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ABSTRACT

Research on the toxicity effects of nano-plastics on submerged macrophytes has been increasing over the past
several years. However, how the endophytic bacteria of submerged macrophytes respond to nano-plastics re-
mains unknown, although they have been widely shown to help terrestrial plants cope with various environ-
mental stressors. Here, a microcosm experiment was performed to unravel the effects of high concentration of
nano-plastics (20 mg/L) on three submerged macrophyte (Vallisneria natans, Potamogeton maackianus, Myr-
iophyllum spicatum) and their endophytic bacterial communities. Results indicated that nano-plastics induced
antioxidative stress in plants, but significantly reduction in relative growth rate (RGR) only occurred in V. natans
(from 0.0034 to —0.0029 day™!), accompanied by change in the stem/leaves endophyte community composition.
Further analysis suggested nano-plastics caused a reduction in environmental nutrient availability and the
proportion of positive interactions between endophyte communities (43%), resulting in the lowest RGR of
V. natans. In contrast, endophytes may help P. maackianus and M. spicatum cope with nano-plastic stress by
increasing the proportion of positive correlations among communities (70% and 75%), leaving their RGR un-
affected. Collectively, our study elucidates the species-specific response strategies of submerged macrophyte-
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endophyte to nano-plastics, which helps to reveal the different phytoremediation potential of submerged mac-
rophytes against nano-plastic pollution.

1. Introduction

Endophytic bacteria are endosymbiotic microorganisms that colo-
nize the inter cellular and/or intracellular locations of plants [38,39].
They are ubiquitously present in the stem, roots, petioles, leaf segments,
inflorescences of weeds, fruit, buds, and seeds of plants [16]. Endophytic
bacterial community in plant are highly variable, depending on multiple
components, such as host species, host developmental stage, inoculum
density and environmental condition [16]. Numerous studies have been
conducted on the interaction between terrestrial plants and endophytes,
showing that endophytic bacterial generally benefit host plant growth
through nutrient acquisition (including nitrogen fixation and phosphate
solubilization), phytohormone and siderophore production, protection
against abiotic stresses (such as salinity, drought or pollution), or
phytopathogen control [38]. In wetland ecosystem, Singh et al. [43]
summarizes the activity and ability of wetland plant endophytic bacteria
of to enhance phytoremediation of organic contaminants in water.
Several published studies have shown that the success of phytor-
emediation in constructed wetlands depends on the tolerance of plants
to high pollutant loads and the potential of their associated endophytic
bacteria to degrade these pollutants [22,43,46]. However, most of these
studies focus on the synergistic relationship between emergent plants
and endophyte bacteria in constructed wetland, and little is known
about the interaction mechanisms between submerged macrophytes and
endophytic bacterial communities in freshwater ecosystems. Especially
in heavily polluted freshwater ecosystems, whether endophytes can
benefit the growth of submerged macrophytes by improving their
tolerance to various contaminants is still unclear.

Submerged macrophytes, as one of the main primary producers of
freshwater ecosystems, play important roles in ecological services and
biochemical cycles, such as nutrient cycling, water quality improve-
ment, sediment stabilization, etc. Jeppesen et al., [23,56]. Various biotic
and abiotic factors that are detrimental to the growth performance of
submerged macrophytes in natural habitats may eventually pose po-
tential hazards to their ecosystem functions [57,62]. As a worldwide
environmental issue, micro(nano)plastics pollution has become an
emergent contaminant in freshwater environments and has attracted
widespread attention [34]. Given the importance submerged macro-
phytes in freshwater ecosystems, research on the environmental toxicity
of micro(nano)plastics to submerged macrophytes has been increasing
over the past several years [20,31,50]. These published studies have
extensively elucidated submerged macrophytes growth and metabolism
[49,56], leaf biofilms and phyllosphere microorganisms [17,20], and
purification function [31] in response to high exposure concentrations
of micro(nano)plastics. However, studies on how high concentrations of
nano-plastics affect stem/leaves endophyte communities of submerged
macrophytes and their relationship with host plants are still lacking.

In this study, a microcosm experiment was performed to unravel the
effects of nano-plastics on growth performances and stem/leaves
endophytic bacteria of three submerged macrophytes (Vallisneria natans,
Potamogeton maackianus, Myriophyllum spicatum). Each plant species was
crossed with two nano-plastics scenarios and cultivated separately
under control and high concentration nano-plastic exposure conditions.
After one month of cultivation, the relative growth rate, antioxidant
indicators and stem/leaves endophyte community structure of sub-
merged macrophytes in each treatment were determined. Considering
the species-specific characteristics of submerged macrophytes, we hy-
pothesized that the effects of nano-plastics on plant growth performance
and physiology may differ among these three species. Due to the widely
reported protective effect of endophytes on host plants, we further hy-
pothesized that stem/leaves endophytes may reduce the negative impact

of nano-plastics on plants by altering the bacterial community structure.
2. Materials and methods
2.1. Plant material and cultivation conditions

Three submerged macrophytes, V. natans, P. maackianus, and
M. spicatum, were collected from the same habitat conditions in a
shallow lake and cultivated in aquarium for 1 month before being used
in experiments. Plants shoot tips/seedlings of similar size were selected
and rinsed thoroughly with deionized water and planted in a transparent
vertical glass cylinder (height 25 cm; diameter 12 cm) filled with lake
water (TN 1.270 mg/L, TP 0.055 mg/L). No sediment was provided
during the experiment, and submerged macrophytes can only absorb
and utilize nutrients from the aquatic environment. Two plant shoot
tips/seedlings were fixed at the bottom of each glass cylinder with a
planting basket equipped with a holder. After 5 days of pre-cultivation,
the nano-plastic stock solution was added when the plants adapted to
environment, and the experiment began. During the experiment, the
roots of submerged macrophytes were surrounded by holders and were
not in direct contact with the nano-plastic in the water column.

Three submerged macrophytes was crossed with two nano-plastic
scenarios, and a total of six treatments were included in our experi-
ment (S1_Con, S1_NPs, S2_Con, S2_NPs, S1_Con, S1_NPs). S1, S2, and S3
represent three submerged macrophytes V. natans, P. maackianus, and
M. spicatum, while Con and NPs represent the cultivation conditions
without and with nano-plastics addition, respectively. Polystyrene latex
beads (100-500 nm) without chemical reactivity and functional groups
were selected as representative of nano-plastics, purchased from
Aladdin (CAS number: 9003-53-6). The morphology and size distribu-
tion of polystyrene particles were observed with a scanning electron
microscope (SEM, Hitachi TM-1000, Japan) (Fig. S1). Referring to the
published toxicological studies of nano-plastics on submerged macro-
phytes [17,20,31], nano-plastics at a concentration of 20 mg/L have
negative effects on submerged macrophytes and/or their phyllosphere
bacteria. Therefore, the concentration of nano-plastics was set to 20
mg/L to reveal the effect of high-concentrations nano-plastics stress on
submerged macrophytes and their stem/leaves endophytic bacteria.

2.2. Sample collection

The simulation experiment was conducted from 17 May to 24 June
2022. When the experiment was terminated, the content of dissolved
oxygen (DO) was measured in situ in all glass cylinders before collecting
plant samples. At the same time, water samples were collected and
brought back to the laboratory to determine environmental parameters
such as total dissolved nitrogen (TDN), total dissolved phosphorus
(TDP), total organic carbon (TOC), total inorganic carbon (TIC), and the
content of nano-plastics (NPs). Thereafter, plant materials in each
treatment were collected. A section of plant material was selected and
fixed with glutaraldehyde. Following the method of Zhang et al. [60],
the accumulation of nano-plastics on the leaf surface of each plant were
observed using SEM. In the laboratory, the plant materials were washed
twice to remove microorganisms attached to the plant surface. Firstly,
the plant material was rinsed with deionized water and then transferred
to an Erlenmeyer flask containing 200 mL of sterile PBS (phosphate--
buffered saline, pH 7.0). Secondly, place the Erlenmeyer flask in an ul-
trasonic cleaner (400 W), sonicate for 1 min, and then shake for 30 s.
Repeat this step 5 times to remove microorganisms attached to the plant
surface. Next, the number of ramet/leaf/node and the biomass (fresh
weight) of each species were measured. Afterwards, the shoots and roots
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of plants were separated using ethanol-sterilized scissors. The derooted
plant materials were used to endophyte community analysis, antioxi-
dant indicators measurement, and observation of nano-plastic inter-
nalization in plant (TEM, JEOL JEM-1230).

2.3. Plant RGR and antioxidant stress

According to the method of Hoffmann and Poorter [19], the relative
growth rate (RGR) of the three submerged macrophytes were calculated
as follows, where W2 and W1 are plant biomass (fresh weight) at times
t; and t;, respectively.

RGR = (InW2 —1nW1)/(t, — 1;)

The apical part plant material was used for antioxidant indicators
measurement to assess plant antioxidative stress response to nano-
plastic. The content superoxide dismutase (SOD), malondialdehyde
(MDA) and glutathione (GSH) of each submerged macrophytes were
measured in the laboratory according to the manufacturer’s in-
structions. The assay kits were purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).

2.4. Endophyte identification and bioinformatic analysis

The middle part plant material was surface sterilized with 2% (w/v)
NaClO solution for 5 mins, followed by 70% ethanol for 1 min [52].
After rinsing with sterile deionized water, plant material was ground
under liquid nitrogen and stored at —-80 °C for DNA extraction [45]. The
DNA of endophytic bacterial was extracted from 0.5 g stem/leaves
powder sample using Cetyltrimethyl ammonium bromide (CTAB)
method, and the quality of DNA samples were monitored by agarose
gels. The V3-V4 region of 16 S rRNA gene was amplified using specific
primer 341F (5 -CCTAYGGGRBGCASCAG-3) and 806 R
(5-GGACTACNNGGGTATCTAAT-3') [4]. Illumina NovaSeq (USA) was
used for paired-end sequencing (2 x 250 bp) with the purified ampli-
cons pooled in equimolar (Weike Meng Technology Group Co., Ltd.,
Shenzhen, China). Demultiplexed sequences were quality filtered,
denoised, merged and chimera removed using the QIIME2 DADA2
plugin to obtain the feature table of amplicon sequence variant (ASV)
[6]. The ASV sequences were then aligned to the pretrained GREEN-
GENES 13_8 99% database using the QIIME2 feature classifier plugin to
generate a classification table [4]. Any contaminating mitochondrial
and chloroplast sequences were filtered using the QIIME2 feature-table
plugin.

Bioinformatics analysis was performed following the "Atacama soil
microbiome tutorial" of Qiime2-docs along with customized program
scripts (https://docs.qiime2.0rg/2019.1/). LEfSe and DEseq2 were used
to identify the endophytic bacteria with different abundance among
treatments. To estimate the microbial diversity within an individual
sample, feature level alpha diversity indices, such as observed OTUs,
Chaol richness estimator, Shannon diversity index, and Faith’s phylo-
genetics diversity index were calculated using the core-diversity plugin
within QIIME2. Besides, the potential KEGG Ortholog functional profiles
of microbial communities was predicted with PICRUSt.

2.5. Statistical analysis

Two-way ANOVA and post hoc test were used to test the effects of
plant species, nano-plastics and their interaction on environmental pa-
rameters, plant RGR and antioxidant indicators (SOD, MDA, GSH), and
endophyte alpha diversity (Chaol, Faith_pd, Observed_features, Shan-
non_index, Simpson_index). T-test was performed to analyzed the effects
of nano-plastic on the number of ramet/leaf/node of plants. Two-way
analysis of similarity (ANOSIM) was conducted to compare the
response of endophyte community composition to plant species, nano-
plastics and their interactions. To visualize possible differences, non-
metric multidimensional scaling (NMDS) was performed using the R
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(version 4.2.1) vegan package. Before statistical analysis, data were
tested for normality. If necessary, the data were logarithm or square root
transformed before performing ANOVA.

Redundancy analysis (RDA) was performed to reveal the association
of endophyte communities in relation to environmental factors based on
relative abundances of endophyte at family level using the R package
“vegan”. In the bio-plots of RDA results, only the names of the top 30
abundant endophyte taxa were listed. Co-occurrence analysis was per-
formed by calculating Spearman’s correlations between predominant
taxa and the network plot was used to display the significant associa-
tions among taxa (Spearman’s coefficient |r| > 0.5 and P < 0.05). The
analysis result was performed using R (version 4.2.1) and visualized by
the Cytoscape (version 3.9.1).

Structural equation modeling (SEM) was conducted using the AMOS
program (Version 20, IBM SPSS AMOS) with maximum likelihood esti-
mation to quantify the direct and indirect effects of environment factors,
antioxidant indicators, and endophytic bacterial diversity on plant RGR.
The promising explanatory factors in the model were selected based on
the results of correlation analysis and stepwise multiple regression
analysis. According to the results of SEM, variance decomposition was
further conducted to distinguish the contribution ratio of environmental
factors, antioxidant indicators, and endophytic bacterial diversity on
plant RGR.

3. Results
3.1. Environmental condition

Environmental variables, such as the content of dissolved oxygen
(DO), total dissolved nitrogen (TDN), total dissolved phosphorus (TDP),
total organic carbon (TOC), total inorganic carbon (TIC), and nano-
plastics content (NPs) in each treatment, are exhibited in Fig. S2. Two-
way ANOVA results showed that TDP and TIC were significantly
different among plant species (two-way ANOVA, P < 0.01), and DO,
TDN, TDP were significantly influenced by the interaction between
species and nano-plastics (species*nano-plastics).

In scenario with nano-plastics addition, the content of NPs was
significantly lower in the V. natans treatment than in the P. maackianus
treatment (Fig. S2). In addition, significant nano-plastics enrichment
was observed on the leaf surfaces of the three submerged macrophytes,
but not inside the plant stems (Fig. S3). Scanning electron microscopy
(SEM) showed that nano-plastics were distributed on the leaves in the
form of aggregates or dispersed particles (Fig. S3). And results of
transmission electron microscopy (TEM) indicated that nano-plastics
caused varying degrees of damage to the three plants, such as mem-
brane damage in V. natans, chloroplast deformation in P. maackianus,
starch accumulation in M. spicatum (Fig. S3).

3.2. Plant growth performance and antioxidative stress

The relative growth rate (RGR) of submerged macrophytes was
significantly different among the three species, and the RGR of V. natans
was significantly lower than that of P. maackianus and M. spicatum
(Fig. 1la; Table 1). In addition, nano-plastics significantly reduced the
RGR of V. natans from 0.0034 to — 0.0029 day'1 (T-test P < 0.05), but
had no significant influence on the ramet number of V. natans, leaf
number of P. maackianus, and node number of M. spicatum (Fig. 1a; T-
test P > 0.05).

Enzyme indicators of submerged macrophytes were significantly
different among the three species (Table 1). As shown in Fig. 1b, SOD
was V. natans, P. maackianus < M. spicatum, MDA was M. spicatum, V.
natans < P. maackianus, and GSH was P. maackianus < M. spicatum,
V. natans. Significant nano-plastics effect was found on MDA, and sig-
nificant species*nano-plastics effects were found on SOD, MDA, and
GSH (Table 1). Multiple comparison showed that nano-plastics signifi-
cantly increased MDA in M. spicatum and SOD in P. maackianus, while
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Fig. 1. The (a) growth performance (RGR, ramet number, leaf number, node number) and (b) antioxidant indicators (SOD, MDA, GSH) of V. natans, P. maackianus,
and M. spicatum cultured in scenarios with and without nano-plastics addition (20 mg/L). Each treatment consisted of 4 replicates. S1_Con and S1_NPs represents
V. natans cultured in treatments without and with nano-plastics addition; S2_Con and S2_NPs represents P. maackianus cultured in treatments without and with nano-
plastics addition; S3_Con and S3_NPs represents M. spicatum cultured in treatments without and with nano-plastics addition.

Table 1

Main and interactive effects of plant species and nano-plastics on the RGR, MDA, SOD, CAT, POD, and GSH of submerged macrophytes.

indices nano-plastics species species* nano-plastics

df. F P df. F P df. F P
RGR 1 0.287 0.599 2 50.398 < 0.001 2 1.212 0.321
SOD 1 2.140 0.161 2 11.499 0.001 2 2.293 0.130
MDA 1 4.440 0.049 2 15.849 < 0.001 2 9.024 0.002
GSH 1 1.412 0.250 2 5.815 0.011 2 22.044 < 0.001

significantly decreased GSH in V. natans (Fig. 1).

3.3. Endophytic bacteria

3.3.1. Community composition

A total of 3761 endophytic bacterial OTUs were identified in the
three submerged macrophytes. Proteobacteria and Cyanobacteria were
the dominant phyla, accounting for 74% and 10% of the total endophyte
abundance, respectively (Fig. 1a). The OTU composition of endophytic
bacteria was significantly influenced by species and nano-plastics
(Fig. 1b; two-way ANSIM, P < 0.001), but not by species*nano-plas-
tics. Results of post hoc pairwise tests showed significant differences in
bacterial composition between any two plant species (Fig. 1b).
Furthermore, nano-plastics only significantly altered the endophytic
OTU composition in V. natans, but not in the other two species (Fig. 1b).
At family level, nano-plastics exposure resulted in an increase in the
relative abundance of Hyphomicrobiaceae, Acetobacteraceae, Rhodo-
bacteraceae, Chitinophagaceae in V. natans endophyte.

According to LEfSe analysis, endophytic bacterial biomarkers (with
LDA scores > 4) were different among the six treatments as genus level
(Fig. 1a). Cladogram described changes in the endophytic bacteria from
phylum to genera among treatments (Fig. 1b). Further DEseq2 analysis
suggested that the abundance of endophyte phyla such as Acidobacteria
and Chloroflexi was significantly different between S1_Con and S1_NPs,
as well as between S2_Con and S2_NPs (P < 0.05).Fig. 2.

3.3.2. Alpha diversity

The alpha diversity indices of endophytic bacteria were significantly
different among the three plant species (two-way ANOVA, P < 0.05).
Multiple comparation results showed that the Chaol and Observ-
ed_features indices of V. natans were significantly higher than those of
the other two species, and the Faith_pd index of V. natans was signifi-
cantly higher than that of P. maackianus (Fig. 4). Meanwhile, endophytic
bacterial diversity was not significantly affected by nano-plastics and
species*nano-plastics (two-way ANOVA, P > 0.05).
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Fig. 2. The community composition of endophytic bacteria in V. natans, P. maackianus, and M. spicatum cultured in scenarios with and without nano-plastics
addition, (a) relative abundance at phylum level and (b) non-metric multidimensional scaling (NMDS) plots of the OUT composition. Each treatment consisted of

4 replicates.
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Fig. 3. LEfSe analysis of abundance of endophytic bacteria in each treatment. (a) LDA score identified the size of differentiation among treatments with a threshold

of 4. (b) Cladogram of endophytic bacterial communities.

3.3.3. Community and environment

Results of redundancy analysis (RDA) indicated a significant rela-
tionship between endophytic bacterial composition and environmental
variables (P < 0.01). The content of nano-plastics (NPs), TDP, and TOC
were important factors that significantly affected bacterial composition
(Fig. 5), explaining 14% of the variation (adjusted R?). Bacteria Rho-
dobacteraceae, Comamonadaceae, Acetobacteraceae were positively

related to NPs and were more abundant in the NPs groups than in the
Con groups (Fig. 5). TDP was positively correlated with Rhizobiaceae
and Caulobacteraceae which are abundant in V. natans. TOC, another

explanatory factor of bacterial community, was negatively related to the
content of NPs (Fig. 5).
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Fig. 5. Bio-plots of RDA results showing the relationships between endophytic bacteria, sampling groups and environmental variables.

3.3.4. Co-occurrence network

Co-occurrence network describe significant correlations among
bacterial taxa in the two nano-plastics groups (Con group and NPs
group) and in the three submerged macrophytes (V. natans,
P. maackianus, M. spicatum), respectively (Fig. 6). Table 2 describes the
topological indices for each association network. The average degree

and closeness centrality were both lower in the NPs group than in the
Con group, while the betweenness centrality was higher in the former
than in the latter. Besides, the proportion of positive correlations was
similar between the Con and NPs group (Table 2). In the Con group,
Trueperaceae and Nostocaceae were key nodes with the highest close-
ness centrality and betweenness centrality (0.51 and 0.22), respectively
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Fig. 6. Network analysis of endophytic bacterial communities based on correlation analysis revealed different pattern of community topology structure in the (a, b)
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Table 2

Topological indices of co-occurrence networks of endophyte in the Control (Con) group and nano-plastics (NPs) group, and in three different species (V. natans,

P. maackianus, and M. spicatum).

Topological indices nano-plastics species
Con group NPs group V. natans P. maackianus M. spicatum

Number of nodes 28 29 28 25 25

Number of edges 59 46 51 40 51

Degree 4.21 3.17 3.64 3.20 3.92
Topological Coefficient 0.39 0.35 0.36 0.33 0.39
Betweenness Centrality 0.06 0.09 0.08 0.17 0.09
Closeness Centrality 0.44 0.36 0.33 0.45 0.34
Positive Correlations (%) 49 48 43 70 75
Negative Correlations (%) 51 52 57 30 25

(Fig. 6a). In the NPs group, A1_B1 had the highest closeness centrality
(0.43) and Rhizobiaceae had the highest betweenness centrality (0.35)
(Fig. 6b).

Among the three plant species, the average degree was M. spicatum
(3.92) > V. natans (3.64) > P. maackianus (3.20), and the maximum
value of closeness and betweenness centrality appeared in the
P. maackianus (Table 2). Besides, the proportion of positive correlations
was remarkly higher than that of negative correlations in the
P. maackianus and M. spicatum; conversely, for V. natans, the proportion
of negative correlations was higher than that of positive correlations
(Table 2). The key nodes with the highest closeness and betweenness
centrality differed among three species. They were Chthoniobacteraceae
and Caulobacteraceae in the V. natans group, Acetobacteraceae and
Caulobacteraceae in the P. maackianus group, and Rhodobacteraceae

and Xanthomonadaceae in the M. spicatum group (Fig. 6c, d, e).

3.3.5. Prediction of functional composition

In addition, the sequencings of endophyte were analyzed to predict
the functional composition of bacterial community inside the stem/leaf
of submerged macrophytes. At level 1, more than 70% of the bacterial
community was enriched in the metabolism pathway according to the
KEGG database. At level 2, amino acid metabolisms were the most
abundant bacterial pathway in endophyte accounting for more than
10% in all treatments, while Biosynthesis of terpenoids and steroids
pathway was most abundant at level 3 (Fig. S4). However, pathway
ANOVA results showed no significant difference in the relative abun-
dance of sequences among treatments (P > 0.05).
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3.4. Structural equation modeling

According to the results of correlations analysis and stepwise mul-
tiple regression analysis, environment variables TIC, DO and TDP,
endophytic bacterial diversity indices Chaol and Faith, antioxidant
indices MDA and GSH were selected as the promising explanatory fac-
tors of RGR for SEM analysis (Fig. 7a). In SEM, three environmental
variables explained 61% of the variance in GSH, and 5% and 33% of the
variance in Chaol and Faith, respectively. The target variable RGR was
directly and negatively influenced by TIC (path coefficient = —0.45),
GSH (—0.18), Chaol (—0.40) and Faith (—0.27), explaining 66% of the
variance in RGR. In addition, RGR was also indirectly affected by DO
(—0.05), TIC (—0.12), TDP (—0.18), Chaol (—0.11) and MDA (0.10),
which are not shown in Fig. 7a.

Further analysis of variance decomposition showed that environ-
ment, endophyte and enzyme together explained 59% of the variance in
RGR, and the three corresponding factors explained 34%, 36% and 14%
(Fig. 7b). Environmental*endophytes (interactions between environ-
ment and endophytes), environmental*enzymes, and endophyte-
*enzymes explained 11%, 10%, and 5% of the variance in RGR,
respectively. Additionally, 2% of the variance was accounted for by
environment*endophyte*enzyme (Fig. 7b).

4. Discussion
4.1. Effects of nano-plastics on plants’ performance vary among species

Multiple studies have reported the effects of nano-plastics on the
growth performance, photosynthesis, and metabolic and antioxidant
system of submerged macrophytes, with results ranged from adverse[31,
49,571, positive [29] to neutral [20,62]. This can be attributed to the
inconsistencies in nano-plastic properties (e.g. type, size, concentra-
tions), tested species, and the environmental conditions [28,33,5].
Overall, however, it is recognized that the adverse effects of
nano-plastics on aquatic organisms increase with decreasing particle
size and increasing concentration [44]. For instance, nano-plastics with
particle sizes of less than 100 nm and concentrations greater than
10 mg/L have been widely shown to negatively impact aquatic organ-
isms [32,58].

(a) SEM
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In this study, after 35 days of exposure to high concentrations of
nano-plastics (100-500 nm, 20 mg/L), the responses of plant relative
growth rate (RGR) and antioxidant indicators to nano-plastics varied
significantly among the three submerged macrophytes. For V. natans,
nano-plastics significantly reduced GSH content and concomitantly
reduced RGR. GSH plays a major role in the detoxification of reactive
oxygen species (ROS) and its deficiency exposes the cell to a risk of
damage [42,63]. This could be one possible reason for reduced RGR in
V. natans. By contrast, nano-plastics exposure significantly increased the
SOD activity in P. maackianus and MDA content in M. spicatum. SOD acts
as the first step in active oxygen-scavenging system and plays an
important role in maintaining balance and protecting the cells from
oxidative damage [40,56], while MDA is an end product of lipid per-
oxidation and can reveal the degree of cell membrane damage and plant
resilience [37]. Although both P. maackianus and M. spicatum were
subjected to varying degrees of antioxidative stress, their relative
growth rates were not reduced by nano-plastics exposure. These results
indicate that nano-plastic induced antioxidative stress is not the main
factor explaining RGR in submerged macrophytes in this study. This
conjecture is consistent with the results of structural equation model
(SEM) and variance proportion (Fig. 7).

Nano-plastics can influence plants externally or internally [33].
Multiple studies have shown that plants can take up nano-plastics by
roots and transport them to stems and leaves by the transpiration [33,
51], especially plastic particles less than 50 nm [7,8]. In this study, TEM
images indicated that no significant internalization of nano-plastics into
the stems/leaves of submerged macrophytes was observed (Fig. S3),
which may be attributed to the large nano-plastics size (100-500 nm).
The size of nano-plastics is a major factor determining whether they can
be internalized, as plant epidermis and cell wall make it difficult for
larger nano-plastics to penetrate the tissues of vascular plants [27,54].
On the other hand, the roots of the submerged macrophytes in this study
were isolated from the nano-plastics in the water column, so it was
difficult for the nano-plastic to be absorbed through the roots and
transported to the stems and leaves. Currently, research on the
nano-plastics effect on submerged macrophytes is relatively lacking
[33]. And among these limited studies, only Yuan et al. [59] reported
that nano-plastics can accumulate in the intercellular spaces of Vallis-
neria denseserrulata and be transported from roots to leaves through the

(b) Variance decomposition

Environment
parameters,

-0.45

P (Chi-square)=0.919

RMSEA<0.001

0.33

Antioxidative
stress

Endophyte

; g Unexplained
diversity

40.7%
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Fig. 7. (a) Structural equation model (SEM) describing the effects of environmental variables (TIC, DO, TDP), antioxidant indicators (MDA, GSH), and endophytic
bacterial diversity (Chaol, Faith) on the RGR of submerged macrophytes in all treatments. Single-headed arrows represent unidirectional causal relationships. Solid
lines indicate significant (p < 0.05) effects, and dashed lines indicate nonsignificant effects. Numbers near the lines are standardized path coefficients. Black lines and
numbers represent positive effect, while red ones represent negative effect. The thickness of the arrows is proportional to the magnitude of the standardized path
coefficients. The italicized gray numbers adjacent to the boxes indicate the R2 values explained by these factors. (b) Proportion of variance in RGR explained by

environment, enzyme, bacteria, and their interactions.
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apoplast pathway and vascular bundles. Most other studies agree that
nano-plastics can be absorbed and enriched on the surface of submerged
macrophytes stems/leaf surface and negatively affect plant growth and
metabolism [47,49,55]. Consistent with the findings of most studies,
nano-plastics adsorbed on the surface of submerged macrophytes in this
study may be one of the main factors that negatively affects plant growth
performance (e. g. cell membrane damage, chloroplast deformation
observed in TEM images).

4.2. Species-specific response of endophyte communities to nano-plastics

Previous study have reported that submerged macrophytes growing
in sediments highly contaminated with polycyclic aromatic hydrocar-
bons (PAHs), could recruited specific microbial taxa, such as Herbas-
pirillum, into the rhizosphere and root interior for toxicant degradation
[53]. In this study, stem/leaves endophytic bacteria exhibited
species-specific responses to nano-plastics when of submerged macro-
phytes were exposed to aquatic environment highly polluted by
nano-plastics. Nano-plastics significantly altered the OUT composition
of endophyte in V. natans, but not in P. maackianus and M. spicatum.
Consistent with the results of Fu et al. [14], nano-plastics also signifi-
cantly increased the abundance of Chloroflexi in V. natans endophytes, a
phylum that was shown to be resistant to nano-plastics. Additionally, the
relative abundance of Hyphomicrobiaceae, Acetobacteraceae, Rhodo-
bacteraceae, Synechococcaceae, and Pseudomonadaceae in V. natans
endophytes also increased with nano-plastics exposure. These bacteria
taxa have the capability to degrade polystyrene [21,25] and other toxic
environmental pollutants [11,12,3], such as persistent organic pollut-
ants, heavy metal, etc.

Nano-plastics exposure also reduced the strength of associations
between submerged macrophytes endophyte communities, as evidenced
by reductions in the number of edges, average degree, and topological
coefficient in co-occurrence network analysis (Table 2). Similar results
have been reported by Shi et al. [41] who found that nano-plastics
decreased the soil microbial network complexity. Meanwhile, the
slight increased proportion of negative links in the NPs groups indicated
that nano-plastics increased the competition intensity among endo-
phytic communities [10,61]. In particular, the endophyte community of
V. natans, as it had the highest proportion of negative correlations in the
network analysis. By contrast, in the endophyte network of M. spicatum
and P. maackianus, positive correlations outweighed negative ones,
suggesting that mutual cooperation dominate interactions between
endophytic communities. Furthermore, M. spicatum exhibited the
highest network complexity among the three plants.

The concept of closeness and betweenness centrality can be applied
to ecological networks to identify keystone nodes [15,24]. Closeness
centrality measures the proximity of a species to all other species, while
betweenness centrality describes the importance of a species as a
connector in the community [9,13]. In general, the larger the centrality
value, the more important the node is in the network [30]. In this study,
co-occurrence analysis of submerged macrophyte endophytes showed
that although most of the nodes were derived from Proteobacteria,
keystone endophyte taxa differed not only between the Con and NPs
groups, but also among the three plants. These results suggest that for
submerged macrophytes exposed to high concentrations of
nano-plastics, both stem/leaf endophyte composition and ecological
associations between endophyte communities exhibit species-specific
responses to nano-plastics.

4.3. Environment and endophyte are the main factors affecting plant RGR

Structural equation modeling (SEM) and variance decomposition
results indicate that the relative growth rate (RGR) of the three sub-
merged macrophytes was affected and explained to varying degree by
endophyte diversity (36%), environmental indicators (34%) and anti-
oxidant indicators (14%). As an important determinant of plant growth,
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growth limitation of submerged macrophytes by total inorganic carbon
(TIC) is a common phenomenon [48]. The strong negative correlation
between TIC and RGR suggested that submerged macrophytes growth
was also inhibited by TIC in our study. TIC limitation directly affected
plant RGR by reducing photosynthesis on the one hand, and indirectly
affected plant RGR by inducing antioxidative stress on the other hand.
Moreover, plant RGR was also indirectly affected by other environ-
mental parameters, such as total dissolved phosphorus (TDP) and dis-
solved oxygen (DO), which negatively affect RGR by inducing
antioxidative stress and/or altering endophyte diversity.

The relationship between endophyte and plant is described as a
balanced symbiotic continuum ranging from mutualism through
commensalism to parasitism [1,18,38]. Mutualistic symbionts benefit
their host and frequently promote plant growth, commensal endophytes
live on host metabolites without affecting the host plant’s performance
[36]. And parasitic endophytes reduce plant fitness and cause harm to
the host when exposing the host plant to biotic or abiotic stress [26]. In
this study, the RGR of the three submerged macrophytes was directly
negatively influenced by the endophyte diversity indices (Fig. 7a).
V. natans had the highest endophyte Chaol index and Faith index, but its
RGR was significantly lower than that of P. maackianus and M. spicatum.
Furthermore, the number of unclassified OTUs in V. natans endophyte
was increased by nano-plastics, concomitant with a significant decrease
in host RGR. These results indicated that the diversity and abundance of
parasitic endophytes may be relatively high in V. natans and further
exacerbated under conditions of high nano-plastics exposure, thereby
ultimately exerting a pronounced inhibitory effect on the growth of
V. natans.

In addition, the species-specific response of host endophyte com-
munity structure to nano-plastics could be another potential reason
affecting plant RGR, as variance decomposition indicated that 11% of
the variance in RGR was explained by interactions between environment
and endophyte (Fig. 7b). The contents of nano-plastics (NPs), TDP and
TOC, as important environmental factors affecting the composition of
endophytes (Fig. 5), had relatively low values in the aquatic environ-
ment treated by V. natans exposure to nano-plastics (S1_NPs). Coupled
with the lowest TIC and TDN content, these may be symptoms of
nutrient deficiency in the aquatic environment of S1_NPs. When nutri-
ents are insufficient in the environment, some bacterioplankton taxa
may invade the interior of the host plant to have access to more re-
sources and greater protection from stress [2,35]. These newly invasive
bacterial taxa may compete nutrients with pre-existing endophytes in
V. natans, resulting in increased negatively correlated proportions and
more stable endophyte networks, but at the expense of reduced host
RGR. However, for endophyte in P. maackianus and M. spicatum,
nano-plastics may promote positive interactions between endophyte
communities, although they did not affect their composition and di-
versity. This may also be a potential mechanism by which endophyte
communities protect host plants from nano-plastics stress, thus RGR was
not significantly reduced in both species. In summary, our results
demonstrated that, the different response strategies of stem/leaves
endophyte communities to nano-plastics may regulate the growth per-
formance of submerged macrophytes, but the mechanisms underlying
the differences in species response strategies remains to be further
investigated.

5. Conclusion

Our study demonstrates that high concentrations of nano-plastics
have species-specific effects on the growth, physiology, and stem/
leaves endophyte community of submerged macrophytes. V. natans
turned out to be more sensitive to nano-plastics than P. maackianus and
M. spicatum, as evidenced by reductions in plant RGR and changes in
endophyte community composition and co-occurrence correlations.
Further analysis revealed that the response strategies of endophyte
community to nano-plastics and change in aquatic environmental
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conditions induced by nano-plastics were important determinants for
plant RGR. These finding highlight the potentially determinative role of
endophyte communities in modulating the growth performance of
submerged macrophytes to nano-plastics. This reveals the different
phytoremediation potential of submerged macrophytes in nano-plastic
contaminated water environment. Future research should focus on the
interaction mechanism between endophytic bacterial and submerged
macrophytes.

Environmental Implication

e The hazards of nano-plastic to freshwater aquatic organisms have
been widely documented. Given the importance of submerged
macrophytes, the environmental toxicity of nano-plastic to sub-
merged macrophytes will directly affect their structuring roles in
ecological services and biochemical cycles.

Endophytic bacteria protect host plants from abiotic stresses, which
has been widely demonstrated in terrestrial plants. However,
whether the symbiotic relationship between endophytes and sub-
merged macrophytes can enhance plant performance against nano-
plastic environmental pollution remains unknown.

This study highlights the species-specificity of submerged
macrophyte-endophyte interactions and reveal their phytor-
emediation potential in nano-plastic contaminated water
environments.
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