 ± 0.09 0.89 2.96 ± 0.1 2.92 ± 0.1 0.99

Pollen variables

 Pollen grains per flower 24.074 ± 1.32 25.66 ± 1.47 0.47 21.99 ± 1.07 16.06 ± 1.13 <0.001*

 Pollen viability (%) 96.07 95.94 0.95 95.61 94.41 0.187

 Pollen diameter (mm) 33.92 ± 0.38 33.69 ± 0.39 0.68 33.49 ± 0.33 36.17 ± 0.44 <0.001*

Megagametophyte variable

 Embryo sac length (mm), E1 269.76 ± 15.95 336.1 ± 6.83 0.007* 315.69 ± 15.68 359.7 ± 8.93 0.006*

 Embryo sac width (mm), E1 56.39 ± 8.35 80.09 ± 3.49 0.03* 34.82 ± 5.40 42.36 ± 3.12 0.13

 N/En layer width (mm), E1 23.97 ± 1.16 16.91 ± 1.42 0.003* 23.28 ± 2.45 23.44 ± 1.32 0.71

 Embryo sac length (mm), E3 469.02 ± 12.77 462.5 ± 15.77 0.71 502.65 ± 14.46 486.8 ± 18.8 0.29

 Embryo sac width (mm), E3 123.49 ± 3.46 120.58 ± 3.06 0.54 89.24 ± 5.81 86.17 ± 4.74 0.62

 N/En layer width (mm), E3 13.74 ± 1.43 16.44 ± 1.67 0.25 23.44 ± 1.61 12.74 ± 1.02 0.42

Seed variable

 Filled seeds (%) 92.63 85.51 0.001* 81.42 66.51 <0.001*

* Significant at the 0.05 probability level.

† E1 and E3 indicate the phenophases of the disc flowers. N/En indicates the nucellar and endothelium layers.
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layer width were measured and statistically analyzed 
(Table 1). Significant differences among treatments were 
detected in only the reproductive phenophase E1. The 
embryo sac length was higher in treated plants from both 
genotypes, and embryo sac width was also higher in R 
treated plants, suggesting that IM treatment induced 
accelerated development. Nucellar–endothelium layer 
width was also significantly thinner in R treated plants, 
which supports the DIC observations that the develop-
ment of embryo sacs of treated plants was advanced with 
respect to the control plants.

Seed Analysis
The percentages of normally formed seeds were compared 
between treated and control plants from the R and I 
lines. Seed set percentages were significantly lower in 
IM-treated plants than in control plants from both the R 
and I genotypes, but these means differences were twice 
as high for the I genotype (Table 1). Treated plants of the I 
genotype had 14% fewer normal seeds than control plants, 
and treated plants of the R genotype had 7% reduced seed 
set compared with the control (Table 1).

Fig. 2. Differential interference contrast micrographies of optical sections of anthers, pollen grains and embryo sacs from control and 
imazapyr-treated (IM-treated) plants of HA425 imidazolinone-resistant (R) and 1058-1 intermediate-resistant (I) genotypes. Panels A to D 
show anther views of (A) R control and (B) R IM-treated plants, and (C) I control and (D) I IM-treated plants. Thecas with two pollen sacs 
(ps) are joined by the connective tissue (c) containing masses of pollen grains (arrowhead). Photos also show the epidermis of the theca 
(ep). Scale bar = 200 mm. Panels E to H show pollen grains (pg) of (E) R control and (F) R IM-treated plants, and (G) I control and (H) I 
IM-treated (H) plants. In Panel G, it is possible to distinguish the epidermis (ep) of the theca, and the pollen grain exine (ex) and intine (in). 
Scale bar = 50 mm. Panels I to L show embryo sacs in E1 phenophase (flower bud) from (I) R control and (J) R IM-treated plants, and (K) 
I control and (L) I IM-treated plants. Photos show the mature embryo sac showing the filiform apparatus (fa), the egg cell nucleus (ecn), 
the central cell (cc) with the central cell nucleus (ccn), the antipodal cells (a), the nucellus (n), endotelium (en), and the integument (i). Scale 
bar = 100 mm. Panels M to P show embryo sacs in E3 phenophase (flower anthesis) of (M) R control and (N) R IM-treated plants, and 
(O) I control and (P) I IM-treated plants. Photos show the mature embryo sac showing the synergid (s) with the synergid nucleus (sn), the 
filiform apparatus (fa), the egg cell (ec) with the egg cell nucleus (ecn), the central cell (cc) with the central cell nucleus (ccn), the antipodal 
cells (a),the endothelium (en), and the nucellus (n). Scale bar = 100 mm
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Fig. 3. Confocal laser micrographies of developing anthers from control and imazapyr-treated (IM-treated) plants of HA425 imidazolinone-
resistant (R) and 1058-1 intermediate-resistant (I) genotypes. Panels A to D show confocal green fluorescence (488-nm line from a 40-
mW Melles Griot argon ion laser and a 525/50 emission filter) of anthers of (A) R control and (B) R IM-treated plants, and (C) I control and 
(D) I IM-treated plants. Images represent the 80´ magnification of anthers; sections and insets show the complete dissected anthers. 
Arrowheads show the meiotic structures during the microsporogenesis. Panels E and F show (E) the anther view obtained from a 
bisexual flower of the periphery of the disc of IM-treated plants in confocal green fluorescence (488-nm line, 525/50 emission filter) and (F) 
the differential interference contrast view of the same anther. In Panel E, thecas with two pollen sacs (ps) joined by the connective tissue 
(c) formed by long tabular cells between the two thecas. The right pollen sac with some cells still clustered, forming microspore tetrads, 
is also shown. Arrows indicate the abnormally developed or damaged sporogenous tissue. Scale bars = 50 mm.
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Effects of Imazapyr Treatment on the ahas 
Gene Profiles
Sunflower transcript profiles of the three ahas paralogs 
were analyzed through two different analysis strategies. 
First, each ahas gene expression level was independently 
studied to identify the maximum and minimum relative 
values within each paralog dataset by qBASE software 
(Hellemans et al., 2007; Fig. 4A, 4D, 4G, 4J, 4M, and 4P). 
Next, a statistical comparison of ahas expression between 
IM-treated and control plants and between E1 and E3 
phenophases of both genotypes was assayed by REST 
software (Pfaffl et al., 2002; Fig. 4).

qBASE profiling analysis shows that the overall simi-
larities between the R and I expression patterns were 
mainly for the ahas1 gene. The highest expression levels 
of this gene were detected in the anthers in the E3 pheno-
phase of control plants, with 18.12 and 16.2 times the 
expression of treated plants for the R and I genotypes, 
respectively (Fig. 4A and 4D). Divergent expression 
patterns were identified for ahas2 and ahas3 in both geno-
types. Differences in ahas2 levels in the R genotype were 
scarcely detected and were 2.97 times higher than the 
reference level in the preanthesis anthers of treated plants 
(E3 ovaries of treated plants, Fig. 4G).

A steeper variation was detected in control plants of 
the I genotype, where the highest level was detected in 
the E3 phenophase (49 times that of the E1 phenophase). 
However, such differences were not found in treated plants 
(Fig. 4J). The Ahas3 paralog transcript amounts were also 
variable between genotypes. In R plants, the highest levels 
were detected in the bud flower anthers of treated plants 
(23.2 times higher than in the same tissues in anthesis) 
(Fig. 4M), but in the I genotype, the highest variations 
were observed in the anthers of treated plants and were 
11 times higher in anthesis than in bud flowers (Fig. 4P). 
In the qBASE analysis, it should be noted that the main 
variations of the three ahas paralogs were detected almost 
exclusively in male reproductive tissues.

The REST analysis comprised the statistical compar-
ison of ahas relative expression between IM-treated and 
control plants and also during the reproductive develop-
ment (E1 and E3 phenophases) of both genotypes (Table 2). 
The expression levels of each ahas paralog were analyzed in 
female and male tissues separately, and the relative expres-
sion was calculated with respect to the lowest expression 
value within each tissue type. Herbicide treatment triggered 
significant changes at the transcriptional level of the three 
ahas genes, and the alterations were genotype dependent.

As described for the other comparison strategy, 
differences between the treated and control plants were 
mainly identified in male reproductive tissues (Fig. 4B, 
4C, 4E, and 4F). Ahas1 expression levels were no excep-
tion. Control plants had a sharp physiological incensement 
between E1 and E3 phenophase (11.2 and 16.2 times in R 

and I genotypes, respectively), but in IM-treated plants, 
transcript levels remained at a low constant level. This 
suggests that one or more other ahas paralogs are coding 
the principal isoform in male tissues under this stress condi-
tion. In E3 ovaries, significant differences were detected 
for the R genotype between treated and control plants, 
where IM treatment significantly increased the ahas1 
transcript level (Fig. 4B). However, divergent behavior 
was detected in the other genotype (I), since ahas1 levels 
remained almost constant during normal ovary develop-
ment but were initially induced but in IM-treated plants 
(p = 0.029) (Table 2).

In the ahas2 expression analysis, significant variations 
between treated and control plants were detected in only 
the reproductive tissues of the E3 phenophase (Fig. 4H, 4I, 
4K, and 4L). In ovaries of the R genotype, these paralog 
levels were slightly reduced after treatment (Fig. 4H). In 
the other genotype, the gene expression was three times 
lower in the E3 phenophase than in the E1 phenophase in 
control plants (p = 0.001), but when treated, the expres-
sion remained at a high and constant level (Fig. 4K). In the 
anthers of the R genotype, ahas2 expression levels increased 
2.4 times in IM-treated plants compared with control 
plants (Fig. 4I). Nonetheless, in the I genotype, these 
paralog transcripts were highly increased during normal 
male reproductive development (p = 0.001), but like ahas1, 
IM treatment negatively affected these levels (Fig. 4F). This 
suggests that AHAS2 could be one of the principal isoforms 
induced after IM treatment in female reproductive tissues of 
both genotypes, as well as in male tissues of the I genotype.

Finally, the relative transcript abundance of ahas3 was 
analyzed (Fig. 4N, 4O, 4Q, and 4R). In female tissues, 
minimal but significant variations were detected in the R 
genotype between the E1 and E3 phenophases (a 0.7-fold 
decrease), and a similar pattern was observed in treated 
plants (Fig. 4N). In contrast, in the I genotype, ahas3 
levels were strongly induced by IM treatment in the E1 
phenophase (37.3 times that of control plants) (Fig. 4Q). 
In the anthers of the R genotype, ahas3 also had an initial 
significant induction of 4.5 times in the IM-treated plants 
compared with control plants (p = 0.015, Table 2).

In the I genotype, ahas3 increased by three times 
between the E1 and E3 phenophases in control plants and 
by more than six times in IM-treated plants (Fig. 4R). 
Thus, ahas3 has a constitutive behavior in female tissues 
of the R genotype, but in the I genotype, it could be 
induced by IM treatment in the early developmental 
stages. In bud flower anthers of the R genotype, there 
was a marked ahas3 induction by IM treatment, but in 
the other genotype, this induction was detected in the 
anthesis. This suggests that the AHAS3 isoform could be 
one of the main components of the AHAS enzyme pool 
in male tissues of both genotypes and also in the ovaries 
of I plants exposed to herbicide treatment at the R1 stage.
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Fig. 4. Relative expression levels (RE) of the three sunflower ahas paralogs (ahas1, ahas2, and ahas3) measured in reproductive tissues 
of HA425 imidazolinone-resistant (R) and 1058-1 intermediate-resistant (I) genotypes. Expression profiles are shown of each ahas gene 
from R (A–D) and I (E–F) genotypes. Transcript levels were analyzed by two different strategies, referring them to the minimal gene 
expression of each comparative group. The vertical axis represents the RE, and vertical bars indicate the SE of the mean. Panels A and 
D show expression levels of each sample relative to the minimal normalized expression of the complete pool of samples from R and I 
genotypes, respectively. For each gene and genotype, samples with the same letter are not significantly different at the 0.05 probability 
level. F and M indicate Female and Male reproductive tissues, respectively. E1 and E3 are the phenological reproductive developmental 
stages, and T and C are control and imazapyr -treated plants, respectively. In Panels B, C, E, and F, expression data were statistically 
compared within each reproductive tissue type among developmental reproductive process and treatments. Panels B and E show 
the RE of ahas genes analyzed in the female tissue subgroup from R and I genotypes, respectively. Expression levels of ovaries in 
different phenophases (E1 and E3) and in treated (T) and control (C) plants were compared. Panels C and F show the RE of ahas genes 
analyzed in the male tissue subgroup from R and I genotypes, respectively. ˅ indicates significant mean differences between E1 and E3 
phenophases (p < 0.05); ^ indicates significant mean differences between treated and control plants (p < 0.05). Table 2 provides the 
complete list of statistical analysis results.
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DISCUSSION
Overall, our study demonstrated that the number of 
PGF and the percentage of viable seeds are significantly 
decreased by IM treatment in early reproductive growth 
stages. This decrease is dependent on the level of resis-
tance of the genotype, since the PGF was significantly 
decreased by the IM treatment in only the I genotype, 
and the number of viable seeds was twice as low in this 
genotype than in the R genotype. Likewise, the pollen 
diameter was increased in treated plants in only the I 
genotype. Nevertheless, the anther morphology devel-
opment was normal, and no loss of pollen viability was 
detected in treated plants.

These results suggest that the IMI treatment alters the 
pollen yield. This has an adverse effect on the pollen–
ovule relationship and affects seed production, particularly 
in the genotype lacking the modifier gene Imr2. Addition-
ally, in this genotype, the average of pollen grain diameter 
was significantly increased by the IMI treatment. Helian-
thus annuus is an allogamous species that presents a SSI 
mechanism similar to other species in Asteraceae (Gerstel, 
1950; Hughes and Babcock, 1950; Allen et al., 2011). Most 
species with SSI have been found to correlate with trinu-
cleate pollen grains as the anthers open.

This study evaluated the anther morphology, pollen 
structure, and PGF in flower phenophase E1 with the 

anthers closed before dehiscence. It is possible that pollen 
grains were still at the two-cell stage (binucleate) in the  
E1 phenophase, which means that the generative cells of 
the microgametophytes would not have undergone mitosis 
yet. Higashiyama and Inatsugi (2006) pointed out that the 
genes regulating the timing of division of the generative 
cell are still unknown, although water uptake may trigger 
the division of the generative cells in bicellular pollen. 
During microgametogenesis, sunflower binucleate pollen 
grains undergo a second mitosis before anther dehiscence. 
Given these events, it could be assumed that the signifi-
cant increase in pollen grains diameter in E1 flowers in 
plants of the I genotype correspond to an advanced devel-
opmental stage of the microgametophyte.

It is possible that flowers from treated plants of the I 
genotype were undergoing a precocious second mitosis 
of the microgametophyte generative cells. However, it 
seems that there could be another possible explanation for 
the significantly increased pollen grain diameter in the I 
treated plants. Johri et al. (1992) mentioned that pollen 
degeneration is a common feature in several members of 
Asteraceae, and they found that with larger sized pollen 
grains occasionally undergo the process of becoming 
binucleate and then posteriorly abort. Nevertheless, we 
did not observe shrinking or deformed pollen grains that 
suggest the idea of cell death in phenophases E1 or E3.

Table 2. REST statistical analysis of ahas genes relative expression (RE) between imazapyr-treated (T) and control (C) plants 
and E1 and E3 developmental stages from imidazolinone-resistant (R) and intermediate-resistant (I) genotypes

Gene Tissue† Stage‡ Comparison
R I

RE p RE p
ahas1 F E1 T–C NS§ 0.54 >1.92 0.029

F E3 T–C >1.4 0.028 NS 0.52
F C E1–E3 <0.21 0.001 NS 0.95
F T E1–E3 <0.44 0.007 NS 0.16
M E1 T–C >1.4 0.028 NS 0.54
M E3 T–C <0.16 0.009 <0.25 0.029
M C E1–E3 >22.5 0.0001 >13.4 0.01
M T E1–E3 >2.55 0.011 >4 0.03

ahas2 F E1 T–C NS 0.83 NS 0.055
F E3 T–C <0.54 0.03 >3.7 0.012
F C E1–E3 <0.63 0.001 <0.23 0.001
F T E1–E3 <0.33 0.022 NS 0.26
M E1 T–C NS 0.06 NS 0.46
M E3 T–C >2.14 0.015 <0.264 0.006
M C E1–E3 <0.56 0.009 >23 0.001
M T E1–E3 NS 0.207 >4 0.03

ahas3 F E1 T–C NS 0.75 >27.9 0.001
F E3 T–C NS 0.63 NS 0.42
F C E1–E3 <0.58 0.001 >11.5 0.007
F T E1–E3 NS 0.116 <0.23 0.001
M E1 T–C >4.5 0.015 NS 0.53
M E3 T–C <0.19 0.0001 >2.7 0.003
M C E1–E3 NS 0.26 >3 0.016
M T E1–E3 <0.027 0.007 >6 0.012

† F and M are female and male reproductive tissues, respectively.

‡ E1 and E3 are immature and mature reproductive developmental stages, respectively.

§ NS indicates nonsignificant differences (p > 0.05).

https://www.crops.org


12 www.crops.org crop science, vol. 58, september–october 2018

R
ep

ro
d

uc
ed

 fr
om

 C
ro

p
 S

ci
en

ce
. P

ub
lis

he
d

 b
y 

C
ro

p
 S

ci
en

ce
 S

oc
ie

ty
 o

f A
m

er
ic

a.
 A

ll 
co

p
yr

ig
ht

s 
re

se
rv

ed
.

When the flower length and ovarian length from 
treated plants were compared with control plants in the E1 
flower developmental stage, significantly smaller structures 
were observed in only treated plants of the I genotype. 
However, treated plants of both genotypes showed longer 
embryo sacs than the control, suggesting that the megaga-
metophytes of these flowers could have been in an advanced 
developmental phase. These results indicate that the IMI 
treatment not only accelerates the gametogenesis in the 
pollen grains of treated plants of the I genotype but also 
affects the embryo sac length in both genotypes.

The decrease in pollen yield indicates that the negative 
effect of the herbicide treatment could occur in the initial 
phases of microgametogenesis. Notwithstanding, the 
number of pollen grains do not seem to be the only deter-
mining factor for the decrease of the seed set, since the 
number of normal seeds was significantly reduced by the 
treatment in the R genotype, but the PGF was not affected 
at all. As mentioned, the megagametophyte develop-
ment were especially affected by IM treatment in the R 
genotype, since biometric differences in the embryo sac 
were mainly detected for this genotype between treated 
and control plants. This suggests that different mecha-
nisms would be involved in the reduction of seed yield in 
R and I genotypes under IM treatment.

Herbicide treatment triggered significant changes in 
the transcriptional profile of the three ahas genes, and 
these alterations were also genotype dependent. The main 
variations of ahas paralog levels were detected in male 
reproductive tissues, but transcript profiles were altered 
by IM treatment in all evaluated reproductive tissues. 
Overall, the gene expression analyses showed that the R 
genotype had a restricted response to treatment. In this 
genotype, IM treatment slightly induced ahas1 levels in 
ovaries of the E3 phenophase, and the other two paralogs 
appeared to have a constitutive expression, suggesting that 
the three paralogs could be coding the enzyme pool, but 
AHAS1 could be overexpressed in this stress condition.

In male tissues, a compensative expression profile 
was detected where IM treatment induced ahas3 in early 
developed flowers, but in maturity, it hardly induced 
ahas2 expression and reduced ahas1 and ahas3 levels. Thus, 
these results suggest that in the R genotype, AHAS2 and 
AHAS3 are the principal treatment-induced isoforms in 
the anthers during anthesis and in bud flowers, respec-
tively. A marked effect of IM treatment was detected for 
the I genotype, where ahas1 and ahas3 expression levels 
were highly induced in early developed ovaries, as well 
as ahas2 levels in ovaries of the E3 phenophase. In this 
genotype, unlike R, AHAS1 and AHAS3 could be the 
principal isoforms that responded to the treatment in 
female reproductive tissue. During anther development, 
the treatment barely suppressed ahas1 and ahas2 but 

induced ahas3 expression, suggesting that AHAS3 could 
be the principal isoform in anthers of the I genotype.

In a previously published study (Ochogavía et al., 
2014), we demonstrated that AHAS2 and AHAS3 are the 
principal isoforms in reproductive tissues of the HA89 
IMI-susceptible sunflower line (wild type). A positive 
correlation has been established between ahas2 and ahas3 
gene expression and AHAS activity for these tissues. The 
paralog ahas1 is mainly expressed in vegetative tissues, 
and thus the enzyme pool in flowers of this wild-type 
genotype had the lowest contributions of the AHAS1 
isoform (Ochogavía et al., 2014). In our comparison, both 
the R and I genotypes carried the Ahasl1-1 allele (Ala205 
mutation). It has been demonstrated for other plant species 
(Solanum ptychanthum Dunal) that this mutation reduces 
the specific AHAS activity to 50%, and it is related to the 
fitness cost of the resistance (Ashigh and Tardif, 2007; Vila-
Aiub et al., 2009). Different expression patterns between 
ahas mutants and wild-type genotypes were expected, 
since higher transcriptional levels may compensate for the 
reduced functionality of this isoform (Lee et al., 2011).

We demonstrated that the herbicide response was 
not uniform for the two genotypes evaluated. The effec-
tive herbicide action probably differed because R and I 
genotypes differ in their herbicide resistance level. The 
Imr2 locus has been related to a non-target-site resistance 
mechanism associated with P450s isozymes (Breccia et 
al., 2017). Recently, Balabanova et al. (2018) showed that 
GSTs enzymes are also involved in imazamox detoxifi-
cation in the sunflower Imisun trait and thus contribute 
to its non-target-site resistance. Thus, different behaviors 
between genotypes were expected, as this mechanism is 
only present in the R genotype. The earlier and higher 
induction of ahas1 in female reproductive structures of 
the I genotype after treatment could be associated with 
a major effort in the plant to counteract the increasing 
concentration of herbicide that reaches the affected tissues. 
In the same way, the significant physiological effects 
detected in IMI-treated anthers were expected, since the 
ahas1 paralog had an important inhibition effect in these 
tissues, particularly for the I genotype.

Some AHAS-inhibiting sulfonylureas herbicides, such 
as tibenuron methyl and monosulfuron ester sodium, have 
been used as effective chemical hybridization agents to 
induce male sterility in rapeseed. Underlying molecular 
bases have been proposed involving sulfonylurea causing 
anther-specific inhibition of AHAS and subsequent BCAA 
starvation, which induces autophagic cell death in the 
anthers (Zhao et al., 2015). Foliar-sprayed tibenuron methyl 
is polar transported to the anthers through the mesophyll 
and phloem, producing anther-specific AHAS inhibition 
in Brassica napus and Arabidopsis (Zhao et al., 2015). Autoph-
agic cell death is induced by BCAA starvation, and the bulk 
cytoplasmic contents in aborted microspores are degraded, 
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resulting in extremely crinkled pollen grains with little 
cytoplasm, and ultimately, male sterility.

During autophagic cell death, the bulk cytoplasmic 
contents in aborted cells are degraded, with microspores 
and tapetum cells highly vacuolated (Zhao et al., 2015). It is 
possible that analogous biochemical or metabolic pathways 
are altered after IM treatment in sunflower. More detailed 
studies on microsporogenesis and microgametogenesis 
should be done for Imisun genotypes to identify evidence 
of autophagic events in the anther cells of IM-treated 
plants. Our study provides clear evidence that IM treat-
ment in the R1 stage induces significant negative effects in 
pollen production (i.e., pollen yield reduction in only the I 
genotype), as well as a decrease in normal seed production 
(7 and 14% in the R and I genotypes, respectively).

A tissue-specific and gene-dependent response was also 
observed in this study. The highest variations were detected 
almost exclusively in the anthers. The significant reduction 
in ahas1 and induction of the other paralogs after treatment 
reveal an IM-induced compensative expression in anthers, 
which is particularly marked in the I genotype. This suggests 
that AHAS2 and AHAS3 were the principal isoforms that 
led to BCAA synthesis in altered male tissues after the 
herbicide treatment. Our results underscore the functional 
links between IMI treatment in early reproductive growth 
stages and the decrease of seed production, which is directly 
related to crop yield. Finally, this study specially contributes 
to enhancing the understanding of the molecular effects of 
AHAS-inhibitors herbicides in reproductive tissues. The 
broader knowledge about the mechanism underlying this 
chemical male sterilization constitutes a requisite for the 
implementation of this promising method in breeding 
schemes or in the production of hybrid seeds.
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