Microb Ecol (2017) 74:278-288
DOI 10.1007/s00248-017-0951-9

@ CrossMark

MICROBIOLOGY OF AQUATIC SYSTEMS

Effects of Planted Versus Naturally Growing Vallisneria natans
on the Sediment Microbial Community in West Lake, China

Chuan Wang'? - Shuangyuan Liu'? - Yi Zhang' - Biyun Liu" - Lei Zeng'* - Feng He' -

Qiaohong Zhou' - Zhenbin Wu'

Received: 29 November 2016 /Accepted: 13 February 2017 /Published online: 2 March 2017

© Springer Science+Business Media New York 2017

Abstract Submerged macrophytes play an important role in
aquatic ecosystems, which has led to an increase in studies on
vegetation recovery in polluted lakes from which submerged
macrophytes have disappeared. The comparison of microbial
communities in sediment cloned with planted and naturally
growing submerged macrophytes is an interesting but rarely
studied topic. In this investigation, Maojiabu and Xilihu, two
adjacent sublakes of West Lake (Hangzhou, China), were se-
lected as aquatic areas with planted and naturally growing
macrophytes, respectively. Sediment samples from sites
with/without Vallisneria natans were collected from both
sublakes. The results showed that sediment total nitrogen
and organic matter were significantly lower in the plant-
covered sites than that in the non-plant sites in Maojiabu.
Additionally, the sediment microbial community character-
ized by 16S ribosomal RNA (rRNA) sequencing differed
more significantly for Maojiabu than for Xilihu. The relative
abundances of microbes involved in C, N, and S elemental
cycling were significantly higher in the sediments with plants
than in those without. Results from both fatty acid methyl
ester analysis and 16S rRNA sequencing indicated that
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vegetation significantly influenced the sulfate-reducing bacte-
ria (SRB). Thus, the gene copies and composition of SRB
were explored further. The relative gene abundance of SRB
was 66% higher with natural vegetation colonization but was
not influenced by artificial colonization. An increase in dom-
inant SRB members from the families Syntrophobacteraceae
and Thermodesulfovibrionaceae contributed to the increase of
total SRB. Thus, macrophyte planting influences sediment
nutrient levels and microbial community more than natural
growth does, whereas the latter is more beneficial to sediment
SRB.

Keywords Lake restoration - Submerged macrophytes -
Microbial community - Sulfate-reducing bacteria - qPCR

Introduction

The recovery of submerged macrophytes in freshwater envi-
ronments is an indicator for a clear waterbody and healthy
ecosystem, in which aquatic vascular plants are the dominant
primary producers [1, 2]. The maintenance of clear water state
by aquatic vascular plants is attributed to their abilities of
reducing nutrients in the water column, protecting phyto-
plankton grazers such as Daphnia against fish predation, and
preventing sediment resuspension [3]. Due to the resistance of
aquatic ecosystems, it often takes decades for successful mac-
rophyte recolonization [4, 5]. Summer TP concentrations of
the investigated 58 lakes in northeastern Germany were less
than 100 pg L' but recolonization or expansion was recorded
only in six lakes, indicating a resilience against recolonization
[6]. The macrophyte coverage remained unchanged 8 years
after nutrient loading reductions in 17 Danish lakes [7]. There
are many factors influencing the recovery delay, such as high
internal nutrient loading, grazing by herbivorous birds,
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disturbance by fish, and lack of viable propagules in the sed-
iment [8, 9].

Due to the demand for urban landscape and living environ-
ment, measurements for accelerating the recovery process are
exploring continually. Artificial support of macrophyte devel-
opment is one of the measurements [8]. After a reduction in
external nutrient loading and sediment dredging, multiple ap-
proaches including aquatic macrophyte planting resulted in an
increase of vegetation coverage from 0 to 45.7% [10].
Charophytes, one of the groups that usually growing in oligo-
trophic waterbodies, appeared spontaneously after several
species of submerged macrophytes were artificially planted
[1]. On one hand, planting can increase the viable propagation
units and seed bank of submerged vegetation. On the other
hand, the optimal light climate, which initially acts as a trigger
to stimulate macrophyte growth and development, is
prolonged by the presence of macrophytes [11].

The purpose of both natural development and artificial
planting of submerged vegetation is constructing a clear water
stable state. Except for recovery periods, studies on the eco-
logical influence of the two measurements are lacking. We can
only find the related examples in terrestrial ecosystems where
many studies have been carried out comparing natural and
planted growth. Compared with naturally growing vegetation,
planted vegetation usually has greater impact on the soil
chemical characteristics and microbial community. For exam-
ple, the soil C and N concentrations from plantations were
lower by 36.0 and 26.5%, respectively, when compared with
natural forests in a forest ecosystem [12]. Bacterial and fungal
communities from the forest plantation, compared to those
from natural forest soils, had different community structure
and alpha diversity (a-diversity) values [13]. For special mi-
crobes, the relative abundance of dominant genera belonging
to the phylum Acidobacteria was significantly different be-
tween a natural hardwood forest and plantations of conifers
[14]. However, scarce research could be found on this topic in
terms of aquatic ecosystems, and how naturally growing and
planted aquatic vegetations influence their surrounding sedi-
ment is still unknown.

Similar to terrestrial forests, nutrient acquisition by aquatic
vegetation is mainly from the sediment and the decomposition
products of plant litter go back to the sediment. However,
terrestrial and aquatic plants are different in life form and
ecological function. Trees in the forest are perennial woody
plants and support timber export [15], whereas submerged
macrophytes are mainly annual herbaceous plants that provide
primary production for aquatic ecosystems [16]. Sediments
act as repositories for waterbody nutrients [17] and as release
sources for internal phosphorus and nitrogen [18, 19].
Microorganisms embedded in sediments are important partic-
ipants for carrying out biogeochemical processes that are es-
sential in natural nutrient cycling [20]. Thus, the purpose of
this study is exploring the impacts of naturally growing and

planted submerged vegetation colonization in aquatic ecosys-
tem from the aspect of sediment microbial ecology.

Materials and Methods
Study Sites and Sampling

The study area included two adjacent sublakes (Maojiabu
and Xilihu) of West Lake, in the city of Hangzhou, China
(Fig. 1, created in Photoshop 7.0). MP and MN represent
the sampling sites covered densely with plants (Vallisneria
natans) and lacking plants in Maojiabu, respectively,
whereas XP and XN represent the corresponding sampling
sites in Xilihu. The submerged macrophyte V. natans was
planted in May 2015 in Maojiabu. This investigation was
carried out in October 2015 when V. natans reached its
maximum biomass for the year. The coverage of
V. natans reached 100% in the sampling sites MP and
XP. The upper layer of sediment (0—10 cm) was collected
using a Peterson sediment collector and divided into three
subsamples. One subsample was air dried at room temper-
ature for nutrient-level analysis (results shown in Table 1),
and the other two were stored at =20 and —80 °C for the
analysis of sediment microbial community.

Measurement of Ester-Linked Fatty Acid Methyl Esters

The mild alkaline methanolysis technique [21] was used to
extract ester-linked fatty acid methyl esters (EL-FAMEs) from
the sediment samples stored at —20 °C. The extracted EL-
FAMESs were analyzed by Agilent 6890N gas chromatograph
(Agilent Technologies, USA) equipped with an Agilent 5793
inert MSD.

16S rRNA Sequencing of the Sediment Microbial
Community

The microbial DNA was extracted in triplicate from the sedi-
ment stored at —80 °C using the E.ZN.A.™ Soil DNA Kit
(Omega, USA), according to the manufacturer’s instructions.
After combining the DNA extracts of the triplicates for each
sampling site, the bacterial hypervariable regions V4-V5 of
the 16S ribosomal RNA (tRNA) gene were PCR-amplified
using the individually barcoded forward primer 515F (5'-
GTGCCAGCMGCCGCGG-3') and reverse primer 907R
(5'-CCGTCAATTCMTTTRAGTTT-3'). PCR was performed
using TransStart® FastPfu DNA Polymerase. Briefly, the re-
action mix (20 pl) contained 10 ng of template DNA, 250 uM
of dNTPs, 0.2 uM of each primer, 0.4 ul of FastPfu DNA
Polymerase, and 4 pl of 5x TransStart® FastPfu Buffer.
PCR included 27 cycles of 95 °C for 30 s, 55 °C for 30 s,
and 72 °C for 45 s in a thermal cycler (ABI GeneAmp® 9700,
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Fig. 1 Location of the sampling
sites in Maojiabu and Xilihu, two A
sublakes of West Lake,
Hangzhou, China. MP and MN
represent the sampling sites with
and without plants, respectively,
in Maojiabu, where submerged
macrophytes were planted; XP
and XN are the corresponding
sampling sites in Xilihu, where
submerged macrophytes grew
naturally

West Lake

500m

> > @ o
=
P4

USA). After purification and quantification of the PCR prod-
uct, a DNA library was constructed. Subsequently, 250 bp
paired-end (PE) sequencing was carried out on the Illumina
HiSeq 2500 platform to generate the raw reads.

The raw PE reads were assigned to a sample by their
unique barcode, and then, the barcode and primer sequence
were truncated. After assembly of the PE reads, quality filter-
ing, and chimeric sequence deletion, 35,493 effective tags, on
average, were generated. Operational taxonomic units (OTUs)
were defined at 97% sequence similarity. Relative abundance
for each taxonomic level was constructed using R software,
following OTU assignment and contaminative OTU deletion.

1000m

Analysis of Sulfate-Reducing Bacteria in the Surface
Sediment

The copy numbers of the 16S rRNA gene and dsrB gene were
determined in each sample replicate using 2 pl of extracted
DNA (approximately 20 ng). Quantification was performed in
a real-time PCR cycler (Roche LightCycler 480®,
Switzerland) using SYBR Green as the binding dye. The re-
actions for the two genes were performed in 20 pl containing
10 ul SG Fast gPCR Master Mix (BBI Life Sciences, China)
and 0.2 uM of the specific primers for each gene. The 16S
rRNA gene was quantified using universal primers for

Table 1 Concentrations

(mean + standard deviation) of MP MN P value (between MP and MN)
total nitrogen (TN), total TN (mg g ") 2.90 +0.01 3724021 0.031
phosphorus (TP), and organic TP (mgg ) 0.55+0.08 0.52+0.08 0.715
matter (OM) in the sediment
OM (%) 5.50+041 7.85+0.30 0.022
XP XN P value (between XP and XN)
TN (mg g ") 9.23+£0.98 8.50 £ 0.62 0.430
TP (mg g ) 0.80 +0.03 0.69 £ 0.38 0.731
OM (%) 2291 £2.30 22.17+1.84 0.734

Independent-samples ¢ test showing the significant differences of each indicator between MP and MN and

between XP and XN
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bacteria, 338F (5'-ACTCCTACGGGAGGCAGCAG-3') and
518R (5'-ATTACCGCGGCTGCTGG-3'). The gene dsrB was
quantified using the primers DSRp2060F (5'-CAAC
ATCGTYCAYACCCAGGG-3') and DSR4R (5'-GTGT
AGCAGTTACCGCA-3') [22]. Both amplification reactions
were initially denatured at 95 °C for 3 min followed by 45 cy-
cles of 95 °C for 15 s, 57 °C for 20 s, and 72 °C for 30 s. To
verify the specificity of amplification, a denaturation curve
was performed at the end of each reaction at temperatures
ranging from 60 to 100 °C. Standard curves were calculated
based on purified PCR products of known copy number. The
copy numbers of the 16S rRNA and dsrB genes per gram of
sediment were determined via standard curves. Each qPCR
measurement was done in triplicate. The amplification effi-
ciency (E) was calculated from the slope of the standard
curves using the formula £ = 10 Hore—1.

Data Analysis

Two-way analysis of variance (ANOVA) supported by the
software package PASW Statistics 18.0 was used to analyze
any significant effects of the sublake regions and vegetation
colonization on the ratios and groups of characteristic fatty
acids (FAs). Subsequently, one-way ANOVA was applied to
analyze any significant differences, either by factor region or
by vegetation, in the indices. The Student-Newman-Keuls
method was used for multiple comparisons.

The multivariate analysis methods of principal coordinate
analysis (PCoA) and principal component analysis (PCA)
were applied to analyze the dissimilarity of the microbial com-
munities at different sampling sites [23]. PCoA, based on
Bray-Curtis distance, and PCA, based on the relative abun-
dance of OTUs, were carried out using R software. A heat
map of species relative abundance for the top 35 genera was
constructed using R software.

Statistical analysis for the a-diversity indices, relative
abundance differences at the genus level, number of sulfate-
reducing bacteria (SRB) gene copies, and relative abundances
of SRB genera were all carried out among MP, MN, XP, and
XN. In this study, effective comparisons only existed in the
following four pairs: XN-MN, MN-MP, XN-XP, and XP-MP.
Thus, an independent-samples 7 test was used to identify the
significant difference between each pair. The figures were
created by program Origin 8.0.

Results
Sediment Microbial Community Analyzed by EL-FAMEs
The characteristic ratio, monounsaturated fatty acid (MUFA)/

Branched, which represents the comparative advantage of aer-
obic over anaerobic bacteria, was significantly different based

on the existence of vegetation, and groups II, III, and IV were
significantly different based either on region or on vegetation
(two-way ANOVA, Table 2). Therefore, the differences in
these four indices were tested via one-way ANOVA. The other
three indices including Fungal/bact, trans/cis, and group I are
shown in Fig. S1. MUFA/Branched was higher at the planted
sites in both sublakes and was more significant in Maojiabu
(Fig. 2a) than in Xilihu. Groups II and III were lower for the
planted sites in Xilihu, whereas they did not differ in Maojiabu
(Fig. 2b, ¢). Group IV, representing the SRB and other anaer-
obic bacteria, showed the same pattern in both sublakes
(Fig. 2d) and was significantly higher at the non-covered sites
than at the plant-covered sites.

Sediment Microbial Community Analyzed by 16S rRNA
Sequencing

We obtained 38,509 high-quality 16S rRNA sequence reads
from the Illumina HiSeq platform. After equalizing the high-
quality reads, the equalized reads were assigned to 2381
OTUs at 97% similarity. These OTUs were clustered into 23
phyla or unclassified (relative abundance >0.1%), with
37.99% classified as Proteobacteria (Fig. S2), followed by
Chloroflexi (21.48%), Acidobacteria (12.27%), and
Actinobacteria (7.60%).

The a-diversity indices of observed species number,
Shannon diversity index, and Chaol index are listed in
Table 3. Although the MN region was highest for each index
value when compared with the other three regions, no signif-
icant differences were found among any of the sampling re-
gions. A cluster tree of the top 35 genera showed that the
distance between XN and XP was closer than that between
MN and MP (Fig. S3). The dissimilarities of the sediment
microbial communities for each sampling region were visual-
ized using two multivariate analysis methods: PCoA and
PCA. The first two axes explained more than 70% of the data
variability through both PCoA and PCA, with the microbial
communities differing distinctly from each other, as shown in
the two-dimensional plots in Fig. 3. The sites from sublake
Maojiabu and Xilihu, in which submerged macrophytes were
planted and naturally growing, respectively, were separated
along axis 1. On the other hand, the sites from the regions
with and without plants were separated along axis 2.
Although community diversity did not change, the distinct
structure of the overall sediment microbial community sug-
gested that specific microbes might be different for each
region.

We used independent-samples ¢ test to identify which gen-
era were significantly different between each pair. Eight gen-
era belonging to the phyla Proteobacteria, Chloroflexi,
Firmicutes, and Planctomycetes were significantly different
between the sites of Maojiabu and Xilihu without plants
(Fig. 4a). The relative abundances of the genera
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Table 2 Two-way ANOVA

showing the effects of sublake Sublake Vegetation Sublake x
regions and vegetation vegetation
colonization on the ratios and
groups of characteristic fatty acids F P F P F P
(FAs)
Ratios Fungal/bact 0.102  0.758 4.554  0.065 0.104 0.718
trans/cis 0.452  0.520 0.012 0915 0.001 0.976
MUFA/Branched 3.554  0.096 9.427*% 0.015 4374 0.070
Groups (% of total FAs)  Group I 1.513  0.254 4.078 0.078  0.001 0.978
Group II 22.779*%*  0.001 1.720  0.226  2.930 0.125
Group 11T 0.813  0.394 10.042*  0.013  0.000 0.988
Group IV 0.051 0.828 18.353** 0.003 0.196 0.670

Sublake refers to the sites in Maojiabu or Xilihu, and vegetation refers to the sites with and without submerged
macrophytes. Polyunsaturated FAs, indicators of eukaryotic microbes (Group I); monounsaturated FAs, indicators
of aerobic prokaryotic microbes (Group II); branched-chain FAs (C14-C16), indicators of gram-positive bacteria
(Group I1I); branched-chain FAs (C17-C19) including methyl and cyclopropyl FAs, indicators of sulfate-reducing
bacteria and other anaerobic bacteria (Group IV)

P <0.05; **P < 0.01

Methylocaldum and Carnobacterium, belonging to the phyla
Proteobacteria and Firmicutes, respectively, were higher for
MN than for XN, whereas the other six genera showed an
opposite trend. This may reflect the basic difference between
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the two sublake regions. The difference between the sites with
and without plants in the same aquatic areca was larger for
Maojiabu than for Xilihu, because the number of genera and
relative abundance of the significant different microbes were
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Fig.2 One-way ANOVA showing the significant differences in the ratios and groups of fatty acid. a Monounsaturated fatty acids/branched fatty acids
(MUFA/Branched). b Group II. ¢ Group III. d Group IV (letters A, B, and C represent the significant differences at P < 0.05 among the four columns)
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Table 3 Alpha diversity indices
of the sediment microbial
community OTUs for the studied

Observed species number

Shannon diversity index

Chaol index

regions MP 2093.67 +273.08
MN 2180.67 + 486.36
XP 2141.00 +333.91
XN 1891.67 +92.39

8.89 +£0.08 2773.94 £ 76591
9.15+0.25 2827.00 £ 172.75
8.83+0.29 2550.16 + 430.69
8.69 +0.03 2152.41 £ 162.51

Data in the table are listed as mean + standard deviation

higher in the MN-MP pair than in the XN-XP pair (Fig. 4b, c).
Eleven genera belonging to the phyla Proteobacteria,
Nitrospirae, and Chloroflexi were significantly different be-
tween MN and MP. In the pair MN-MP, Dechloromonas,
Caldilinea, and Desulfococcus were the top 3 abundant genera
that were higher for MP, whereas Nitrospira, GOUTA19, and
4-29, belonging to the phylum Nitrospirae, were higher for
MN. Only five genera, which also belong to the phyla
Proteobacteria, Nitrospirae, and Chloroflexi, were significant-
ly different between XN and XP. Except for Rubrivivax, the
abundances of the other four genera were higher for XP than
for XN. The difference in the pair XP-MP was more complex
than it was in the other pairs’ comparisons (Fig. 4d). Relative
abundances of genera belonging to Nitrospirae and Firmicutes
were higher for XP, whereas genera belonging to
Planctomycetes, Chloroflexi, and Bacteroidetes were higher
for MP. Both Desulfococcus and Desulfobacca, belonging to
Proteobacteria, are SRB, the relative abundances of which
were also higher in MP.

Qualitative and Quantitative Analysis for the Sediment
SRB

The gene copies for 16S rRNA and dsrB analyzed by qPCR
were tested for relative abundances of sediment SRB for the
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different regions. The efficiencies of qPCR for 16S rRNA and
dsrB were 99.5 and 93.1%, and the standard curves for both
genes were linear over six orders of magnitude (R* > 0.998).
As shown in Table 4, the gene abundance of 16S rRNA, which
characterizes total bacteria, reached 10° copies g ' sediment
(dry weight), and the gene abundance of dsrB, which charac-
terizes SRB, was three orders of magnitude less than that of
16S rRNA. Considering the relative abundances of the dsrB
gene, the ratio of dsrB to 16S rRNA ranged from 0.048 to
0.083%. There were no statistical differences of dsrB to 16S
rRNA between MN and XN or between MP and MN, whereas
this ratio for XP was 66% higher than that for XN, according
to the independent-samples # test.

The SRB genera, separately picked out from high-throughput
sequencing results of the whole microbial community, were an-
alyzed further to determine which SRB genera contributed to the
quantitative difference between each paired region. Seven spe-
cific genera and four unclassified genera of SRB were found in
the sediment of Maojiabu and Xilihu (Table 5). Similar to the
gPCR results, the total relative abundance of SRB was highest
for XP. Except for Thermoprotei_unclassified belonging to
Archaea, the other genera all belonged to Bacteria. The three
unclassified genera of class Deltaproteobacteria and
Thermodesulfovibrionaceae_unclassified of phylum Nitrospirae
were assigned at the family level. Microbes belonging to family
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Fig. 3 Multivariate analyses of the sediment microbial community for the studied regions. a Principal coordinate analysis (PCoA) of the microbial
community based on Bray-Curtis distance. b Principal component analysis (PCA) of the microbial community at species level
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Fig. 4 Comparative analysis of microorganisms with significant difference (P < 0.05) between different regions at the genus level. Genera listed on the

bar plots were selected based on a relative abundance of more than 0.1%

Syntrophobacteraceae were the most abundant SRB in our sed-
iment samples, accounting for 42.62 and 2.21% of the SRB and
total microbes on average. Although the relative gene abundance
of dsrB did not differ between MN and XN, the relative abun-
dances of Syntrophobacteraceae_unclassified, Syntrophobacter,
and Desulfobacca were significantly different (P = 0.007, 0.037,
and 0.002, respectively). Similarly, the relative abundances of
Desulfococcus, Syntrophobacter, and Desulfomonile were signif-
icantly different (P < 0.001, P = 0.004 and 0.004, respectively)

between MP and MN. We found that the relative gene abundance
of dsrB was higher for XP than for XN, and Syntrophobacter and
Desulfobulbaceae_unclassified (P = 0.013 and 0.032) were the
two special SRB with higher abundances for XP. In the MP-XP
pair, only Syntrophobacteraceae unclassified and
Thermoprotei_unclassified (P = 0.001 and 0.037) were higher
for XP; the relative abundances of Desulfococcus, Desulfobacca,
Syntrophobacter, and Desulfomonile (P < 0.001, P = 0.010,
0.004, and 0.001, respectively) were significantly lower for XP.

Table 4 Relative abundance (%) of sulfate-reducing bacteria in the sediment samples at the genus level

MP MN XP XN
Copies g ' DW 168 (3.3 £ 0.6)E+09 (3.0 = 1.2)E+09 (1.8 = 0.6)E+09 (2.0 = 0.7)E+09

dsrB (1.6 + 0.1)E+06 (1.7 £ 0.9)E+06 (1.3 + 0.4)E+06 (1.0 = 0.4)E+06
Relative abundance (%) dstB/168 (0.049 + 5.3)E-05 (0.048 + 3.6)E-05 (0.083 + 3.4)E-05 (0.050 % 1.6)E-05

Data in the table are listed as mean + standard deviation
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Table 5 Relative

abundance (% of'the total MP MN XP XN

microbial community) of

sulfate-reducing bacteria Thermodesulfovibrionaceae_unclassified 1.914 £0.463 2.256 £0.283 2.317 £0.265 1.715 £ 0.534

in the sediment samples Syntrophobacteraceae_unclassified 1317+ 0.418 1.635+£0.136 3.006 +0.710 2.891+0.212

at the genus level Desulfococcus 098240052 059940022 04830061  0.483+0.112
Desulfobacca 0.281 +0.036 0.241 £ 0.060 0.073 £0.010 0.096 + 0.026
Syntrophobacter 0.166 + 0.053 0.073 +£0.009 0.089 +£0.012 0.016 +0.009
Desulfomonile 0.079 +0.023 0.037 £+ 0.007 0.037 £ 0.006 0.017 £ 0.008
Desulfobacteraceae unclassified 0.050 £ 0.028 0.023 £0.018 0.035 +0.030 0.029 +0.013
Desulfobulbaceae _unclassified 0.031 £0.014 0.015 +0.007 0.038 +0.031 nd
Desulfobulbus 0.016 + 0.002 0.009 + 0.002 0.015+0.015 nd
Thermoprotei_unclassified 0.004 + 0.004 0.004 + 0.000 0.104 +0.091 0.040 + 0.036
Desulforhopalus nd nd 0.004 + 0.006 nd
Desulfovibrio nd 0.006 + 0.002 nd 0.020 + 0.008
Sum 4567 +0.776 4.654 +0.446 6.123 £0.878 5.324 £ 0.690

Data in the table are listed as mean =+ standard deviation

Discussion

Effects of V. natans on Sediment Nutrient Levels
and Microbial Community

Microbial community characteristics in the sediment cloned
with planted and natural growing submerged vegetation
were explored in this study. Samples of sediment from re-
gions with and without submerged macrophytes in Maojiabu
and Xilihu, which represented aquatic areas with planted and
naturally growing macrophytes, respectively, were collected
for analysis. Sediment nutrient loading was lower for MP
than that for MN, whereas it was not significantly influenced
in Xilihu, according to the significance analysis of the sed-
iment total nitrogen (TN) and percentage of organic matter
(OM%). Studies on the comparison between planted and
naturally growing vegetation in aquatic ecosystems are
scarce; however, numerous examples exist for terrestrial eco-
systems. In forest ecosystems, the soil C and N concentra-
tions from plantations are lower by 36.0 and 26.5%, respec-
tively, when compared to natural forests [12]. Due to faster
decomposition, natural forests also show the lowest mean
residence time of nutrients and the highest nutrient return
to the soil [24]. This might be related to the higher soil
microbial biomass and microbial activity in the soil of nat-
ural forests than in plantations [25, 26]. The sediment mi-
crobial community in natural ecosystems is an adaption to
plants’ growth and litter input; therefore, planting, as a hu-
man intervention, would break the intrinsic adaptability be-
tween the environment and organisms. Thus, similar to the
sediment nutrients, submerged macrophyte colonization had
a stronger influence on the sediment microbial community
in Maojiabu than in Xilihu.

Microbes involved in the C, N, and S elemental cycles were
significantly higher in the sediment from the sites covered
with submerged macrophytes than in that from sites without
macrophytes. For example, Dechloromonas and Caldilinea,
which are related to N, generation [27, 28], the SRB
Desulfococcus and Syntrophobacter, the carbon flow contrib-
utor to the grazer food chain Limnohabitans [29], and
Rhodobacter for chloralkane and phenol degradation [30,
31] were more abundant for MP than for MN. The genera of
HB118, Methylocaldum, and Caldilinea, which are involved
in sulfate reduction, methane oxidation, and anaerobic ammo-
nium oxidation, respectively, were higher for XP than for XN.
The relative abundances of 11 genera were significantly dif-
ferent between MP and MN, whereas this number was only 5
between XP and XN (Fig. 4b, c). Similarly, the difference in
the MP-XP pair showed 13 genera more abundant in MP,
whereas only 5 genera were more abundant in XP (Fig. 4d).
These results indicate that the elemental cycles and material
transformation were more active in the vegetation-covered
sediment.

Effects of V. natans on Sediment SRB

We found that the recovery of submerged macrophytes signif-
icantly influenced the relative abundance of SRB through both
FAME analysis and 16S rRNA sequencing. Meanwhile, the
highest distribution of SRB and the most active sulfate reduc-
tion were usually in the sediment at a depth less than 10 cm
[32-34]. Thus, the upper layer sediment samples in this study
were analyzed further for the number of gene copies and com-
position of SRB.

SRB are anaerobic microorganisms that use sulfate as a
terminal electron acceptor in the degradation of organic
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compounds, and they have an important role in both the S and
C cycles [35]. Although named after their ability to reduce
sulfate, they are also capable of nitrate reduction, nitrogen
fixation, and removal of heavy metals [36—38]. The copy
number of the gene dsrB, which encodes a subunit of dissim-
ilatory sulfate reductase enzyme, was 1.0—1.7 x 10° copies g ",
which comprised 0.048-0.083% of the total copies of 16S
rRNA found in this study. The number of dsrB gene copies
was similar to the ranges previously reported in the literature
for fishpond sediment [39], mangrove soils [40], and river
estuary sediment [41], whereas it was one or two orders of
magnitude less than that in marine sediment [42, 43], because
the sulfate concentration in marine sediment is much higher
than that in freshwater sediment [44].

Special genera of SRB were significantly higher in the sedi-
ment from sites covered with submerged macrophytes when
compared with that from sites without macrophytes, for exam-
ple, Desulfococcus, Syntrophobacter, and Desulfomonile for
Maojiabu and Syntrophobacter and
Desulfobulbaceae_unclassified for Xilihu. The cell number or
relative abundance of SRB could be promoted by the growth of
plants including emergent macrophyte [44], floating macrophyte
[36], and marine submerged macrophyte [45]. Fermentation of
cellulose from plant litter produces organic acids and alcohols,
which can be then utilized as growth substrates for SRB [46].
The diverse SRB in salt marshes are also closely related to the
decomposition of soil organic matter produced by Spartina
alterniflora [47]. Oxygen leakage from the root system is a
possible yet unambiguous factor that influences the SRB com-
munity in the rhizosphere [44], because SRB do not live strictly
in anaerobic habitats and can even respire with oxygen [48].

Considering the relative gene abundance of dsrB/16S rRNA,
the effect of submerged macrophyte colonization on the SRB
community was more obvious in the natural growth region of
Xilihu. The abundance of the total SRB community was higher
because of the natural vegetation colonization but was not influ-
enced by the artificial colonization. Although the relative abun-
dances of several SRB genera were significantly different within
Xilihu, the families Syntrophobacteraceae and
Thermodesulfovibrionaceae, which were the dominant SRB
members, had higher relative abundances of total SRB in the
sites covered with plants. Members of the family
Syntrophobacteraceae are flexible in their substrate metabolism,
as they can reduce sulfate and have the capability to switch from
a sulfate-reducing lifestyle to a syntrophic lifestyle in the ab-
sence of sulfate [49]. Their metabolic versatility likely represents
a selective advantage in the undisturbed environment.

Planting Versus Natural Growth: Which Is Better?
The recovery delay of submerged macrophytes in lakes refers

to an unstable phenomenon that clear state and turbid state
may coexist alternatively [50]. Submerged macrophytes play
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an important role in stabilizing clear state in multiple ways by
which the ecosystem resilience increases in a clear water state
[51]. Macrophyte rehabilitation by planting can enlarge their
coverage and therefore enhance the ecosystem resilience.
However, ecosystem behavior is unpredictable accurately
[52] after a human intervention, such as planting. A greater
influence on the sediment nutrients and microbial community
was observed under planting than with natural growth of sub-
merged macrophytes in this study. Planting may result in a
decrease in soil fertility [12], soil exchangeable K and Mg
contents [53], fungal diversity [54], and regional bird diversity
[55], as reported for forest ecosystems. Submerged macro-
phytes are mainly annual herbaceous plants, and as r-strate-
gists in aquatic ecosystems, their population density may eas-
ily experience great fluctuation [50]. Accompanying this fluc-
tuation, sediment TN (mainly Org-N) changes drastically,
which, in turn, influences the regeneration of submerged mac-
rophytes in the next growing season (unpublished data). These
potential negative impacts should be of concern when consid-
ering aquatic ecosystems. We recommend that planting be a
preliminary measure for the recovery of submerged macro-
phytes, for example, providing seed bank and modifying sed-
iment conditions and epiphyte community. However, natural
growth is more important for long-term ecosystem stability.
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