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ARTICLE INFO ABSTRACT

Keywords: Imazamox (IM) is a chiral pesticide that has been widely used in agriculture. Currently, few studies have

Imaza.mox - o ) investigated the toxicity mechanisms of imazamox to aquatic macrophyte from the enantiomer level. In this

EMnaln.m’se_lemve toxicity mechanisms study, the enantioselective effects of IM on the toxicity and physiological and biochemical system of aquatic
ulti-omics

macrophyte Lemna minor were systematically investigated. Metabolomic and transcriptomic for Lemna minor
were used to identify potential mechanisms of toxicity. 7 d ECsgs for racemic-, R-, and S-IM were 0.036, 0.035,
and 0.203 mg/L, respectively, showing enantioselective toxicity. In addition, IM caused Lemna minor lipid
peroxidation and antioxidant damage, and inhibited the activities of the target enzymes. Metabolomic and
transcriptomic data indicated that R-IM interferenced differentially expressed genes and metabolites of Lemna
minor which were enriched in carbon fixation during photosynthesis, glutathione metabolic pathway, pentose
phosphate pathway, zeatin biosynthesis, and porphyrin and chlorophyll metabolism. S-IM affected phenylalanine
metabolism, phenylpropanoid biosynthesis, zeatin biosynthesis and secondary metabolite biosynthesis. Racemic-
IM influenced carbon fixation during operation, glutathione metabolic pathway, zeatin biosynthesis and pentose
phosphate pathway. The results provide new insights into the enantioselective toxicity mechanisms of IM to
Lemna minor, and lay the foundation for conducting environmental risk assessments.

Lemna minor

1. Introduction

The amount of pesticides used around the world has increased
exponentially over the past few decades. As of the year 2017, about 4.1
million tonnes of pesticides were used globally (FAOSTAT, 2017).
However, less than 1% of the amount of pesticide applied actually rea-
ches the target organisms, and most of the remainder is deposited
directly onto the soil (Chiaia-Hernandez et al., 2017). The resulting high
pesticide residue concentrations in soil then pollute the aquatic envi-
ronment through runoff or leaching from the soil. The presence of the
aquatic macrophyte Lemna minor (L. minor) has major effects on the
structure, function, and stability of aquatic ecosystems (Park et al.,
2012). Because L. minor are small in size, grow quickly, and are sensitive

to pollutants, it is considered to be an ideal test species for determining
the phytotoxicities and environmental risks posed by pesticides (Lewis
et al., 1995). In previous studies, tests using L. minor have been used to
investigate the toxic effects of pesticides such as atrazine, fluro-
chloridone, and lactofen and their metabolites in the aquatic environ-
ment (Klementova et al., 2019; Wang et al., 2016a; Zhou et al., 2020).
However, few in-depth studies of the toxicities of pesticides to L. minor
have been performed.

Imazamox (IM) (Fig. 1) is a chiral imidazolinone pesticide that is
widely applied to peanut and soybean fields. IM inhibits synthesis of
branched amino acids by inhibiting acetolactate synthetase. The
different enantiomers of chiral pesticides have different biological ac-
tivities, toxicities, and environmental behaviors (Asada et al., 2017).
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Fig. 1. Structure of imazamox.

Increasing attention is being paid to the enantioselective effects of chiral
pesticides (Ye et al., 2015). IM has been found to be enantioselectively
toxic to maize roots (Wei et al., 2016). Enantioselective degradation and
bioaccumulation of IM have been studied in earthworm-soil microcosms
(Hu et al., 2020). IM only weakly adsorbs to soil, and so is mobile in soil
(Cessna et al., 2012). Because of this mobility, IM can be transferred to
the aquatic environment in surface runoff and through leaching, and can
pose serious risks to aquatic ecosystems (Sikorski et al., 2019). However,
the enantioselective toxicity of IM to aquatic macrophyte and the
mechanisms involved have not been reported.

Omics techniques can provide accurate information on molecular
disturbances in certain cells and tissues induced by the presence of
certain substances (Purkait et al., 2021). Because biological systems are
dynamic and heterogeneous, it is very hard to decipher all the mecha-
nism involved. However, multi-omics association analyses can
adequately elucidate the response pathways of organisms exposed to
chemical substances and thus identify mechanisms that may be involved
in toxicity. Therefore, multi-omics techniques have been widely used to
explore the toxic mechanisms of pollutants. For example, Yang inte-
grated multi-omics to investigate the mechanism of intestinal toxicity in
earthworms exposed to TNBP (Yang et al., 2020). Tian explored the
impact of bisphenol A and tetrabromobisphenol A on the endocanna-
binoid system of zebrafish by metabolomics and transcriptomics (Tian
et al., 2021). Lee used multi-omics to reveal the underlying molecular
mechanisms of the developmental neurotoxicity of per-
fluorooctanesulfonic acid to zebrafish (Lee et al., 2021).

This study aimed to comprehensively and systematically investigate
the mechanisms involved in the enantioselective toxicity of IM to
L. minor in terms of growth, physiology and biochemistry, and thus
improve environmental risk evaluations and pesticide application
management programs. To our knowledge, this was the first study to use
the powerful and promising metabolomic and transcriptomic methods
to analyze the enantioselective toxicity mechanisms of IM to L. minor.

2. Materials and methods
2.1. Chemicals and reagents

A racemic (Rac) IM (>98.0% pure; Dr. Ehrenstorfer) analytical
standard was purchased from LGC (Teddington, UK). Chiral separations
were performed using an Agilent 1290 Infinity II HPLC system (Agilent
Technologies, Santa Clara, CA, USA). The instrument conditions and the
method used to determine the absolute configurations of the enantio-
mers were described in a previous publication (Li et al., 2019a).

All of the other chemicals used in the study were purchased from the
Tianjin Damao Chemical Reagent Factory (Tianjin, China). Water was
purified using a Milli-Q system (Merck, Darmstadt, Germany). Working
racemic and enantiomers IM solutions were prepared by diluting the
stock (1000 mg/L) solution with ultra-pure water and then stored at
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4°C.
2.2. Plant material and cultivation

The L. minor culture used in the study was provided by Yike Shifu
Technology Co. (Beijing, China). The L. minor was first washed with
0.01 M NacClO for 1 min to disinfect the surfaces, then the L. minor was
washed three times with sterile water. Genetic consistency was ensured
by selecting healthy L. minor plants and then culturing these parent
plants under laboratory conditions for three weeks before use in this
study. The L. minor plants were cultured in sterile Steinberg nutrient
solution with a stable pH between 5.3 and 5.7. The incubation and test
conditions were: 24 +£2°C, 16 h light/8 h dark photoperiod, 55%
relative air humidity, and 144 pmol/(m2 s) irradiance (provided by a
plant growth lamp).

2.3. Growth inhibition tests

Growth inhibition tests were performed following the Chinese agri-
cultural industry standard NY/T 3090-2007. All glassware was chemi-
cally disinfected and cleaned before use. A 100 mL aliquot of Steinberg
nutrient solution containing a specified concentration of IM was added
to a 500 mL beaker. Then six healthy L. minor plants each with three
leaves were placed in the beaker. Tests were performed at Rac-IM con-
centrations between 0.018 and 0.091 mg/L, R-IM concentrations be-
tween 0.023 and 0.066 mg/L, and S-IM concentrations between 0.100
and 0.623 mg/L. The experiment was conducted in triplicates. In addi-
tion, three controls in the presence of equal amount of ultra-pure water
were performed. Each test was performed for 7 d, and the number of
leaves on each plant was recorded once each day.

2.4. Calculating ECs values

Mean biomass inhibition, as a percentage, was calculated as
described in the Chinese agricultural industry standard NY/
T3090-2007, using the equationl (eq 1).

I = ((bc —bt)/bc) x 100 b}

Where I is mean biomass inhibition as a percentage, bc is the difference
between the final amount of biomass and the initial amount of biomass
for the control group, and bt is the difference between the final amount
of biomass and the initial amount of biomass for the treatment group.
The ECs¢ was determined from the curve found by plotting the loga-
rithms of the inhibition values against the logarithms of the IM
concentrations.

2.5. Determining photosynthetic pigments

A 0.2-g aliquot of L. minor leaves was ground in a mortar with cold
80% acetone in water. The mixture was then centrifuged at 10,000 x g
for 10 min. The photosynthetic pigment concentrations in the super-
natant were then determined. The absorbance values at 470, 647, and
663 nm were used to calculate the chlorophyll a, chlorophyll b, and
carotenoid concentrations using the eqs 2-5 (Lichtenthaler, 1987).

[Chlorophylla) = 12.25A663 — 2.79A647 2)
[Chlorophyllb] = 21.50A647 — 5.10A663 3)
[Totalchlorophyll] = 7.15A¢63 + 18.71A647 @

[Carotenoids) = (1000A470 — 1.82[Chlorophylla) — 85.02[Chlorophylib]) /198
()

Where A470, Asq7, and Aggs are the absorbance values at 470, 647, and
663 nm, respectively.
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2.6. Determining proteins, antioxidant enzyme activities, and lipid
peroxidation

A 0.2-g aliquot of L. minor leaves were ground in a mortar with
phosphate-buffered saline at pH 7.4 in an ice bath. Three replicate
samples treated at each test concentration were extracted. The mixture
was centrifuged at 1000 x g for 10 min, then the antioxidant enzyme
activities, malondialdehyde (MDA) content, and soluble protein content
of the supernatant were determined. The catalase (CAT), glutathione,
peroxidase (POD), and superoxide dismutase (SOD) activities and the
MDA and soluble protein contents were determined using commercial
kits (Jiancheng Bioengineering Institute, Nanjing, China).

2.7. Determining the target enzyme acetolactate synthetase

The presence of IM inhibits acetolactic synthase (ALS) production
and decreases the amounts of isoleucine, leucine, and valine that are
synthesized, impedes DNA synthesis and cell division, and then prevents
the synthesis of some functional proteins, meaning a plant exposed to IM
will die (Qian et al., 2013). Therefore, the ALS activity was measured to
explore the effect of IM on the activity of this target enzyme in L. minor.
A double antibody one-step sandwich enzyme-linked immunosorbent
assay was used to determine acetolactate synthase (ALS). Samples,
standard substances, and detection antibodies labeled with horseradish
peroxidase were successively added to microporous systems coated with
ALS antibodies, and then the microporous systems were incubated and
thoroughly washed. The 3,3,5,5'-tetramethylbenzidine substrate was
turned blue by peroxidase and then yellow by acid. Absorbance at
450 nm was measured using a microplate reader. ALS activity was
calculated using a calibration curve prepared by analyzing standards.

2.8. Metabolomic analysis by ultra-high-performance liquid
chromatography electrospray ionization tandem mass spectrometry

Samples of L. minor from acute toxicity tests were vacuum freeze-
dried and then ground using a mill at 30 Hz for 1.5 min 100 mg of a
L. minor sample was weighed and extracted overnight at 4°C with 1 mL
of a 70% aqueous methanol solution containing 0.1 mg/L lidocaine as
an internal standard. The mixture was vortexed three times during the
storage period to ensure that adequate extraction occurred. The mixture
was centrifuged at 10,000 x g for 10 min and then the supernatant was
passed through a membrane filter with 0.22 pm pores. The extract was
then analyzed by liquid chromatography mass spectrometry. A 5 pL
sample extract was used to prepare quality control samples. A quality
control sample was analyzed after every 10 samples to assess the
repeatability of the method. Metabolites in each sample were analyzed
using an LC-ESI-MS/MS system (UPLC, Shim-pack UFLC SHIMADZU
CBM20A, MS/MS (Applied Biosystems 4500 QTRAP). The conditions
that were used were described in a previous publication (Wang et al.,
2018). The data were processed using Analyst 1.6.1 software (AB SCIEX,
Framingham, MA, USA). The data filtering, peak detection, comparison,
calculation, and metabolite identification methods that were used were
described in a previous publication (Tang et al., 2019). Metabolites were
found to be different if a T-test P value was < 0.05 and the variable
importance plot value was > 1. The data were mapped to a Kyoto
Encyclopedia of Genes and Genomes (KEGG) metabolic pathway to
allow pathway enrichment analysis to be performed (false discovery rate
< 0.05) (Kanehisa et al., 2008).

2.9. Transcriptome analysis

Total RNA was extracted from L. minor exposed to Rac-, R-, and S-IM
each at a concentration of 0.036 mg/kg using Trizol kits (Invitrogen,
China) following the instructions provided by the manufacturer. Each
test was performed in triplicate. The total RNA that was extracted was
treated with RNase-free DNase I (Takara, Dalian, China) at 25 °C for
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15 min to remove residual DNA. The total RNA quantity and
completeness were evaluated using a Bioanalyzer 2100 system (Agilent
Technologies) and a Nano Drop ultraviolet spectrophotometer (Thermo
Fisher Scientific). A NEBNext Ultra RNA library preparation kit (Gene,
Beijing, China) was used to construct a ¢cDNA library, and sequencing
was performed using an [llumina HiSeq TM 2500 instrument (Genede-
novo Biotechnology, Guangzhou, China). The content containing the
adapter was read, and reads containing > 10% unknown nucleotides (N)
and low-quality readings containing > 50% low-quality (Q < 10) bases
were deleted to leave high-quality clean readings to facilitate the sub-
sequent experiments. Bowtie2, a short reads alignment tool, was used to
map the high-quality data with rRNA removed to the reference tran-
scriptome, then the mapping ratio was calculated. RSEM software was
used to quantify the gene abundances, and kilobases of transcripts per
million mapped reads were used to quantify expression of individual
genes (Li et al,, 2011). The edgeR software package (http://www.
rproject.org/) was then used to identify differentially expressed genes
(DEGs), and a DEG was identified when |logoFC|>1 and false discovery
rate < 0.05. The GOseq R software package (Young et al., 2010) and
KOBAS software (Mao et al., 2005) were used to perform enrichment
analysis of the gene ontology functions and KEGG pathways for the
DEGs.

Quantitative real-time polymerase chain reaction (QRT-PCR) ana-
lyses were performed to verify the RNA sequencing data. L. minor
samples were exposed to 0.036 mg/L of IM for each analysis. Three
replicate samples in each treatment group were analyzed. The method
that was used was described previously (Li et al., 2020). The primers
used in the qRT-PCR analyses were shown in Table 1. And genes verified
by qRT-PCR were randomly selected. The Actin gene was used as an
internal reference gene.

2.10. Statistics

The data were statistically analyzed using SPSS 26.0 software (IBM,
Armonk, NY, USA). Each test was performed at least three times. The
significance of the differences of the average values between the treat-
ments was evaluated by the one way analysis of variance (ANOVA,
p < 0.05). The comparison of means was based on the method of
Tukey’s range test.

3. Results and discussion
3.1. Growth inhibition

The growth status of plants under stress resulting from the presence
of pesticides has been assessed in many previous studies using the fresh
weights of the plants. ECsy was often used as an important indicator to
evaluate the acute toxicity of pollutants, the lower the EC5y was, the
stronger the acute toxicity had (Chen et al., 2016; Zhang et al., 2016). In
this study, acute toxicity data were calculated using the fresh weights of
the L. minor plants. As shown in Table 2, the ECsos for L. minor were
about six times higher for Rac- and R-IM than for S-IM (p < 0.05) which

Table 1
Differentially expressed gene primers used for the quantitative real-time poly-
merase chain reaction analyses.

DEPs Primer sequence

Forward sequence (5'—3") Reverse sequence (5'—3')

Unigene0050294  GAGGTGGAGGCCCAAAAGTT  CGAGGCGAGCCTCATAAACA
Unigene0013690  TTGACCGATGGAGCAAGTCC TTGAACCGTACGAGAGTGCC
Unigene0051266 ~ CATGCATGCGCTCATAACCC CCATCGGCAACAAATAGGCG
Unigene0049750  CCTGGATGACGTTTTGCTGC AAGCCGTTAACACCCTCTCC

Unigene0050283  GAGTTTCAGACTCCGCCCAA CCCTCCCCACATGCCATATC

Unigene0046680  TTGAACCCGCCTCTGGAATC ACTGTCTTTGGTGAAGGCGT
Unigene0043337  CAGCAATTTCTGGGGCTTCG TGAAGTAGCTCCGTCGGGTA
Actin3 AAGCTCGCTTATGTGGCACT CCGCCCCGATAGTAATCACC
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Table 2
ECs0s for racemic (Rac-) imazamox and the imazamox enantiomers to Lemna
minor (on a fresh weight basis).

Pesticide Regression equation EGso (mg L) R?

Rac-imazamox Y=10.110 + 7.026X 0.036 0. 956
R-imazamox Y=13.375 + 9.217X 0.035 0.956
S-imazamox Y= 4.879 + 7.041X 0.203 0.985

indicated that the R- and S-IM enantiomers had enantioselective toxic-
ities to L. minor . The enantioselective toxicities of imidazolinone her-
bicides to non-target organisms such as Arabidopsis and rice have been
studied previously. In those studies, R-imidazolinones were found to be
more toxic than S-imidazolinones (Qian et al., 2011; Wei et al., 2016).

The numbers of leaves on L. minor plants exposed to IM at different
concentrations were recorded. The results are shown in Fig. 2. The
number of leaves increased less as the IM concentration increased, as
was also found in a previous study (Wang et al., 2016a). The number of
L. minor leaves stopped increasing at a high IM concentration. This may
have been because plants under environmental stress may stop growing
and prepare for self-defense or dormancy (Tang et al., 2015).

According to the results of growth inhibition test, three different
inhibitory concentrations (0.02, 0.08 and 0.5 mg/kg) were selected to
explore the effects of IM on photosynthetic pigment, antioxidant system
and target enzyme activity of L. minor from the enantiomer level.

3.2. Photosynthetic pigment content

Chlorophyll is an essential part of the photosynthesis process.
Changes in the chlorophyll contents of cells usually precede growth
inhibition. The chlorophyll content can therefore be used as a sensitive
biomarker in plants exposed to exogenous chemicals (lori et al., 2013).
The results are shown in Fig. 3. The chlorophyll a, chlorophyll b, and
total chlorophyll contents were markedly lower for the L. minor plants
treated with Rac-, R-, and S-IM than for the control plants. The chloro-
phyll a contents of the cells were factors of 3.12, 1.76, and 3.67 lower in
the plants treated with 0.5 mg/kg Rac-, S-, and R-IM, respectively, than
in the control plants. The chlorophyll b contents of the cells were factors
of 5.03, 2.96, and 3.43 lower in the plants treated with 0.5 mg/kg Rac-,
S-, and R-IM, respectively, than in the control plants. The total chloro-
phyll contents of the cells were factors of 3.47, 1.98, and 3.6 lower in the
plants treated with 0.5 mg/kg Rac-, S-, and R-IM, respectively, than in
the control plants. The enantiomers of IM showed different effects on
chlorophyll. Chlorophyll is involved in light collection, energy transfer,
and light energy conversion, which are important for plant growth (Liu
et al., 2018; Xiong et al., 2016). Therefore, it was inferred that IM in-
hibits L. minor growth by inhibiting chlorophyll. With the increase of
toxicity, the inhibition of chlorophyll by IM was greater which can also
indicate that the chlorophyll a, chlorophyll b, and total chlorophyll
contents were negatively dependent on the IM concentration. The
carotenoid contents were markedly lower in the plants exposed to
0.5 mg/L Rac- and R-IM than in the control plants. However, under
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other concentrations, the carotenoid content in L. minor had no signifi-
cant change compared with the control group. The results indicated that
the chlorophyll a, chlorophyll b, and total chlorophyll in L. minor were
more sensitive than carotenoids, and could be used as biomarkers to
assess the adverse effects of IM on photosynthesis by L. minor.

3.3. Effects on the protein content, MDA content, and antioxidant enzyme

In addition to direct toxicity to organisms, many pollutants can
indirectly cause cellular stress by forming reactive oxygen species (ROS)
and inducing oxidative stress (Kim et al., 2017). Lipid peroxidation is a
process of ROS oxidation of biofilms after oxygen stress was enhanced.
And the final product of lipid peroxidation is MDA, so MDA is often used
as a biomarker of lipid peroxidation in plants exposed to pollutants (De
Zwart et al., 1999). The MDA contents of the L. minor plants are shown in
Fig. 4a. Markedly higher MDA contents were found for L. minor plants
treated with three different IM concentrations than for the control
plants. This indicated that lipids in the plants were oxidatively damaged
because of exposure to IM and that antioxidant enzymes produced by the
plants could not completely eliminate the reactive oxygen species
(ROSs) that were produced (Huang et al., 2012). The highest MDA
content was found for L. minor plants exposed to medium concentrations
of Rac- and R-IM. This may be because L. minor possibly uses MDA at
high concentrations to eliminate ROSs, meaning more MDA was used to
remove ROSs at high IM concentrations than at medium IM concentra-
tions (Liu et al., 2019). The results indicated that lipid peroxidation was
induced to different degrees by the different IM enantiomers. Oxidative
stress was found to be induced more strongly in L. minor by Rac- and
R-IM than by S-IM.

Antioxidant enzymes (such as CAT, POD, and SOD) and antioxidants
(such as glutathione) in plants play key roles in eliminating ROSs and
decreasing oxidative damage. SOD is the first such enzyme in the anti-
oxidant system that is produced when an organism reacts to oxidative
stress. SOD can prevent superoxide anion radicals being produced by
disproportionation of 0> to give Oz and HyO3 (Bi et al., 2012). The SOD
activity results are shown in Fig. 4b. The SOD activities were higher in
L. minor exposed to IM at the three test concentrations than in the
control plants. This may have been caused by a self-protection mecha-
nism in the plants aimed at preventing subsequent damage by IM. The
SOD  activity in L. minor increased markedly in a
concentration-dependent manner as the Rac- and R-IM concentrations
increased. The SOD activity of R-, Rac- and S-IM reached the maximum
value at 0.5, 0.5 and 0.08 mg/kg, respectively, which was 1.33, 1.32 and
1.25 times of control plants. This indicated that the different IM enan-
tiomers affected SOD activity in L. minor to different extents which were
consistent with the results of Qian, he previously found that SOD activity
in rice was affected to different extents by the enantiomers of imaze-
thapyr (Qian et al., 2009).

Changes in CAT and POD activities are considered to be adaptations
to stress in plants stimulated by various environmental and chemical
stressors. CAT is the second line of defense against oxidative stress.
When SOD fails to completely eliminate ROS, CAT and POD can reduce

180
160 C
(K E 140 —+=CK
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o
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Fig. 2. Effects of (A) racemic imazamox, (B) S-imazamox, and (C) R-imazamox on the numbers of fronds on Lemna minor plants after 7 d exposure (CK = control).
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Effects of racemic (Rac-), S-, and R-imazamox on the (A) chlorophyll a, (B) chlorophyll b, (C) total chlorophyll, and (D) carotenoid contents of Lemna minor

after 7 d exposure. Different letters indicate significant differences (P < 0.05) between the mean photosynthetic pigment contents.
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H505 (Gomes et al., 2017; Zhao et al., 2012). The CAT and POD activities
that were found were shown in Figs. 4c and 4d, respectively. The CAT
and POD activities were higher for L. minor exposed to IM at different
concentrations than for the control plants. The CAT and POD activities
first increased and then decreased as the Rac- and R-IM concentrations
increased. The activities of antioxidant enzymes in L. minor would have
increased to prevent oxidative damage caused by IM (i.e., to achieve
self-defense), but once the concentrations of ROSs exceeded the

tolerable range, the excess ROSs produced would have inhibited anti-
oxidant enzyme production (Tang et al., 2015). However, the CAT ac-
tivities at S-IM concentrations of 0.02 and 0.08 mg/L and the control
group were not significantly different which showed the enantiomers of
IM had different effects on CAT activity. In a previous study it was found
that antioxidant enzyme activity promotion and inhibition were
controlled by the degree of stress exerted on the organism (Gao et al.,
2020). The CAT and POD activities were affected to different degrees by
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the different IM enantiomers. IM was found to cause oxidative damage
in L. minor.

Glutathione can maintain cells in stable states and eliminate oxida-
tive stress caused by ROSs. The glutathione activity was higher in
L. minor treated with Rac-, R-, and S-IM than in the control plants,
indicating that IM caused peroxidation of lipids in the plant cell mem-
branes (Musgrave et al., 2013). As shown in Fig. 4e, the highest gluta-
thione activities were found for L. minor exposed to 0.08 mg/L Rac- and
R-IM. The glutathione activities in L. minor treated with 0.08 mg/L R-
and Rac-IM were 1.95 and 1.73 times higher, respectively, than the
glutathione activity in the control plants. The glutathione activity was
markedly higher in the plants exposed to S-IM than in the control plants
only at an S-IM concentration of 0.5 mg/L. This was consistent with the
results of the acute toxicity tests, which indicated that S-IM was less
toxic to L. minor at concentrations of 0.02 and 0.08 mg/L than at a
concentration of 0.5 mg/L. These results indicated that the effects of IM
on L. minor involve oxidative stress and that the different IM enantio-
mers affect the glutathione activity to different degrees.

As shown in Fig. 4f, the protein contents were higher in the plants
exposed to IM than in the control plants. An increase in the protein
content of a plant cell is believed to be a response to adverse conditions
because the proteins produced can be degraded to provide free amino
acids for the synthesis of enzymes for specific functions aimed at
resisting adverse environmental conditions (Cooke et al., 1980). The
antioxidant enzyme activities suggested that the protein content of
L. minor may have increased because of the synthesis of functional
proteins such as CAT, POD, and SOD.

By comprehensive analysis of the above results, it could be
concluded that IM caused serious oxidative stress and lipid peroxidation
damage in L. minor. And the enantiomers had significant different effects
on L. minor.

3.4. Effects on the ALS activities

The ALS activity of Rac-IM and two enantiomers, showed in Fig. 4g,
was calculated from the ALS calibration curve. And the correction curve
of ALS was Y= 0.0005X-+ 0.0657 (R% =0.9919). The ALS activities were
markedly lower in L. minor exposed to Rac-, R-, and S-IM at different
concentrations than in the control plants. The ALS activity gradually
decreased as the IM concentration increased, meaning the ALS activity
was negatively related to the IM toxicity. The ALS activities in L. minor
treated with 0.5 mg/L S-,R- and Rac-IM were 1.38, 1.55 and 1.21 times
lower than control, respectively. This suggested that the enantiomers of
IM showed different effects on ALS. IM inhibited ALS synthesis and
therefore may inhibit the synthesis of branched-chain amino acids and
L. minor growth. The results suggested that the assumed mechanism
through which IM affects L. minor was consistent with the known
mechanism.

3.5. Metabolic responses to IM

The metabolite data acquired by performing wide-target metab-
olomics analyses indicated that IM markedly affected metabolism in
L. minor. The variable importance plot values for orthogonal projections
to latent structures discriminant analysis and the P values for T-tests
(variable importance plot value >1 and T-test p < 0.05) were used to
identify significantly different metabolites in the different treatment
groups (Fig. S1). Compared with the control samples, there were 68, 43,
and 71 different metabolites in the samples that had been exposed to
0.036 mg/kg Rac-, S-, and R-IM, respectively (Table S1). These metab-
olites were mainly alkaloids, amino acids and their derivatives, flavones,
lipids, and nucleotides and their derivatives. Enrichment analysis indi-
cated that Rac-IM and R-IM had similar effects on the metabolic path-
ways in L. minor. Both Rac-IM and R-IM strongly affected biosynthesis of
secondary metabolites, carbon fixation during photosynthesis, carbon
metabolism, glutathione metabolism, porphyrin and chlorophyll

Journal of Hazardous Materials 425 (2022) 127818

metabolism, and zeatin biosynthesis (Table S2). This may have been
because Rac- and R-IM have similar toxicities. S-IM strongly affected
isoquinoline alkaloid biosynthesis, the phenylalanine, tyrosine, and
tryptophan biosynthesis pathways, phenylalanine metabolism, phenyl-
propane biosynthesis, and tyrosine metabolism (Table S2).

3.6. Transcriptional responses to IM

The RNA sequencing technique was used to identify DEGs in L. minor
exposed to 0.036 mg/L Rac-, R-, and S-IM to investigate the mechanisms
involved in the toxicity of IM to L. minor at the transcription level. DEGs
are generally considered to have a false discovery rate of < 0.05 and |
logoFC| values > 1. The volcano plots indicated the different effects of
Rac-, R-, and S-IM on L. minor gene transcription. Compared with the
control samples, there were 3107, 2580, and 134 DEGs in the L. minor
samples that had been treated with R-, Rac-, and S-IM, respectively
(Table S3). These results were consistent with the acute toxicity test
results, indicating a relationship between the number of genes and the
strength of the effect of the IM treatment. The biological significances of
the DEGs were investigated by performing gene ontology and KEGG
enrichment analyses. The DEGs in the samples treated with Rac- and R-
IM were mainly related to carbon fixation during photosynthesis,
glutathione  metabolism, the pentose phosphate pathway,
photosynthesis-antenna proteins, plant hormone signal transduction,
and zeatin biosynthesis. The DEGs in the samples treated with S-IM were
mainly related to phenylalanine metabolism, phenylpropanoid biosyn-
thesis, plant hormone signal transduction, and zeatin biosynthesis
(Table S4).

3.7. Integrating the omics results to identify the molecular mechanisms
underlying enantioselective plant responses to IM

The metabolic pathways shared by different genes and different
metabolites are shown in Fig. 5. Photosynthetic pigment is essential to
photosynthesis because it absorbs the light that allows photosynthesis to
occur. Exposing L. minor to R-IM affected porphyrin and chlorophyll
metabolism. Glutamyl-tRNA reductase, magnesium chelatase subunit H,
and chlorophyll b reductase are key enzymes involved in porphyrin and
chlorophyll metabolism. Glutamyl-tRNA reductase catalyzes the trans-
formation of glutamyl-tRNA into glutamate-1-semialdehyde and initi-
ates biosynthesis of chlorophyll (Zeng et al., 2020). Magnesium
chelatase subunit H catalyzes the insertion of Mg?" into protoporphyrin
IX to give Mg-protoporphyrin IX, which is the first step in the synthesis
of chlorophyll (Zhang et al., 2018). R-IM caused the genes encoding
glutamyl-tRNA reductase and magnesium chelatase subunit H to be
downregulated, which could have inhibited chlorophyll synthesis.
Chlorophyll b reductase catalyzes the degradation of chlorophyll b
(Horie et al., 2009). Upregulation of the chlorophyll b reductase gene
may have accelerated chlorophyll b degradation. This was consistent
with the decrease in the photosynthetic pigment content found in the
physiological and biochemical tests. The result showed that the
expression of metabolites threonine and glutamate were increased. The
expression of genes encoding enzymes that play key roles in chlorophyll
synthesis were decreased (leading to accumulation of glutamate, which
is essential to chlorophyll synthesis) and therefore decrease the chlo-
rophyll content (Takano et al., 2020). Phosphorylation of threonine al-
lows electron transfer to occur (Hansson et al., 2003). The increase in
threonine expression found in this study indicated that less phosphor-
ylation occurred and electron transfer was inhibited. This indicates that
R-IM may inhibit photosynthetic pigment synthesis by affecting
expression of genes and metabolites involved in chlorophyll synthesis
and therefore decrease the amount of light absorbed by the plant.

Damage to chlorophyll may affect carbon fixation in a photosyn-
thetic organism. Carbon fixation in a photosynthetic organism involves
reactions facilitated by light to fix and reduce CO to produce organic
matter. In this study, Rac- and R-IM caused the genes related to key
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Fig. 5. Metabolic pathways shared by different metabolites and genes in Lemna minor treated with (A) R-imazamox, (B) racemic imazamox, and (C) S-imazamox.

enzymes that fix carbon (phosphoglycerate kinase, ribose 5-phosphate
isomerase, and ribulose-bisphosphate carboxylase (small chain)) in
L. minor to be downregulated. Ribulose-bisphosphate carboxylase (small
chain) is a component of ribulose 1,5-bisphosphate carboxylase, which
catalyzes the transformation of ribulose 1,5-bisphosphate into 3-phos-
phoglyceric acid. This is a key step that determines the photosynthetic
carbon assimilation rate (Xiong et al., 2019). Phosphoglycerate kinase
catalyzes the formation of 1,3-bisphosphoglycerate from 3-phospho-
glycerate. Phosphoglycerate kinase is essential to gluconeogenesis (Li
et al., 2019b). Ribose 5-phosphate isomerase catalyzes the formation of
ribulose-5-phosphate from ribose-5-phosphate and therefore plays an
important role in photosynthetic carbon fixation (Wang et al., 2013).
However, decreased expression of the genes that encode these enzymes
indicated that carbon fixation was inhibited. This would have affected
the production of carbohydrates, which are the most important stores of
energy that sustains all of the activities of plants. Rac- and R-IM may
affect the growth, physiology, and biochemistry of L. minor by inhibiting
carbohydrate production. Rac- and R-IM increased expression of gluta-
mate and related genes that encode aspartic acid transferase. Glutamate
is transformed into aspartic acid by aspartic acid transferase, so
expression of the metabolite aspartic acid also increased. Aspartic acid is
used widely in biosynthesis and is a precursor for the syntheses of
various amino acids (De et al., 2014).

It has previously been found that carbon fixed in a photosynthetic
organism is transformed through the gluconeogenic pathway and then
the pentose phosphate metabolic pathway with glucose-6-phosphate as
a precursor, which indicates that redox homeostasis can be affected by
oxidative stress (Gruning et al., 2011). The oxidative part of the pentose
phosphate pathway includes oxidation and decarboxylation of glucose
6-phosphate to give ribulose 5-phosphate, catalyzed by 6-phosphogluc-
onate dehydrogenase enzymes, and then isomerization of ribulose

5-phosphate into ribose 5-phosphate, which is an important component
of nucleotides (Karaman et al., 2020). However, in this study, genes
related to ribulose 5-phosphate isomerase were downregulated by Rac-
and R-IMV, indicating that Rac- and R-IM may be toxic to L. minor by
inhibiting nucleotide synthesis. Upregulation of the gene associated
with 6-phosphate dehydrogenase indicated that more NADPH was
produced. Upregulation of expression of the metabolite gluconic acid
also provides energy for metabolism of pentose phosphate, which is also
used in biosyntheses (Kumar et al., 2015). The pentose phosphate
pathway is a multifunctional metabolic pathway. Rac- and R-IM may
affect metabolism in L. minor by affecting genes and metabolites
involved in the pentose phosphate pathway and may therefore affect the
production of NADPH, intermediate metabolites, and products of the
pentose phosphate pathway.

NADPH provided by the pentose phosphate pathway and the gluta-
thione metabolic pathway co-regulates the glutathione redox system
(Kizilbay et al., 2020). The results of this study indicated that Rac- and
R-IM affect the glutathione metabolic pathway in L. minor. Glutathione
is a simple tripeptide compound consisting of one glutamic acid unit,
one cysteine unit, and one glycine unit. The active sulfhydryl group
(-SH) in glutathione allows glutathione to participate in various in vivo
biochemical reactions (Lu et al., 2013). The metabolite vitamin C and
reduced glutathione contents were higher in plants treated with Rac-
and R-IM than in the control plants. Vitamin C can maintain —SH in the
reduced state and therefore maintain the activity of the enzyme and can
transform oxidized glutathione into reduced glutathione and therefore
reduce the Hy0, produced during metabolism. This is consistent with
the glutathione activities found in this study. Rac- and R-IM treatment
increased the glutathione activity in L. minor and therefore allowed
excess ROSs to be eliminated.

Phenylalanine metabolism is central to plant metabolism and
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promotes the transition from primary to secondary metabolism. Stable
phenylalanine metabolism can ensure normal growth and development
of the organism as well as normal physiology and biochemistry. In the
phenylalanine metabolism pathway, phenylalanine is catalytically
deaminated to cinnamic acid, which is a precursor for phenylpropane
derivatives (Wang et al., 2016b). Phenylpropane is unique to plants and
plays an important role in plant growth, development, and interactions
with the environment. Phenylpropane can also act as a regulatory
molecule and plays important roles in defenses against pathogens, signal
transduction, and interactions with other organisms (Kim et al., 2015).
Phenylalanine ammonialyase and caffeoyl-CoA O-methyltransferase
(CCoAOMT) are key enzymes involved in phenylalanine metabolism and
phenylpropanoid biosynthesis. Compared with the control plants, S-IM
upregulated the genes that encode both phenylalanine ammonialyase
and CCoAOMT. Phenylalanine ammonialyase is a key enzyme involved
in the stress responses of plants, and expression and biosynthesis of
phenylalanine ammonialyase can be upregulated by external stimuli (Li
et al., 2012). CCoAOMT can respond to stressors and induce expression
of the CCOAOMT gene to allow various adverse environmental (bio-
logical and abiotic) conditions to be resisted (Liu et al., 2015).
CCoAOMT catalyzes the transformation of caffeoyl-CoA O-methyl into
ferulic coenzyme A, which affects the synthesis of S-lignin and G-lignin
(Ye et al., 2001; Lee et al., 1997). POD is a key enzyme involved in the
phenylalanine metabolism pathway as well as the phenylpropanoid
biosynthesis pathway that synthesizes lignin monomers. POD catalyzes
the dehydrogenation polymerization reaction that allows lignin to form.
Coniferin is a precursor of lignin. In this study, increased POD gene
expression and coniferin expression may have increased the lignin
contents of the plants. Lignin is a complex polymer of phenylpropane
monomers and is an important component of cell walls, giving them
rigidity that maintains the cell shape and provides mechanical support
for the plant. Secondary lignification of cell walls plays a key role in
plant growth and development and in resistance to biotic and abiotic
stressors (Zhang et al., 2019). Cinnamic acid is converted into
p-hydroxycinnamic acid by cinnamate-4-hydroxylase. The reaction
catalyzed by cinnamate-4-hydroxylase marks the end of the early steps
of the pentose phosphate pathway and represents the branching point of
the pathway because p-hydroxycinnamic acid can be used to synthesize
a series of metabolites such as lignin and flavonoids (Kurepa et al.,
2018). The increase in the p-hydroxycinnamic acid content meant that
more secondary metabolites were produced. The DEGs and metabolites
mentioned above belonged to secondary metabolic pathways. The sec-
ondary metabolic pathways of plants provide many non-essential
small-molecule compounds used by plant cells during normal plant
growth. S-IM may have caused some secondary metabolites that could
cope with the toxicity of S-IM to L. minor to be formed by affecting
expression of key genes and metabolites in the phenylalanine meta-
bolism and phenylpropanoid biosynthesis pathways.

Importantly, zeatin biosynthesis in L. minor was affected by Rac-, R-,
and S-IM. Cytokinins control cell division by interacting with other plant
hormones, participate in various plant growth and development pro-
cesses, regulate chloroplast differentiation during the maturation pro-
cess, and respond to various biological and abiotic stresses (Cortleven
et al., 2019). The main cytokinins are trans-zeaxin and isoprene adenine
cytokinins (Miyawaki et al., 2006). Cytokinin dehydrogenase, cytokinin
trans-hydroxylase, and isopentenyl transferase are the three key en-
zymes involved in zeatin synthesis. Isoprene transferases catalyze
AMP/ADP/ATP and dimethylallyl diphosphate reactions and therefore
catalyze cytokinin biosynthesis (Kakimoto, 2001; Takei et al., 2001).
Two cytoplasmic P450 enzymes, CYP735A1 and CYP735A2, can cause
trans-zeaxin nucleotides to form (Takei et al., 2004). In this study, the
isoprene transferase gene IPT5 and CYP735A2 contents were higher in
the plants treated with Rac- and R-IM than the control plants, indicating
that gene upregulation may have accelerated trans-zeaxin production.
Cytokinin dehydrogenase is the key enzymes involved in zeatin syn-
thesis and the only enzyme that is known to catalyze the irreversible
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inactivation of cytokinin (Opio et al., 2020). Rac-, R-, and S-IM reduced
the expression of CKX10 gene associated with cytokinin. In the zeatin
biosynthesis pathway, IM promoted the synthesis of cytokinin in
L. minor, inhibited the decomposition of cytokinin, and then led to the
accumulation of cytokinin in vivo. The accumulation of cytokinin in-
hibits the growth of lateral and coronal roots and the absorption of zinc
by crops, thus affecting the growth, development and yield of the whole
plant (Laplaze et al., 2007).

And more importantly, Rac- and R-IM had similar effects on multiple
metabolic pathways in L. minor which were mainly related to photo-
synthesis and antioxidant. It may explain that Rac- and R-IM had similar
toxicities to L. minor. However, S-IM mainly affected L. minor by mul-
tiple metabolic pathways associated with secondary metabolites.
Therefore, it can be inferred that the enantioselective toxicity of enan-
tiomers of IM to L. minor may be caused by its effects on different genes
and metabolites involved in different metabolic pathways.

3.8. qRT-PCR validation

The transcriptome results were validated by the analysis of random
selection of seven DEGs by qRT-PCR. The expression results for the seven
DEGs were consistent with the transcriptomic data (Fig. 6), indicating
that the transcriptomic analysis results were reliable.

4. Conclusions

This study comprehensively and systematically evaluated the enan-
tioselective toxicity mechanism of imazamox to L. minor from enan-
tiomer level. ECsg values showed that the toxicity of Rac- and R-IM to L.
minor was significantly higher than that of S-IM, showing enantiose-
lectivity. In addition, imazamox and its enantiomers had significantly
different effects on physiological and biochemical systems of L. minor.
IM decreased the photosynthetic pigment content and ALS activity but
increased the MDA and protein contents, as well as the activities of CAT,
glutathione, POD, and SOD. What’s more the different effects were
closely related to pollution levels. Further, the metabonomics and
transcriptome correlation analysis was used for the first time to reveal
the toxicity mechanism of imazamox to L. minor. The results showed that
the differential genes and metabolites in L. minor exposed to R-IM were
significantly more than those in S-IM which was consistent with enan-
tioselective toxicity. Under S-IM exposure, differential genes and me-
tabolites were mainly enriched in multiple metabolic pathways
associated with secondary metabolites including phenylalanine meta-
bolism, phenylpropanoid biosynthesis, and secondary metabolite
biosynthesis. R-IM and Rac-IM affected L. minor by multiple metabolic
pathways related to photosynthesis and antioxidant including carbon
fixation during photosynthesis, the glutathione metabolic pathway and
the pentose phosphate pathway. R-IM also disturbance porphyrin and
chlorophyll metabolism. Zeatin biosynthesis was markedly affected by
Rac-, R-, and S-IM. These results indicated that IM had enantioselective
toxicity to L. minor and could cause oxidative stress and damage to
L. minor. Enantioselective IM toxicity to L. minor may be caused by the
different enantiomers affecting genes and metabolites involved in
different metabolic pathways. Previously unknown mechanisms were
found to be involved in the toxicity of IM to L. minor, and this infor-
mation will be useful in terms of improving guidance for the use of IM
and better assessing its safety.
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