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Abstract
Rhizosphere microbiota has received much attention due to their associations with plant growth and their fun-

damental importance in terrestrial ecosystems. However, relatively few studies have focused on rhizosphere micro-
bial communities associated with aquatic macrophytes in freshwater lakes. We hypothesized that the rhizosphere
microbiome would reflect the presence of macrophyte roots and the concomitant microhabitat conditions the roots
create. Here, high-throughput sequencing and network analysis were employed to compare the composition and
structure of bacterial communities in the rhizosphere of two common emergent macrophytes, Zizania latifolia and
Phragmites australis, with the surrounding sediments in Lake Taihu (China). Results indicated that bacterial diver-
sity, community composition, and co-occurrence networks differed between the communities of bulk sediments
and the communities of rhizosphere and surface sediments. Richness and phylogenetic diversity were higher and
more taxa were enriched in the rhizosphere and surface sediment communities compared with bulk sediment com-
munities. No differences were detected between bacterial communities in rhizosphere and surface sediments, nor
between rhizospheres sediment communities of the two macrophyte species. Anaerobic taxa were more abundant in
bulk sediment communities. Among the co-occurrence networks, more nodes (operational taxonomic units) and
edges (connections) with higher average degree as well as more topologically important nodes were found in rhizo-
sphere and surface sediment communities relative to bulk communities. These findings suggest that rhizosphere
microbiome communities are influenced by the presence of macrophyte roots, with oxygenated rhizosphere and sur-
face sediment communities being more diverse, and organized into more interconnected co-occurrence networks.

Plant roots represent the interface between the soil and mul-
ticellular organisms, one of the richest microbial ecosystems on
Earth (Bulgarelli et al. 2012). In this microenvironment, diverse
microbiotas are associated with their macrophyte hosts, together
acting as an integrated functional unit (Ofek-Lalzar et al. 2014),
which is identified as the holobiont paradigm (Margulis and
Fester 1991). Within the holobiont paradigm, several interac-
tions between soil microbes and plants have been recognized.

Soil microbes in the rhizosphere can convert nutrients to easily
assimilated forms for plants (Zhang et al. 2009), as well as con-
tribute to the resistance of plants’ pathogen (Berendsen et al.
2012). In return, plants deliver carbon metabolites to microbes
in the rhizosphere in the form of root exudates (Bais et al. 2006).
Such mutualistic interactions in the rhizosphere are ubiquitous,
having been described from semi-arid soils (Aguirre-Garrido et al.
2012) to wetland habitats (Hong et al. 2015).

It has been well documented that the roots of terrestrial
plants, such as Arabidopsis and agricultural crops, shape, and
benefit from the associated rhizosphere microbial community
(Bulgarelli et al. 2012; Philippot et al. 2013; Edwards et al. 2015;
Pérez-Jaramillo et al. 2018). Similar mutualistic relationships
have been found within the rhizosphere of freshwater macro-
phytes, such as Phragmites australis, Zizania latifolia, Typha
angustifolia (Vila-Costa et al. 2016; Bowen et al. 2017; Zhou et al.
2019), and marine seagrasses (Cúcio et al. 2016; Brodersen et al.
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2018), with most studies focusing on specific functional groups,
such as ammonia-oxidizing bacteria (Herrmann et al. 2009; Trias
et al. 2012; Zhao et al. 2014; Huang et al. 2016), anammox bac-
teria (Chu et al. 2015; Waki et al. 2015), and denitrifying bacte-
ria (Risgaard-Petersen and Jensen 1997; Kofoed et al. 2012;
Nakagawa et al. 2018). By contrast, few studies have examined
entire bacterial communities in aquatic macrophyte rhizo-
spheres (e.g., Borruso et al. 2014; Yarwood et al. 2016; Behera
et al. 2017; Pietrangelo et al. 2018) and none of these studies
have compared rhizosphere microbial communities with com-
munities found in macrophyte root-free bulk sediments nor
with communities of surficial sediments.

Rooting in the transition zone between aquatic and terres-
trial ecosystems, emergent macrophytes are considered to be
particularly productive organisms, because of their capability
of extracting resources from sediments, water, and air
(Westlake 1965). They elongate emergent stems from beneath
the water’s surface and conduct photosynthesis in the air.
Unlike terrestrial plants, aquatic macrophytes are rooted in
submerged, generally anoxic sediments. Macrophytes such as
Z. latifolia and P. australis are characterized by strong and fis-
tulous stems that function in tissue aeration. This structure
enables the roots of emergent macrophytes to release oxygen
and other primary and secondary metabolites into the rhizo-
sphere (Herrmann et al. 2009; Toyama et al. 2011), and conse-
quently create an oxygen-enriched sediment microhabitat,
whereas nearby bulk sediments lacking macrophyte roots are
typically dominated by anaerobic processes (Sand-Jensen et al.
1982). As such, we hypothesize that the rhizosphere bacterial
community will be more similar to oxygenated surface sedi-
ments compared with the anoxic bulk sediments.

We tested this hypothesis by characterizing the bacterial com-
munities in bulk, surface, and rhizosphere sediments from two
common emergent macrophytes, Z. latifolia (ZL) and P. australis
(PA), in Lake Taihu, China. We used Illumina Miseq sequencing
targeting the 16S ribosomal RNA (rRNA) gene to investigate the
diversity and composition of the bacterial communities. Network
analysis was used to infer patterns in community structure
(e.g., co-occurrence patterns) within and among communities in
the different sediment types. We aimed to answer the question,
how are bacterial assemblages in rhizosphere sediments different
from those in bulk and surface sediments, with respect to com-
munity composition, diversity, and community structure?

Methods
Study site and sample collection

Lake Taihu is the third largest freshwater lake in China by
surface area (2,338 km2) but is very shallow (1.9 m mean
depth). The eastern portion of Lake Taihu (30�580N to 31�070N,
120�250E to 120�350E) has a length of 27.5 km, a maximum
width of 9.1 km, a surface area of 131 km2, a mean water depth
of 1.2 m, and is covered by various species of aquatic macro-
phytes. In October 2015, we sampled sediments surrounding

common resident emergent macrophytes (Z. latifolia and
P. australis) from the eastern portion of the lake.

Sampling sites were located approximately 5–10 m from
shore in established, long-term macrophyte beds and featured
intact macrophyte zones with relatively flat substrates at least
30 cm beneath the water surface. To ensure adequate samples
for bacterial community analysis, 12 sediment cores with 30-cm
diameter and 30-cm depth were randomly collected for both
Z. latifolia and P. australis. The root tissue was included within
sampled sediment cores. Rhizosphere sediments were obtained
from the root zone of macrophytes following the protocol of
Herrmann et al. (2009) by shaking off sediment that was loosely
adhering to the roots. For each sampling site, bulk sediments
without any macrophyte roots were collected at least 30 cm
away from vegetated areas. The 0–1 cm subsurface of bulk sedi-
ment cores were considered to represent surface sediments,
while the 9–10 cm depths (which corresponds to the depth of
root zones of the emergent macrophytes) were selected to repre-
sent bulk sediment. The obtained sediment samples were classi-
fied into the following macrophyte-sediment types: rhizosphere
sediment from Z. latifolia (ZL_RS) and P. australis (PA_RS), sur-
face sediment adhering to Z. latifolia (ZL_SS) and P. australis
(PA_SS), and bulk sediment surrounding Z. latifolia (ZL_BS) and
P. australis (PA_BS). In total, 72 sediment samples (12 of each
macrophyte-sediment type) were collected, prepared, and then
stored at −70�C prior to bacterial community analyses.

High-throughput sequencing
Sediments were freeze-dried and 0.25-g subsamples were used

for DNA extraction using a PowerSoil DNA Isolation Kit (MoBio
Laboratories, Solana Beach, CA). Extracted DNA were quantified
using a BioPhotometer (Eppendorf, Hamburg, Germany) and
duplicates were pooled for subsequent PCR amplification and
sequencing. The V4-V5 regions of bacterial 16S rRNA genes were
targeted for PCR amplification and electrophoresis examination.
All PCR products were prepared in triplicate, purified, and used
for library construction according to Illumina’s genomic DNA
library preparation procedure, and sequenced on the Illumina
MiSeq platform (Shanghai BIOZERON). Detailed methods can
be found in Supporting Information.

Raw sequences (files with fastq suffix) downloaded from
MiSeq platform were demultiplexed, quality filtrated, and
assembled in QIIME (version 1.9.1) (Caporaso et al. 2010).
Only reads with (1) single-end length no shorter than 50 bp
when truncated at any site with an average quality score < 20
over a 10-bp moving window; (2) no mismatches of barcodes
or forward and reverse primer, (3) no ambiguous characters
(i.e., N nucleobases); and (4) no pair-end overlapping shorter
than 10 bp for assembling were accepted for downstream ana-
lyses. Samples that failed amplification and had extremely low
efficiency in sequencing were discarded. A total of 5,537,838
reads were obtained and processed with the MiSeq standard
operating procedure of Mothur (version 1.30) (Kozich et al.
2013). Chimera reads were screened out and removed
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(Edgar et al. 2011). Taxonomic classification was assigned
using Ribosomal Database Project Classifier with a bootstrap
cutoff of 80% (Wang et al. 2007) and Chloroplast like (relative
abundance: 0.74%), Archaeal (relative abundance: 0.67%),
and unclassified (relative abundance: 0.03%) reads were dis-
carded. Operational taxonomic units (OTUs) were defined at
the 3% cutoff in Mothur (Schloss 2010) and rare (fewer than
17) OTUs were removed before rarefaction (Bokulich et al.
2013). Detailed methods for sequence processing are described
in the Supporting Information.

Raw sequence data in this study has been deposited at the
National Center for Biotechnology Information website under
BioProject accession number PRJNA438165.

Statistical analysis and network construction
The indices, OTU richness and Faith’s PD, were used to

evaluate α diversity within sediment types. Bray–Curtis and
unweighted UniFrac dissimilarities were calculated to compare
β diversity across sediment types. Bacterial community differences
across sediment types were detected using analysis of similarities
(ANOSIM) and visualized using nonmetric multidimensional
scaling (NMDS). Permutation multivariate statistical analysis
(PERMANOVA) were used to determine the influence of macro-
phytes and sediment types on bacterial community composi-
tion based on both Bray–Curtis and unweighted UniFrac
dissimilarity distance metrics. All analyses were conducted in
the “vegan” package of R version 3.3.1 (Oksanen et al. 2019).
Relative-abundances of major phyla and classes were compared
across sediment types using a nonparametric Kruskal–Wallis
H-test, and post hoc tests were used to determine the differences
within pairwise comparisons (Bonferroni-corrected p < 0.05
using SPSS, version 22.0). Linear discriminant analysis effect size
was used to determine which bacteria genera, based on relative
abundances, contributed most to the differences in community
composition between the different sediment types (Wilcoxon
rank sum test, p < 0.05; LDA scores ≥ 2) (Segata et al. 2011).

Co-occurrence networks for each of the three sediment types
for each plant species were constructed using the SParse InversE
Covariance estimation for Ecological Association and Statistical
Inference, SPIEC-EASI, package in R (Kurtz et al. 2015). Networks
were described by various topological attributes (including num-
ber of nodes, edges, average degree, modularity, clustering coeffi-
cient, average path length, network diameter, and graph density)
and these attributes were compared to 1000 randomly generated
Erd}os-Rényi networks with consistent nodes and edges using
Z-tests. Network structures for rhizosphere, bulk, and surface sed-
iment communities were compared with respect to their topolog-
ical attributes using Student’s t-test. See Supporting Information
for additional description of network analysis.

Results
A total of 3,141,885 high-quality sequences from 69 sam-

ples were retained. Rarefaction curves to approximately

40,000 reads indicated thorough sampling across the entire
bacterial diversity (Supporting Information Fig. S1). These
high-quality reads were clustered into 15,915 OTUs based on
the 97% sequence similarity. The minimum sequence number
was 34,781 and all other samples were rarefied without
replacement to this number to estimate the α and β diversity.

Proteobacteria constituted the majority of bacterial communi-
ties in the sediments, accounting for more than half of overall
bacterial sequences (Fig 1a). Within proteobacterial groups,
Betaproteobacteria was the most abundant, followed by Delta-,
Alpha-, and Gammaproteobacteria. Additionally, Anaerolineae,
Actinobacteria, and several classes of Acidobacteria were also
highly abundant (Fig. 1b). Relative abundances of most phyla
were significantly different across bulk, rhizosphere, and surface
sediment communities associated with both macrophyte species
(Kruskal–Wallis H-test, p < 0.05, Supporting Information Fig. S2).
Alphaproteobacteria, Gammaproteobacteria, Actinobacteria, Bac-
teroidetes, Cyanobacteria, Planctomycetes, and Verrucomicrobia
were relatively more abundant in rhizosphere and surface sedi-
ments, while Deltaproteobacteria, Aminicenantes, and Firmicutes
were more abundant in the bulk sediments (Kruskal–Wallis post
hoc “all pairwise” tests, p < 0.05). Most of these groups were com-
parable with respect to relative abundances between the rhizo-
sphere and surface communities, as well as between the two
macrophyte species (Kruskal–Wallis post hoc “all pairwise”
tests, p > 0.05).

OTU richness and Faith’s PD were lower in bulk sediment
communities compared with rhizosphere and surface sediment
communities (Tukey’s HSD, p < 0.05) (Fig. 2a,b). However, rhi-
zosphere and surface sediment bacterial communities were not
different with respect to richness and diversity. We found that
sediment type significantly influenced bacterial community
composition (PERMAOVA, p < 0.001), while macrophyte species
and macrophyte × sediment interaction did not significantly
affect community composition (Table S1). β diversity based on
both taxonomic and phylogenic dissimilarities exhibited similar
patterns, as visualized in NMDS plots (Fig. 2c,d). There was clear
separation of communities between bulk sediments and rhizo-
sphere and surface sediments, but no appreciable separation
between rhizosphere and surface sediment communities. Also,
there was no obvious difference in clustering of sediment sam-
ples associated with the two macrophyte species. These results
indicate that bacterial community composition in the rhizo-
sphere and surface sediments of the two macrophytes were simi-
lar and significantly different from the bacterial community
composition of the bulk sediments (ANOSIM, p < 0.001;
Table 1).

Many bacterial genera of the rhizosphere and surface sedi-
ment communities were significantly more abundant (Wilcoxon
rank sum test, p < 0.05 and LDA scores > 2) compared with those
of the bulk sediment communities (Supporting Information
Tables S2 and S3, and Fig. S3). Only a few genera, including
mostly the anaerobes Clostridium_III, Desulfovibrio, unclassified
Veillonellaceae, unclassified Syntrophaceae, and unclassified genera
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assigned to Deltaproteobacteria and Firmicutes, were found to be
more abundant in the bulk sediment communities (Supporting
Information Table S3). By contrast, relatively more genera (16 for
ZL_RS, 20 for ZL_SS, 9 for PA_RS, and 13 for PA_SS) were abun-
dant exclusively in the rhizosphere or surface sediment commu-
nities. Nevertheless, of all genera significantly enriched among
any of the sediment types, a large proportion (140 for ZL and
72 for PA) was found in both the rhizosphere and surface
sediment communities (Supporting Information Table S2). These
genera, like unclassified Planctomycetaceae, Xanthomonadaceae,
Rhodocyclaceae, Chitinophagaceae, Desulfobacteraceae, Rhodo-
bacteraceae, as well as Novosphingobium, Steroidobacter, Nitrospira,
Planctomyces, Dechloromonas, and Thiobacillus dominated in both

the rhizosphere and surface sediment communities associated
with emergent macrophytes (Supporting Information Table S3).

All six SPIEC-EASI networks (Supporting Information
Fig. S4) exhibited scale-free (i.e., nonrandom, power law
model) characteristics, as revealed by the distribution of node
degrees in the networks, which were all best fit with a trun-
cated power-law model (Supporting Information Fig. S5), indi-
cating the existence of meaningful, nonrandom associations
in each network (Jordano et al. 2003). Moreover, the networks
suggest that only a few OTUs had many connections to other
OTUs, while most OTUs had few connections.

Modularity, clustering coefficient, average path length, and
network diameter of the observed bacterial networks were

Fig. 1. Bar charts of (a) bacterial phyla and (b) classes in the six macrophyte-sediment types. BS, bulk sediments; PA, Phragmites australis; RS, rhizo-
sphere sediments; SS, surface sediments; ZL, Zizania latifolia. Minor phyla/classes (< 1% RA) includes all phyla/classes that constituted < 1% of the total
relative abundance in all samples. The differences of relative abundances of proteobacterial classes and major phyla between sediment types and macro-
phyte species were examined using non-parametric Kruskal–Wallis H-test with post hoc “All pairwise” tests (Supporting Information Fig. S2).
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Fig. 2. Upper panels: α diversity of the bacterial communities from different macrophyte-sediment types is represented by (a) OTU richness and
(b) Faith’s PD. BS, bulk sediments; PA, Phragmites australis; RS, rhizosphere sediments; SS, surface sediments; ZL, Zizania latifolia. Boxes represent the
upper and lower quartiles, horizontal lines indicate the median, whiskers show 95% range, and points are outliers. Different red letters above each box
indicate significant differences (Tukey’s HSD, p < 0.05). Lower panels: NMDS plots of the (c) taxonomic-based Bray-Curtis and (d) phylogenetic-based
unweighted UniFrac dissimilarities of the bacterial community composition among the macrophyte-sediment types. Two sets of symbols indicate different
communities in bulk (green), rhizosphere (blue), and surface (red) sediments associated with Z. latifolia (solid symbol) and P. australis (crossed symbol),
respectively. Ellipses represent 95% confidence limits for each sediment type, corresponding to the 95% samples in one group. The similarity of bacterial
communities between sediment types and macrophyte species were examined using ANOSIM (Table 1).

Table 1. The results of ANOSIM of pair-wise comparisons of bacterial communities in the six macrophyte-sediment type combinations.

Group1 Group2

Bray–Curtis dissimilarity UniFrac dissimilarity

R value p value R value p value

ZL_BS ZL_RS 0.5341 < 0.001 0.6137 < 0.001
ZL_BS ZL_SS 0.4907 < 0.001 0.6261 < 0.001

ZL_RS ZL_SS 0.0681 0.141 0.0884 0.098

PA_BS PA_RS 0.4638 < 0.001 0.4954 < 0.001
PA_BS PA_SS 0.4148 < 0.001 0.5668 < 0.001

PA_RS PA_SS 0.0548 0.169 0.1093 0.072

ZL_BS PA_BS 0.0085 0.345 −0.0137 0.551

ZL_RS PA_RS 0.1236 0.041 0.0544 0.170

ZL_SS PA_SS 0.0477 0.185 0.0040 0.412

BS, bulk sediments; PA, Phragmites australis; RS, rhizosphere sediments; SS, surface sediments; ZL, Zizania latifolia.
Values in bold indicate significant differences (p < 0.001).
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significantly greater than those of random networks (Table 2),
suggesting the bacterial assemblages in the sediments were
nonrandomly organized (Z-test, p < 0.01). Networks of rhizo-
sphere and surface sediments compared to the bulk sediment
community networks were characterized by more edges (con-
nections), higher average degree (more connections per node
across the entire network), lower average path length, and
smaller network diameter (t-test, p < 0.001), indicating a
smaller but more interconnected structure for rhizosphere and
surface community networks, which suggest more potentially
interactive associations of bacterial communities in the rhizo-
sphere and surface sediments. The higher average path length
and larger network diameter indicated larger networks within
bulk sediment communities. However, bulk sediment commu-
nities were characterized by high modularity, indicating a
higher incidence of subclusters (modules), whereas the
modularity of rhizosphere networks was generally lowest, indi-
cating fewer modules in the rhizosphere networks. In contrast
to most other network and diversity metrics, clustering
coefficients indicated that bacterial co-occurrence in the
rhizosphere may be dependent on macrophyte species. The
clustering coefficient was highest in the Z. latifolia rhizosphere
sediment network and lowest in the P. australis rhizosphere
sediment network, suggesting that OTUs were more likely to
coexist with each other in the Z. latifolia rhizosphere, while
this was not obvious in the P. australis rhizosphere.

More topologically important OTUs (i.e., module hubs and
connectors) were found within the rhizosphere networks than
the other sediment networks (Fig. 3), and included genera such as
Anaerolinea, Bosea, Desulfocapsa, Flavobacterium, Gemmatimonas,
Nocardioides, Novosphingobium, Steroidobacter, and Nitrospira, most
of which are aerobic (see results in Supporting Information
Tables S4 and S5). Several topologically important OTUs within

the two bulk sediment community networks were assigned to
Clostridium, Geobacter, Desulfovibrio, which are anaerobes that
were found to be more abundant in the bulk sediment
communities.

Discussion
In this study, we evaluated the differences in diversity and

composition, as well as co-occurrence patterns for bacterial
communities inhabiting the rhizosphere, bulk, and surface sed-
iments associated with two emergent macrophytes, Z. latifolia
and P. australis in Lake Taihu. There were more Alpha-
proteobacteria, Gammaproteobacteria, and Bacteroidetes, as
well as higher OTU richness and diversity in the rhizosphere
and surface sediment communities compared with the bulk
sediment communities. The most abundant genera were found
within both rhizosphere and surface sediment communities,
while a few, mostly anaerobic genera were significantly more
abundant in the bulk sediment communities.

We also demonstrated the utility of network analyses in visu-
alizing the structural similarities and differences in the various
bacterial assemblages. The divergence in bacterial community
diversities and compositions between bulk and rhizosphere sedi-
ments was significant, whereas it was negligible between the
surface and rhizosphere sediments. We observed marked differ-
ences between the co-occurrence networks of bacterial commu-
nities of the three sediment types. Within the networks of
rhizosphere and surface sediment communities, there were a
greater number of topologically important nodes and a higher
degree of connectivity, demonstrating a more cohesive, inter-
connected community organization in rhizosphere, and surface
sediment networks compared to bulk sediment community net-
works. Our observations of distinct patterns of diversity and

Table 2. Topological attributes of the co-occurrence networks of bacterial communities in different macrophyte-sediment types.

No. of
Nodes

No. of
Edges

Average
degree†

No. of
Modules Modularity‡

Clustering
coefficient§

Average
path length||

Network
diameter¶

Graph
density#

ZL_BS 829 3348 8.077 6 0.5806***,b 0.1297***,a 4.1488***,c 5.6603b 0.0098

ZL_RS 1005 4442 8.840 7 0.5229***,a 0.1317***,b 4.0317***,b 5.3035***,a 0.0088

ZL_SS 1016 4501 8.860 7 0.5385***,a 0.1268***,a 3.9975***,a 5.1810***,a 0.0087

PA_BS 976 3748 7.680 8 0.5894***,c 0.1315***,b 4.3366***,c 5.9284b 0.0079

PA_RS 1001 4480 8.951 6 0.5201***,a 0.1306***,a 4.0331***,b 5.7782a 0.0090

PA_SS 1020 4614 9.047 6 0.5498***,b 0.1316***,b 4.0081***,a 5.3546**,a 0.0089

BS, bulk sediments; PA, Phragmites australis; RS, rhizosphere sediments; SS, surface sediments; ZL, Zizania latifolia.
* indicates significant differences (***p < 0.001; **p < 0.01) between empirical networks and random networks (1000 replicates) using Z-test. Different
letters (a, b, c) indicate significant differences (p < 0.001) between bulk, rhizosphere, and surface sediment community networks using Student’s t-test.
†Average degree is the mean number of connected edges per node calculated by dividing the nodes number by edges number and multiply by 2.
‡Modularity is designed to measure the strength of the network division according to clustering features which herein was calculated using fast-greedy algorithm.
§Clustering coefficient denotes to the mean ratio of node connectivity to the maximum connectivity among the connected nodes. This attribute describes
the local feature of the empirical network.
||Average path length is the mean pairwise shortest path length among all the nodes. This attribute describes the global feature of the empirical network.
¶Network diameter describes the longest path length for the whole network.
#Graph density denotes to the ratio of the number of nodes and the number of possible edges.
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composition between bulk compared with rhizosphere and sur-
face sediment communities associated with both macrophytes
are consistent with previous findings of rhizosphere

communities associated with the terrestrial plants (Philippot
et al. 2013; Mendes et al. 2014; Zhang et al. 2017).

Recently, several studies have highlighted the distinction
between the bulk and rhizosphere sediment communities asso-
ciated with rooted macrophytes, including the freshwater mac-
rophyte Phragmites (Borruso et al. 2014; Behera et al. 2017) and
marine seagrasses (Cúcio et al. 2016; Hurtado-McCormick et al.
2019). Consistent with their findings, our study revealed that
the different rhizosphere-associated sediment communities of
Z. latifolia and P. australis were more diverse than bulk sedi-
ment communities, possibly due to the pronounced “rhizo-
sphere effects,” which have been identified in terrestrial
rhizosphere microbiomes (Berg and Smalla 2009; Philippot
et al. 2013). It has been found that during plant growth, the
properties of the soils in close vicinity to plant roots (i.e., the
rhizosphere) are modified by a range of processes (Philippot
et al. 2013), especially oxygenation (Dacey 1980), which in
turn affect the rhizosphere microbiota. The two emergent
macrophytes Z. latifolia and P. australis in this study possess
the ability of diffusing oxygen and primary and secondary
metabolites into rhizosphere (Herrmann et al. 2009; Toyama
et al. 2011). Thus, the bacterial communities in the rhizo-
sphere sediments would be reflective of the root-modified
environment. For example, Toyama et al. (2011) found that
P. australis can release up to 70 mg of dissolved organic carbon
g−1(root wet weight) day

−1, which represents a large carbon source
for rhizosphere bacteria compared to the bulk sediment bacte-
ria. Yun et al. (2008) demonstrated that the oxygen released
from P. australis roots resulted in more respiratory intensity in
the rhizosphere than in the bulk sediments, indicating a more
enhanced microbial activity in the rhizosphere than the bulk.
Our results support the findings of previous studies, such as
Zhao et al. (2015), which showed that growth of Aocrus calamus
significantly increased the microbial diversity in rhizosphere
sediments. Hong et al. (2015) and Alzubaidy et al. (2016)
observed that various diversity indices of bacterial communities
were higher in the rhizosphere sediments of marine coastal
plants compared with communities in the bulk sediments.
Similarly, like our findings, several studies have demonstrated
that the surface sediments of Lake Taihu possessed more abun-
dant and diverse bacterial communities than the subsurface
(i.e., bulk) sediments (Ye et al. 2009; Zeng et al. 2009).

Our study not only corroborates these earlier studies but
also shows for the first time that the bacterial communities in
surface sediments surrounding emergent macrophytes are sim-
ilar to the rhizosphere sediment community. We suspect that
the similarity between rhizosphere and surface sediments
reflects a similar oxygen environment.

In the present study, the rhizosphere sediment communities
consisted of more abundant OTUs assigned to Alphaproteo-
bacteria, Gammaproteobacteria, Actinobacteria, and Bacte-
roidetes. These groups are dominant and ubiquitous in the
rhizospheres of several terrestrial plants, such as maize (Peiffer

Fig. 3. Topological roles of nodes identified by among-module connectivity
and within-module connectivity values for the co-occurrence networks of bulk
(green), rhizosphere (blue), and surface (red) sediment communities associated
with (a) Z. latifolia and (b) P. australis. The thresholds of among-module con-
nectivity (0.62) and within-module connectivity (2.5) divide the plots into four
quadrants, each of which correspond to specific categories as nodes topologi-
cal roles. I: Module hub is the node that is frequently intraconnecting with
other nodes within same modules. II: Network hub is the node with high
degree that acts as the central node of the whole network. III: Connector is
the node belonging to one module that interconnects with nodes from differ-
ent modules. IV: Peripherals are the common nodes not belong to any of
above three classes. Topologically important nodes within each network are
summarized for their amount percentages in the quadrants, as well as their
numbers and taxonomic information in the Supporting Information Tables S4
and S5. BS, bulk sediments; RS, rhizosphere sediments; SS, surface sediments
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et al. 2013), rice (Edwards et al. 2015), and barley (Bulgarelli
et al. 2015), and they have been well studied for their
interactions with plants in the rhizosphere (Lu et al. 2006).
Alphaproteobacteria and Gammaproteobacteria are generally
considered to be r-strategy organisms (Philippot et al. 2013),
capable of utilizing a broad range of root-derived carbon sub-
strates (Lauber et al. 2009; Philippot et al. 2013), which may
explain, in part, their high abundances in the rhizosphere sedi-
ments. The higher relative abundances of Actinobacteria in the
rhizosphere could provide benefit to the plants, as species in this
group are known to produce a wide variety of antibiotics
which could contribute to pathogen resistance (Bérdy 2005; Bull
et al. 2005). The higher abundances of Bacteroidetes in the
rhizosphere sediments may reflect their important roles in
decomposing high molecular weight organic matter (Kirchman
2002), such as cellulose and chitin (Fenchel et al. 2012).

At lower taxonomic levels, differences in the abundances of
genera between the bulk and rhizosphere and surface sediment
communities relate to the regulation of oxygen. Genera such as
Clostridium and Desulfovibrio, containing anaerobic species, were
significantly more abundant in the bulk sediment communities.
Clostridium are obligate anaerobes and possess strictly anaerobic
fermentative metabolism (Andreesen et al. 1973), as observed in
the anaerobic habitat of rice fields in the study of Hernández
et al. (2015). Desulfovibrio, a member of the sulfate reducers,
found to be abundant in sediments adjacent to roots of salt
marsh and sea grasses (Hines et al. 1999; Cúcio et al. 2016), as
well as extreme oligotrophic habitats such as deep aquatic sedi-
ments (Madigan et al. 1997) were more enriched in the bulk sed-
iments. Other potentially obligate anaerobes in the families
Veillonellaceae, belonging to the phylum Firmicutes, which is
common in aquatic environments, and the Syntrophaceae,
belonging to the class Deltaproteobacteria, and is important in
the sulfur cycle in wetlands (Guo et al. 2015), also were found in
higher abundances in the bulk sediments associated with
Z. latifolia. These results support the hypothesis that oxygen
availability is a major determinant of community composition
in freshwater sediment bacterial communities.

The coexistence among microbial organisms revealed by co-
occurrence networks comprise an important dimension of
community organization not captured by univariate diversity
metrics (Zhou et al. 2011). Our analyses indicated a signifi-
cantly greater neighbor interconnection, and thus potentially
extensive mutualistic associations within the rhizosphere and
surface sediment communities. Similar patterns in network
structures have been described between rhizosphere and bulk
communities in the terrestrial grass Avena fatua (Shi et al.
2016). Furthermore, the topological attributes of networks
revealed an increased complexity of co-occurrence patterns,
corresponding to the higher α diversity of the rhizosphere sedi-
ment communities relative to that within the bulk sediment
communities. These results distinguish macrophyte-related rhi-
zosphere bacterial assemblages from terrestrial rhizosphere
assemblages (Shi et al. 2016; Fan et al. 2017). Co-association

networks of the soybean and wheat rhizospheres are generally
less complex than those of bulk networks (Mendes et al. 2014;
Fan et al. 2017), suggesting that terrestrial rhizosphere sediment
microbial communities are subsets of the bulk sediment micro-
bial reservoir (Faust and Raes 2012). However, terrestrial studies
have documented lower α diversity for rhizosphere microbial
communities, our freshwater rhizosphere sediments had higher
microbial diversity. Nevertheless, direct comparisons between
terrestrial and aquatic systems are difficult to make. We postu-
late that niche filtration (Ma et al. 2016), based on oxygen and
carbon availabilities, promoted the higher richness and diver-
sity of bacterial assemblages in the rhizosphere and surface
sediments and therefore induced a higher probability of co-
occurrence. Bacteria in bulk sediments must deal with anoxic
and oligotrophic conditions; thus, bacterial assemblages present
co-occurrence patterns having fewer connections in these set-
tings. Bacterial community adaptation to oxygen- and nutrient-
enriched rhizosphere and surface sediments and concomitant
structural changes in community richness and diversity lend
credence to the Baas-Becking hypothesis “everything is every-
where, but the environment selects” (De Wit and Bouvier
2006), as we would assume that deeper coverage in our systems
would eventually reveal that rhizosphere, surface, and bulk sed-
iment bacteria are all subsets of the greater lake sediment bacte-
rial assemblage (sensu Gibbons et al. 2013).

Conclusion
We compared the diversity, community composition, and

co-occurrence patterns of bacterial communities in bulk, rhizo-
sphere, and surface sediments associated with two emergent
macrophytes, Z. latifolia and P. australis in a shallow subtropical
lake. Community richness and diversity were significantly
lower in bulk sediments than in the rhizosphere and surface
sediments, whereas no differences were found between the
rhizosphere and surface communities or between the two
emergent macrophytes. Rhizosphere and surface sediment
communities had higher abundances of Alphaproteobacteria,
Gammaproteobacteria, and Bacteroidetes. Bulk sediment com-
munities, on the other hand, contained predominantly anaero-
bic bacteria. Co-occurrence networks of rhizosphere and surface
sediment communities possessed more nodes (OTUs) and edges
(connections) having a higher average degree, and more nodes
serving in important topological roles, such as module hubs
and connectors, all indicative of highly interconnected taxa.
Our study characterized the previously unexplored characteris-
tics of bacterial communities and networks in the sediments
associated with emergent macrophytes. Traditional community
analysis coupled with network analysis revealed that anoxic
bulk sediment communities had lower diversity and richness,
but were organized into larger, less interconnected community
networks. By contrast, oxygenated surface and rhizosphere sedi-
ment communities were more diverse and organized into
smaller, but more interconnected community networks.
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