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Abstract
Free-living (FL) and particle-attached (PA) bacterial communities play critical roles in nutrient cycles, metabolite production, and
as a food source in aquatic systems, and while their community composition, diversity, and functions have been well studied, we
know little about their community interactions, co-occurrence patterns, and niche occupancy. In the present study, 13 sites in
Taihu Lake were selected to study the differences of co-occurrence patterns and niches occupied between the FL and PA bacterial
communities using correlation-based network analysis. The results show that both FL and PA bacterial community networks
were non-random and significant differences of the network indexes (average path length, clustering coefficient, modularity)
were found between the two groups. Furthermore, the PA bacterial community network consisted of more correlations between
fewer OTUs, as well as higher average degree, making it more complex. The results of observed (O) to random (R) ratios of intra-
or inter-phyla connections indicate more relationships such as cross-feeding, syntrophic, mutualistic, or competitive relationships
in the PA bacterial community network. We also found that four OTUs (OTU00074, OTU00755, OTU00079, and OTU00454),
which all had important influences on the nutrients cyclings, played different roles in the two networks as connectors or module
hubs. Analysis of the relationships between the module eigengenes and environmental variables demonstrated that bacterial
groups of the two networks favored quite different environmental conditions. These findings further confirmed the different
ecological functions and niches occupied by the FL and PA bacterial communities in the aquatic ecosystem.
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Introduction

Aquatic bacteria communities are thought to be composed of
two distinctly separate groups, those which are free-living and

the partical-attached consortia. Particle-attached (PA) bacteria
are able to colonize nearly all types of particulate organic
matter [1] and play a crucial role in mediating nutrient cycling
in aquatic ecosystems [2–4], representing nutrient-rich
Bhotspots^ of microbial activity even in oligotrophic environ-
ments [2, 5, 6]. For decades, differences in biomass, produc-
tion, activity, community composition, and function between
free-living (FL) and PA bacteria have been investigated in
marine ecosystems [7, 8], deep-lake environments [9–11], tur-
bid estuarine ecosystems [12, 13], shallow lagoons [14], and
freshwater mesocosms [15]. Generally, PA bacteria are con-
sidered to be larger in size, centralized in biomass, and higher
in metabolic activity than FL bacteria [2, 16–18]. Ortega-
Retuerta et al. (2013) reported that composition and structure
of the two bacterial groups were different in the open sea but
similar in coastal seas and rivers [19]. However, studies on the
diversity of the two bacterial assemblages in aquatic systems
diverge with different trophic status. Compared to FL bacteria,
the diversity of PA bacteria is higher in mesotrophic and
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eutrophic lakes [10, 11, 20], whereas PA bacterial diversity
has been shown to be lower in oligotrophic marine systems
[21–23]. In our previous study of Taihu Lake, a higher α
diversity of PA bacterial community was detected in compar-
ison to FL bacterial community. The primary factor driving
the community assembly of FL bacteria appeared to be deter-
ministic, whereas regulation of the PA bacterial community
assembly (composition) was unknown [24]. Such differences
between the two bacterial fractions indicate that PA and FL
bacteria could be regarded as independent components of the
whole pelagic bacterial assemblage with different species-
specific interactions. To date, the possible interactions among
phylogenetic groups, as well as the ecological niches occupied
by specific groups in the FL and PA bacterial community
networks, are still poorly understood. However, co-
occurrence relationships among phylogenetic groups in the
two bacterial communities may provide valuable insight into
the ecological interactions of the FL and PA bacterial commu-
nities [25].

High-throughput DNA sequencing technologies have con-
tributed to rapid developments in the research of complex
bacterial communities [26]. Many studies have focused on
the composition, structure, and diversity of bacterial commu-
nities, but there has been much less attention on the direct or
indirect interactions between microbial taxa coexisting in the
environmental samples [27]. Analysis of potential interactions
between microbial taxa (i.e., co-occurrence patterns) in com-
plicated and different microbial communities can aid in the
exploration of the potential functions or environmental niches
occupied by microbes [28, 29]. Ecological interactions be-
tween species (e.g., predation, competition, and mutualism)
can be viewed as complex networks [30], which can be ex-
plored using network analysis tools and network thinking [31]
in applications similar to those used in other fields of biology
[32, 33], sociology [34], and computer science [35]. In fact,
network analysis has been applied recently in the exploration
of co-occurrence patterns of microbial communities in soil
[27, 36], freshwater [37], and activated sludge [38]. Zhou
et al. [36] reported that the structures of the microbial net-
works under ambient and elevated CO2 levels were distinct.
Ju et al. [38] found that bacterial communities in activated
sludge were formed non-randomly by taxonomic relatedness,
and co-occurrence patterns were significantly higher than
those expected by chance. More recently, Zhao et al. [37]
documented that Cyanobacteria influence on the bacterial
community networks is seasonally dependent.

In the present study, we hypothesized that the networks of
PA and FL bacterial communities differ, and that this differ-
ence can be ascribed to differences in habitats and community
responses to environmental factors [24]. We used 454 pyrose-
quencing of the 16S rRNA gene to explore the FL and PA
bacterial communities in Taihu Lake. Thirteen sampling sites
in the lake and associated rivers were chosen to explore the co-

occurrence patterns in FL and PA bacterial communities via
network analysis. The following three questions were ad-
dressed: (1) Are the co-occurrence patterns in PA bacterial
community network distinct from that in the FL bacterial com-
munity network? (2) Do individual nodes in the FL and PA
bacterial community network play different topological roles?
(3) Do the environmental factors have different but important
impacts on modules in FL and PA bacterial community
networks?

Materials and Methods

Sampling Sites and DNA Sequencing

Thirteen sites in Taihu Lake and associated rivers were select-
ed. More details about the sampling sites, collection of the
bacterial biomass, measurement of the environmental param-
eters, DNA extraction, PCR amplification, pyrosequencing,
sequence processing, and nucleotide sequence accession num-
bers can be found in our previous study [24]. Briefly, we
collected water and filter 200 mL sampled water through a
5-μm pore-size polycarbonate filter and a 0.22-μm pore-size
polycarbonate membrane filter successively to collect FL and
PA bacterial biomass. DNAwas extracted for PCR amplifica-
tion and pyrosequencing. The sequence data were submitted
to the Sequence Read Archive database (http://www.ncbi.nlm.
nih.gov/sra) of the National Center for Biotechnology
Information under accession number SRP091707. The water
characteristics of each sample were also presented in our
previous study [24, Table S1].

Network Construction and Characterization

From each site, an FL and a PA bacterial group were collected.
The operational taxonomic units (OTUs) that occurred in at
least 8 samples of FL or PA group were selected to construct
the network to enhance the networks’ reliability. The relative
proportions of sequence numbers helped with correlation
analysis due to the different sequence numbers of individual
OTUs acquired in each sample [36]. The correlation matrix
was constructed with the relative abundances of the OTUs of
each sample in each group. The BHmisc^ package in R [39]
was used to calculate the correlation matrix (R value) and the
significance matrix (P value) by counting all the possible
pairwise Spearman’s rank correlations among all selected
OTUs of each group. Here, we only selected strong correla-
tions (i.e., those with statistically significant, P ≤ 0.01,
Spearman’s correlation coefficient > 0.85 (or < − 0.85)) to
complete the network analysis [28, 40]. Various testing issues
were considered, and the possibility of obtaining false results
was excluded using the Bqvalue^ package in R by calculating
the Q-value, which represents the fraction of false positives or
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false negatives if a given pair is identified to be significant (Q-
values < 0.05) [28]. The correlation matrix obtained above
was then imported into Cytoscape datasets in R, and topolog-
ical networks were generated and visualized in Cytoscape
v2.8.2 [41]. Other important information including nodes
(OTUs), edges (interactions), modules, weights, and positive
or negative correlations were also imported into Cytoscape.

The network we obtained fell into modules by the fast
greedy modularity optimization [42]. The architectures of
the bacterial community networks were described by modu-
larity, clustering coefficient, average path length, network di-
ameter, average degree, and graph density using the Bigraph^
package of R [43], which was also used for constructing ran-
dom networks for comparison. Indices of each generated ran-
dom network represent the averages and standard deviations
of 1000 random networks. Z-tests were used to assess the
significant differences between the observed and random net-
works for each group; Student’s t test was used to assess the
differences in modularity, clustering coefficient, and average
path length between FL and PA bacterial community
networks.

The Calculation of O/R Ratios between the Intra-
or Inter-Phyla Interactions

The observed (O) and random (R) incidences of the co-
occurrence and co-exclusion interactions among phylogenetic
groups were verified statistically using an R script. The as-
sembly patterns of complicated microbial communities can be
tested to be non-random by results of the O/R ratio [44]. In our
study, the methods of calculating the observed (O) and the
mean value of random (R) co-occurring/co-exclusion inci-
dence and their significance were carried out according to
Zhao et al. [37].

Distribution of Connectivity of Individual OTUs

The topological roles of individual OTUs can be decided by
two indices called Z value and P value. Zi is the connectivity
of node i within-module, while Pi is the connectivity of node i
amongmodules [45]. The nodes in a network could be divided
into the following four subcategories according to their Z
values and P values: (i) peripheral nodes (Zi ≤ 2.5, Pi ≤ 0.62),
(ii) connectors (Zi ≤ 2.5, Pi > 0.62), (iii) module hubs (Zi > 2.5,
Pi ≤ 0.62), and (iv) network hubs (Zi > 2.5, Pi > 0.62) [36].

Relationships between Modules and Environmental
Factors

Environmental factors were included into the networks to pro-
vide insight into their potential influence on the distribution of
nodes. To enhance the reliability of the network, only signif-
icant correlations (P < 0.05, Q-value < 0.05) were considered.

Additionally, eigengene network analysis [46] was employed
to study the relationships between modules and environmental
factors and to simplify the visualization of the relationships.
To complete eigengene network analysis, two steps were con-
ducted: (1) all nodes in module i were selected, and the
BWGCNA^ packages in R were used to calculate their
eigengene values [47]; (2) the relationships between each
eigengene and environmental factors were calculated using
Spearman’s rank correlations.

Results and Discussion

Network Structure of FL and PA Bacterial
Communities

Networks of PA and FL bacterial communities were construct-
ed to reveal the ecological interactions among species in bac-
terial communities. An ecological network can reflect various
biological interactions including predation, competition, and
mutualisms [36], with species (nodes) connected by pairwise
interactions (edges). In this study, identical thresholds were
employed to construct the two networks. Our results showed
that there were 352 nodes and 723 edges (average degree of
4.11) and 281 nodes and 988 edges (average degree of 7.03) in
the networks of FL and PA bacterial communities, respective-
ly (Table 1). Various indices, including modularity, clustering
coefficient, average path length, network diameter, average
degree, and graph density, were all significantly higher
(P < 0.001) than those of their random networks assessed by
Z-tests (Table 1). Furthermore, the network indices (average
path length, average clustering coefficient, and modularity)
significantly differed between the FL and PA groups as deter-
mined by Student’s t test (P < 0.001). The degrees of distribu-
tion in the two resulting networks were compared with the
following three models: (1) power law (scale free), (2) trun-
cated power law (broad scale), and (3) exponential distribu-
tions (i.e., faster-decaying functions). The truncated power
law model was the best one to describe our networks, with
coefficients of 0.987 and 0.980 for FL and PA groups, respec-
tively (Fig. S1). In an analysis of seed dispersal-animal inter-
actions (N = 16), pollination-animal interactions (N = 29),
seed dispersal-plant interactions (N = 16), pollination-plant in-
teractions (N = 29), Jordano et al. [48] found truncated power
law was the best fit for 12 seed dispersal-animal interactions,
13 pollination-animal interactions, 13 seed dispersal-animal
interactions, and 21 pollination-plant interactions. Our results
are consistent with these mutualistic ecological networks, sug-
gesting that most species in the two bacterial groups had only
few connections while only a few species had many
connections.

Table 1 shows that both of the two obtained networks show
Bsmall-world^ properties [49], and nodes were highly
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interconnected more than would be expected by chance.
Furthermore, high-modularity values (0.761 for FL and
0.460 for PA) of the two bacterial community networks sug-
gested that a modular structure existed in both bacterial groups
[44]. The PA network had more edges, but fewer nodes than
that of the FL bacterial group, and the average degree of PA
was nearly twice as high as that of FL (4.11 for FL and 7.03
for PA, Table 1), indicating that there are more connections
among the species in the PA network.

The majority of the nodes in these two networks belonged
to six dominant phyla/subphyla (percentage of nodes ≥ 5%).
Among them,Cyanobacteriawere the most dominant phylum
in the FL network, whereas Betaproteobacteria was the most
dominant phylum in the network of PA (Fig. S2). The relative
proportion of Cyanobacteria in the PA network was signifi-
cantly less than that of the FL bacterial community network
(P < 0.01), whereas that of Alphaproteobacteria was higher
(Fig. S2). These results revealed the differences in composi-
tion and structure between the FL and PA bacterial community
networks. Most of the OTUs affiliated with Cyanobacteria in
the two networks could be assigned to the cladeGpIIa (84.0%
forCyanobacteria of the FL bacterial community network and
82.7% for Cyanobacteria of the PA bacterial community net-
work).GpIIa was found to be abundant in the surface layer of
the ocean [50], and they were also found in a eutrophic fresh-
water lake with much lower abundance [51]. We found 63
nodes in the FL bacterial community network assigned to
GpIIa, whereas the PA bacterial community network only
had 43 nodes affiliated with GpIIa. GpIIa probably main-
tained important influences on the differences between the
two networks. Further studies are needed to investigate the
roles of GpIIa in both of the networks.

Co-Occurrence Patterns of FL and PA Bacterial
Communities

The high modularity of the two bacterial community networks
(Table 1) indicates a modular structure. To further explore the
co-occurrence patterns of FL and PA bacterial community
networks, the species-species (OTU-OTU) association net-
works were divided by modules. Most OTUs (nodes) within
the same modules usually had relatively stronger positive re-
lationships with each other. As shown in Fig. S3, the species-
species association networks divided by modules were obvi-
ously different between FL (Fig. S3A) and PA (Fig. S3B)
bacterial communities. The PA bacterial community network
had more correlations (edges) and higher average degree
(Table 1) than those of the FL network, meaning that the PA
network was more complex than the FL network. As such, we
would hypothesize that there were more relationships like
symbiosis or competition among species in the PA bacterial
community than those of the FL bacterial community.
Furthermore, modularity is also expected to be an essentialTa
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ingredient of network complexity [52]. Modularity can reflect
diverse selections of habitats and clustering of those closely
connected species [53]. Here, high-modularity values were
observed in both FL and PA bacterial community networks,
but the modularity of PA bacterial community network was
significantly lower than that of the FL bacterial community
network (Table 1, P < 0.001). The result suggested that the FL
bacterial community network has more complex correlations
within modules, whereas the PA bacterial community network
has more complex correlations among modules. Mougi and
Kondoh [54] considered that increasing complexity of a com-
munity with mixed interaction types results in increased sta-
bility. This would indicate that the PA bacterial community
might exhibit higher stability than the FL bacteria in response
to the changing environment. The results might be attributed
to the great amounts of nutrients on particle surfaces and the
fact that nutrients and/or the substratum create more suitable
microhabitats for the PA bacterial community and their asso-
ciated biogeochemical processes [14, 16]. On the contrary,
nutrients were relatively scant in the lake water compared to
the particles and the FL bacterial species might be predicted to
occupy similar ecological niche and exhibit competitive or
antagonistic interactions [37].

Actinobacteria, Betaproteobacteria, and Cyanobacteria
were predominant in most of the modules of both networks
(Fig. S3). The results indicate that these bacterial groups could
adapt to both ecological and nutrient conditions, and this ad-
aptation correlates with the high proportion of OTUs belong-
ing to these phyla in the two different networks (Fig. S2).
Zhou et al. [36] reported that Actinobacteria play important
roles in decomposing organic materials and producing sec-
ondary metabolites with very diverse physiological roles.
Actinobacteria are also considered to be the most persistent
lineage of freshwater lake bacteria [55]. Betaproteobacteria
are prevalent in freshwater ecosystems and may form high
abundances in lakes with different trophic status [56, 57].
Additionally, Cyanobacteria are commonly abundant in eu-
trophic freshwater lakes like Taihu Lake [58, 59].

Table 2 shows the intra- and inter-phylum co-occurrence/
co-exclusion pattern in FL and PA bacterial community net-
works. An O/R ratio > 1 means that the observed co-occur-
rence/co-exclusion of two phyla/subphyla was higher to occur
than what would be expected by chance. In Table 2, more of
the intra- or inter-phyla/subphyla O/R values were significant-
ly > 1 in the PA bacterial community network than those of the
FL bacterial community network, indicating more co-
occurrence or co-exclusion patterns in the PA bacterial com-
munity network. Co-occurrence patterns can reflect generally
favored circumstances or cooperative behaviors, such as
cross-feeding, syntrophic relationships, and mutualistic inter-
actions [60], whereas co-exclusion patterns indicate some re-
lationships like predation or competition. For intra-phylum
interactions, significant co-occurrence patterns (O/R = 2.83,

P < 0.05) were observed among Alphaproteobacteria in the
PA network, while significant co-exclusion patterns (O/R >
1, P < 0.05) were observed among Bacteroidetes in both net-
works. Alphaproteobacteria are considered as the ancestral
group for mitochondria [61] and therefore has a special role
in evolution [62]. In the present study, we interpret the co-
occurrence patterns among Alphaproteobacteria in the PA
network, as indicating cooperative interactions among
Alphaproteobacteria associated with the particles. By con-
trast, the co-exclusion patterns are observed in both net-
works among Bacteroidetes. Bacteroidetes favored in the
environmental conditions characterized by high concentra-
tions of dissolved organic carbon (DOC) or alga-derived
DOC inputs [63, 64], suggesting that Bacteroidetes need
more nutrient to survive in aquatic ecosystems, and they
might compete with each other for more resources.
Moreover, Epsilonproteobacteria showed significant and
strong co-occurrence relationships (O/R > 3, P < 0.05) with
many phyla/subphyla (Bacteroidetes, Betaproteobacteria,
Cyanobacteria, and Firmicutes) in the PA bacterial com-
munity network. However, the Epsilonproteobacteria in
the FL bacterial community network only showed robust
co-occurrence patterns (O/R = 55.56, P < 0.05) with mem-
bers of TM. Epsilonproteobacteria have been found in
many natural habitats, some of which were considered as
extreme environments like caves [65], sulfurous springs
[66], groundwater associated with oil [67], marine water
and muds [68, 69], and deep-sea hydrothermal vent [70,
71]. These results confirmed that this bacterial group has
very diverse physiology and can cooperate with other bacte-
rial groups to occupy different ecological niches. This could
explain the significant and strong co-occurrence relation-
ships (O/R > 3, P < 0.05) between Epsilonproteobacteria
andother phyla.Members of theEpsilonproteobacteriahave
also been suggested to be strongly involved in the cycling of
carbon, nitrogen, and sulfur compounds in sulfidic habitats at
oxic-anoxic interfaces [72]. Additionally, Lopez-Garcia
et al. [73] suggested that Epsilonproteobacteria in deep
sea could maximize overall ecosystem function and then
adapt to variational geochemical conditions and metabolic
versatility. This capacity helps Epsilonproteobacteria col-
onize new substrates and habitats for high biomass and
growth rates [74, 75]. Therefore, Epsilonproteobacteria,
as primary colonizers and producers, have vital roles in
symbiotic associations [72].

Topology of Individual Nodes in FL and PA Bacterial
Community Network Interactions

Different species (OTUs) were considered to play different
topological roles in the network [45]. The topological roles
of the OTUs identified in the two groups are shown in Fig. 1,
and more information about connectors and module hubs was
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shown in Table 3. Most (98.9% for FL and 96.4% for PA) of
the OTUs were peripherals with most of their links inside their
modules. Of the peripheral OTUs in FL and in PA networks,
76.4 and 65.7%, respectively, had no links at all with other
modules (i.e., Pi = 0). Two nodes (OTUs) were module hubs,
and two nodes (OTUs) were connectors in the FL bacterial
community network (Fig. 1). There were ten connectors but
no module hubs in the PA bacterial community network
(Fig. 1). However, there were no network hubs observed in
both networks. Two module hubs of the FL network belonged
to Cyanobacteria and Betaproteobacteria, and the two con-
nectors of FL network were assigned to Bacteroidetes and
Planctomycetes (Table 3). Moreover, the two module hubs
and two connectors in the FL bacterial community came from
four different modules (F3, F4, F5, F7). For the PA bacterial
community network, the connectors were classified as the
Bac tero ide t es , Cyanobac te r ia , Ac t inobac ter ia ,
Alphaproteobacteria, Betaproteobacteria, and Firmicutes
from four different modules (P1, P2, P4, P5).

Table 2 Ratios of observed co-occurrence (positive)/co-exclusion
(negative) incidence (O) and the random mean co-occurrence/co-
exclusion incidence (R) representing the incidence of significant and

strong (P < 0.01, Q-value < 0.05; r > 0.85) intra-taxon and inter-taxa
interactions between bacterial species

Node1 Nodes2 FL bacterial community network PA bacterial community network

Co-occurrence Co-exclusion Co-occurrence Co-exclusion

Intra-taxon Interaction Actinobacteria Actinobacteria 0.87 0.67 0.56** 0.38*

Alphaproteobacteria Alphaproteobacteria 0.41* 0.00 2.83* 0.44

Bacteroidetes Bacteroidetes 0.86 1.91* 0.64* 1.86*

Betaproteobacteria Betaproteobacteria 1.27 1.02 1.13 0.44*

Inter-taxon Interaction Actinobacteria Bacteroidetes 0.73* 0.62* 0.85 0.87

Alphaproteobacteria Bacteroidetes 0.85 0.24* 1.03 1.04

Actinobacteria Betaproteobacteria 0.70* 0.90 0.96 0.90

Bacteroidetes Cyanobacteria 1.23 0.92 1.09 1.68**

Bacteroidetes Epsilonproteobacteria 0.00 0.00 4.30* 1.80

Betaproteobacteria Epsilonproteobacteria 1.48 2.40 5.03** 0.00

Cyanobacteria Epsilonproteobacteria 2.42 0.00 5.45*** 0.00

Epsilonproteobacteria Firmicutes 0.00 – 20.00* 0.00

Betaproteobacteria Gammaproteobacteria 0.71 2.42 1.47 3.28**

Bacteroidetes Planctomycetes 0.84 0.81 1.33 0.30*

Actinobacteria Proteobacteria_unclassified 0.96 2.42 0.25* 0.00

Betaproteobacteria Proteobacteria_unclassified 0.00 0.00 0.21** 0.00

Epsilonproteobacteria TM 55.56* – 0.00 –

Fusobacteria TM – – 20.41* –

Alphaproteobacteria Unclassified 1.12 3.59* 0.97 0.26*

Planctomycetes Unclassified 0.00 0.00 0.34* 0.78

Cyanobacteria Verrucomicrobia 1.29 1.16 2.04* 0.00

The observed co-occurrence/co-exclusion incidence (O) of two taxa was calculated as the relative percentage of the number of observed positive/
negative edges between them in the total positive/negative edges of the network, whereas the random mean co-occurrence/co-exclusion incidence (R)
was calculated by constructing 1000 random networks. The italicized numbers indicate significant differences between the observed co-occurring
incidence and the random mean co-occurring incidence

*P < 0.05; **P < 0.01; ***P < 0.001

Fig. 1 Z-P plot showing the distribution of OTUs based on their
topological roles. Each symbol represents an OTU in FL (red) or PA
(blue) bacterial communities. The topological role of each OTU was
determined according to the scatter plot of within-module connectivity
(Zi) and among-module connectivity (Pi). The module hubs and
connectors are numbered and more information is shown in Table 3
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The effects of species extinctions on network depend on
species roles. Both module hubs and connectors play different
topological roles in the ecological network. Generally, an ex-
tinction of a module hub may lead its module to be divided
into fragments with no or few indirect influences on other
modules, whereas the extinction of connectors may lead the
disassembly of the entire network into isolated modules with-
out major influences on the inner structure of individual mod-
ules [52]. Our results indicated different topological roles of
individual nodes in FL and PA bacterial community network
interactions. As shown in Table 3, OTU00074 and OTU00755
were both assigned to the genus GpIIa belonging to the
Cyanobacteria but playing different topological roles as mod-
ule hub and connector in FL and PA bacterial community
networks, respectively. Cyanobacteria in freshwater lakes
are generally the main constituents of blooms during summer.
Some genera of Cyanobacteria including GpIIa can fix atmo-
spheric nitrogen [76, 77]. Moreover, OTU00079 belonged to
the familyComamonadaceae and OTU00454 was assigned to
the genus Limnohabitans (family Comamonadaceae, phylum
Betaproteobacteria). Although OTU00079 and OTU00454
were both classif ied as belonging to the family
Comamonadaceae, OTU00079 played an important role as
a module hub in the FL bacterial community network, where-
as OTU00454 was a connector in the PA bacterial community
network. Members of the Comamonadaceae have been
shown to be involved in the mineralization of carbon-bound
sulfur and the cycling of soil sulfate between organic and
inorganic forms in the plant rhizospheres [78], whereas they
are considered able to influence a nutrient removal process
under oxygen-limited conditions in sludge [79]. These four
OTUs mentioned above (OTU00074, OTU00755,

OTU00079, and OTU00454) all have important influence
on the cycling of nutrients, whereas they play different roles
in the two bacterial community networks, indicating different
ecological functions between the FL and PA bacterial commu-
nities. Additionally, our results also show high abundance of
Cyanobacteria and Betaproteobacteria in both networks
(Fig. S2), which could be explained by their important topo-
logical roles and functions in ecological networks. Module
hubs in FL bacterial community network ensured that species
within a module were linked more tightly, which is the reason
why the modularity of FL network was much higher than that
of PA. Similarly, connectors in PA network mademuch tighter
interactions among modules than that of the FL network,
which also proved the differences of network structures be-
tween the two bacterial groups.

Relationships between Modules and Environmental
Factors in the FL and PA Bacterial Community
Networks

Environmental factors were imported into the two networks
(red and black edges represent positive and negative correla-
tions, respectively) to explore the relationships between mod-
ules and environmental factors in the two networks (Fig. 2).
Some of the environmental factors were removed from the
network graphs due to few edges with nodes (OTUs) to im-
prove clarity. The number of positive and negative links be-
tween environmental variables and species are presented in
Table S1. In Fig. 2, many significant (P < 0.05) interactions
between species and environmental factors could be found in
both networks and more significant negative correlations were
found in the FL network than that of PA network.

Table 3 Module hubs and connectors in the species-species association networks

No. of node OTU ID No. of module Mean abundance (%) Phylum Lowest taxonomic rank

Module hubs 1 OTU00074 F5 1.39 Cyanobacteria g_GpIIa

2 OTU00079 F3 1.37 Betaproteobacteria f_Comamonadaceae

Connectors 3 OTU00436 P4 0.53 Bacteroidetes p_Bacteroidetes

4 OTU00755 P4 0.48 Cyanobacteria g_GpIIa

5 OTU00100 P2 1.27 Actinobacteria o_Actinomycetales

6 OTU00693 P4 0.46 Alphaproteobacteria f_Rhodobacteraceae

7 OTU00012 P2 2.70 Alphaproteobacteria o_Rhizobiales

8 OTU00058 P4 1.59 Cyanobacteria g_GpVI

9 OTU00667 F4 0.41 Planctomycetes f_Planctomycetaceae

10 OTU00239 P5 0.66 Alphaproteobacteria f_Sphingomonadaceae

11 OTU01109 F7 0.36 Bacteroidetes g_Flavobacterium

12 OTU00594 P1 0.48 Firmicutes g_Exiguobacterium

13 OTU00454 P7 0.68 Betaproteobacteria g_Limnohabitans

14 OTU00060 P5 1.64 Cyanobacteria o_Cyanobacteria_order_incertae_sedis

p_, c_, o_, f_ and g_ represented phylum, class, order, family and genus, respectively
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Eigengene network analysis was conducted to further
study the relationships between modules and environmen-
tal factors. Figure 3 shows the relationships between
eigengenes (representing the modules in FL and PA bac-
terial community networks) and environmental factors.
Most of the modules in FL network appeared to be sig-
nificantly negatively correlated with environmental fac-
tors (P < 0.05), whereas the results were different in the
PA network. There were only two of the measured envi-
ronmental factors (NO3, nitrate nitrogen; TSS, total
suspended solids) exhibiting significant positive correla-
tions with the modules of F1, F3, and F7 in the network
of FL bacterial community (Fig. 3a). For the PA network,
three modules (P1, P4, and P13) only had significant
(P < 0.05) positive correlations with environmental fac-
tors; however, four modules (P3, P9, P11 and P12) only
had significant (P < 0.05) negative correlations with envi-
ronmental factors (Fig. 3b).

Many studies have discussed the influence of environmen-
tal factors on the FL and PA bacterial communities [8, 14, 19,
20]. Our previous study revealed that the particulate environ-
mental factors, like particulate phosphorus, were only signif-
icantly correlated with the composition of PA bacterial com-
munity in Taihu Lake [17]. Modules can be considered as

groups of highly interconnected species that may constitute
a biological pathway bridging the gap between individual
bacteria and emergent global properties [45]. Environmental
factors, except nitrate nitrogen (NO3) and total suspended
solids (TSS), all had significant (P < 0.05) negative correla-
tions with modules in the FL bacterial community network,
indicating that species of the FL network were favored in low
concentration of nutrients (e.g., nitrogen and phosphorus).
However, modules P1, P4, and P13 in the PA network
displayed significantly (P < 0.05) positive correlations with
all environmental factors, suggesting that species of the PA
network were favored in high concentrations of nutrients,
which is consistent with our previous results [24]. In our pre-
vious study, the results showed that environmental factors
displayed stronger role in the FL bacterial community than
in the PA assemblage [24]. Similar results could be found in
Fig. 2 that the FL bacterial community network has more links
with environmental factors. These results suggest that the FL
bacterial community is more sensitive to the changing envi-
ronmental conditions, whereas PA is more stable with regard
to this. This might be due to the differences in the structure
complexity of the two bacterial community networks. In gen-
eral, nutrients (i.e., nitrogen and phosphorus) have profound
impacts on the co-occurrence networks of FL and PA bacterial

Fig. 2 Species-species
association network divided by
module and species-environment
association network in FL (a) and
PA (b) bacterial communities.
Only correlations between species
that were statistically significant
(P < 0.01, Q-value < 0.05) and
strong (r > 0.85 or r < − 0.85)
were shown by red (positive
correlations) and black (negative
correlations) dash lines. Only
correlations between
environmental factors and species
that were significant (P < 0.05)
were shown. Red solid line means
positive correlation and black
solid line means negative
correlation. Different bacterial
phyla were represented with
different colors, and the number
on each node means the ID
number of each OTUs clustered at
97% similarity. The circles consist
of some nodes mean modules.
Environmental variables: TN,
total nitrogen; TP, total
phosphorus; TDN, total dissolved
nitrogen; NO3, nitrate nitrogen;
NH4, ammonia nitrogen; NO2,
nitrite nitrogen; DIN, dissolved
inorganic nitrogen
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communities; however, the impacts differed considerably be-
tween the two groups.

Conclusions

PA and FL bacteria are living in the same ecosystem but col-
onize different niches with distinct nutrient conditions. In this
study, the results demonstrated that network structure and co-
occurrence patterns were different between FL and PA bacte-
rial communities in Taihu Lake. More prominent relationships
in PA bacterial community network than that of the FL net-
work were observed, indicating more relationships like sym-
biosis or competition among species in the PA bacterial com-
munity. Epsilonproteobacteria in the PA network showed
quite significant and robust co-occurrence relationships
(O/R > 3, P < 0.05) with the other four phyla, which might
be attributed to their diverse physiology and high adaptability
to the changing geochemical conditions. Moreover, the PA
bacterial community network included more connectors and
fewer module hubs than the network of FL bacterial group,
with these connectors and hubs playing different roles in the

two bacterial groups. With the analysis of the relationships
between the module eigengenes and environmental factors,
we were able to visualize the complicated influences of envi-
ronmental factors on the FL and PA bacterial communities,
suggesting that the two bacterial groups favored quite differ-
ent environmental conditions.
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