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 In aquatic ecosystems, large amounts of epiphytic bacteria living on the leaf surfaces of submerged macrophytes play
important roles in affecting plant growth and biogeochemical cycling. The restoration of different submerged macro-
phytes has been considered an effective measure to improve eutrophic lakes. However, the community ecology of epi-
phytic bacteria is far from well understood for different submerged macrophytes. In this study, we used quantitative
PCR, 16S rRNA gene high-throughput sequencing and functional prediction analysis to explore the structure and func-
tion of epiphytic bacteria in an aquatic ecosystem recovered by three submerged macrophytes (Hydrilla verticillata,
Vallisneria natans and Potamogeton maackianus) during two growth periods. The results showed that the community
compositions and functions of epiphytic bacterial communities on the submerged macrophyte hosts were different
from those of the planktonic bacterial communities in the surroundingwater. The alpha diversity of the epiphytic bac-
terial community was significantly higher in October than in July, and the community compositions and functions dif-
fered significantly in July and October. Among the three submerged macrophytes, the structures and functions of the
epiphytic bacterial community exhibited obvious differences, and some specific taxa were enriched on the biofilms of
the three plants. The alpha diversity and the abundance of functions related to nitrogen and phosphorus transforma-
tion were higher in the epiphytic bacteria of P. maackianus. In summary, these results provide clues for understanding
the distribution and formation mechanisms of epiphytic bacteria on submerged macrophyte leaves and their roles in
freshwater ecosystems.
Keywords:
Epiphytic bacteria
Functional traits
Planktonic bacteria
Growth season
Submerged macrophyte
urbidity; SS, suspended solids;WT, water temperature; pH, water pH; DO, dissolved oxygen; ORP, oxidation reduction potential; COD,
sphorus; TDP, total dissolved phosphorus; PP, particulate phosphorus; TN, total nitrogen; NH4

+, ammonia nitrogen; NO3
−, nitrate; DW,

m; AI, autotrophic index; BTC, total carbon of biofilm; BTN, total nitrogen of biofilm; BTP, total phosphorus of biofilm.

22 April 2022; Accepted 22 April 2022

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.155546&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2022.155546
liuchh@163.com
http://dx.doi.org/10.1016/j.scitotenv.2022.155546
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


W. Yu et al. Science of the Total Environment 835 (2022) 155546
1. Introduction

Submerged macrophytes, as the main primary producers of shallow
lakes, play important roles in the construction of lake community structures
(Hilt et al., 2018), such as controlling sediment resuspension (Grace et al.,
2019), adsorbing water suspended solids and facilitating nutrient uptake
from the surrounding environment (Horppila and Nurminen, 2003; Wang
et al., 2021b). Therefore, the restoration of submerged macrophytes is con-
sidered an effective measure to recover deteriorated and eutrophic lake
ecosystems (Gao et al., 2017; Bai et al., 2020). In addition, the vast and fa-
vorable surfaces of leaves of submerged macrophytes can provide diverse
habitats for bacteria (Schlechter et al., 2019; Wolters et al., 2019). Many
previous studies have described these epiphytic bacteria on biofilms at-
tached to submerged macrophytes (Yan et al., 2018; Zhao et al., 2019),
which are thought to play important ecological roles in aquatic ecosystems
(Coci et al., 2010; Srivastava et al., 2017; Ma et al., 2021). However, most
previous studies have focused on the structure and function of epiphytic
bacteria on submerged macrophytes in natural aquatic ecosystems (He
et al., 2014; Xia et al., 2020). The community ecology of epiphytic bacteria
during the ecological restoration of aquatic ecosystems is far from well
understood.

Epiphytic bacteria may have complex interactions with planktonic bac-
teria (He et al., 2014). As epiphytic bacteria and planktonic bacteria
cohabitate in the water, the two communities may exchange members
(He et al., 2020; He et al., 2021). Previous studies have indicated that
there are significant differences in the community compositions between
epiphytic bacteria and planktonic bacteria (Burke et al., 2011; He et al.,
2014). In contrast, some other studies claimed that the composition of epi-
phytic bacteria is very similar to planktonic bacteria and differs only at the
genus or species level (Fan et al., 2016; Liu et al., 2019a). Therefore, the in-
teractions between epiphytic bacteria and planktonic bacteria should be
supported with more evidence.

Previous studies have revealed strong seasonal patterns for both epi-
phytic bacterial and planktonic bacterial communities (Salmaso et al.,
2018). Both epiphytic bacteria and planktonic bacteria can be influenced
by environmental factors, such as temperature, TP, and DO in water
(Kuehn et al., 2014; Hao et al., 2017a). Moreover, in aquatic ecosystems,
the presence of macrophytes could affect microbial communities by chang-
ing the horizontal and vertical heterogeneity of the aquatic environment
(Wang et al., 2018; Xia et al., 2020). Therefore, with the growth of sub-
merged macrophytes and the variations in environmental factors, the
changes in the compositions and functions of epiphytic bacteria need fur-
ther exploration.

Epiphytic bacteria may also have complex interactions with their host
plants (Zhen et al., 2020; Wijewardene et al., 2022). Submerged macro-
phytes secrete and provide nutrients and oxygen to the attached bacterial
communities, which is beneficial to their growth (Hempel et al., 2009; He
et al., 2012). In return, epiphytic bacteria enhance elemental cycling and
provide carbon dioxide to the macrophytes (He et al., 2014). Moreover,
the different biofilm physicochemical properties of different plant species
may result in host specificity of epiphytic bacteria (Gordon-Bradley et al.,
2014; Fan et al., 2016). Different submerged macrophytes are usually
used in the ecological restoration of lakes (Ge et al., 2018), and these differ-
ent submerged plants have different leaf shapes. Whether there are signifi-
cant differences in the biofilm and epiphytic bacterial community structure
attached to the leaf surface of different submerged plants needs to be fur-
ther studied.

In this study, we investigated epiphytic bacteria on three common sub-
merged macrophytes as well as planktonic bacteria in two seasons during
the process of submerged vegetation restoration in a shallow lake. We
used quantitative real-time PCR and high-throughput 16S rRNA amplicon
sequencing to analyze the bacterial community. We hypothesized that
(1) higher diversity will be observed in epiphytic bacteria than planktonic
bacteria, and both can be affected by season; (2) different submerged mac-
rophyte species can differently affect the biofilm physicochemical proper-
ties and the structure and function of epiphytic bacteria.
2

2. Materials and methods

2.1. Study area and sampling

The study was performed in Jinhu Lake (30°26′24″ - 30°27′36″ N,
111°47′24″ - 111°50′02″ E), west of Hubei Province, China (Fig. 1). Jinhu
Lake is located on the north bank of the middle reaches of the Yangtze
River (Fig. 1). The catchment area is 4.98 km2 with an average depth of
1.5 m and a maximum depth of 2.5 m. To improve the broken ecosystem
of Jinhu Lake caused by intensive aquaculture, the local government stopped
aquaculture and implemented a submergedmacrophyte restoration project in
2018. After fish removal, the soaked fruits of Vallisneria natans and winter
buds ofHydrilla verticillataweremanually sowed in the lake while transplant-
ing mature Potamogeton maackianus from January to May 2019. These three
submergedmacrophytes are common species in themiddle and lower reaches
of the Yangtze River and are often used in the restoration of eutrophic water
(Chao et al., 2021; Li et al., 2021). Two years later, a relatively stable commu-
nity dominated by three submergedmacrophytes (H. verticillata,V. natans and
P. maackianus) had formed in Jinhu Lake.

July is themiddle growth period of the three submergedmacrophytes in
Jinhu Lake, while October is the late growth period. At the end of July and
October 2021, the water and submerged macrophytes of three sites where
the threemacrophyte species cohabitatedwere sampled at a depth of 0.5m.
The sampling sites were spaced approximately 1 km apart and had similar
hydrogeological and environmental conditions. For leaf samples, one sam-
ple was collected from the top (15 cm) of three tofive plants of each species
at each site. Approximately 10 g (freshweight) of leaveswere transferred to
sterile 500 mL polyethylene bottles containing 400 mL of 50 mM
phosphate-buffered saline (PBS, pH = 7.4) solution (Zhang et al., 2016;
Xia et al., 2020) and subsequently underwent 3 min of ultrasonic treatment
in an ultrasonic cleaner bath, 30 min in a shaker (225 r min−1), and a fur-
ther 3 min of ultrasonic treatment (Xian et al., 2020; Janssen et al., 2021).
The suspension was then filtered through 0.22-μmmembrane filters to col-
lect epiphytic bacteria. Then, 150 mL of the suspension was filtered sepa-
rately using a 0.45-μm filter to collect two biofilm filter samples for the
determination of weight and chlorophyll a content. Moreover, enough
leaves of each species were collected and then washed using distilled
water and a soft brush to collect the eluent. The eluent was filtered through
250mesh sieves first and then centrifuged at 4000 rpm for 15min. The pre-
cipitate was air-dried, ground and passed through 100 mesh sieves to col-
lect the biofilm for the determination of total carbon, total nitrogen and
total phosphorus. Similarly, one water sample was collected at each site.
Approximately 1 L of waterwas collected using an aseptic plastic bottle. Ap-
proximately 500 mL of water was filtered through 0.22-μm membrane fil-
ters to collect planktonic bacteria, and another 500 mL of water was used
for chemical analyses. In total, 24 bacterial samples were collected and
stored in a tank at−80 °C until DNA extraction.

2.2. Measurements of submerged macrophyte characteristics, water parameters
and biofilm properties

Water temperature (WT), dissolved oxygen (DO), oxidation reduction
potential (ORP), and pH of the water were measured using a YSI portable
meter (YSI Incorporated, Ohio, USA). The secchi depth (SD) and water
depth (WD) were measured with a black–white secchi disk and a hand-
held depth sounder, respectively. Turbidity (Turb) and total suspended
solids (SS) were measured using a turbidity meter (2100Q, HACH, United
States) and a portable spectrophotometer (DR900, HACH, United States).
The above indicators were measured at the site at 10:00 a.m. The chemical
oxygen demand (COD) was analyzed with the digestion solution for the cor-
responding parameters and landscape photometry (DR900, HACH, USA).
The total nitrogen (TN), ammonia (NH4

+), nitrate (NO3
−), total phosphorus

(TP), total dissolved phosphorus (TDP), particulate phosphorus (PP) and chlo-
rophyll a (Chl-a) were measured according to the standard methods pub-
lished by China's State Environmental Protection Administration. Moreover,
submergedmacrophyte sampleswere collected using a pronged grab sampler



Fig. 1. Locations of the sampling sites in Lake Jinhu.
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(25 cm×35 cm) in each community. The collected submergedmacrophytes
were thoroughly cleaned and dried at 80 °C for 72 h to a constant mass. The
total coverage of submerged macrophytes was determined by visual estima-
tion, and the leaf area was measured by an area meter (LI-3100C, LI-COR,
United States) (Lv et al., 2018). After the biofilm filters were weighed (fresh
weight, FW), the filters were folded in half and placed in a crucible, dried at
105 °C to constant weight (dry weight, DW), placed in a muffle furnace,
burned at 550 °C for 4 h, and then weighed (ash weight, AW) again to calcu-
late the ash-free dry mass (AFDW) (Hamelin et al., 2015). The concentration
of Chl-a in the biofilmwas determined spectrophotometrically following 24 h
of extraction in 90% acetone (Pei et al., 2015). The FW, DW, AW, AFDW and
Chl-a were determined by the leaf area. The autotrophic index (AI) (Webb-
Robertson et al., 2011) was calculated by determining the ratio of Chl-a to
AFDW,which indicates the ratio of autotrophic to heterotrophic communities
in the sample (Wu, 2016). The TC, TN and TP of the biofilm dry weight were
analyzed according to standard methods (Bao, 2000).

2.3. Bacterial sequencing and PCR amplification

Total genomic DNA from sampleswas extracted using the CTABmethod
(Peng et al., 2019). DNA concentration and purity were monitored on 1%
3

agarose gels. According to the concentration, DNA was diluted to 1 ng/μL
using sterile water. 16S rRNA genes of distinct regions (16S V3-V4) were
amplified using specific primers 341F (5′-CCTAYGGGRBGCASCAG-3′)
and 806R (5′-GGACTACNNGGGTATCTAAT-3′) (Li et al., 2017) with
barcodes. All PCRs were carried out with 15 μL of Phusion® High-
Fidelity PCR Master Mix (New England Biolabs), 2 μM of forward and re-
verse primers, and approximately 10 ng of template DNA. Thermal cycling
consisted of initial denaturation at 98 °C for 1 min, followed by 30 cycles of
denaturation at 98 °C for 10 s, annealing at 50 °C for 30 s, and elongation at
72 °C for 30 s. Finally, the same volume of 1XTAE buffer was mixed with
PCR products at 72 °C for 5 min, and electrophoresis was performed
using 2% agarose gel for detection. PCR products were mixed in
equidensity ratios. Then, the PCR products were purified with a Qiagen
Gel Extraction Kit (Qiagen, Germany). Sequencing libraries were generated
using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA)
following the manufacturer's recommendations, and index codes were
added. The library quality was assessed on the Qubit@ 2.0 Fluorometer
(Thermo Scientific). Finally, the library was sequenced on an Illumina
NovaSeq platform, and 250 bp paired-end reads were generated. The
amplicon sequence variant (ASV) was obtained after quality control,
denoising and the removal of chimeras using the DADA2 method
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recommended by QIIME2 according to the raw sequence information
(FASTQ format) (Callahan et al., 2016). The ASV was compared with the
SILVA database and annotated (Reynaud et al., 2020). The ASV with 99%
similarity was classified as one operational taxonomic unit (OTU) to obtain
the OTU classification information table (Jiang et al., 2019). The OTUs
were classified using the RDP classifier to obtain their numbers at different
taxonomic levels.

2.4. Real-time quantitative PCR of the 16S rRNA gene

Real-time quantitative PCR was performed in triplicate to analyze the
copy number of the 16S rRNA gene on an ABI 7500 Real-Time PCR System
(Applied Biosystems, USA). The 16S rRNA gene was amplified using the
primer pair 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGAC
TACNNGGGTATCTAAT-3′) (Liu et al., 2019b). The 20 μL qPCR mixture
contained 10 μL ChamQ SYBR Color qPCR Master Mix (Vazyme Biotech,
Nanjing, China), 2 μL forward and reverse primers (5 μM), 1 μL template
DNA and 7 μL sterilized ultrapure water. The specificity of the qPCR ampli-
fication was determined by performing melting curve analysis and gel elec-
trophoresis. The PCR amplification was as follows: 95 °C for 5 min,
followed by 40 cycles of 5 s at 95 °C, 30 s at 55 °C, and 40 s at 72 °C. To con-
struct the qPCRplasmid, sampleswere amplifiedwith primers, and the PCR
products were purified by 2% agarose gel electrophoresis. The AxyPrep
DNA Gel Extraction Kit (Axygen, Union City, CA, USA) was used to recover
the target fragments. The fragments were ligated with the pMD18-T vector
(Takara, Takara Bio Inc., Japan) and transferred to the E. coli strain,
followed by blue–white screening to select the clonal strain. Standard
curves for qPCRwere constructed using 10-fold serial dilutions of the corre-
sponding genes with plasmid DNAs of known concentrations. Gene abun-
dances of each reaction were calculated based on the constructed
standard curves (R2 = 0.9959) and then converted to copies per gram of
biofilm, assuming 100% DNA extraction efficiency.
Fig. 2. Physicochemical properties of biofilms on three submerged macrophytes in July
biofilm; (c) AI, autotrophic index; (d) BTC, total carbon of biofilms; (e) BTN, total nitro
biofilm of P. maackianus; V, biofilm of V. natans. Different letters represent significant
hoc comparisons.
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2.5. Statistical analyses

A t-test was applied to test the differences in submergedmacrophyte char-
acteristics and water parameters between the two sampling periods. The dif-
ferences in biofilm physicochemical properties, 16S rRNA gene abundances
and microbial alpha diversity between different groups were analyzed by
one-way ANOVA, followed by Tukey–Kramer post-hoc tests (Fahy et al.,
2015). A Wilcoxon test (nonparametric method) was used to compare the
dominant bacterial phyla and functions in the water and biofilm samples
(Philonenko and Postovalov, 2015). The ‘Venn diagram’ package was gener-
ated to analyze the differences in planktonic bacteria and epiphytic bacteria
between July and October, as well as the differences in epiphytic bacteria
among the three differentmacrophytes (Chen and Boutros, 2011). A heatmap
with hierarchical clustering based on the abundance table at the genus level
was generated in the Complex Heatmap package in R software (Li et al.,
2019). The beta diversity matrix was calculated using principal coordinate
analysis (PCoA) and analysis of similarities (ANOSIM test) based on the
Bray–Curtis distance using the ‘vegan’ package to detect the variations in
plankton bacteria and epiphytic bacteria in different groups at the genus
level (Chae and Warde, 2006; Liu and Tong, 2017). To identify different mi-
crobial species among the different groups, we used linear discriminant anal-
ysis effect size (LEfSe) analysis based on linear discriminant analysis (LDA).
We assessed the significant differences, with an LDA score> 3.5 as the critical
value (Kozik et al., 2017). To analyzemicrobial energymetabolism functions,
PICRUSt2 was used to predict the microbial function based on the 16S rRNA
sequence information and KEGG function information (Douglas et al., 2020).
All the above analyses were conducted in R 3.5.1.

3. Results

The biomass and coverage of submerged plants, Turb,WT, pH, TP, TDP,
PP, TN and NH4

+ in water were significantly higher (P < 0.05) in July than
and October: (a) DW, dry weight; (b) BChl-a, chlorophyll a content of the attached
gen of biofilms; (f) BTP, total phosphorus of biofilms. H, biofilm of H. verticillata; P,
differences (P < 0.05) in mean value by means of one-way ANOVAs and LSD post-
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in October (Fig. S1a, b, e, g, h, m-q); however, the SD, DO, COD and Chl-a
were significantly higher in October than in July (Fig. S1d, i, k, l). July and
October had similar values ofWD, SS, ORP andNO3

− inwater (Fig. S1c, f, j, r).

3.1. Biofilm physicochemical properties

The DW, Bchl-a, and AI of biofilms attached to the three different sub-
merged macrophytes were significantly higher in July than in October
(Fig. 2a-c); however, the opposite patterns were found in the BTC, BTN
and BTP of biofilms (Fig. 2d-f). Except for a lower DW of biofilms found
in H. verticillata in October, a similar DW of biofilms was found in the
three species (Fig. 2a). The Bchl-a of V. natans was lower than that of
H. verticillata and P. maackianus, while the AI was higher than that of
H. verticillata and P. maackianus (Fig. 2b, c). Except for the lower BTC in
July, the BTC, BTN and BTP of P. maackianus were all the highest in the
three submerged macrophytes (Fig. 2d-f).

3.2. Abundances and alpha diversity of epiphytic bacteria and planktonic
bacteria

In total, 2,279,662 available raw readings were obtained from all 24
samples, with an average reading of 94,986±8511 per sample. After qual-
ity control and rarefication, 1,761,149 unique representative sequences
were generated, and the total number of OTUs was 14,470. The rarefaction
curves constructed from the sequenced datawere stable, indicating that the
sequencing depth was sufficient to study the microbiota (Fig. S2). The 16S
rRNA gene abundance of bacterioplankton was significantly higher (P <
0.05) in October than in July (Fig. S3a). In July, the highest abundance of
epiphytic bacteria occurred onH. verticillata leaves, and the lowest occurred
on V. natans; however, the tendency was reversed in October (Fig. S3b).
Except for the Shannon index of H. verticillata and Pielou index of
V. natans in July, the alpha diversity of epiphytic bacteria was significantly
higher than that of bacterioplankton (Fig. 3). The alpha diversity of both
bacterioplankton and epiphytic bacteria was significantly higher inOctober
than in July (Fig. 3). Among the three submergedmacrophytes, the highest
alpha diversity of the epiphytic bacteria was found on P. maackianus leaves
(Fig. 3).

3.3. Community composition of epiphytic bacteria and planktonic bacteria

Based on comparisons with the Silva bacterial database, 44 microbial
phyla were detected in all samples, comprising 102 classes, 247 orders,
422 families, and 954 genera. The dominant epiphytic bacterial phyla pres-
ent in the biofilms attached to submergedmacrophyte leaves, ranked in de-
creasing order by mean relative abundance, were Proteobacteria,
Cyanobacteria and Bacteroidetes; similarly, the dominant bacterioplankton
phyla were Proteobacteria, Bacteroidetes, Cyanobacteria and Actinobacteria
(Fig. 4a). Based on the OTUs, Venn diagrams were drawn to calculate the
unique and common features of the epiphytic bacteria in the three
Fig. 3. Alpha diversity estimates of epiphytic bacteria on three submerged macrophyt
(number of observed OTUs), (b) Shannon diversity indices and (c) Pielou's evenness
V. natans; W, water. Different letters (a, b, c, d, e, f) represent significant differences (P <
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submerged macrophytes (Fig. 4b) as well as the epiphytic bacteria and
planktonic bacteria in July and October (Fig. 4c). At the phylum level, the
abundance of Proteobacteria and Cyanobacteria was significantly higher
(P < 0.05) in epiphytic bacteria than in bacterioplankton, while
Actinobacteria showed the opposite pattern (Fig. S4a). Among epiphytic
bacteria, the phylum Proteobacteria was significantly more abundant in
October than in July (P < 0.01), while Cyanobacteria showed the oppo-
site pattern (Fig. S4b). Regarding the abundance of bacterioplankton,
the phyla Actinobacteria and Chloroflexi were significantly more abun-
dant in October than in July (Fig. S4c). Compared with H. verticillata,
the phyla Armatimonadetes was more abundant in biofilms of V. natans
leaves, and the phyla Patescibacteria and Acidobacteria were found in
biofilms of P. maackianus leaves (Fig. S4d, e). The phyla Patescibacteria
and Verrucomicrobia were significantly more abundant in biofilms of
P. maackianus leaves than in biofilms of V. natans leaves, while
Armatimonadetes showed the opposite pattern (Fig. S4f). Heatmaps
with hierarchical cluster results indicated that epiphytic bacteria of three
submerged macrophyte leaves in July (HJ, PJ, VJ) clustered together, epi-
phytic bacteria in October (HO, PO, VO) clustered together, and
bacterioplankton inwater in July and October (WJ,WO) clustered together
(Fig. S5). Moreover, communities of epiphytic bacteria in July and October
(HJ, HO, PJ, PO, VJ, and VO) clustered more closely to each other and far-
ther from bacterioplankton in July and October (WJ, WO) (Fig. S5).

3.4. Variations in epiphytic bacterial and planktonic bacterial community

To define clearer clusters, principal coordinate analysis was applied to
indicate the differences in community composition between planktonic
bacteria and epiphytic bacteria as well as the differences in epiphytic bacte-
rial community composition between the three submerged macrophytes in
the two seasons. Obviously, the epiphytic bacteria of the three submerged
macrophytes were completely separated from planktonic bacteria in the
PCoA diagram (Fig. S6a). The result was confirmed by using ANOSIM anal-
ysis (Fig. S6b, c, d). ANOSIM also implied significant differences in epi-
phytic bacterial community composition between July and October
(Fig. S6e). In addition, the PCoA and ANOSIM analysis showed that there
were significant differences in epiphytic bacterial community composition
among the three submerged macrophytes in the two seasons (P < 0.05)
(Fig. 5, S6f and g). An LEfSe analysis was used to analyze the distribution
of differences in the epiphytic bacterial taxa between the three submerged
macrophytes in more detail from the phylum to genus levels (Fig. 6). The
graph was based on LDA scores >3.5 (P < 0.05). At the genus level, nine
different indicator genera were present in epiphytic bacteria of the three
submerged macrophytes. Romboutsia, Methylophilus and Methylotenera
were increased significantly in the biofilm attached to H. verticillate.
Nostoc_PCC_8976, Calothrix_KVSF5, Leptolyngbya_PCC_6406 and Acidibacter
were increased significantly in the biofilm attached to P. maackianus.
Phyllobacterium andMethyloglobuluswere increased significantly in the bio-
film attached to V. natans (Fig. 6).
es and bacterioplankton in water in July and October. (a) OTU richness estimates
estimates. H, biofilm of H. verticillata; P, biofilm of P. maackianus; V, biofilm of
0.05) in mean value by means of one-way ANOVAs and LSD post-hoc comparisons.



Fig. 4. Community compositions of bacteria (top 15) at the phylum level across different groups in July and October (a). Venn diagram based on OTUs of the epiphytic
bacteria among the three submerged macrophytes (b). Venn diagram based on OTUs of epiphytic bacteria and planktonic bacteria in July and October (c). HJ, biofilm of
H. verticillata in July; HO, biofilm of H. verticillata in October; PJ, biofilm of P. maackianus in July; PO, biofilm of P. maackianus in October; VJ, biofilm of V. natans in
July; VO, biofilm of V. natans in October; WJ, water in July; WO, water in October.
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3.5. Prediction of microbial functions

To explore the role of bacterial communities in energy metabolism, we
used PICRUSt2 to perform a functional prediction analysis of the 16S se-
quences and a comparative analysis of the predicted functions at the energy
metabolism level of the third KEGG pathway. PICRUSt2 analysis indicated
that the functional gene families were carbon fixation, photosynthesis, ni-
trogen metabolism, oxidative phosphorylation, sulfur metabolism and
methane metabolism (Fig. 7a). Compared with the epiphytic bacteria, the
abundance of oxidative phosphorylation and carbon fixation in
Fig. 5. Principal coordinate analysis showing the composition differences of the
epiphytic bacterial community of the three submerged macrophytes at the genus
level (calculated using Bray–Curtis). H, epiphytic bacteria of H. verticillata leaves;
P, epiphytic bacteria of P. maackianus leaves; V, epiphytic bacteria of V. natans
leaves.

6

photosynthetic organisms was significantly higher (P < 0.05) in the plank-
tonic bacteria (Fig. 7b). In addition, the functional genes of carbon fixation,
nitrogen metabolism, oxidative phosphorylation, sulfur metabolism and
methane metabolism of epiphytic bacteria were significantly more abun-
dant in October than in July (P < 0.05), while photosynthesis showed the
opposite pattern (Fig. 7c). In July, the functional genes of nitrogen metab-
olism, methane metabolism, sulfur metabolism and carbon fixation path-
ways in prokaryotes of epiphytic bacteria were significantly more
abundant inV. natans than inH. verticillata (P< 0.05), while photosynthesis
showed the opposite pattern (Fig. S7a). The functional genes of nitrogen
metabolism and oxidative phosphorylation of epiphytic bacteria were sig-
nificantly more abundant in P. maackianus than in H. verticillata (P <
0.05), while carbon fixation in photosynthetic organisms showed the oppo-
site pattern (Fig. S7b). The functional genes of nitrogen metabolism, meth-
ane metabolism, sulfur metabolism and carbon fixation pathways in
prokaryotes of epiphytic bacteria were significantly more abundant in
V. natans than in P. maackianus (P < 0.05), while photosynthesis and oxida-
tive phosphorylation showed the opposite pattern (Fig. S7c). In October,
the oxidative phosphorylation functional genes of epiphytic bacteria were
significantly more abundant in V. natans and P. maackianus than in
H. verticillata (P < 0.05) (Fig. S7d, e). The functional genes of carbon fixa-
tion, oxidative phosphorylation and nitrogen metabolism of epiphytic bac-
teria were significantly more abundant in P. maackianus than in V. natans
(P < 0.05), while photosynthesis showed the opposite pattern (Fig. S7c).

4. Discussion

4.1. The community structure of epiphytic bacteria

In this study, Proteobacteriawas the most dominant phylum in both the
epiphytic bacterial community and planktonic bacterial community
(Fig. 4a), but the abundance of Proteobacteria was significantly higher in
the epiphytic bacterial community than in the planktonic bacterial commu-
nity (Fig. S4a). Previous studies have shown that distinct and sharedmicro-
organisms exist between epiphytic and planktonic bacterial communities
(Burke et al., 2011; Aguilar and Sommaruga, 2020). Both in July and
October, the alpha diversity of epiphytic bacteria was significantly higher
than that of planktonic bacteria (Fig. 5), because submersed macrophytes



Fig. 6.Taxonomic cladogram comparing epiphytic bacterial community composition of the three submergedmacrophytes by least discriminant analysis (LDA). Only the LDA
score> 3.5 is shown in thefigure. The innermost circle represents the phylum taxonomy level, and the outer circle in turn represents the taxonomy level of class, order, family,
and genus. The size of the node represents the abundance, significantly discriminant taxon nodes are colored, and the branch areas are shaded according to the highest ranked
group for that taxon. When the taxon was not significantly different among the sample groups, the corresponding node was colored yellow.
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can provide nutrients and release allelopathic substances to epiphytic mi-
crobes, increasing the richness and diversity of bacterial communities (He
et al., 2012; Liu et al., 2020). Moreover, the beta diversity of the epiphytic
bacterial community was different from that of the planktonic bacterial
community (Fig. S6). This result may be caused by the effects of selection
and biofilm physicochemical properties of submerged macrophytes on the
epiphytic bacterial community (Chase and Myers, 2011; Dini-Andreote
et al., 2015).

The growing season was an important factor that affected the commu-
nity structure of epiphytic bacteria on submerged macrophytes (Salmaso
et al., 2018; Sun et al., 2021). Clear seasonal patterns were observed in
the epiphytic bacteria on the three submerged macrophytes in our study.
On the biofilms of the three submerged macrophytes, the alpha diversity
of epiphytic bacteria was significantly higher in October than in July
(Fig. 3), and their epiphytic bacterial compositions were also significantly
different (Fig. 5, S6e). On the one hand, this is due to the influence of tem-
perature. For example, community diversity and richness increased from
July to November, and temperature was the most important driving factor
for predicting seasonal changes in epiphytic bacterial community structure
(Shi et al.,2022). On the other hand, the seasonal patterns of the epiphytic
bacterial community might be linked with the host-plant life cycle, leaf
morphology, and the surrounding water characteristics (Vokou et al.,
2019; Korlevic et al., 2021). July is the macrophyte growth period in our
study area, while October is the macrophyte senesce period. Moreover,
the secretions and secondary metabolites of aquatic plants can inhibit epi-
phytic bacteria (Cai et al., 2016),while the secretions and secondarymetab-
olites of aquatic plants are more abundant in the growing season (Grutters
et al., 2016). Previous studies suggested that the growing season could af-
fect the community structure of epiphytic bacteria through the exudation
of nutrients and the production of secondary metabolites (Ponisio et al.,
2019; He et al., 2021; Ma et al., 2021).

Host plants may also affect the community structure of epiphytic bacte-
ria attached to submerged macrophytes (Zhen et al., 2020; Wijewardene
7

et al., 2022). In this study, Proteobacteria, Cyanobacteria and Bacteroidetes
were the dominant epiphytic bacterial phyla in the biofilms attached to
the three submerged macrophyte leaves (Fig. 4a), but the abundances of
the dominant epiphytic bacterial phyla were different between the three
submergedmacrophytes (Fig. S4d, e, f). The alpha diversity of the epiphytic
bacteria in the three submerged macrophytes also differed, and the highest
alpha diversitywas found in the epiphytic bacteria of P. maackianus (Fig. 3).
The higher alpha diversity in the epiphytic bacteria of P. maackianusmight
be because the DW, C, N and P were higher in the biofilm of P. maackianus
leaves, which could provide nutrients to a wider variety of bacterial types
(Zhang et al., 2020). Moreover, the PCOA and ANOSIM analysis indicated
that the epiphytic bacterial compositions were significantly different at
the genus level among the epiphytic bacteria on the three submerged mac-
rophytes in the two seasons (Fig. 5, S6f and g). Furthermore, the LEfSe anal-
ysis showed the different distributions of the epiphytic bacterial taxa
between the three submergedmacrophytes in more detail from the phylum
to genus levels (Fig. 6). These results implied that the epiphytic bacterial
community among the three submerged macrophytes did differ obviously,
and some specific taxa were enriched on the biofilms of the three plants.
Previous studies have shown that deterministic processes and stochastic
processes play basic roles in the assembly and succession of bacterial com-
munities (Stegen et al., 2013). Dispersal and physical barriers can serve as
additional factors affecting community assemblages (Burke et al., 2011;
Xie et al., 2017). The different physicochemical traits of host plants could
result in host-specific epiphytic bacteria (Hempel et al., 2009; Lachnit
et al., 2011).

4.2. The functions of epiphytic bacteria in energy metabolism

PICRUSt2 analysis indicated that the functional gene families were car-
bon fixation, photosynthesis, nitrogen metabolism, oxidative phosphoryla-
tion, sulfur metabolism and methane metabolism (Fig. 7a). Photosynthesis
is the most important metabolic activity of submerged plants, and has a



Fig. 7. The bar chart of the microbial energy metabolism functions predicted at the second KEGG pathway level in different groups across the two study periods (a).
Differences in energy metabolism functions between bacterioplankton and epiphytic bacteria (b). Differences in the energy metabolism functions of epiphytic bacteria
between July and October (c). Wilcoxon tests followed by Bonferroni corrections were performed. HJ, biofilm of H. verticillata in July; HO, biofilm of H. verticillata in
October; PJ, biofilm of P. maackianus in July; PO, biofilm of P. maackianus in October; VJ, biofilm of V. natans in July; VO, biofilm of V. natans in October; WJ, water in
July; WO, water in October.
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significant impact on the structure and function of the entire aquatic ecosys-
tem (Hunken et al., 2008; Kragh et al., 2017). Themetabolismofmethane is
an important part of the biogeochemical cycling of carbon, while methane
is also a major contributor to climate change (Evans et al., 2015; Yu and
Chistoserdova, 2017). Oxidative phosphorylation constitutes the major
source of ATP in aerobic organisms and includes the reactions that result
in the synthesis of ATP from ADP + Pi (Wang et al., 2017; Xiao et al.,
2019). Carbon, nitrogen, phosphorus and sulfur are the fundamental ele-
ments associated with the chemical composition of living organisms
(Elser et al., 2007; Minden and Kleyer, 2014; Hao et al., 2017b), and their
metabolism is the main form of the material cycle in lake ecosystems
(Newton et al., 2011; Schauer et al., 2014), while microorganisms are an
important component of lake ecosystems and the main driver of the lake
8

material cycle (Buchan et al., 2014; Linz et al., 2018). Our study indicated
that epiphytic bacteria and planktonic bacteria have important functions in
plant growth and biogeochemical cycles in aquatic ecosystems. Moreover,
the abundance of functional genes exhibited significant differences be-
tween planktonic and epiphytic bacteria in the two growth seasons, as
well as among epiphytic bacteria attached to the three submerged macro-
phytes (Fig. 7b, c) (Fig. S7). The functions of microorganisms might be de-
termined by their compositions. A previous study found that the phylum
Proteobacteria and the classes Betaproteobacteria and Gammaproteobacteria
are involved in the degradation of organic matter in sewage treatment sys-
tems and the reduction of nitrate and nitrite (Cheng et al., 2016). Therefore,
the results might be caused by the different compositions of dominant taxa
in planktonic and epiphytic bacterial communities in the two seasons.
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Among the three submerged macrophytes, the abundance of functions re-
lated to nitrogen and phosphorus transformation was higher in the epi-
phytic bacteria of P. maackianus (Fig. S7). These differences might be
related to the different physicochemical properties (DW, BTN and BTP) in
the biofilm of P. maackianus (Zhang et al., 2020;Wang et al., 2021a). There-
fore, the species P. maackianus might play more important roles in the re-
covery of eutrophic lakes in the middle and lower reaches of the Yangtze
River.

5. Conclusion

In this study, we found that the community compositions and functions
of epiphytic bacterial communities on submerged macrophyte hosts were
different from those of the planktonic bacterial communities in the sur-
rounding water. The growth season of submerged macrophytes had great
influences on the structure and functions of the epiphytic bacterial commu-
nity. The structure and functions of the epiphytic bacterial community ex-
hibited obvious differences among the three submerged macrophytes, and
some specific taxa were enriched in the biofilms of the three different
plants. In addition, epiphytic bacteria have important functions in plant
growth and regulating the migration and transformation of nutrients
(contaminants) in aquatic ecosystems. Overall, this study provided clues
for understanding the distribution and formation mechanisms of epiphytic
bacteria on submerged macrophyte leaves and their roles in freshwater
ecosystems.
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