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Abstract: Submerged macrophytes are a critical component in the ecological restoration of lakes, harboring epiphytic microbes that play

important roles in nutrient cycling and water quality improvement in aquatic ecosystems. However, the responses of planktonic and
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epiphytic microbial communities to different restoration strategies, as well as the underlying mechanisms, remain largely unknown. To
address this knowledge gap, we investigated bacterial and micro-eukaryotic communities in both the water column and the phyllosphere
of Vallisneria natans (V. natans) across three areas of urban Lake Xuanwu: a near-natural restoration (NR) area, an enclosure restoration
(ER) area, and an unrestored (UR) area, to uncover how ecological restoration shapes microbial communities and their potential functions.
The results showed that the NR area exhibited higher coverage and greater species richness of submerged macrophytes, along with lower
concentrations of total nitrogen (TN), total phosphorus (TP), turbidity (Turb), and chlorophyll a (Chl a). The diversity of both planktonic
and phyllosphere microbial communities was significantly higher in the NR area than in the ER and UR areas. The dominant microbial
taxa in the phyllosphere of V. natans differed from those in the surrounding water, with obvious compositional differences among the three
restoration areas. Variations in microbial community structure were primarily driven by differences in TN, TP, Turb, and Chl-a, with
bacterial communities being more strongly influenced by environmental factors than micro-eukaryotic communities. Functional bacterial
groups involved in nitrification and nitrate ammonification were selectively enriched in the phyllosphere of V. natans, and the abundance
of nitrogen-cycling populations was significantly correlated with ambient nitrogen concentrations in the water. The microbial co-
occurrence networks in the NR area displayed greater complexity and stability than those in the ER and UR areas. Compared with the
micro-eukaryotic network, the bacterial network contained more nodes and edges connecting nodes with environmental factors, reflecting
a stronger susceptibility of the bacterial community to environmental influences. Moreover, based on functional predictions, the key
bacterial genera within the phyllosphere network of V. natans may play important roles in carbon and nitrogen cycling. This study
elucidates the mechanisms by which submerged macrophytes regulate microbial community structure, interaction networks, and keystone
functional taxa during ecological restoration to improve water quality, thereby providing scientific support for the ecological restoration
of eutrophic lakes.
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Fig. 1 Distribution of sampling sites in Xuanwu Lake (A); In-situ vegetation status at the sampling sites (B); Physicochemical
properties of water cross different areas (C) (NR: Near-natural restoration area; ER: Enclosed restoration area; UR: Unrestored area;
Different lowercase letters above error bars indicate significant differences in physicochemical parameters between areas (one-way
ANOVA, P <0.05); TN: Total Nitrogen; TP: Total Phosphorus; Chl a: Chlorophyll a; Turb: Turbidity; DO: Dissolved Oxygen; DOC:
Dissolved Organic Carbon)
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Fig. 2 Alpha diversity of bacterial communities (A), taxonomic composition (B), differences in bacterial communities based on
Bray-Curtis distance and community structure based on principal coordinate analysis (PCoA) (C). alpha diversity of microeukaryotic
communities (D), taxonomic composition (E), differences in microeukaryotic communities based on Bray-Curtis distance and
community structure based on principal coordinate analysis (PCoA) (F) (NR: near-natural restoration area; ER: enclosed restoration
area; UR: unrestored area; w: planktonic microorganisms in water; Vn: epiphytic microorganisms attached to V. natans; different
lowercase letters above error bars indicate significant differences in physicochemical indices among different areas (one-way ANOVA,

P <0.05); significance of beta diversity was tested by permutational analysis of multivariate dispersions (PERMDISP), **P < 0.01)
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Fig. 3 Response ratios (RR) of the diversity and taxonomic composition of planktonic and phyllosphere microbial communities
under different restoration conditions. Response ratios of planktonic microbial communities in the NR and ER areas relative to UR area
(A); Response ratios of phyllosphere microbial communitites in the NR and ER areas relative to the UR area (B); Response ratios of
planktonic microbial communtites relative to phyllosphere microbial communtites (C). (NR: near-natural restoration area; ER: enclosure
restoration area; UR: unrestored area;Points represent mean InRR values, error bars indicate 95% confidence intervals, and the dashed

line indicates InRR = 0; Significant differences at *P < 0.05, **P < 0.01, and ***P < 0.001, respectively.)
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Tab. 1 Analysis of microbial community structure differences based on Bray—-Curtis distance

oSt Eh s 20 501 Y RFVE FAZAE VIS
B BT A XI5k R>=0.338, P=0.001 R>=0.295, P=0.001
TREE UR vs NR R?2=0.25, P=0.001 R2=0.28, P=10.001
TR X dak UR vs ER R*=0.22, P=0.001 R*=0.24, P=0.001
WP L NR vs ER R*=0.05, P=0.032 R*=0.04, P=0.047
IRARA 8 R*=0.226, P=0.001 R*=0.194, P=10.001
AR A 2 .
BRI R?=0.181, P=0.009 R2=0.159, P=0.012
M NR: EHARBEX; ER: HBBEEX: R RMEEX
HERTE EZEEIERE
A) 03{e R*=0.69, P<0.001 e R=0.32, P=0.168
( L] W
0.2 o *
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0.05, **P<0.01; ***P<0.001; NR: JELHMREHRIX; ER: HRRERX; UR: REKRX; w: KEZHFHMAED; Vn: FEER
PR A LD

Fig. 3 Redundancy analysis (RDA) of bacterial(A) and microeukaryotic(B) communities with environmental factors; Correlation

analysis between dominant genera in planktonic and bacterial (C) and microeukaryotic (D)l communities with environmental factors

(Blue color represents negative correlation, red color represents positive correlation; darker colors indicate more significant correlations;

Significant differences at * P < 0.05, ** P <0.01, and *** P < 0.001; NR: near-natural restoration area; ER: enclosed restoration area;

UR: unrestored area; w: planktonic microorganisms in water; Vn: phyllosphere microorganisms attached to Vallisneria natans)
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Fig.5 Bacterial co-occurrence networks in different restoration areas (A); Co-occurrence network of bacterial communities combined
with environmental factors (B);Microeukaryotic co-occurrence networks in different restoration areas (C);Co-occurrence network of
microeukaryotic communities combined with environmental factors (D)(NR: near-natural restoration area; ER:enclosed restoration area;

UR: unrestored area)
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Tab. 2 Topological properties of bacterial and microeukaryotic networks across different restoration areas

W% 24 MR HAZE R
NR ER UR NR ER UR
s 393 348 307 445 394 109
L 3455 2659 906 1997 1509 304
Sy 17.58 15.28 5.90 8.98 7.66 5.58
oA 2 2 0. 045 0. 044 0.019 0. 020 0.019 0.015
PR 2.33 2.74 5.59 3.88 4.13 4.39
R 0.53 0.39 0.17 0. 41 0.26 0.11

E: NR: JEEHAMBEX; ERBERBEX; UR: £EBEX
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Tab. 3 The top 10 most abundant key genera in the bacterial and microeukaryotic network

I & NR ER UR
KAk N KAk N KA B

o Cyanobacteria Cyanobium 0. 58% 0. 12% 4.77% 0. 23% 15. 88% 1.27%
Gammaproteobacteria Acinetobacter 0. 13% 0. 09% 0. 16% 0. 04% 2. 50% 7. 36%
Aphlaproteobacteria Vibrionimona 1. 04% 1.31% 2.92% 0. 47% 0. 96% 3. 43%
Planctomycetes Pirellula 0.11% 3. 46% 0.01% 1. 86% 0 1. 05%
¢ Bacteroidetes Sandaracinomonas 4.67% 0.01% 1.17% 0. 02% 0. 02% 0. 09%
1 Betaproteobacteria Limnohabitans 3. 44% 0.11% 1. 84% 0. 02% 0.07% 0. 02%
Betaproteobacteria Polynucleobacter 2.70% 0. 04% 2. 26% 0. 03% 0.29% 0.07%
Chlorobi Fuscovulum 0. 54% 0.91% 1. 04% 0. 98% 0. 05% 1. 38%
Bacteroidetes Flavobacterium 0 2.13% 0 1. 86% 0 0.71%
Cyanobacteria Nostoc 0. 02% 3.11% 0. 03% 0.07% 0 0. 05%
Bacillariophyta Cymbella 0. 18% 4. 84% 1. 43% 5. 68% 0.27% 1.51%
Arthropoda Microcyclops 10. 21% 0. 03% 0. 79% 0. 06% 0. 43% 0. 09%
) Ascomycota Aureobasidium 0. 11% 0. 02% 9. 15% 0. 89% 0. 16% 0.07%
' Bacillariophyta Cocconeis 0.07% 2.89% 0. 72% 3. 32% 0. 03% 0. 19%
? Arthropoda Physocypria 0. 28% 1. 28% 0. 02% 0. 08% 0. 36% 5.27%
j Gastrotricha Chaetonotus 0.67% 1.37% 0. 39% 3. 09% 0. 16% 0. 46%
, Ciliophora Halteria 2. 28% 0.07% 1. 86% 0. 15% 0. 64% 0.27%
: Chlorophyta Scenedesmus 0. 25% 0.11% 0. 08% 0.11% 1. 14% 2.87%
Rotifera Polyarthra 0. 09% 0. 26% 3. 26% 0. 16% 0. 38% 0. 08%
Arthropoda Strandesia 2. 65% 0.91% 0. 25% 0. 09% 0. 05% 0. 04%
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DIRe TR /AR (B 6B), FEKMIFAME R T, FEEIRA (nethylotrophy) FIAKMEAY
(fermentation) ITWEERHFEMIAEN FEE IN EREZE LMK (P < 0.05), HEEFHRA (methanotrophy)
MEFHERMER (cellulolysis) DNREMREMAINFES Chl a BEZEFHR (P < 0.05); FIFRK
(nitrogen respiration) FIAHEZELIEIK (nitrate respiration) INRESRHERIAHNTFE S TN, TP 1
Turb BRIFIEMAL (P < 0.05), 5D0 ZBFMMK (P <0.05), MHRHEAN
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DO 2 RFFAL (P < 0.05), S KAAIFIELH B R R It — SR B B3 AR SR AL AL AN TR
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Fig. 5 Log; relative abundance of carbon and nitrogen cycling functional groups in different areas (A); Correlation between relative

abundance of planktonic and phyllosphere-attached bacterial functional groups and environmental factors (B) (Red color represents
positive correlation, blue color represents correlation, darker colors indicate more significant correlations; Significant differences at
*P<0.05, **P<0.01, and *** P < 0.001; RA: relative abundance; NR: near-natural restoration area; ER: enclosed restoration area; UR:
unrestored area; w: planktonic in water; Vn: phyllosphere bacteria attached to Vallisneria natans)
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