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a b s t r a c t 

Imazethapyr (IM) is a widely used acetolactate synthase-inhibiting chiral herbicide. It has 

long-term residuals that may be absorbed by the human body through the edible parts 

of plants, such as vegetable leaves or fruits. Here, we selected a model plant, Arabidopsis 

thaliana , to determine the effects of R -IM and S -IM on its leaf structure, photosynthetic ef- 

ficiency, and metabolites, as well as the structures of microorganisms in the phyllosphere, 

after 7 days of exposure. Our results indicated enantiomeric differences in plant growth be- 

tween R -IM and S -IM; 133 μg/kg R -IM showed heavier inhibition of photosynthetic efficiency 

and greater changes to subcellular structure than S -IM. R -IM and S -IM also had different ef- 

fects on metabolism and leaf microorganisms. S -IM mainly increased lipid compounds and 

decreased amino acids, while R -IM increased sugar accumulation. The relative abundance 

of Moraxellaceae human pathogenic bacteria was increased by R -IM treatment, indicating 

that R -IM treatment may increase leaf surface pathogenic bacteria. Our research provides a 

new perspective for evaluating the harmfulness of pesticide residues in soil, phyllosphere 

microbiome changes via the regulation of plant metabolism, and induced pathogenic bac- 

terial accumulation risks. 

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

Introduction 

Pesticides increase the yield of agricultural products by killing 
insects, rodents, fungi, or unwanted plants (weeds) ( Klier 
et al., 2019 ). In recent years, pesticide usage has increased 

dramatically, from 2011 to 2012, the annual use of pesticides 
worldwide was close to 6 billion pounds in weight ( Atwood 

and Paisley-Jones, 2017 ). Of approximately 1590 globally used 

pesticides, 30% are chiral ( Basheer, 2018 ), and chiral pesticides 
comprise nearly 40% of pesticide products in China ( Asad et 
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al., 2017 ). In agriculture, the pesticides inevitably enter the 
soil. However, the effects of pesticide residues in soil on plant 
foliar microbial communities remain unclear. Some reports 
have shown that crops can absorb pesticides through the 
roots or leaves and then transfer them to edible parts ( Ghisi 
et al., 2019 ; Ke et al., 2020 ). In addition, the microorganisms 
in plant leaves form a complex microbial network that has 
beneficial or harmful effects on the host plant ( Lu et al., 
2018a,b ), depending on the composition and function of leaf 
microorganisms. Microbe colonies on leaves can include 
bacteria that are pathogenic to plants and even humans, 
such colonies negatively effect on the host plants ( Dees et al., 
2015 ). In modern society, raw vegetables are becoming more 

https://doi.org/10.1016/j.jes.2020.03.009 
1001-0742/© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V. 

https://doi.org/10.1016/j.jes.2020.03.009
http://www.sciencedirect.com/science/journal/99999994
http://www.elsevier.com/locate/jes
mailto:hfqian@zjut.edu.cn
https://doi.org/10.1016/j.jes.2020.03.009


58 journal of environmental sciences 93 (2020) 57–65 

prevalent in the human diet; dietary intake is one pathway 
for pathogens to enter animals or humans ( Akoto et al., 2013 ). 

The colonization of microorganisms in the phyllosphere 
is affected not only by environmental factors, such as radi- 
ation and pollution, but also by plant metabolites. Although 

few nutrients are present on the leaf surface, carbon sources 
found on the leaf surface, including carbohydrates, amino 
acids, organic acids, and sugar alcohols, affect the struc- 
tures of microbial communities ( Vorholt Julia, 2012 ). Plants 
produce primary and secondary metabolites through their 
own complex metabolic pathways when under stress. In the 
rhizosphere, root exudates shape soil microbial communi- 
ties, which feedback-regulate plant growth ( Pham et al., 2017 ; 
Michalet et al., 2013 ; Thijs et al., 2016 ; Lu et al., 2018a , 2018b ). 

It is well known that enantiomers of chiral pesticides 
have the same physical and chemical properties, but their 
bioavailability is different. Specifically, one enantiomer may 
have significant biological activity while others may have low 

or no biological activity ( Qian et al., 2009 ). Imazethapyr (IM) 
is an imidazolinone herbicide with broad herbicidal activity 
that inhibits the growth of both monocotyledonous and di- 
cotyledonous plants by blocking acetolactate synthase (ALS), 
thus affecting the synthesis of the branched-chain amino 
acids valine, leucine, and isoleucine, after its absorption by 
roots and leaves ( Qian et al., 2015a ; Bundt et al., 2015 ). 

Previous research has confirmed the enantiomeric selec- 
tivity of IM. R -IM is more toxic to the growth of rice and Ara- 
bidopsis thaliana seedlings than S -IM ( Qian et al., 2009 , 2011a , 
2013 ) and also affects plant flowering time and flowering or- 
gan development ( Qian et al., 2014a , 2015a ). IM has a long 
residual time in soil and its long-term use can cause resid- 
ual accumulation that damages non-target plants and crops 
( Bundt et al., 2015 ). Li et al. (2015) showed that IM residue ex- 
erted stress on the succeeding rapeseed. In addition, IM in- 
duces the accumulation of reactive oxygen species (ROS) in 

rice and A. thaliana , which seriously hinders the normal oper- 
ation of glucose metabolism ( Qian et al., 2011b ). In our latest 
studies, the application of IM by spraying was shown to de- 
stroy the leaf structure, reduce photosynthetic efficiency, in- 
hibit antioxidant enzyme activity, and change the microbial 
compositions and structures on the leaf surface. IM could in- 
crease the number of pathogenic bacteria on the leaves by 
spraying ( Liu et al., 2019 ). 

Root exudates can respond to biotic and abiotic stresses in 

the rhizosphere, and regulate rhizosphere microorganisms to 
respond stress via chemical communication ( Liu et al., 2020 ). 
We hypothesized that when the pollutants at the soil interface 
were absorbed by root, it also changes the compounds and mi- 
croorganism in the phyllosphere. We used A. thaliana to study 
plant leaf physiological changes in when IM was absorbed by 
the plant roots and uncovered the relationship between phyl- 
losphere microbial communities and leaf metabolism. Our re- 
search provides a new perspective for evaluating the harm- 
fulness of pesticide residues in soil, phyllosphere microbiome 
changes via the regulation of plant metabolism, and induced 

pathogenic bacterial accumulation risks. 

1. Materials and methods 

1.1. Plant material and growth conditions 

Colombia A. thaliana (Col-0) was selected as the experimental 
organism. The seeds were sterilized with 75% ethanol for 
1 min, washed with sterile water six or seven times, sterilized 

with 2.5% ( V/V ) sodium hypochlorite for 15 min, and washed 

again with sterile water six or seven times to remove sodium 

hypochlorite. After sterilization, the seeds were allowed to 

absorb moisture and were stored at 4 °C for two days to 
germinate. The seeds were then sown on a Murashige and 

Skoog (MS) medium, with the addition of 0.8% ( W/V ) agarose 
and 3% ( W/V ) sucrose to the MS medium ( Qian et al., 2013 ). 
Fourteen days after sowing, the seedlings were transferred 

into a culture box filled with 30 g natural soil collected on 

the campus of the Zhejiang University of Technology, China 
(30 17 ′ 45.11 ′′ N, 120 09 ′ 50.07 ′′ E). The culture box measured 

approximately 12 cm × 12 cm, and nine culture points were 
evenly distributed in each box. Holes at the bottom of the 
culture points allowed the permeation of MS nutrient solution 

(initial pH 5.6 ± 0.05, composition as described in Zhu et al. 
(2013) ) from bottom to top. The culture boxes were held at 
room temperature (25 ± 0.5 °C) with cyclic exposure to 12 h 

light (300 mmol/m 

2 s)/12 h darkness for two weeks, allowing 
microorganisms to colonize the leaves. One pair of enan- 
tiomers ( R - and S -IM) were separated from the racemic IM 

mixture (CAS number: 1344-28-1, China) by Shanghai Chiral- 
way Biotech Co., Ltd. The R - and S -IM powders were dissolved 

in acetone, and the concentration was determined using 
high-performance liquid chromatography (HPLC). According 
to our previous report on the adsorption and degradation of 
IM in soil ( Qian et al., 2015b ), 300 mL of MS nutrient solution 

with 40 μg/L of the R - or S -IM were added into 90 g of potting 
soil respectively. The final concentration of IM enantiomers 
was 133 μg/kg dry soil, which is known to significantly inhibit 
A. thaliana growth ( Qian et al., 2015b ; Liu et al., 2019 ). Leaf 
samples were collected immediately after 7 days treatment 
for microorganism16S rRNA gene analysis and metabolomics 
analysis. Four repetitions were prepared for each treatment 
condition, and every replicate consisted of nine plantlets. 

1.2. Water content and chlorophyll fluorescence in plant 
tissue measurement 

Some leaf samples were used to measure the water content. 
Whole fresh plants were dried at 65 °C for 48 h ( WC , %): 

WC = [ ( X 0 − X n ) / X 0 ] × 100% 

In the above formula, X 0 (g) represents the fresh weight, 
and X n (g) represents the dry weight. 

Other A. thaliana plants growing in the culture box were 
placed in a dark environment for more than 30 min and then 

tested for their chlorophyll fluorescence indices, either in the 
dark or under very low light intensity. A dual PAM-100 chloro- 
phyll fluorometer (Heinz Walz, Effeltrich, Germany) was used 

to measure the minimum fluorescence F 0 . The instrument 
was given a saturation pulse (10,000 μmol photons/m 

2 s) to 
determine the chlorophyll fluorescence of the leaves. The ef- 
fective photochemical quantum yield of PSII is represented by 
Y(II), Y(NO) and Y(NPQ) represent the quantum yields of non- 
photo-induced and non-photochemical fluorescence quench- 
ing, ETR represents the relative electron transfer rate ( Qian et 
al., 2014b ; Sun et al., 2016 ). 

1.3. Scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) analyses 

After 7 days of exposure, A. thaliana leaf samples were col- 
lected and cut along the veins. The samples were first fixed 

with glutaraldehyde (2.5%) in a phosphate buffer (0.1 mol/L, 
pH = 7.0) for 4 h, washed three to four times in the phosphate 
buffer for 15 min at each step. Then, post-fixed with OsO 4 
(1%) in phosphate buffer for 2 h, and rinsed three times for 
15 min again. The samples were dehydrated by a graded 

series of ethanol solutions (30%, 50%, 70%, 80%, 90% and 95%) 
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for about 15 min at each step. After dehydration, the samples 
were observed by scanning electron microscopy (SEM; Hitachi 
Model SU-8010, Japan) after coating with gold–palladium. 

Other samples were selected and immersed in a mixture 
of absolute acetone and Spurr resin in different proportions 
(1:1 for 1 h; 1:3 for 3 h). The samples were held overnight 
at room temperature. The leaf samples were then placed in 

Spurr resin, heated to 70 °C for 9 h, and then observed using 
a Hitachi Model H-7650 transmission electron microscope 
(TEM) after sectioning and staining. 

1.4. DNA extraction and 16S rRNA gene amplicon 

sequencing 

Total genomic DNA was extracted from 0.25 g of sample 
using the MO BIO PowerSoil DNA Isolation Kit (BIOMIGA, 
USA) according to the manufacturer’s protocols. Accord- 
ing to the concentration, the acquired DNA samples were 
diluted to 1 ng/μL using sterile water. 16S rRNA genes of 
distinct regions were amplified using the specific primers 
314F (5 ′ -CCTACGGGNGGCWGCAG-3 ′ ) and 805R (5 ′ -GACTACHV 

GGGTATCTAATCC-3 ′ ). All polymerase chain reaction (PCR) 
processes were performed with the KAPA HiFi TM HotStart 
ReadyMix (2X). The PCR product was confirmed by using 1% 

agarose gel electrophoresis. The amplified products were 
purified with Beckman DNA Clean Beads and quantified by 
a Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA). The 
enriched library was loaded in an Ion 530 TM Chip and se- 
quenced on an Ion S5TM platform (Thermo Fisher Scientific, 
Waltham, MA; Zhejiang TianKe Hitech Development Co., 
Ltd., Hangzhou, China), generating 400 bp/600 base pair (bp) 
single-end reads. Single-end reads were assigned to samples 
based on their unique barcodes and truncated by cutting off 
the barcodes and primer sequences for data splitting. The raw 

reads were filtered, according to Cutadapt, in order to acquire 
high-quality reads ( Martin, 2011 ). Sequences with ≥ 97% 

similarity were assigned to the same operational taxonomic 
units (OTUs). Alpha diversity was applied in analyzing the 
complexity of species diversity for a sample through six in- 
dices, including Observed-species, Chao1, Shannon, Simpson, 
ACE, and Good-coverage. All these indices in our samples 
were calculated with QIIME (Version 1.9.1) and displayed 

with R software (Version 3.2.2). Principle coordinate analysis 
(PCoA) was displayed by the vegan package, stat packages, 
and ggplot2 package in R software (Version 3.3.0). 

1.5. Gas chromatography and mass spectrometry 
analyses of A. thaliana leaf metabolites 

For preparation, 10 mg of the sample was added to 5 μL of 
3 mg/mL of myristic acid-d27 solution, and then to 1000 μL 
of extractant (acetonitrile/isopropanol/water, 3/3/2, V/V ). This 
mixture was vortexed for 1 min. The samples were then cen- 
trifuged at 13,000 r/min for 5 min at 4 °C. About 800 μL of 
the supernatant was dried using nitrogen and lyophilized for 
30 min in a lyophilizer. In a two-step derivatization, 20 μL of 
40 mg/mL methoxamine hydrochloride/pyridine was added 

and derivatized at 30 °C for 90 min, and then 90 μL of N- 
methyl-N(trimethylsilyl) trifluoroacetamide (MSTFA) contain- 
ing 1% trimethylchlorosilane (TMCS) was added and deriva- 
tized for 30 min. The samples were then centrifuged again at 
13,000 r/min for 5 min at 4 °C and 60 μL of the supernatant 
was collected for testing. A quality control (QC) sample was 
also prepared as follows: the same volume from the prepared 

sample was collected and mixed into a large sample, then di- 
vided into six QC samples to monitor instabilities of instru- 
ment precision. Three QC samples collected before sampling 
were used to monitor the precision of the instrument, and one 

QC sample was tested every six samples to monitor the sta- 
bility of the instrument. 

The derivatized samples were analyzed by using an Agilent 
7890A gas chromatography (GC) system coupled to an Agilent 
5975C mass-selective detector (MSD) with a DB-5MS fused- 
silica capillary column (30 m × 250 μm internal diameter with 

0.25-μm film). The injection volume was 1 μL with the injector 
temperature of 250 °C and the MSD interface temperature of 
230 °C in split mode; the split ratio was 10:1. The initial oven 

temperature was 60 °C, ramped to 300 °C at a rate of 10 °C/min, 
and held at 300 °C for 10 min. The selected temperatures of 
the MS quadrupole and ion source (electron impact) were 150 
and 250 °C, respectively. Mass data were acquired in a full-scan 

mode ( m/z 50 −500). GC MS raw data files were converted into 

NetCDF format by Agilent Chrom Station software (Agilent 
Technologies, USA) and then preprocessed by the erah package 
in R. Each metabolite in the samples was identified simultane- 
ously by combining the retention time (RT) and m/z data. The 
online GMD database was used to annotate the metabolites by 
matching the m/z data of samples with those from database. 
Metabolites with ≥ 80 similarity were retained. The intensity 
of peak data was further processed by “erah” R package, and 

then used to compare the differences between metabolites of 
the treatment group and the control group. 

The table of metabolite results was imported into SIMCA- 
P + 14.0 (U Metrics, UME, Sweden) and the experimental 
groups were named. The orthogonal partial least-squares 
discrimination analysis (OPLS-DA) model was used to analyze 
the differences between the groups. The variables important 
in projection (VIP) > 1 were considered variance variables in 

the OPLS-DA analysis. The p -value was calculated according 
to the T-test to evaluate the statistical significance of the 
different variables and then adjusted using the methods de- 
scribed by Benjamini and Hochberg (1995) (Appendix A, Table 
S1 ); variables with p values of less than 0.05 were considered 

to show significant differences. Metabolic pathway analysis 
was performed by MetaboAnalyst 4.0. 

2. Results and discussion 

2.1. Effects of IM enantiomers on plant water content and 

photosynthetic efficiency 

We measured the plant water content after 7 days of exposure 
to the IM enantiomers. Compared to the control group, the 
plant water content showed no significant change with S -IM 

treatment, while it was decreased by 1.3% after R -IM treat- 
ment ( Fig. 1 a), Even though this amount of reduction is small, 
it is still significant after R -IM treatment, indicating that R -IM 

treatment has a negative impact on plant water content. This 
is consistent with previous results from the direct spraying of 
IM on foliage ( Liu et al., 2019 ). 

We used five chlorophyll fluorescence parameters to eval- 
uate the enantioselectivity of IM on photosynthesis, including 
Y(II), Y(NPQ), Y(NO), Fv/Fm, and ETR. Our data demonstrated 

that R -IM and S -IM showed different enantioselective effects 
on plant photosynthesis ( Fig. 1 b). This phenomenon is dis- 
played by the following results: (1) the Y(II) value in the R -IM 

treatment was down-regulated by 53.16% compared to that of 
the control group, while that in the S -IM group was decreased 

by only 6%; (2) the Y(NO) values of the R -IM and S -IM treat- 
ment groups were increased by 81.93% and 49.77% relative to 
that of the control group, respectively and (3) Y(NPQ) in the 
R -IM treatment group was increased by 10.46%, but decreased 

by 6.43% in the S -IM treatment group. The proportional rela- 
tionships of the three parameters Y(II), Y (NPQ), and Y(NO) re- 
flect the ability of the plant to utilize energy ( Klug Hammer 
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Fig. 1 – Effects of IM enantiomers on (a) water content and (b) chlorophyll fluorescence in plant tissue measurement after 7 
days of control and IM treatment ( R -IM, S -IM). ∗ Represents that compared with the control group, the treatment group are 
significant ( p < 0.05). 

and Schreiber, 2008 ; Liu et al., 2015 ). The value of Y(II) de- 
creased significantly, which reflected the inhibition by R -IM 

of PSII photochemical energy utilization and electron trans- 
fer chains in thylakoids. The high Y(NO) value indicated that 
�pH thylakoids were not completely established, possibly cor- 
responding to the accumulation of excess electrons and the 
production of ROS ( Sun et al., 2016 ; Liu et al., 2019 ). This in- 
dicates that PSII’s ability to process energy is disturbed and 

that the enantioselectivity causes irreversible damage ( Chen 

et al., 2016 ). The Fv/Fm value in the R -IM treatment group 

was down-regulated by 66.36% compared to that in the control 
group, while no significant difference appeared between those 
of the S -IM treatment and control groups this also supports 
enantioselectivity. Finally, compared with the control group, 
the ETR value of the R- IM treatment group was decreased 

by 53.33% and that of the S -IM group was decreased by only 
5.88%. However, there was no significant difference between 

the treatment group and the control group. R -IM damaged the 
photosynthetic apparatus and electron transfer process more 
seriously than S -IM, resulting in the decrease of light energy 
conversion efficiency ( Xia et al., 2014 ). The differences of these 
results indicate that R -IM heavily affects the photosynthetic 
rate of plants. 

2.2. Observations of the leaf cell subcellular structure 
with TEM and SEM 

Based on SEM observations, mesophyll cells were affected to 
different degrees after 7 days of S -IM and R -IM treatment ( Fig. 
2 ). Compared to that in the control group, the arrangement of 
epidermal cells in the IM treatment groups is tighter and the 
stomatal closure rate is higher. The changes of mesophyll cell 
deformation and stomatal closure rate after R -IM treatment 
are the most obvious among the three groups. The effects ob- 
served in the S -IM treatment group are between those in the 
control group and R -IM group ( Fig. 2 a). The difference in effect 
between the enantiomers is similar to that achieve in spraying 
racemic IM directly on the leaf surface relative to the control 
( Liu et al, 2019 ). 

After 7 days of IM treatment, the number of starch gran- 
ules in the chloroplasts was increased by about 45%, espe- 
cially after R -IM treatment ( Fig. 2 b). A significant increase in 

the number of starch particles in chloroplasts causes the thin- 
ning of thylakoid particles, which play an important role in 

light absorption and electron transfer ( Tan et al., 2014 ). The 
results showed that IM treatment increased the number and 

size of starch particles and affected the structure of the thy- 
lakoid layer in the chloroplasts. This may affect the photosyn- 
thesis of the leaves, which is consistent with previous studies 
( Qian et al., 2011b ; Qu et al., 2019 ). However, this is the first time 
that IM has been found to affect leaf structure when absorbed 

through the roots of plants. 

2.3. Metabolic response of A. thaliana leaves to S -IM and 

R -IM 

A total of 77 metabolites were ultimately identified from the 
extracts of A. thaliana leaves after S -IM or R -IM treatment 
compared with the control groups, including 24 sugars, 18 or- 
ganic acids, nine amino acids, 12 alcohols, five hydrocarbons, 
three esters, and six other compounds. In order to maximize 
the separation between groups, we performed the orthogonal 
partial least squares (OPLS) analysis based on differential 
metabolites ( Fig. 3 a). The results showed that both the R -IM 

group and S -IM group showed different metabolic profiles 
relative to the control group of A. thaliana leaves. In order to 
further analyze the effects of R -IM and S -IM treatment on the 
metabolites, we selected 17 different metabolites with VIP > 

1 and p < 0.05 for visual display. IM treatment significantly 
changed these metabolites, which included three sugars, 
four amino acids, two alcohols, two lipids, two sugar acids, 
and four other substances (organic acids, inorganic acids, 
alkaloids, amides.) ( Fig. 3 b). From the results, IM treatment 
caused the accumulation of carbohydrates in the leaves. Most 
sugars, such as galactose and fructose, accumulated in R -IM 

treatment were higher in concentration than they were in the 
S -IM group. Sugar usually accumulates in plants under stress 
( Shi et al., 2018 ; Ke et al., 2018 ). The accumulation of carbo- 
hydrates may indicate that plants consume carbohydrates to 
produce energy for the synthesis of defense substances such 

as phenols after stress ( Mikulic-Petkovsek et al., 2013 ; Bowne 
et al., 2012 ). Surprisingly, compared to the control group, the 
amino acid contents of the treatment groups in the selected 

significantly different metabolites were reduced, especially 
with S -IM treatment. Chen et al. (2017) obtained similar 
results in the study of A. thaliana exposed to S- dichlorprop, 
which significantly reduced the concentration of several 
amino acids. In addition, amines were up-regulated in the 
R -IM treatment group. Lipid substances such as heptanoic 
acid and butyric acid were accumulated in the treatment 
groups; S -IM caused greater lipid accumulation than R -IM. 
Lipids are important substances for energy storage and signal 
transmission in organisms. When plants are stressed, lipid 

accumulation can assist in cell membrane reconstruction to 
address plant cell damage (Parviz Moradi et al., 2017 ) or algal 
cells ( Zhang et al., 2019 ), which could be one mechanism by 
which S -IM toxicity to plant cells is alleviated. 

2.4. Changes of microbial communities on leaf surface 

In order to analyze the compositions and changes in bacte- 
rial communities on the surfaces of A. thaliana leaves, we se- 
quenced the genomes of each leaf. We obtained a total of 
50,557–54,588 raw reads from the leaf samples of the control 
and two treatment groups and clustered the sequences into 
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Fig. 2 – Changes of leaves morphology and subcellular structure in A. thaliana after 7 days of IM treatment. (a) Leaf surface 
morphologies; (b) Mesophyll cell structure. sg: starch granule; og: osmiophilic granule. 

OTUs with 97% identity, and then annotated the representa- 
tive sequences of OTUs. The good-coverage index of the col- 
lected samples was greater than 99.8%, proving that the se- 
quencing depth was sufficient to cover most OTUs in all sam- 
ples. Compared to the indices in the control group, the Simp- 
son, Shannon, and Chao1 evenness indices in the treatment 
groups were higher. The Simpson and Shannon indices were 
additionally higher in the S -IM treatment group than in the 
R -IM treatment group ( Fig. 4 ). Briefly, compared with the con- 
trol group, α diversity indices based on the OTUs in the treat- 
ment group were increased, indicating that the bacterial com- 
munity structure was affected by the IM enantiomer, and that 
R -IM and S -IM showed different effects. These results clearly 
demonstrate that IM enantiomers affect the diversity of bac- 
terial communities to different extents. 

Based on the changes in bacterial abundance detected by 
OTU, we further concentrated on variations at specific taxo- 
nomic levels. First, after 7 days of IM treatment, the bacte- 
rial taxa in the treatment and the control group remained 

relatively stable at the phylum level. Amongst the three 
groups, Proteobacteria accounts for 63.5%–72.9%, which is the 

most abundant phylum. In the treatment group, Actinobacte- 
ria (1.7%–2.0%) replaced Bacteroidetes (1.1%–1.2%) in the con- 
trol group to become the second-most abundant phylum ( Fig. 
5 a). At the family level, the effects of R -IM and S -IM treatments 
on bacterial abundance showed differences. The abundance of 
the dominant Pseudomonadaceae was decreased by 21.7% and 

41% relative to the control after R -IM and S -IM treatment, re- 
spectively ( Fig. 5 b). 

In the family of Pseudomonaceae , some species in the genus 
showed protective effects on stimulating plant growth, resist- 
ing pests, and bioremediation ( Munir et al., 2019 ; Aydogan et 
al., 2018 ). For example, Chu et al. (2019) reported that Pseu- 
domonas PS01 can help A. thaliana to develop salt tolerance. 
The decrease of Pseudomonas may indicate that IM adversely 
affects the stress resistance of leaves. However, the R -IM treat- 
ment increased the abundance of Moraxellaceae by 56%, while 
the S -IM treatment decreased the abundance of Moraxellaceae 
by44% ( Fig. 6 c). In the family of Moraxellaceae, Acinetobacter is 
an opportunistic pathogen that can infect people with low 

immune function and is a serious threat to human health 

( Howard et al., 2012 ; Hassan et al., 2017 ). Therefore, edible 
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Fig. 3 – (a) Orthogonal partial least squares (OPLS) analysis of leaf metabolites of control and IM-treated groups. Points with 

different colors represent samples from the different groups collected after 7 days. (b) Heatmap analysis of changes in leaf 
metabolites of control and IM-treated ( R -IM, S -IM) groups. 

Fig. 4 – Alpha indices including (a) Simpson, (b) Chao1, (c) Shannon, and (d) ACE after 7 days of control and IM treatment 
( R -IM, S -IM). 
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Fig. 5 – Relative abundance of 16S rRNA gene of (a) main phyla and (b) families present in the bacterial communities after 7 
days of control and IM treatment ( R -IM, S -IM). 

leaves with increased pathogen abundance could threaten hu- 
man health. 

2.5. Correlation analysis of metabolites and phyllosphere 
microorganism 

The foliar environment is highly variable and considered a rel- 
atively harsh habitat. In addition, the foliar environment can 

provide fewer nutrients, nutrient availability is an important 
factor in limiting the proliferation of microorganisms ( Souza 
et al., 2015 ). Leaf colonists must endure such stresses. 

In this study, we analyzed the correlations between dif- 
ferential metabolites and microbial abundance. Based on the 
correlation heat map between microorganism family level 
TOP10 and differential metabolites ( Fig. 6 ), sugar had a positive 
correlation with most bacteria but a negative correlation with 

Enterobacteriaceae . Except for sarcosine, amino acid metabo- 
lites and Moraxellaceae, Sphingomonadaceae, Pseudomonadaceae, 
and Enterobacteriaceae were positively correlated. The two lipid 

substances (heptanoic acid, butanoic acid) were negatively 
correlated with Pseudomonadaceae and Enterobacteriaceae. IM 

treatment, especially S -IM treatment, down-regulated several 
amino acid metabolites, thus causing a decrease in nitrogen 

sources available to microorganisms. Vorholt (2012) reported 

that in fertile plants, the availability of nitrogen is the second 

limiting factor for microbial communities besides carbon. In 

our research, microorganisms with nitrogen fixation ability 
( Fig. 6 b), including Xanthobacteraceae, Rhizobiaceae, Azospir- 
illaceae , and Burkholderiaceae , formed colonies and became 
dominant strains ( Aanderud et al., 2018 ; Souza et al., 2015 ; 

Ju et al., 2019 ; He et al., 2018 ; Fei et al., 2020 ; Fürnkranz 
et al., 2008 ). On the other hand, past studies showed that 
many bacteria related to non-leguminous plants, including 
Azospirillaceae and Burkholderiaceae , promoted plant growth 

( Souza et al., 2015 ; Govindarajan et al., 2008 ). However, the 
interactions between microorganisms and leaf metabolites 
are more complex, and the specific mechanisms of influence 
require further exploration. 

3. Conclusion 

In agriculture, applied pesticides accumulate and remain in 

the soil. We speculated that even if pesticides were to cause 
only minor damage to plant growth, for example, by affect- 
ing the water content, leaf subcellular structure, and photo- 
synthetic level, they would still affect the phyllosphere micro- 
bial communities and leaf metabolites, which are often over- 
looked. In this study, we researched the effects of IM soil ap- 
plication on the physiological activities of A. thaliana leaves, 
microorganism communities, and metabolites in the phyllo- 
sphere, and the correlation between metabolites and microor- 
ganisms in the phyllosphere. Our results showed that the soil 
application of IM, especially the R -IM enantiomer, inhibited 

leaf water content, affected leaf cell structure, and reduced 

plant photosynthetic efficiency. It also affected the metabo- 
lites and microbial communities formed on the leaf surfaces. 
This study thus improves the current understanding of the 
differences in the effects of enantiomeric IM residues on the 
physiological activities and microorganisms of plant leaves. 
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Fig. 6 – The correction analysis between the TOP10 of OTUs (at family level) and leaf metabolites. Only corrections ≥0.5 are 
presented (positive correlation: red; negative correlation: blue). (a) OTUs and metabolites are notably changed in the control 
group and IM treatment groups. (b) The relative abundance (family level) of microorganisms is negatively correlated to most 
amino acids and alcohols. (c) The relative abundance (family level) of microorganisms is positively correlated to most amino 

acids and alcohols. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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