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the growth and metabolism of Arabidopsis thaliana shoots. However, only a slight inhibitory
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effect was induced by nanotubes or glyphosate alone at the tested concentrations. Several
intermediate metabolites of nitrogen metabolism and fatty acid synthesis pathways were
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upregulated under the combined treatment, which increased the amount of energy required

Phyllosphere bacteria

to alleviate the disruption caused by the combined treatment. Additionally, compared with

Synergistic effect

the two individual treatments, the glyphosate/nanotube combination treatment induced

Combined exposure

greater fluctuations in the phyllosphere bacterial community members with low abundance

Metabolic profile

(relative abundance (RA) <1%) at both the family and genus levels, and among these bac-

Correlation analysis

teria some plant growth promotion and nutrient supplement related bacteria were markable increased. Strikingly, strong correlations between phyllosphere bacterial diversity and
metabolites suggested a potential role of leaf metabolism, particularly nitrogen and carbohydrate metabolism, in restricting the range of leaf microbial taxa. These correlations between phyllosphere bacterial diversity and leaf metabolism will improve our understanding
of plant-microbe interactions and the extent of their drivers of variation and the underlying
causes of variability in bacterial community composition.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
In nature, plants are exposed to various microbiota with
which they interact in complex ways (Rodriguez et al., 2019;
Qu et al., 2020). The phyllosphere refers to the microbial habitat found on the aerial surface of plants (Vorholt et al., 2012)

∗

and plays a critical role in the global balance of atmospheric
carbon dioxide and oxygen (Lindow and Brandl, 2003; Xu et al.,
2020) and in the maintenance of the ecological function of
the host and its physiology (Gourion et al., 2006; Reed et al.,
2010; Innerebner et al., 2011; Chen et al., 2020). Leaf bacterial community structure is modulated by a variety of factors, including geography, plant species, genotype and sea-
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sonal variation, as well as abiotic stresses such as drought
stress or biotic stresses such as foliar pathogens (Knief et al.,
2010; Redford et al., 2010; Copeland et al., 2015; LaforestLapointe et al., 2016).
Notably, the phyllosphere can harbour various diseasecausing microorganisms, allowing it to cause economic losses
to the produce industry, even having potential risks to human
health through the food chain, especially after pollutant exposure. Liu et al. (2019) reported that imazethapyr could potentially increase the accumulation of pathogenic bacteria on
Arabidopsis thaliana leaves via direct exposure of spraying, and
Chen et al. (2018) reported that the phyllosphere harboured
various antibiotic resistance genes after long-term organic fertilization. However, although clearly influenced by the presence of pollutant-driven bacteria, the underlying regulation
mechanism remains unclear. Enough evidence has demonstrated that nutrients within the plant tissue provide support
for the growth and colonization of leaf bacteria (Lindow and
Brandl, 2003; Delmotte et al., 2009; Han et al., 2016), suggesting
that pollutants can influence the leaf bacterial communities
by interfering with the leaf metabolic profile.
Due to the rapid development of glyphosate-resistant
transgenic crops, glyphosate-based herbicide (GBH) applications now constitute the dominant weed control strategy for global crop weed control (Smedbol et al., 2019). The
widespread application of glyphosate and its good solubility in water have led to the detection of glyphosate residues
in the range of 100 to 5200 μg/L in surface waters and in
the range of 35 to 1502 μg/kg in soils (Klátyik et al., 2017;
Peruzzo et al., 2008). Glyphosate is considered a pollutant of
nontarget plants through direct contact or through release
from the soil or water, where it can be absorbed by roots and
then transported to other parts of the plant (Laitinen et al.,
2007). Carbon nanotubes (CNTs) are novel carbonaceous materials with unique physical and chemical properties and are
commonly used in nanomedicines (Lacerda et al., 2006), electronics (Mink and Hussain, 2013), optics, energy harvesting
(Abdulalmohsin et al., 2012) and agricultural sciences (Husen
et al., 2014). Importantly, nanotubes can serve as pollutant carriers, delivering pollutants to plant tissues and exerting a high
degree of toxic effects on plants. Therefore, in this study, we
tested the hypothesis that hydroponic co-exposure to nanotubes and herbicides would exert complex interaction effects on physiological responses and metabolic profiles of A.
thaliana, subsequently manipulating the phyllosphere microbiota composition of that species. To verify these hypotheses, we have analysed the effects of combination exposure
of glyphosate and nanotubes on leaf metabolism and leafassociated bacterial communities of A. thaliana, establishing
relationships between leaf metabolites and microbiota, representing a novel approach for identifying the factors driving
phyllosphere microbiota.

were prepared in ultrapure water consisting of 0.25% (W/V)
gum arabic, which has been demonstrated to be biocompatible and help disperse the nanotubes in the aqueous phase
(Larue et al., 2012). Glyphosate was dissolved in ultrapure water.

1.2.

Material and methods

1.1.

Reagent preparation

Carbon nanotubes (25 nm) and glyphosate (purity: 95%) were
purchased from Aladdin (Shanghai, China). The nanotubes

Plant material and growth conditions

Before chemical exposure, surface-sterilized A. thaliana seeds
were generated in a Murashige and Skoog (MS) nutrient solution (Appendix A Table S1) in a growth chamber (a temperature of (25 ± 0.5)°C, a light intensity of 300 μmol/(m2 •sec), and
a photoperiod of 12 hr: 12 hr (light: dark)). After one month of
cultivation, uniform seedlings were selected for exposure to
50 mg/L nanotubes, 0.5 mg/L glyphosate, both substances in
combination (glyphosate/nanotube) and no addition of nanotubes or glyphosate in MS nutrient solutions. After three
weeks of exposure, the leaves and solution were collected for
subsequent experiments.

1.3.

Metabolic analysis

Leaves (five replicates) were collected from A. thaliana
seedlings after three weeks of chemical exposure under all
the treatments for metabolic analysis. Approximately (50 ± 1)
mg of sample was collected and placed into a 2 mL centrifuge tube. The sample was then extracted with 450 μL of
extraction liquid (Vmethanol :VH2 O V = 3:1), added to 10 μL of
L-2-chlorophenylalanine (1 mg/mL stock in ddH2 O) as an internal standard, mixed for 30 sec and then centrifuged for
15 min at 3500 × g and 4°C. The supernatant (300 μL) was
subsequently transferred to a 1.5 mL centrifuge tube, and
60 μL of the supernatant was taken from the mixture of
each sample as a quality control (QC) sample. Afterward,
the supernatant was dried in a vacuum concentrator without heating, and 80 μL of methoxyamination hydrochloride
(20 mg/mL in pyridine) was added, after which the sample
was incubated for 30 min at 80°C. One hundred microliters
of N, O-bis (trimethylsilyl) trifluoroacetamide (BSTFA) reagent
(1% chlorotrimethylsilane (TMCS), V/V) was then added to the
sample aliquots, after which they were incubated for 1.5 hr
at 70°C. After pre-treatment, all the samples were analysed
using a gas chromatograph system coupled to a Pegasus HT
gas chromatography time-of-flight mass spectrometer (GCTOF-MS, Agilent 7890, Agilent, CA, USA). This system used
a DB-5MS capillary column coated with 5% diphenyl crosslinked with 95% dimethylpolysiloxane (30 m × 250 μm inner diameter, 0.25 μm film thickness; J&W Scientific, Folsom,
CA, USA).

1.4.

1.
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Extraction of DNA from leaf samples for sequencing

Entire leaves were collected from five different plants per sample, and five samples per treatment were prepared. The leaves
were immersed in 20 mL of 0.1 mol/L potassium phosphate
buffer (pH = 8) in tubes before sonication for 10 min and then
slightly shaken at 180 × g for 1 hr. Afterward, the washing solution was filtered with a 0.22 μm cellulose membrane filter,
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and the filter paper was used to extract the DNA using a MoBio
PowerSoil Kit (Biomiga, USA) (Liu et al., 2019).

1.5.

Illumina sequencing and bioinformatic analysis

The concentration of leaf DNA was qualified via ultraviolet/visible spectrophotometry (ND 5000, BioTeke, China).
On the basis of its concentration, the DNA was diluted to
1 ng/μL using sterile water. A library was prepared using the
primers 341F (CCTAYGGGRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT), which targeted the bacterial/archaeal 16S
rRNA gene variable regions 3 (V3) and 4 (V4). The same volume of 1X loading buffer (containing SYBR Green I) and the
PCR products were then mixed, and electrophoresis was performed on a 1% agarose gel for purity detection. Afterward,
the PCR products were purified with a GeneJETTM Gel Extraction Kit (Thermo Scientific, China). Sequencing libraries were
R
DNA PCR-Free Sample Prepathen generated using a TruSeq
ration Kit (Illumina, USA) according to the manufacturer’s recommendations, and index codes were added. The library qualR
2.0 Fluorometer (Thermo Scienity was assessed via a Qubit
tific, China). Finally, the library was sequenced on an Ion S5TM
platform, and 400 bp/600 bp single-end reads were generated.

1.6.

Data analysis

All experiments were carried out for five replicate sets. Putative identities were assigned to metabolites according to information within the PubChem database. Quality samples that
were taken from the mixture of the three groups to generate
a pooled sample, which was then analysed using the same
method as the analytic samples. The pooled sample was used
to evaluate the quality of our samples. A heatmap based on
the fold-change of metabolites whose abundance was significantly altered compared to those in the control group was created using an R package. Correlation analysis was performed
based on correlations (p ≥ 0.5) using Gephi program. The results are presented as the means ± standard deviations (SDs).
Significant differences (p < 0.05) were evaluated by one-way
analysis of variance (ANOVA) using the StatView 7.0 program
(Qian et al., 2014; Ke et al., 2018).

2.

Results

2.1.

Effect of glyphosate and nanotubes on plant growth

To examine impacts of combined exposure of glyphosate
and nanotubes on plant physiological activities. Fresh weight
of shoot was determined. Compared with that in the control group, the fresh weight of shoots after three weeks of
glyphosate and nanotube treatments increased significantly
(by 12.9%) and decreased (by 50.5%), respectively (Fig. 1a). Compared with that in control group, the fresh weight of shoots in
the combined group decreased by 87.9%. These results suggested that the combined exposure of glyphosate and nanotubes caused a synergistic inhibitory effect on A. thaliana
growth.

2.2.
Effect of glyphosate and nanotubes on metabolic
profile
Metabolomics were used to reveal the metabolite profiles of A.
thaliana leaves after glyphosate and nanotube exposure. A total of 374 metabolites were detected, and 150 metabolites were
identified. Based on the parameters of a variable importance
in projection (VIP) score >1 and pvalue < 0.05, there were 20,
25 and 55 differentially metabolites whose abundance was altered in the glyphosate, nanotubes and glyphosate/nanotube
groups, respectively (Fig. 1b). Among these differentially regulated metabolites, only 7 metabolites whose abundance was
up- or downregulated overlapped among the treatments. A
cluster analysis map showed that the glyphosate/nanotube
group clearly differed from the two individual chemical exposure groups, whereas the two individual exposure groups
and the control group clustered closely together, indicating
that the metabolite patterns in the combined group were quite
distinct from those in the two individual groups (Appendix A
Fig. S1). To further identify the metabolites responsible for the
distinct patterns, the metabolites whose abundance was altered were classified as being associated with amino acids,
carbohydrates, lipids/fatty acids, organic acids, nucleotides
and other metabolites via the PubChem database. The amino
acid, carbohydrate and lipid/fatty acid classes had the greatest abundance of the discriminating metabolites, which were
up- or downregulated significantly upon glyphosate/nanotube
exposure; however, only a minor change in these compounds
occurred in the individual glyphosate and nanotube groups
(Figs. 1c and 2). In our study, the abundance of some pyruvatederived amino acids, such as valine, cystine, and citrulline,
and the tricarboxylic acid (TCA) cycle-derived amino acids
ornithine, asparagine and glutamine was significantly upregulated only in the combined group, while minor changes
were observed in the two individual treatments. In particular, as compared to control group, the abundance of glutamate, increased 64-fold in combined group (Fig. 2). Besides,
the glyphosate/nanotube combination treatment increased
the levels of several fatty acids, such as phytol (3.0-fold), 2monopalmitin (2.3-fold), palmitic acid (1.9-fold) and linolenic
acid (1.8-fold), compared to those in the control group; and no
significant changes in these fatty acids were detected under
the individual treatments (Fig. 2). We also found increases in
the levels of soluble sugars, including erythrose, L-threose and
ribose, ranging from 1.5- to 4.0-fold, while only minor changes
in these carbohydrates occurred in the two individual treatments (Fig. 2).

2.3.
Effect of glyphosate and nanotubes on phyllosphere
bacterial community
High-throughput Illumina sequencing was used to quantify
the composition of the bacterial communities on the leaf surfaces of A. thaliana. A total of 925,059 high-quality sequences
were obtained from all 20 samples, with sequences per sample ranging from 30,026 to 53,719. Sequence clustering yielded
a total of 8273 operational taxonomic units (OTUs) (sequences
binned at a 97% similarity cutoff), with the number of OTUs
per sample ranging from 182 to 690. We compared alpha
diversity metrics grouped by individual or combined expo-
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Fig. 1 – Seedling fresh weight and nutrition content in solution. (a) seedling fresh weight; (b) Venn diagram of differentially
metabolites in the glyphosate, nanotubes and glyphosate/nanotube groups compared to the control group; (c) heatmap of
the fold changes (calculated as log2 (FC)) of altered metabolites in different treatments. FC refer to fold changed of
metabolites. Different letters and ∗ represent statistically significant differences at p < 0.05 from a one-way ANOVA. The
numbers in circle represent differentially regulated metabolites. The numbers of mark bar represent the fold-changes of
metabolites in different treatment (up-regulated: red; down-regulated: blue).

sure to glyphosate and nanotubes (Appendix A Fig. S2) to investigate differences in OTU richness. The observed species,
Simpson, Shannon and Chao 1 indices were slightly higher
in the nanotube and glyphosate/nanotube groups than in the
control group, while no significant change was observed in
the glyphosate group. These results indicated that, compared
with glyphosate alone, nanotubes and glyphosate/nanotubes
may recruit more leaf bacteria. The results of a principal
coordinate analysis (PCoA) based on weighted UniFrac distances (Appendix A Fig. S3) showed that both nanotube and
glyphosate/nanotube groups were separate from the control
group, and a great overlap between them along PC1 explained

47.31% of the total variation, suggesting similar bacterial profiles are present in the nanotube and glyphosate-nanotube
groups.
After the sequences from chloroplasts and mitochondria
were removed, phylogenetic classification revealed that these
phyllosphere bacterial OTUs belonged to 26 phyla and 233
families. At the phylum level, the leaf bacterial communities in all samples were predominantly composed of Proteobacteria (17%-59%), Firmicutes (3.3%-8.2%), Bacteroidetes
(3.5%-7.5%) and Actinobacteria (1.3%-9.1%) (Fig. 3a). Proteobacteria and Actinobacteria increased significantly in both the
nanotube and glyphosate/nanotube groups. The predominant
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Fig. 2 – Pathway analysis of altered metabolites (relative abundance) in the leaves of A. thaliana exposure to single or
combined glyphosate and nanotubes groups. Different letters represent statistically significant differences at p < 0.05 from
a one-way ANOVA. TCA: tricarboxylic acid cycle.

families (with a relative abundance (RA) ≥1%) were mostly
composed of the above-mentioned phyla (Fig. 3b). However,
only a small amount of significant fluctuation in the abundant
bacterial composition was induced by exposure of the combined group. Compared to those in the control group, some
Proteobacteria, such as Xanthomonadaceae and Moraxellaceae, in the glyphosate/nanotube groups increased significantly (from 1.97- and 4.6-fold, respectively); however, there
was no change in the group exposed to glyphosate alone or in
the nanotube group.
Interestingly, the rare taxa significantly contributed to the
alpha diversity and beta diversity, although compared with
abundant taxa (RA < 1%), these rare taxa had a lower richness. As shown in Fig. 4, the abundance of 1, 13 and 25 taxa at
the family level were altered (increased or decreased) significantly in the glyphosate, nanotubes, and glyphosate/nanotube
groups, respectively, suggesting that a synergistic effect on
variation in bacteria with low abundance was induced by
the glyphosate/nanotube combination. At the genus level, the
abundance of 2, 24 and 49 bacteria were differentially al-

tered in the glyphosate, nanotubes and glyphosate/nanotube
groups, respectively, and only 1 up- or downregulated metabolite overlapped among the treatments (Fig. 3c). We found that
the abundance of only two abundant genera (RA ≥ 1%) in
glyphosate/nanotube groups, Stenotrophomonas and Acidovorax, increased significantly (from 5- to 22-fold, respectively),
while no significant alteration in abundance was detected under the individual treatments (Fig. 3d and Appendix A Fig. S4).
Each of the remaining genera whose abundance was altered
had an RA of <1%. Therefore, taken together, the results suggested that a synergistic effect on bacterial variation was induced by the glyphosate/nanotube group with low abundance.

2.4.
Relationship between plant metabolic responses and
phyllosphere diversity
The GC-TOF-MS analysis of leaf revealed a global impact
of combined exposure of glyphosate and nanotubes on leaf
metabolism (Fig. 2). Accordingly, it is possible that the leaf
metabolism influences the abundance of leaf-associated bac-
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Fig. 3 – Relative abundance (RA) of bacterial communities in leaf-associated compartment of A. thaliana after three weeks of
exposure to glyphosate and nanotubes separately or in combination. (a) taxonomic comparison of the 10 most abundant
phyla after removal of chloroplasts and mitochondria; (b) the families with average RA ≥ 1% across all samples after three
weeks of exposure; (c) Venn diagram of differentially bacterial at genera level in the glyphosate, nanotubes and
glyphosate/nanotube groups compared to the control group; and (d) the relative abundance of abundant bacteria (RA ≥ 1%)
at genera level. The numbers of mark bar represent the relative abundance of bacteria in families in different treatment. The
numbers in circle represent differentially altered bacteria at genus level.

terial OTUs indirectly via pollutant-induced metabolites. To
test this hypothesis, we performed a correlation analysis
between all OTUs of all treatment at the family level and
leaf metabolites related to amino acids, carbohydrates, fatty
acids, and nucleotide metabolism (correlations ≥ 0.5 are
presented at Appendix A Fig. S5). The bacteria that were
strongly correlated with leaf metabolites were mainly members of phyla such as Proteobacteria, Bacteroidetes and Actinobacteria, which also compose the core bacteria of phyl-

losphere microorganisms (Fig. 5). Leaf metabolism related
to carbohydrate and amino acid metabolites made most of
contribution to the alteration of leaf bacterial. Accordingly,
the strongest correlations were observed for some OTUs related to plant growth promotion and energy sources at the
family level, especially, those of the Sphingobacteriaceae,
Chitinophagaceae, Rhodobacteraceae, Microbacteriaceae and
Hyphomicrobiaceae, and these bacteria presented a high RA
in the combined group (Appendix A Fig. S6).
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Fig. 4 – Relative abundance of bacterial communities in
leaf-associated compartment of A. thaliana: The families
with average RA < 1% across all samples. ∗ represents
statistically significant differences at p < 0.05 from a
one-way ANOVA (blue of ∗ : Gly-Nano; red of ∗ : Nanotubes;
yellow of ∗ : Glyphosate).

3.

Discussion

3.1.

Growth and metabolism analysis

Co-exposure to glyphosate and nanotubes exerted a synergistic inhibitory effect on A. thaliana growth and its metabolic
profile. Amino acids are involved in various plant physiological processes, such as development, stress tolerance and
the synthesis of critical cellular enzymes (Qian et al., 2011;
Pratelli and Pilot, 2014). In particular, the abundance of glutamate, which serves as a hub for nitrogen (N) metabolism by
shuttling reduced N into N assimilation, increased greatly in
the control group, indicating that the combined group greatly
disrupted N metabolism (Hasler-Sheetal et al., 2016). Fatty
acids are vital components of cellular membranes, and alterations in fatty acid composition have been shown to be
closely related to cell survival and can be used as a mechanism of stress adaptation (Turk et al., 2007, López-Pérez et al.,
2009). A high level of phytol is related to the initiation of tissue degradation and propagates cell death (Zhao et al., 2017).
Therefore, the significant increase in fatty acids in the combined group indicated potential membrane lipid peroxidation
and may reflect a defence mechanism response under abiotic stress (Schroer et al., 2017; Zhang et al., 2018; Ke et al.,
2020). The dramatic fluctuation in amino acids and fatty acids
in the combined group signified a considerable demand for
energy supplementation (Gao et al., 2020). Sugar levels increase markedly under abiotic stress in A. thaliana, which is
usually associated with energy production, membrane stabilization and protection, and altered carbon balance conditions
(Rizhsky et al., 2004; Kaplan et al., 2007; Hummel et al., 2010).
As a simple polyol, myo-inositol serves as a signalling agent.
Moreover, myo-inositol is a compatible solute that promotes
the maintenance of water and acts a scavenger of active oxygen to protect cell structure, thus playing an important role in
the plant stress response (Bohnert et al., 1995; Loewus et al.,
2000). The levels of myo-inositol increased compared to those
in the control group only in the glyphosate/nanotube group,
reflecting an adaptive strategy of A. thaliana in response to
stress. Generally, the upregulation of intermediates involved
in carbon metabolism in the combined group was attributed
to energy accumulation for maintaining normal physiological processes and for supporting defence-related activities, as
the plants experienced greater stress damage in the combined
group than in the other groups (Zhang et al., 2019).

3.2.
Variation in the phyllosphere bacterial community in
A. thaliana after glyphosate and nanotube treatments

Fig. 5 – The correction analysis between all marked
changed OTUs (at family level) and leaf metabolites. Only
correction p ≥ 0.5 are presented.

The abundance of four phyla within the phyllosphere of A.
thaliana differed under the different treatments; the members of these phyla are generally considered core members
of the phyllosphere microbiota in other plant species, such
as Zea mays, Oryza sativa, Populus deltoides and so on, and are
likely to survive and reproduce under harsh circumstances
typical of the phyllosphere (Knief et al., 2012; Bulgarelli et al.,
2013). For example, actinobacteria, which play a key role in
maintaining plant health by contributing to biotic and abiotic stress tolerance, increased significantly in response to
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the nanotubes and glyphosate/nanotubes. Additionally, the
abundance of Acidovorax, which is capable of degrading
organophosphate pesticides, increased significantly only in
the combined group, while no marked change in abundance
was observed after exposure to glyphosate alone compared
to the control (Ning et al., 2010). This result suggested that
nanotubes may contribute to increased glyphosate accumulation in A. thaliana, which directly leads to the stress response of related microorganisms. Therefore, due to the importance of ecosystem function and services, abundant microbial community members are responsible for maintaining a comparably stable state following environmental disturbance (Jiao et al., 2019). This may explain our results, as fluctuations in bacterial abundance in response to the different
treatments were relatively low for the highly abundant bacterial taxa but were significantly high for the taxa with a relatively low abundance.
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minor impacts occurring in response to individual exposure
of glyphosate or nanotubes. Importantly, the strong correlation between plant metabolism and phyllosphere microbiota
revealed that chemical exposure may indirectly shape the diversity of phyllosphere microbiota by influencing host performance, representing a novel approach for identifying the factors driving phyllosphere microbiota.
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Appendix A Supplementary data
3.3.
Correlation between leaf metabolism and leaf
bacteria
Many factors, such as plant species, geographical location,
microbes and the natural environment, can affect the colonization of the phyllosphere (Rastogi et al., 2012; Copeland
et al., 2015; Luo et al., 2019). Many studies have demonstrated that plant physiological parameters such as the leaf
metabolic profile potentially affects phyllosphere microbiota.
Nutrients such as simple sugars, including glucose, fructose,
and sucrose, are believed to leach from within plants and
subsequently to modulate the colonization of epiphytic bacterial communities in the phyllosphere (Lindow et al., 2003;
Kembel et al., 2014). Some metabolites, such as terpenoids,
phenylpropanoids and benzenoids, are components of precursors of plant volatile organic compounds that play a relevant role in modulating the characteristics of microbial communities that inhabit plant surfaces (Farré-Armengol et al.,
2016; Han and Micallef, 2016; Zhou et al., 2019). The combined
group induced significant changes in amino acids and carbohydrate, indicating pretty of energy supplements were required by plant under stress, which may influence nutrient
replenishment for phyllosphere bacteria. Interestingly, some
bacteria related to plant growth promotion and energy consumption including carbon and nitrogen showed a high abundance in combined group. This phenomenon reflected that
phyllosphere microbiota advance and retreat with plant under
stress. Therefore, our study revealed a novel approach to potentially discover a regulation mechanism that the plant has
a talk to the leaf bacterial community by metabolic profile influence, especially in exposure of pollutant.

4.

Conclusions

In summary, we used A. thaliana as a representative model
plant species to clarify the mechanism driving phyllosphere
bacterial communities by studying the impacts of individual
or combined exposure to glyphosate and nanotubes on leaf
metabolism and microbial communities. It was found that
the combined group had a significant effect on plant growth,
metabolic profiles and phyllosphere microbiota, despite only

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jes.2021.01.002.
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