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IM-induced inhibition of key genes regulating anther
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Abstract Understanding how herbicides affect plant
reproduction and growth is critical to develop herbicide
toxicity model and refine herbicide risk assessment.
Although our knowledge of herbicides toxicity mechanisms
at the physiological and molecular level in plant vegetative
phase has increased substantially in the last decades, few
studies have addressed the herbicide toxicity problematic on
plant reproduction. Here, we determined the long-term
(4-8 weeks) effect of a chiral herbicide, imazethapyr (IM),
which has been increasingly used in plant crops, on floral
organ development and reproduction in the model plant
Arabidopsis thaliana. More specifically, we followed the
effect of two IM enantiomers (R- and S-IM) on floral organ
structure, seed production, pollen viability and the tran-
scription of key genes involved in anther and pollen devel-
opment. The results showed that IM strongly inhibited
the transcripts of genes regulating A. thaliana tapetum
development (DYT1: DYSFUNCTIONAL TAPETUM 1),
tapetal differentiation and function (TDFI: TAPETAL
DEVELOPMENT AND FUNCTION1), and pollen
wall formation and developments (AMS: ABORTED
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MICROSPORES, MYB103: MYB DOMAIN PROTEIN
103, MS1: MALE STERILITY 1, MS2: MALE STERILITY
2). Since DYTI positively regulates 33 genes involved in
cell-wall modification (such as, TDF1,AMS, MYB103, MS1,
MS2) that can catalyze the breakdown of polysaccharides to
facilitate anther dehiscence, the consistent decrease in the
transcription of these genes after IM exposure should hamper
anther opening as observed under scanning electron micros-
copy. The toxicity of IM on anther opening further lead to a
decrease in pollen production and pollen viability. Further-
more, long-term IM exposure increased the number of apu-
rinic/apyrimidinic sites (AP sites) in the DNA of A. thaliana
and also altered the DNA of A. thaliana offspring grown in
IM-free soils. Toxicity of IM on floral organs development
and reproduction was generally higher in the presence of the
R-IM enantiomer than of the S-IM enantiomer. This study
unraveled several IM toxicity targets and mechanisms at the
molecular and structural level linked to the toxicity of IM
trace concentrations on A. thaliana reproduction.

Keywords Arabidopsis thaliana - Imazethapyr - Floral
organs - Enantiomer - Reproduction

Introduction

Environmental deterioration due to herbicide application in
crops around the world is a serious concern since low
herbicide residual concentrations in soils (on the order of a
few ug a.i. L™', where a.i. means active ingredient) and
water may lead to deleterious effects on non-target plants
and animals and ultimately humans (Jettner et al. 1999;
Lambrev et al. 2003; Gavrilescu 2005; Boutin et al. 2014).
The vast majority of applied herbicide does not reach the
target organisms (Pimentel 1995) and enter the soil
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environment by three pathways: (1) direct interception of
spray by the soil surface during the applications, (2) runoff
of the herbicide from plants, and (3) leaching from dead
plant material (Zabaloy et al. 2011). The residual herbicide
concentration in soil near agricultural areas may vary from
a few pg to mg per kg of soil (Dalton and Boutin 2010).
The dispersion of residuals herbicide in soils and adjacent
ecosystems has been linked to marked population decline
of many plants species living near agricultural areas (Ol-
ofsdotter et al. 1998; Boatman et al. 2007; Boutin et al.
2014). Herbicide application is even believed to be one of
the most important factor affecting the biodiversity of wild
plants in agricultural areas (Strandberg et al. 2012).
Imazethapyr (IM) is a common imidazolinone herbicide
widely applied in rice, soybeans, groundnuts and other crops
around the world to control dicot weeds (York et al. 1995).
Imazethapyr is absorbed by the roots and foliage, and then
transported into the meristematic region of weeds. The
mechanism of action of IM is to inhibit the plant enzyme
acetohydroxyacid synthase (E.C.4.1.3.18), also known as
acetolactate synthase (ALS). This enzyme catalyzes the first
common reaction in the biosynthetic pathway of branched-
chain amino acids (BCAA; valine, leucine and isoleucine) in
plants, but is absent in animals (Singh 1999). However, since
IM has a half-life of 53—122 days in aerobic soil (Mills and
Witt 1989; Curran et al. 1992). IM residues in soils adjacent
to crops will persist affecting not only the ALS enzyme of
non-target wild plants, but also several other metabolic
pathways and plant functions. For instance, exposure of
Arabidopsis thaliana plantlets for 2—4 weeks to trace IM
concentrations (2-2.5 pug L") has been shown to strongly
affect chlorophyll synthesis, several genes related to photo-
synthesis, increased ROS production while inhibiting the
activity of several ROS-detoxifying enzymes (Peroxidase
and catalase) (Qian et al. 201 1a, b; 2013). Short exposure of
rice seedlings for 6 days to IM (50-500 pg L™') induced
damages to lipid membranes and negatively affects the
transcription of a number of genes involved in many meta-
bolic pathways, including amino acid metabolism, photo-
synthesis, starch and sugar metabolism and the tricarboxylic
acid cycle (Qian et al. 2009, 201 1a, b). Previous reports have
mainly focused on the cellular and molecular effects of IM
(as well as other herbicide) on plants. However, little is
known regarding the toxicity mechanisms of IM on plant
reproduction (Carpenter and Boutin 2010) even though there
is increasing evidence that plant reproduction constitutes
generally a more sensitive endpoint than classical short-term
physiological measurements of herbicide toxicity (Boutin
et al. 2014). Only very recently, it was shown that trace
imazethapyr concentrations promote early flowering of A.
thaliana (Qian et al. 2014), but the toxicity mechanisms at
the cellular and molecular level leading to the strong effect of
imazethapyr on A. thaliana reproduction are still unknown.
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In the present study, we examined the effect of a long-
term (4-8 weeks) exposure to R- and S-IM enantiomers on
floral organ structure, seed production, pollen viability and
transcription of key genes involved in anther and pollen
development in the model dicotyledon plant A. thaliana.
Our findings shade new lights on the mechanisms by which
residual IM concentrations in soils may affect the devel-
opment of floral organs in A. thaliana.

Materials and methods
Plant material and growth conditions

Seeds of A. thaliana (Col-0) were germinated on agar plates
containing MS (Murashige and Skoog) medium. One-week-
old seedlings were transferred to soil (Custom growing mix,
Conrad Fafard Inc, Agawam, MA) and irrigated with water
with or without IM enantiomers. The concentrations of the
IM enantiomers (R- and S-IM) were 10 and 30 pg L' and
treatments were designated as R30 (30 pg L™" R-IM), R10
(10 ug L™" R-IM), $30 (30 pugL™' S-IM) and S10
(10 pg L~ S-IM) as in our previous study (Qian et al. 2014).
The culture medium with or without IM enantiomers was
replenished every fourth day. The chamber temperature was
maintained at 25 4 0.5 °C and the seedlings were grown
under a 12 h light/12 h dark cycle at a light intensity of
300 pmol m™2 s ! under cool-white fluorescent lights for
3-8 weeks depending on the experiments.

Pollen viability and silique observation

Pollen viability was assessed by staining control and IM
enantiomers-treated pollen with the dye, tetrazolium red
(TTR). Note that this dye allows discriminating between
dead and alive pollens; living pollen is capable of reducing
the colorless chemical TTR into a red-colored compound,
which leads to red staining of pollen tissues (Wang et al.
2009). Pollen stained into red in the presence of TTR
typically has high germination rates, but light orange to
yellow pollen has low germination rates (Lansac et al.
1994).

To measure pollen viability, the pollen from 6-week-old
seedlings (stage 14 of anther development) was kept on
glass slides in the presence of a 400 pL TTR solution (2 %
TTR in distilled water with 60 % sucrose, which prevents
the pollen from bursting) at 35 °C for 15 min. Then, the
slides were kept at 25 °C and the degree of pollen staining
was visualized using a light microscope at 200x magnifi-
cation 6 h after the TTR treatment.

To determine the seed number per silique, fully devel-
oped siliques from the main stem of §8-week-old seedlings
(stage of fruit formation) were transferred to 70 % ethanol
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to desaturate silique chlorophyll. Seeds per cleared silique
were then counted under the dissecting microscope. Five
replicates were used in each treatment and each replicate
consisted of 12 randomly selected seedlings.

Scanning electron microscopy visualization of anther
and pollen

When floral buds were visible at the center of the rosette,
whole inflorescences were collected from 6-week-old
control and IM-treated plants and fixed with 2.5 % glu-
taraldehyde in 0.025 M sodium phosphate buffer (pH 6.8)
at 4 °C overnight. The samples were then rinsed with
phosphate buffer (0.1 M, pH 7.0) three times, and then
fixed in 1 % OsO,4 in 0.05 M sodium cacodylate buffer (pH
7.0) for 2 h. Subsequently, samples were dehydrated
through a graded ethanol series before treatment with a
mixture of ethanol and isoamyl acetate. The samples were
observed under a TM-1000 tabletop scanning electron
microscope (SEM) from Hitachi High-Technologies.

gRT-PCR analysis of gene expression

SYBR Green based real-time qRT-PCR was used for
measuring relative expression of several genes related to
floral organ development (Table 1). We followed the gene
DYTI1 (DYSFUNCTIONAL TAPETUM 1) involved in A.
thaliana tapetum development as well as several down-
stream genes regulated by DYTI, i.e. the gene TDF1
(TAPETAL DEVELOPMENT AND FUNCTIONI) regulat-
ing tapetal differentiation and function, and several other
key genes involved in formation of pollen exine and pollen
cytosolic components as well as tapetum develop-
ment (AMS: ABORTED MICROSPORES, MYB103: MYB
DOMAIN PROTEIN 103, MSI1: MALE STERILITY 1, MS2:
MALE STERILITY 2) (O’Maoiléidigh et al. 2013)
(Table 1). Total RNA was extracted from 4-week-old
control and herbicide-treated seedlings using RNAiso
(TaKaRa Company, Dalian, China) following the manu-
facturer’s instructions. RNA quality was verified by visu-
alizing the samples on ethidium bromide-stained agarose
gels. A 1-pg sample of total RNA was used as a template
for cDNA synthesis using M-MLV reverse transcriptase
(Toyobo, Tokyo, Japan) with oligod (T). Real-time PCR
was performed using iQ SYBR Green Supermix (Bio-Rad)
in an Eppendorf MasterCycler® ep RealPlex* (Wesseling-
Berzdorf, Germany).The specific primer pairs used for each
gene are listed in Table 1. Expression of the gene Actin 2
was used as a housekeeping gene to normalize the
expression profiles. About 50 ng of cDNA were added into
10 uL reaction mixture. The following two-step PCR
protocol was used: one denaturation step at 95 °C for

1 min and 40 cycles of 95 °C for 15 s and 60 °C for 1 min.
Each treatment had 4 replicates and 5 seedlings were used
to extract RNA in each replicate. The relative quantifica-
tion of gene expression among the treatment groups was
analyzed according to the method of Livak and Schmittgen
(2001).

Quantification of damaged DNA

Plant leaves from control as well as R30- and S30-treated
groups for 3 weeks were collected and the DNA of each
group was extracted by phenol-chloroform extraction.
Seeds were harvested from R30 and S30-treated groups and
cultivated, again for 3 weeks, but in soil and culture
medium not contaminated with IM (both treatments here-
after designated OR30 and OS30). After 3 weeks of
growth, plant leaves of OR30 and OS30-treated groups
were also collected and their DNA were extracted. DNA
damage was quantified with a DNA Damage Quantification
Kit (Dojindo, Kumamoto, Japan) based on the detection of
abasic sites in genomic DNA with aldehyde reactive probe
reagent, which reacts specifically with the open ring form
of the abasic sites. This assay was performed according to
the manufacturer’s instructions. Each treatment had 6
replicates and 5 seedlings were pooled for each replicate.

Data analysis

Differences among the means of different treatments were
tested for statistical significance by one-way ANOVAs
followed by Dunnett’s post hoc test using the StatView 5.0
software. When the probability (p) was less than 0.05
(p < 0.05), the means were considered to be significantly
different. Errors are given as +one standard error of the
mean (SEM).

Results

The effect of IM on floral organ structure and pollen
viability

Plants treated for 6 weeks days to 10 or 30 ug L™ of both
IM enantiomers developed complete flower organ structure
consisting of four organ types: sepals and petals, as well as
stamens and a pistil in the center of the flower, but all of
these floral organs were deformed for the R30 and R10-
treated groups (Fig. 1). SEM analyses also revealed that all
the floral organs (sepal, petal, stamen, and carpel) in IM-
treated groups were developed (Fig. 2a—e), but anthers in
the R10 and R30 groups were deformed and were fre-
quently collapsed (Fig. 2d, e). In the A. thaliana Col-0
wild-type, the anther dehisced easily and released many
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Table 1 Genes and their IDs as well as the sequences of primer pairs used in real-time PCR

Gene Orientation Sequence (5°-3’) Gene ID
DYTI Forward CATGTCCCCATTGTCACCAAC

Reverse CTTCATCAATCTCAGGAGGAGC 827883
TDF1 Forward GCTGATGAAAATGGGGATAGAC

Reverse GCTGAGTTGGATTGTGTGAGTA 822477
AMS Forward TGCAAGGGCTTGGGATTATTG

Reverse CTTCTGTTCCATTCTCCGCTATGA 816194
MYBI103 Forward CCCTAACCCAAACAACTTTCAC

Reverse ATTCCCAAACGAAGACGAAGAG 835710
MS1 Forward CACGGCTTCTTTCACTCCAACG

Reverse GCGTCATTCAACCCTATTTTCCTG 832286
MS?2 Forward GCCTAGCGTCATCGAAAGCA

Reverse GCCCCTTCCCGTAACATAAAAC 821147
Action2 Forward ACCTTGCTGGACGTGACCTTACTGAT

Reverse GTTGTCTCGTGGATTCCAGCAGCTT 821141

DYTI DYSFUNCTIONAL TAPETUM 1, TDFI TAPETAL DEVELOPMENT AND FUNCTIONI, AMS ABORTED MICROSPORES, MS1

MALE STERILITY, MS2 MALE STERILITY 2, MYB103 MYB DOMAIN PROTEIN103

Con 510

Fig. 1 The effect of a 6-week exposure of A. thaliana to 10 and
30 pg L' IM enantiomers (R- and S-IM) on floral organ macroscopic
structure (Control: no IM added; S10: 10 pg L} S-IM; S30:

round-shaped pollen grains (Fig. 2e, k). Anthers in the S10
group were also easily dehisced, with a pollen yield per
anther similar to that of wild-type as judged by visual
observation (Fig. 2g, 1). However, the anthers in the S30,
R10 and R30 groups were not easily dehisced and the
number of pollen per plant decreased significantly com-
pared to that of the control and S10 groups (Fig. 2h—j, m—
0), the pollen grains of both the control and the S10 group
being partially collapsed. Pollen was particularly difficult
to find in the R30 group (Fig. 2j, o). In the control group,
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$30 R10 R30

30 ug L™' S-IM; R10: 10 pug L™' R-IM; R30: 30 pg L' R-IM).
Line (a) and (b) represent two independent replicates on different
seedlings

the pollen grains appeared pink and were round in shape,
implying that the pollen was still alive. In the R10 and S10
groups, pollen grains still appeared round in shape, but
only stained light pink or dark red. By contrast, pollen
grains were small and squashed in the R30 and S30 groups.
Furthermore, TTR-stained pollen grains in the $30 group
appeared reddish brown and, in the R30 group, the grains
were yellow or almost transparent showing that they are
not viable (Fig. 3). Therefore, the results demonstrated that
IM trace concentrations potently inhibited pollen viability
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Fig. 2 The effect of a 6-week exposure of A. thaliana to 10 and
30 ug L™' IM enantiomers (S-IM and R-IM) on floral organ
substructure observed with scanning electron microscopy. Symbols
of each treatment are the same than those in Fig. 1. a—e show the

Con S10 S30

floral organs of A. thaliana in the control, S10, $30, R10 and R30
groups, respectively. f—j show the mature anther in the control, S10,
830, R10 and R30 groups, respectively. k—o show the pollen in anther
of the control, S10, $30, R10 and R30 groups, respectively

R10 R30

Fig. 3 The effect of a 6-week exposure of A. thaliana to 10 or 30 pg L™' IM enantiomers (S-IM or R-IM) on pollen viability. The stained
pollens were observed under a light microscope at 200x magnification. Symbols of each treatment are the same than those in Fig. 1

and that the R-IM enantiomer affects more strongly pollen
activity than the S-IM enantiomer.

The effect of IM on the transcription of pollen
development-related genes and on DNA defects

The development of the tapetum layer in anthers is highly
coupled with meiosis and pollen development (Zhu et al.
2008), which is controlled by a complex transcriptional
regulatory network (Thorstensen et al. 2008). DYTI is a
crucial component in the transcriptional regulatory network
that controls anther development and function (Feng et al.
2012) by regulating the transcription of down-stream genes
(TDF1, AMS, MYB103, MS1 and MS2) to precisely control
pollen development (Zhu et al. 2011). In this study, the
transcripts of several pollen development-related genes
were measured, such as DYTI, TDF1, AMS, MYB103, MS1
and MS2, at stage 6-8 of anther development. The Fig. 4

showed that expression of all the genes tested did not
decrease significantly in the S10 group compared with the
control. However, the relative abundance of all genes
transcripts decreased significantly by 2- to 3-fold in the S30
and R10 groups relative to the transcription level of the
control, but the highest decrease in gene transcription
occurred for the R30 group; The transcripts of DYT1, TDF1,
AMS, MYB103, MSI and MS2 being reduced by 4.6-, 6.0-,
4.1-, 5.8-, 13.6- and 2.6-fold, respectively, relative to the
control transcription level.

Under herbicide-free conditions, the level of DNA
damage was very low and only 47 apurinic/apyrimidinic
(AP) sites out of 10* nucleotides were detected. In the S30
and R30 groups, the number of AP sites increased signifi-
cantly by 2.7- and 2.4-fold relative to the control value
respectively (Fig. 5). However, there were no significant
differences in the number of AP sites between the S30 and
R30 treatments. The presence of DNA defects (AP sites)
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Relative mRNA level

0.5
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DYT1 TDF1 AMS  MYBI03 MS1 MS2

Fig. 4 The effect of a 4-week exposure of A. thaliana to 10 or
30 pg L™' IM enantiomers (S-IM or R-IM) on the transcripts of
several genes related to pollen development. Transcription levels
were normalized against Actin 2, and represent the mean relative
mRNA expression value +=SEM of three replicate cultures. Different
letters represent statistically significant differences at p < 0.05
obtained from a one way ANOVA. Symbols of each treatment are
the same than those in Fig. 1
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Fig. 5 The effect of a 3-week exposure of A. thaliana to 30 ug L™
IM enantiomers (R-IM and S$-IM; denote R30 and S30 as explained in
Fig. 1) on the number of DNA defects per 10* nucleotidess. The 0S30
and OR30 treatments represent the offspring of A. thaliana plants that
have been pre-exposed to 30 pg L™' R-IM and S-IM for 3 weeks, but
that were grown for 3 weeks in IM-free soil before the measurements
of the number of AP sites. Different letters represent statistically
significant differences at p < 0.05 obtained from a one way ANOVA

was also observed in the offspring of the IM-treated groups
(0OS30 and OR30) grown in IM- free medium; the mean
number of AP sites in OS30 and OR30 groups decreasing
slightly compared with those of the $30 or R30 groups but
still remaining higher than that of the control.

The effect of IM on the number of seeds per silique
In the later stages of floral organ development, the fertil-

ized pistil will give rise to the silique. The silique number
per plant and the number of seeds per silique after IM
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treatment were measured. As shown in Fig. 6a, the mean
silique number per plant was approximately 11 in the
control group, and significantly decrease to only approxi-
mately 8, 4, 4 and 2 per plant in the S10, S30, R10 and R30
group, respectively. Siliques in the control and S10 groups
were plump, but they were relatively thin and short in R10
and S30 (Fig. 6b). However, the siliques became slender
and contained almost no seeds in the R30 group. To
carefully observe the capsule and seed number, we de-
colored the mature capsule with ethanol and found that the
length of the capsule in S10 plants was similar to that of the
control, but with fewer seeds. The siliques in the S30 and
R10 groups were very short and had several seeds, while
there were only a few seeds in the siliques of the R30
group. The weight of seeds per plant in the control, S10,
S$30 and R10 groups were 1.8, 0.25, 0.005, and 0.0038 mg/
plant, respectively and no seeds were found in the R30
group. The above results show that IM, especially the R-IM
enantiomer, decreased seed production in A. thaliana.

Discussion
Imazethapyr toxicity on anther and pollen formation

Floral organ development is considered as one of the most
important processes in plant reproduction, as abnormal
floral organs can dramatically decrease the number of
offspring produced by a plant. Anther structure was
deformed by the treatment with 10 or 30 pg L™" R-IM or
30 ug L' S-IM and the R-IM enantiomer was more toxic
on floral organ development than the S- IM enantiomer.
Higher toxicity of the R-IM than the S-IM enantiomer on
several physiological functions in rice seedlings and A.
thaliana plantlets was also demonstrated in our previous
studies (Qian et al. 2009; 2011a, b). The potent effect of
trace IM concentrations on anther development is impor-
tant since anther is the part of the stamen that is respon-
sible for the production of pollen and thus plays a key part
in plant reproduction. Pollen production was indeed
severely compromised in the presence of IM. TTR pollen
coloration indicates that the pollen collected in the S-30
and R-30 groups were not as viable as that of the control
suggesting that the fertility of A. thaliana exposed to IM
was strongly compromised. Furthermore, pollen production
and size dramatically decreased in the presence of low
trace concentrations of IM. Thus, the results clearly
showed that chronic exposure of A. thaliana to trace IM
concentrations adversely affected anther development and
nearly abolished pollen production (for the R30 group) as
severe long-term drought stresses do (Su et al. 2013). Plant
reproduction (seed production and germination) is rou-
tinely more sensitive than other conventional endpoints
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12
A

Silique numbers

groups

Fig. 6 The effect of a 8-week exposure of A. thaliana to 10 or
30 pg L™' IM on the number of seeds per silique (a) or the overall
appearance of siliques (b). Different letters represent statistically

(e.g. plant biomass) to the presence of herbicides (Boutin
et al. 2014). A range of species exposed to different her-
bicides consistently exhibit a much higher sensitivity to
herbicides when exposed in the flowering period than
during the vegetative phase (Boutin et al. 2014). Our study
performed with A. thaliana add to the current paradigm of
a high pesticide toxicity to non-target plants in the repro-
ductive phase.

Similarly to our findings, low herbicide doses have been
shown to dramatically decrease seed germination and
reproduction in a range of plant species (Fletcher et al.
1993, 1996; Gealy et al. 1995; Boutin et al. 2014). Several
studies have sought to demonstrate mechanisms by which
herbicides may affect reproductive structures. Ratsch et al.
(1986) found that for the herbicides DGME, dalapon and
TCA, flower deformations at even the lowest doses tested
precluded pollination and seed formation. Other studies
have uncovered herbicide effects on male structures,
especially with glyphosate tested on crops (Baucom et al.
2008; Pline et al. 2002; Thomas et al. 2004; Yasuor et al.
2006). However, the mechanisms of herbicide toxicity on
plants are still lacking.

Toxicity mechanisms at the level of gene transcription

Only very recently, genome-wide approaches have been
applied to obtaining a global view of the gene regulatory
networks underlying flower formation (()’Maoiléidigh
et al. 2013). This powerful tool opens up new possibilities
to better understand the toxic effect of herbicide toxicity in
plants. Transcriptional regulation is a major mechanism
controlling anther development in A. thaliana. Several
genes encoding transcription factors were shown to be
essential for male fertility in plants. DYTI encodes a
putative basic helix-loop-helix transcription factor, which
lies upstream of at least 22 genes encoding transcription

significant differences at p < 0.05 obtained from one way ANOVA.
Symbols of each treatment are the same than those in Fig. 1

factors and regulates the expression of a large number of
genes, such as TDFI, AMS, MYBI03, MSI and MS2.
Therefore, DYTI is a crucial component in the control of
the development and function of anthers (Zhang et al.
2006; Feng et al. 2012). In this study, we show that IM
enantioselectively inhibited DYTI transcription and also
down-regulated several down-stream gene transcripts
(Fig. 4). This strong effect of IM on the transcription of
key genes involved in floral organ development could be
one of the main mechanisms explaining the strong IM
effect on pollen development that we observed in A. tha-
liana. Indeed, DYTI positively regulates genes related to
lipid metabolism that are important for pollen develop-
ment. As observed in this study as well as in Feng et al.
(2012), the herbicide-induced down-regulation of DYTI
also caused a decrease in the transcription of MS2, which
encodes a fatty acid reductase that is required for pollen
wall formation (Aarts et al. 1997). Similarly, since DYT]
positively regulates the expression of 33 genes involved in
cell wall modification that can catalyze the breakdown of
polysaccharides to facilitate anther dehiscence (Feng et al.
2012), the decrease in DYTI transcription measured in A.
thaliana exposed to IM should lead to the production of
anthers that could not easily dehisce to allow pollen dis-
semination, as observed under SEM observation. Several
experiments demonstrated that TDF1, AMS, MYB103, MS1
and MS2 suppression inhibited pollen grain production or
caused male sterility (Zhu et al. 2008; Feng et al. 2012).
Thus, the inhibition of these key genes in A. thaliana
exposed to IM may well explained the measured decrease
in pollen production and pollen viability, which ultimately
led to a decrease in the number of seeds per silique (Fig. 6).
To the best of our knowledge, this is the first study
unraveling the mechanisms of toxicity of imazethapyr on
the transcription level of several key genes involved in
plant reproduction.
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Multi-generational effects of imazethapyr: IM-induced
irreversible DNA defects

Information about the genotoxic potential of imidazolinone
herbicide such as IM on plant cells is surprisingly scarce in
the literature. It is known that low concentrations of IM can
induce ROS formation in A. thaliana (Qian et al. 2011a) and
that ROS can damaged proteins, lipids, and also DNA (Apel
and Hirt 2004). We speculate that the above mechanism
could explain the DNA damages observed in A. thaliana
exposed to trace IM concentrations for 3 weeks (Fig. 5).
Even more interestingly, our results show that the adverse
genotoxic effect of IM is inherited by the offspring grown in
IM-free medium (on a time frame of one generation) (Fig. 5).
If ROS have damaged nucleotides in generative cells of A.
thaliana, then the DNA defects is expected to be passed on to
the offspring. To our knowledge, this study is the first to
document severe genotoxic effect of IM in plants.

Environmental implications: herbicide toxicity on A.
thaliana life cycles

Flowering time is an important trait in crops that also
affects the life cycles of pollinator species. The transition
to flowering is under the control of a complex genetic
network that integrates information from various endoge-
nous and environmental cues such as temperature, photo-
period and nutrient availability (Amasino 2010). Our
previous report demonstrated that the herbicide IM can
affect the transition from the vegetative phase to the
reproductive phase (Qian et al. 2014). The correct timing of
the transition to flowering is of the utmost importance to all
plants (Huijser and Schmid 2011): premature flowering
usually results in reduced biomass and fruit setting. On the
contrary, prolonged vegetative growth might lead to an
increase in biomass and often results in a reduce production
of seeds and seed filling (Demura and Ye 2010). Further-
more, in the case of non-self-fertile species, flowering also
needs to be synchronized within a population and with the
occurrence of potential pollinators. The crucial effect of
imazethapyr on A. thaliana reproduction revealed in the
present study could affect the timing of floral transition
altering global plant phenology and distribution. This
fundamental and still understudied effect of herbicide on
plant reproduction pose a new threat to plant biodiversity
besides the ongoing global climate change perturbation,
which promotes early flowering and perturbs plant life
cycles (Kumar et al. 2012; Satake et al. 2013). The com-
plex and important toxicity effects of herbicide on the
reproduction of non-target plants in agricultural areas
clearly deserve more attention in future study in order to
improve current herbicide toxicity assessment.

@ Springer

Conclusions

Understanding how herbicides affect the life cycle of ter-
restrial plants is critical to evaluating ecosystem vulnera-
bility to environmental pollutants. In the present study,
trace IM concentrations inhibits the transcription of several
key genes related to the anther and pollen development in
A. thaliana, which lead to deformed anthers and decreased
pollen number and viability. Prolonged exposure to IM also
increased the number of DNA defects in A. thaliana as well
as in their offspring, which were cultivated in IM- free
medium, demonstrating the strong multi-generational toxic
effect of IM on DNA sequences of A. thaliana. Our find-
ings document crucial molecular targets of IM by which
this imidazolinone herbicide may exert its toxic effect on
the reproduction of A. thaliana. The strong toxic effect of
IM on A. thaliana reproduction revealed in this study
underscores the need to consider reproduction endpoints in
herbicide ecological risks assessments.

Acknowledgments This work was financially supported by the
Natural Science Foundation of China (21277127, 21277125), and
Zhejiang Provincial Natural Science Foundation of China
(LR14B070001).

Conflict of interest The authors declare that they have no conflict
of interest.

References

Aarts MG, Hodge R, Kalantidis K, Florack D, Wilson ZA, Mulligan
BJ, Stiekema WJ, Scott R, Pereira A (1997) The Arabidopsis
MALE STERILITY 2 protein shares similarity with reductases
in elongation/condensation complexes. Plant J 12:615-623

Amasino R (2010) Seasonal and developmental timing of flowering.
Plant J 61:1001-1013

Apel K, Hirt H (2004) Reactive oxygen species: metabolism,
oxidative stress, and signal transduction. Annu Rev Plant Biol
55:373-399

Baucom RS, Mauricio R, Chang SM (2008) Glyphosate induces
transient male sterility in [pomoea purpurea. Botany 86:587-594

Boatman ND, Parry HR, Bishop JD, Cuthbertson AGS (2007)
Impacts of agricultural change for farmland biodiversity. In:
Hester R, Harrison RM (eds) Biodiversity under threat. The
Royal Society of Chemistry, Cambridge

Boutin C, Standberg B, Carpenter D, Mathiassen SK, Thomas PJ
(2014) Herbicide impact on non-target plant reproduction: what
are the toxicological and ecological implications? Environ Poll
185:295-306

Carpenter C, Boutin C (2010) Sublethal effects of the herbicide
glufosinate ammonium on crops and wild plants: short-term
effects compared to vegetative recovery and plant reproduction.
Ecotoxicology 19:1322-1336

Curran WC, Liebl RA, Simmons FW (1992) Effects of tillage and
application method on clomazone, imazaquin and imazethapyr
persistence. Weed Sci 40:482-489

Dalton RL, Boutin C (2010) Comparison of the effects of glyphosate
and atrazine herbicides on nontarget plants grown singly and in
microcosms. Environ Toxicol Chem 29:2304-2315



Floral organs development and reproduction in Arabidopsis thaliana

171

Demura T, Ye ZH (2010) Regulation of plant biomass production.
Curr Opin Plant Biol 13:299-304

Feng B, Lu D, Ma X, Peng Y, Sun Y, Ning G, Ma H (2012)
Regulation of the Arabidopsis anther transcriptome by DYT1 for
pollen development. Plant J 72:612-624

Fletcher SJ, Pfleeger TG, Hillman CR (1993) Potential environmental
risks associated with the new sulfonylurea herbicides. Environ
Sci Technol 27:2250-2252

Fletcher JS, Pfeeger TG, Ratsch HC, Hayes R (1996) Potential impact
of low levels of chlorosulfuron and other herbicides on growth and
yield of nontarget plants. Environ Toxicol Chem 15:1189-1196

Gavrilescu M (2005) Fate of pesticides in the environment and its
bioremediation. Eng Life Sci 5:497-525

Gealy DR, Boerboom CM, Ogg AG Jr (1995) Growth and yield of
pea (Pisum sativum L) and lentil (Lens culinaris L) sprayed with
low rates of sulfonylurea and phenoxy herbicide. Weed Sci
43:640-647

Huijser P, Schmid M (2011) The control of developmental phase
transitions in plants. Development 138:4117-4129

Jettner RJ, Walker SR, Churchett JD, Blameye FC, Adkins SW, Bell
K (1999) Plant sensitivity to atrazine and chlorsulfuron residues
in a soil-free system. Weed Res 39:287-295

Kumar SV, Lucyshyn D, Jaeger KE, Al6s E, Alvey E, Harberd NP,
Wigge PA (2012) Transcription factor PIF4 controls the thermo
sensory activation of flowering. Nature 484:242-245

Lambrev P, Ivanov S, Goltsev V (2003) Effect of prolonged action of
sub-herbicide concentration of atrazine on the photosynthetic
function of pea plants. Comp Rend Acad Bulg Sci 56:59-62

Lansac AR, Sullivan CY, Johnson E, Lee KW (1994) Viability and
germination of the pollen of sorghum [Sorghum bicolor (L.)
Moench]. Ann Bot 74:27-33

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2722 method.
Methods 25:402-408

Mills JA, Witt WW (1989) Efficacy, phytotoxicity, and persistence of
imazaquin, imazethapyr, and clomazone in non-till double crop
soybeans (Glycine max). Weed Sci 37:353-359

()’Maoiléidigh DS, Graciet E, Wellmer F (2013) Gene networks
controlling Arabidopsis thaliana flower development. New
Phytol 201:16-30

Olofsdotter M, Watson A, Piggin C (1998) Weeds: a looming
problem in modern rice production. In: Dowling NG, Greenfield
SM, Fisher KS (eds) Sustainability of rice in the global food
system. Davis, California, pp 165-173

Pimentel D (1995) Amounts of pesticides reaching target pests:
environmental impacts and ethics. J Agr Environ Ethic 8:17-29

Pline WA, Viator R, Wilcut JW, Edmisten KL, Thomas J, Wells R
(2002) Reproductive abnormalities in glyphosate-resistant cotton
caused by lower CP4-EPSPS levels in the male reproductive
tissue. Weed Sci 50:438-447

Qian HF, Hu HJ, Ma J, Mao Y, Zhang A, Liu WP, Fu Z (2009)
Enantioselective phytotoxicity of the herbicide imazethapyr in
rice. Chemosphere 76:885-892

Qian HF, Lu T, Peng X, Han X, Fu Z, Liu W (2011a) Enantiose-
lective phytotoxicity of  the herbicide imazethapyr on  the
response of the antioxidant system and starch metabolism in
Arabidopsis thaliana. PLoS ONE 6:¢19451

Qian HF, Wang R, Hu H, Lu T, Chen X, Ye H, Liu W, Fu Z (2011b)
Enantioselective phytotoxicity of the herbicide imazethapyr and
its effect on rice physiology and gene transcription. Environ Sci
Technol 45:7036-7043

Qian HF, Han X, Zhang Q, Sun Z, Sun L, Fu Z (2013) Imazethapyr
enantioselectively affects chlorophyll synthesis and photosynthe-
sis in Arabidopsis thaliana. J Agric Food Chem 61:1172-1178

Qian HF, Han X, Peng X, Lu T, Liu W, Fu Z (2014) The circadian
clock gene regulatory module enantioselectively mediates
Imazethapyr-induced early flowering in Arabidopsis thaliana.
J Plant Physiol 171:92-98

Ratsch HC, Johndro DJ, McFarlane JC (1986) Growth inhibition and
morphological effects of several chemicals in Arabidopsis
thaliana (L.) Heynh. Environ Toxicol Chem 5:55-60

Satake A, Kawagoe T, Saburi Y, Chiba Y, Sakurai G, Kudoh H
(2013) Forecasting flowering phenology under climate warming
by modeling the regulatory dynamics of flowering-time genes.
Nat Commun 4:2303

Singh BK (1999) Biosynthesis of valine, leucine and isoleucine. In:
Singh BK (ed) Plant amino acids: biochemistry and biotechnol-
ogy. Marcel Dekker, New York, pp 227-247

Strandberg B, Mathiassen SK, Bruus M, Kjer C, Damgaard C,
Andersen HV, Bossi R, Léfstrom P, Larsen SE, Bak J, Kudsk P
(2012) Effects of herbicides on non-target plants: how do effects
in standard plant test relate to effects in natural habitats? Pesticide
Research No 137, Danish Ministry of the Environment, EPA,
p 114. http://www2.mst.dk/udgiv/publications/2012/06/978-87-
92779-53-3.pdf

Su Z, Ma X, Guo H, Sukiran NL, Guo B, Assmann SM, Ma H (2013)
Flower Development under Drought Stress: morphological and
transcriptomic analyses reveal acute responses and long-term
acclimation in Arabidopsis. Plant Cell 25:3785-3807

Thomas WE, Pline-Srnie WA, Thomas JF, Edmisten KL, Wells R,
Wileut JW (2004) Glyphosate negatively affects pollen viability
but not pollination and seed set in glyphosate-resistant corn.
Weed Sci 52:725-734

Thorstensen T, Grini PE, Mercy IS, Alm V, Erdal S, Aasland R,
Aalen RB (2008) The Arabidopsis SET-domain protein ASHR3
is involved in stamen development and interacts with the bHLH
transcription factor ABORTED MICROSPORES (AMS). Plant
Mol Biol 66:47-59

Wang XL, Takai T, Kamijo S, Gunawan H, Ogawa H, Okumura K
(2009) NADPH oxidase activity in allergenic pollen grains of
different plant species. Biochem Bioph Res Co 387:430-434

Yasuor H, Abu-Abied M, Belausov E, Madmony A, Sadot E, Riov J,
Rubin B (2006) Glyphosate-induced anther indehiscence in
cotton is partially temperature dependent and involves cytoskel-
eton and secondary wall modifications and auxin accumulation.
Plant Physiol 141:1306-1315

York AC, Wilcut JW, Swann CW, Jordan DL, Walls R Jr (1995)
Efficacy of imazethapyr in peanut (Arachis hypogaea) as
affected by time of application. Weed Sci 43:107-116

Zabaloy MC, Zanini GP, Bianchinotti V, Gomez MA, Garland JL
(2011) Herbicides in the soil environment: linkage between
bioavailability and microbial ecology. In: Soloneski S, Larr-
amendy ML (eds) Inherbicides, theoryand applications. Croatia,
Intech, pp 161-192

Zhang W, Sun Y, Timofejeva L, Chen C, Grossniklaus U, Ma H
(2006) Regulation of Arabidopsis tapetum development and
function by DYSFUNCTIONAL TAPETUM1 (DYT1) encodinga
putative bHLH transcription factor. Development 133:3085-3095

Zhu J, Chen H, Li H, Gao JF, Jiang H, Wang C, Guan YF, Yang ZN
(2008) Defective in Tapetal Development and Function 1 is
essential for anther development and tapetal function for
microspore maturation in Arabidopsis. Plant J 55:266-277

Zhu J, Lou Y, Xu X, Yang ZN (2011) A genetic pathway for tape-
tum development and function in Arabidopsis. J Integr Plant
Biol 53:892-900

@ Springer


http://www2.mst.dk/udgiv/publications/2012/06/978-87-92779-53-3.pdf
http://www2.mst.dk/udgiv/publications/2012/06/978-87-92779-53-3.pdf

	Trace concentrations of imazethapyr (IM) affect floral organs development and reproduction in Arabidopsis thaliana: IM-induced inhibition of key genes regulating anther and pollen biosynthesis
	Abstract
	Introduction
	Materials and methods
	Plant material and growth conditions
	Pollen viability and silique observation
	Scanning electron microscopy visualization of anther and pollen
	qRT-PCR analysis of gene expression
	Quantification of damaged DNA
	Data analysis

	Results
	The effect of IM on floral organ structure and pollen viability
	The effect of IM on the transcription of pollen development-related genes and on DNA defects
	The effect of IM on the number of seeds per silique

	Discussion
	Imazethapyr toxicity on anther and pollen formation
	Toxicity mechanisms at the level of gene transcription
	Multi-generational effects of imazethapyr: IM-induced irreversible DNA defects
	Environmental implications: herbicide toxicity on A. thaliana life cycles

	Conclusions
	Acknowledgments
	References


