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Abstract

Recirculating aquaculture and aquaponics are considered sustainable aquaculture models playing important roles in animal-
derived protein supply. In these aquaculture systems, microorganisms are crucial for the system stability. The community
coalescence by mixing substances and microorganisms from various microhabitats under hydraulic forces is important for
shaping the bacterial communities in these small-scale complex systems. However, the influences of community coalescence
on bacterial communities remain rarely revealed in these systems. In this study, aquaponics (APS) and recirculating aqua-
culture (RAS) systems were set up to explore the bacterial community coalescence across different microhabitats, including
water, fish feces, biofilter biofilms, and plant rhizosphere environment. Our results showed that diversity and compositions
varied across different microhabitats in both systems. However, bacterial transmissions across these microhabitats differed
between systems. The core microbiome of the RAS and APS were formed under community coalescence with the highest
contribution of bacterial taxa derived from the fish feces. Nevertheless, the plant rhizosphere bacterial community also
contributed to the core microbiome of the APS. Furthermore, the core taxa showed a higher average degree than the other
nodes in the bacterial community networks in all microhabitats except for the plant rhizosphere environment, implying the
important roles of core taxa in maintaining these bacterial community networks. Our results provide new insights into the
assembly of bacterial communities under community coalescence in the artificial aquatic ecosystems comprising complex
microhabitats, which is vital for developing microbial solutions for regulating the microbial communities to improve system
performance in the future.

Keywords Aquaponics - Microhabitats - Community coalescence - Bacterial transmission - Core taxa - Co-occurrence
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Introduction

The demand for animal-derived protein continues to grow,
driven by population growth, rising incomes, and urbani-
zation [1]. Aquaculture is expected to play a crucial role
in meeting global protein needs [2]. Nevertheless, aquacul-
ture must address sustainability challenges, including water
usage, feed efficiency, and environmental impacts [3]. The
recirculating aquaculture system (RAS) offers the potential
for relatively minimal environmental discharge by removing
toxic fish metabolic waste and reusing water [4]. Moreover,
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aquaponics, the integration of RAS and hydroponics, offers
greater benefits in pollution reduction and productivity
improvement [5]. Within the aquaponics system (APS),
excrement produced by aquatic animals is mineralized by
microorganisms into nutrients that can be utilized by plants
[6, 7]. In both APS and RAS, microorganisms play impor-
tant roles in influencing biogeochemical processes, as well
as regulating the health of aquatic animals and plants [8—10].
Thus, it is now widely recognized that microorganisms,
especially bacterial taxa, play a crucial role in maintain-
ing the stability of both APS and RAS [11, 12], which can
be considered biological indicators for system function and
stability.
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As small-scale complex ecosystems, APS and RAS
encompass a variety of microhabitats for microbes to colo-
nize, which are associated with water, biofilms, aquatic
animals, and plants [11, 13]. Substances and microorgan-
isms from different microhabitats of these artificial aquatic
ecosystems can undergo passive dispersal and mixing under
hydraulic forces, leading to community coalescence. Com-
munity coalescence refers to merging two or more previ-
ously distinct microbial communities into a single environ-
ment, resulting in entire communities and their environments
interacting [14, 15]. Microbial community coalescence has
been reported to show important ecological impacts in other
artificial ecosystems [16, 17]. The interchange and interac-
tion of microbial communities and substances across various
microhabitats in the APS and RAS could lead to complex
ecological implications. For instance, fish feces and their
heterotrophic bacteria-dominated microbial communities
can coalesce with the nitrifying bacteria-dominated biofilms
in the biofilter unit of an RAS under the influence of water
flow. This community coalescence may introduce competi-
tion between heterotrophic and nitrifying bacteria for oxy-
gen and space, while also protecting the nitrifying bacteria
from detachment and grazing [12, 13, 18]. In an APS, with
the presence of plants, the ecological effects of community
coalescence may become even more complex. It has been
suggested that bacterial communities from tilapia recirculat-
ing aquaculture systems can serve as a potential species pool
of plant growth-promoting microorganisms (PGPMs) [19],
which could show positive effects on plant health and pro-
duction [20-22]. Moreover, the plant-associated microbiome
could also influence the compositions of bacterial communi-
ties inhabiting the other microhabitats of the APS, although
related research remains limited. Hence, understanding the
consequences of community coalescence is vital for reveal-
ing the role of microbial communities in system function and
stability, and in the future, applying microbial techniques to
improve system performances.

Various ecological processes, including dispersal, selec-
tion, drift, and diversification, jointly drive the assembly
of bacterial communities [23]. In the RAS or APS, when
community coalescence occurs, it can be hypothesized that
the microbial individuals have the chance to arrive in any
microhabitat under the passive dispersal driven by hydrau-
lic forces. However, whether the microbial individuals can
colonize this microhabitat would be influenced by several
ecological processes, for example, the selection of different
abiotic forces and biotic interactions [24]. Thus, dispersal
and selection processes are recognized as key mechanisms
underlying the community assembly during the coales-
cence [14, 15]. Furthermore, biotic interactions dominated
by competition or mutualism can result in varying stability
among the new communities. Therefore, characterizing the
bacterial transmissions across different microhabitats and
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the potential biotic interactions within these communities
is essential for understanding the influences of community
coalescence on the community assembly of these small-scale
aquatic ecosystems. Furthermore, the core microbiome can
be formed during community coalescence and play a cru-
cial role in regulating the potential biotic interactions among
microbes [25, 26]. Core microbiomes are measured as the
microbial taxa shared among two or more samples from a
particular host or environment [27]. This concept was first
proposed in the study of host microbiomes [28]. In recent
years, the idea of core microbiome has been widely applied
in various studies of environmental microbial ecology [29,
30]. Identifying the core microbiome in a system is crucial
for understanding the role of microorganisms in maintaining
system stability [27]. For instance, a study reported that core
microbes regulated plant health through changing micro-
bial interactions and network complexity during commu-
nity coalescence [31]. Here, it can be hypothesized that a
distinct core microbiome would be formed in the APS from
the RAS under community coalescence, as the plant rhizo-
sphere microhabitat of the APS can provide an additional
source and sink of bacterial taxa for the bacterial communi-
ties inhabiting the other microhabitats compared to the RAS.
However, our current understanding of the core microbiome
in the RAS and APS is still limited. Knowledge of the biotic
interactions among microbes in these systems, as well as
the roles of core microbial taxa in these interactions, is even
more restricted.

To address these questions, we established small-scale
recirculating aquaculture systems (RAS) and aquaponics
systems (APS), and bacterial community compositions were
assessed in microhabitats associated with fish tank water
(FW), fish feces (FF), biofilter biofilms (BT), and plant
rhizosphere environment (RZ) during the 78-day aquacul-
ture experiment using the amplicon-based high-throughput
sequencing technology. In the present study, thus, we aimed
to answer the following questions: (1) How are bacterial
community compositions, bacterial transmissions, and co-
occurrence patterns characterized in the APS and RAS dur-
ing community coalescence, and does the presence of plants
influence these dynamics? (2) What core bacterial taxa
emerge during community coalescence in these systems, and
are these core taxa important in maintaining potential biotic
interactions among the microbes within these systems?

Materials and Methods
Experiment Design and System Establishment
The experiment was conducted outdoors at the Freshwater

Fisheries Research Center, Chinese Academy of Fishery Sci-
ences, in Wuxi of Jiangsu Province, China (31.511126°N,
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120.239273°E) from August to October 2023. Three aqua-
ponics systems (APS) and three recirculating aquaculture
systems (RAS) were established, each containing a 240-L
fish tank, a 48-L filtering tank, a 96-L biofilter tank, and a
360-L hydroponic tank (Fig. S1a). The water flow direction
is shown in Fig. Sla.

The details for the establishment of the APS and RAS
were presented in the supporting information. The aerated
tap water was added to all systems once a week throughout
the experiment to compensate for the water loss caused by
evaporation. The water in the fish tank, biofilter tank, and
hydroponic tank was continuously under aeration in all sys-
tems. All systems were powered by solar energy. The time-
line of the entire experiment is shown in Fig. S1b.

Sample Collection

Different types of samples were collected on days 16, 30,
50, 64, and 78 from the APS and RAS (Fig. S1b). At each
sampling time point, water samples from the fish tanks in all
systems were collected and then filtered through the 0.22-
pm pore-size polycarbonate membrane filter (47-mm diam-
eter; Millipore) to obtain the bacterial biomass in fish tank
water (hereafter referred to as FW). Furthermore, fish feces
from the cultured tilapias (Oreochromis niloticus) were col-
lected using a stainless steel net with a 2-mm mesh size 1 h
after feeding the fish and then frozen dry to determine the
bacterial community compositions of fish feces (hereafter
referred to as FF). Ten biofilters were collected randomly
from the biofilter tank of each system. The plant roots were
also sampled by randomly cutting three water spinach plants
(Ipomoea aquatica) in the hydroponic tank of APS. The bio-
film bacterial biomass attached to the biofilter and plant root
surfaces (hereafter referred to as BT and RZ, respectively)
was obtained as follows: (1) the sampled biofilters or plant
roots were placed in 35 mL of PBS solution (pH 7.2-7.4;
Solarbio) and vortexed at room temperature (~20 °C) for
5 min. (2) The biofilters or plant roots were transferred from
the initial PBS solution to a fresh 35 mL of PBS solution
using sterile tweezers, and the vortexing process was then
repeated. (3) The PBS solutions from both steps were filtered
through a 0.22-pm pore-size polycarbonate membrane fil-
ter (47-mm diameter; Millipore). The bacterial biomass was
retained on the filters.

DNA Extraction, PCR, High-Throughput Sequencing,
and Sequencing Processing

The DNA extraction for FW, FF, BT, and RZ bacterial bio-
mass was performed using E.Z.N.A.® Soil DNA Kit (Omega
Bio-tek, Norcross, GA, USA) according to manufacturer’s
protocols. The DNA extraction of a total of 105 samples
from different microhabitats and time points was conducted.

The primers 341F (5’-CCTAYGGGRBGCASCAG-3’) and
806R (5’-GGACTACNNGGGTATCTAAT-3’) were selected
for PCR amplification of the bacterial 16S rRNA gene [32,
33]. PCR amplification was implemented in a total volume
of 20-pL mixture containing 4 pL of 5 X FastPfu buffer, 0.4
pL of FastPfu polymerase, 2 pL of 2.5 mM dNTPs, 0.8 pL.
of each primer (5 pM), and 10 ng of template DNA. The
amplification program was as follows: an initial denaturation
step at 95 °C for 2 min, followed by 25 cycles at 95 °C for
30,55 °C for 30 s, and 72 °C for 30 s, with a final extension
at 72 °C for 5 min. For each sample, PCR was performed
three times to minimize technical errors. Amplicons were
extracted from 2% agarose gels and purified using the Axy-
Prep DNA gel extraction kit (Axygen Biosciences, Union
City, CA, USA). Purified PCR products were quantified by
Qubit®3.0 (Life Invitrogen), and every 24 amplicons whose
barcodes were different were mixed equally. The pooled
DNA product was used to construct the Illumina Pair-End
library following Illumina’s genomic DNA library prepa-
ration procedure. Then, the amplicon library was paired-
end sequenced (2% 250) on an Illumina NovaSeq platform
(Shanghai BIOZERON Biotech. Co., Ltd). The raw reads
were deposited into the National Omics Data Encyclopedia
(NODE) database (Accession Number: OEX028684).

The paired-end raw sequences were processed accord-
ing to our previous study [34]. Generally, sequences that
have a low quality (average quality score <25 and a read
length <200 bp), mismatches with primer matching/com-
prising blurred characters, and problems with being assem-
bled, were discarded using QIIME (v1.9.1). Chimeric
sequences were detected and removed using UCHIME de
novo strategy [35]. The operational taxonomic units (OTUs)
were then clustered using UCLUST at a 97% similarity [36].
The taxonomic information of each OTU was then assigned
based on SILVA database (Release138 http://www.arb-silva.
de). Non-bacterial sequences, including chloroplast and
mitochondria, were discarded. Rare OTUs with reads <2
were removed to minimize sequencing errors. Finally, sam-
ples were rarefied at 42,618 sequences according to the mini-
mum sequence number.

Statistical Analyses

The alpha diversity of bacterial communities was indicated
by the number of observed OTUs (hereafter referred to as
richness), phylogenetic diversity, and Pielou’s evenness
(hereafter referred to as evenness), which were generated
using packages “vegan” and “picante” in R [37, 38]. Three-
way ANOVA tests were employed to explore the impacts of
systems (i.e., APS vs. RAS), microhabitats (i.e., FW, FF, and
BT), and sampling time on alpha diversity of bacterial com-
munities (RZ samples were excluded). The community dis-
similarity was calculated based on the Bray—Curtis distance
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matrix. PERMANOVA tests were performed to detect the
differences in bacterial community compositions across
different systems, microhabitats, and sampling time points
(RZ samples were excluded). Principal coordinates analy-
sis (PCoA) was used to examine the bacterial community
dissimilarity across systems and microhabitats, simplified
and visualized into a plot of two-dimensional coordinates.
PERMANOVA tests and PCoA were all conducted using the
package “vegan” in R.

The top ten bacterial classes and genera were selected as
the dominant taxa. Biomarker OTUs, which were signifi-
cantly enriched or depleted in FW, FF, and BT microhabitats
of the APS compared to those of the RAS, were identified
using negative binomial generalized linear models with the
package “DESeq2” of R [39], and then visualized with vol-
cano diagrams. The detection of core OTUs for the APS and
RAS was according to the following criteria: (1) The OTU
should be presented in all samples of the same system, and
(2) the average relative abundance of the OTU across all
samples derived from the same system should be > 0.5%.
Heatmaps were used to visualize the relative abundances
of these biomarker OTUs and core OTUs across different
systems and microhabitats with the package “pheatmap” in
R. SourceTracker (version 0.9.5) analyses were employed
to evaluate the bacterial transmissions across the different
microhabitats (i.e., FW, FF, BT, and RZ) in the APS and
RAS, respectively. SourceTracker is a Bayesian approach
that uses Gibbs sampling to estimate the proportion of each
sink sample composed of taxa from a known source envi-
ronment [40].

Topological networks were constructed for bacterial
communities derived from different microhabitats using the
package “WGCNA” based on Spearman’s correlation matri-
ces (Spearman r>0.8 and adjusted p value <0.05) [41].
Only OTUs with relative abundance >0.01% and detection
rate > 60% were included in the analyses to enhance network
reliability. The networks were divided into modules using the
fast greedy modularity optimization [42]. Topological proper-
ties including modularity, clustering coefficient, average path
length, network diameter, and average degree were calculated
using the package “igraph” in R [43]. A total of 1000 random
networks of equal size were generated for each empirical net-
work using the “igraph” package in R, and all of the indices of
the random networks were calculated individually. A statistical
Z test was used to verify whether the network indices between
the empirical and random networks were significantly differ-
ent. The robustness and vulnerability of all empirical networks
were calculated according to the methods provided by Yuan
et al. [44]. The robustness of a network represents the ability of
the network to maintain its connectivity after a random failure
or an intentional attack, meaning that the nodes (or links) dele-
tions [45]. The network vulnerability depends on the extent
to which the removal of a node reduces global efficiency, a
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measure of the speed and reliability of information, material,
or energy flow across the network [44]. The number of core
OTUs and their average degree were obtained to estimate the
importance of core OTUs in maintaining the bacterial com-
munity networks. Gephi (version 0.9.2) was used to depict the
network analyses.

Results

The Dynamics of Diversity and Community Structure
of Bacterial Communities in the Aquaponics
and Recirculating Systems

The alpha diversity of bacterial communities across differ-
ent microhabitats and systems was represented by indices of
richness, phylogenetic diversity, and evenness. In the APS
and RAS, the richness, phylogenetic diversity, and evenness
were the lowest in the FF bacterial communities, followed
by those of the FW bacterial communities (Fig. S2a-c).
However, the BT and RZ bacterial communities harbored
the highest alpha diversity. Results of three-way ANOVA
tests showed that the “microhabitat” factor exhibited over-
whelmingly greater influences on richness, phylogenetic
diversity, and evenness of bacterial communities than the
“system” and “time” factors indicated by much higher F
values (Table 1). Furthermore, our analysis revealed sig-
nificant interaction effects between the “system” and “time”
factors on both richness (P <0.05) and phylogenetic diver-
sity (P <0.01). Similarly, significant interaction effects were
observed between the “microhabitat” and “time” factors on
all richness (P <0.001), phylogenetic diversity (P <0.01),
and evenness (P <0.001).

The PCoA plot showed that the first two components
(PCoA1 and PCoA?2) explained a total of 57% of the vari-
ance in the bacterial community compositions across dif-
ferent systems and microhabitats (Fig. 1a). PerMANOVA
tests based on Bray—Curtis distance showed significant bac-
terial community dissimilarity across samples from differ-
ent systems and microhabitats (Table 1). However, bacterial
community dissimilarity across samples from different time
points was identified as insignificant. Bacterial community
compositions were strongly shaped by microhabitats rather
than systems. Furthermore, bacterial communities from RZ
samples showed higher similarity with those from BT sam-
ples rather than FW and FF samples.

The Dominant Taxa and Differential OTUs
of Bacterial Communities Across Different Systems
and Microhabitats

The taxa with the top ten highest relative abundance were
considered the dominant taxa at both class and genus levels
(Fig. 1b and c). The relative abundance of dominant taxa



Influences of Community Coalescence on the Assembly of Bacterial Communities of the Small-Scale...

Page 5 of 17

145

Table 1 The influences of
system, microhabitat, time,
and their interactions on alpha

Alpha diversity

Community dis-
similarity

diversity and community Richness Phylogenetic diversity Evenness Bray—Curtis

dissimilarity of bacterial >

communities using three-way F value F value F value R F value

ANOVA test and permutational ¢ o\ 6.0% 4.4 1005 022 47.6%%

multivariate analysis of

variance (PerMANOVA). Plant Microhabitat 1222, 5%** 1227.1%** 3451 %% 0.16 17.3%%*

rhizosphere samples were Time 21.1%%% 21.8%%* 42.6%%* 0.02 0.9

excluded System: microhabitat 0.4 <0.1 1.8 0.27  29.5%%%
System: time 3.0% 3.8%* 2.2 0.01 0.7
Microhabitat: time 23,9 22.7%* 43.1%%* 0.02 0.4
System: microhabitat: time 1.6 1.8 0.7 0.02 0.5

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

exhibited higher variations between microhabitats than those
between systems at both class and genus levels. At the class
level, Bacteroidia and Fusobacteriia dominated the FW bac-
terial communities of both two systems (Fig. 1b). In the
FF bacterial communities, the class Fusobacteriia displayed
an overwhelmingly dominant abundance of ca. 70%. How-
ever, bacterial OTUs belonging to the classes Gammapro-
teobacteria and Alphaproteobacteria dominated in both the
BT and RZ bacterial communities. Furthermore, the class
Nitrospiria exhibited a relative abundance of over 10% in
the BT bacterial communities of both systems, whereas the
relative abundance of the class Bacilli exceeded 10% in the
RZ bacterial community. At the genus level, bacterial OTUs
affiliated with the genera Flavobacterium and Cetobacterium
were the most abundant in the FW bacterial communities of
both systems (Fig. 1¢). The genus Cetobacterium accounted
for approximately 70% of the total reads in the FF bacterial
communities of both systems. In the BT bacterial communi-
ties, the genera Pseudomonas and Nitrospira exhibited the
highest relative abundances, each exceeding 10%. In the RZ
bacterial community of the APS, the genus Acinetobacter
displayed the highest relative abundance (approximately
10%), followed by the genera Bacillus and Exiguobacterium
with the relative abundance of each at about 5%.

To further identify the significant difference in bacterial
community compositions between the two systems, we con-
ducted differential OTU abundance analyses for bacterial
OTUs with a relative abundance of > 0.1% in at least one set
of samples (Fig. 2). For the FW samples, 9/126 OTUs were
significantly enriched in the APS (Fig. 2a), which belonged
to the phyla/classes Actinobacteriota, Bacteroidota, and Alp-
haproteobacteria (Table S1). Moreover, 12/126 OTUs were
significantly depleted in the FW samples of aquaponics in
comparison with the RAS, which were assigned to the phyla/
classes Actinobacteriota, Alphaproteobacteria, Bacteroidota,
and Verrucomicrobiota. For the BT samples, 12/228 bacte-
rial OTUs belonging to the phyla/classes Actinobacteriota,
Armatimonadota, and Bacteroidota significantly enriched

in the APS, whereas 13/228 bacterial OTUs significantly
depleted in the APS were affiliated with the phyla/classes
Acidobacteriota, Actinobacteriota, Chloroflexi, Bacteroi-
dota, Gammaproteobacteria, and Verrucomicrobiota (Fig. 2b
and Table S1). Only one of 42 OTUs (OTU104), which was
assigned to the genus Bacteroides, phylum Bacteroidota,
was significantly enriched in the APS compared to the RAS
found in the FF samples, whereas none was found signifi-
cantly depleted in the APS (Fig. 2c and Table S1).

Potential Bacterial Sources of Bacterial Communities
Colonized in Different Microhabitats and Their Core
Microbiome of the Two Systems

We employed SourceTracker analyses to explore the tempo-
ral dynamics of relative contributions of potential bacterial
sources to the assembly of bacterial communities colonized
in each microhabitat of the APS and RAS (Fig. 3a—g). Fur-
thermore, we quantified the average bacterial transmissions
across different microhabitats within these systems over the
78-day period of community coalescence (Fig. 3h and 1).
Generally, the bacterial sources for structuring community
compositions for FW and FF samples were similar between
the two systems. In both systems, the FF bacterial source
exhibited the highest contribution to the assembly of the
FW bacterial community, accounting for an average of over
30%, followed by the BT bacterial source with an average of
approximately 12% (Fig. 3h and i). Moreover, we observed an
increasing pattern of the relative contribution of BT bacterial
source to the FW bacterial communities over time (Fig. 3a
and b). In addition, the RZ bacterial source contributed an
average of approximately 3% to the total sources of FW bac-
terial community composition in the APS (Fig. 3h), with a
decreasing trend over time (Fig. 3a). For the FF bacterial
community compositions in both systems, the contribution
of the FW bacterial source to the FF community was around
10% (Fig. 3h and i). Furthermore, the contribution of BT
bacterial source to the FF bacterial community was slightly
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Fig.2 Volcano plots showing bacterial OTUs significantly enriched or depleted in the aquaponics system considering the recirculating aquacul-
ture system as the reference across different microhabitats. FW, fish tank water; FF, fish feces; BT, biofilter biofilms

lower in the APS than in the RAS, whereas the RZ bacterial
community contributed an average of ca. 1% to the sources of
the FF bacterial community in the APS (Fig. 3h and i). The
contributions of different bacterial sources to the assembly
of BT bacterial communities varied between the two systems
(Fig. 3h and 1). In the APS, the dominant bacterial source for
the BT bacterial community was the RZ bacterial commu-
nity, contributing an average of approximately 40% (Fig. 3h).
Additionally, the contribution of the RZ bacterial sources to
the assembly of the BT bacterial communities decreased on
day 30, and then increased over time (Fig. 3e). In the RAS,
however, the FW bacterial source showed the highest contri-
bution to the BT bacterial community compositions with an
average contribution of ca. 20%, followed by the FF (> 10%)
(Fig. 3i). For the assembly of the RZ bacterial community in
the APS, the BT bacterial community was the most impor-
tant known source, contributing more than 30%, followed by
the FW (2.82%) and the FF (2.16%) (Fig. 3h). Moreover, in
the APS, we found that the average contribution of the RZ
bacterial source to the BT bacterial community exceeded the
average contribution of the BT to RZ (Fig. 3h).

We further detected core OTUs for the APS and RAS,
referring to the shared OTUs across samples from differ-
ent microhabitats and time points. In general, there were
16 and 17 core bacterial OTUs detected in the APS and
RAS, respectively, across all microhabitats and time points
(Fig. 5a-b). We further divided these core OTUs found in
the two systems into three clusters, referring to core OTUs
shared in both systems (i.e., “shared” cluster), core OTUs
detected only in the APS (i.e., “APS_unique” cluster), and
core OTUs detected only in the RAS (i.e., “RAS_unique”
cluster) (Fig. 4). Among them, 13 OTUs were assigned to
the “shared” cluster, whereas three OTUs and four OTUs
belonged to the “APS_unique” and “RAS_unique” clusters,

respectively. Furthermore, we found that most of the core
OTUs (11/13) from the “shared” cluster showed the high-
est relative abundance in FF samples in both systems, and
the majority of these shared core OTUs were affiliated with
the genus Cetobacterium, class Fusobacteriia. The other two
core OTUs from the “shared” cluster showed higher relative
abundance in BT and RZ samples compared to those in FW
and FF samples, which taxonomically belonged to the genera
Bradyrhizobium (class Alphaproteobacteria) and Vibrioni-
monas (class Bacteroidia), respectively. Moreover, two OTUs
from the “APS_unique” cluster (OTU35 and OTU40) also
showed the highest relative abundance in FF samples of both
systems, whereas the other OTU (OTU61) belonging to the
genus Gemmobacter (class Alphaproteobacteria) exhibited
the highest relative abundance in RZ samples of the APS.
For the four core OTUs from the “RAS_unique” cluster, two
of them were the most abundant in FF samples, whereas the
other two OTUs were the most abundant in FW samples.

Co-occurrence Patterns of Bacterial Communities Derived
from Different Microhabitats of the Two Systems

Co-occurrence networks were established at the bacterial
community level for the bacterial communities derived from
the FT, FF, and BT samples of both the APS and RAS, as
well as for the RZ bacterial community of the APS, resulting
in a total of seven bacterial community networks (Fig. 5a—g).
The topological properties of the seven empirical networks
and their associated random networks, including the average
degree, modularity, clustering coefficient, network diameter,
and average path length, were presented in Table 2. All the
bacterial community networks exhibited significant differ-
ences from the random networks indicated by Z tests on
modularity, clustering coefficient, network diameter, and
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Fig.3 Bacterial transmissions across different microhabitats of
the aquaponics and recirculating aquaculture systems derived from
Source Tracker analyses. Panel A represented the temporal dynam-
ics of the relative contribution of potential sources to the bacterial
community compositions of each sink of the aquaponics (a, c, e, and
g) and recirculating aquaculture (b, d, and f) systems derived from
SourceTracker analyses. (a-b), (c-d), (e-f), and (g) represented the

average path length, implying all the bacterial community
networks were non-random (Table 2). In both systems, the
BT bacterial community networks had the highest average
degree compared to the others, followed by the FW bacte-
rial community networks, while the FF bacterial community
networks showed the lowest average degree. In the APS, the
average degree of the RZ bacterial community network was
in between that of the FW and FF bacterial community net-
works. Furthermore, the average degree of the FW bacterial
community network was higher in the APS than in the RAS.
Nevertheless, the average degree indexes of the FF and BT
bacterial community networks were comparable between the
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results with bacterial communities derived from fish tank water (FW),
fish feces (FF), biofilter biofilms (BT), and plant rhizosphere micro-
habitat (RZ) as the sink, respectively. Panel B represented the aver-
age proportions of bacterial transmissions among different microhabi-
tats of the aquaponics (h) and recirculating aquaculture (i) systems
accompanied by the standard errors of the mean (SEM). APS, aqua-
ponics system; RAS, recirculating aquaculture system

two systems. Additionally, the higher modularity indexes
of the FW, FF, and BT bacterial community networks were
observed in the APS than in the RAS. The robustness and
vulnerability of all networks were also calculated to compare
the stability of these bacterial community networks between
different groups. The robustness of the RZ bacterial commu-
nity network was significantly higher than that of the other,
whereas the FF bacterial community network exhibited the
lowest robustness (Fig. 5h). Moreover, the vulnerability of
the FF bacterial community networks stayed at the highest
followed by the FW bacterial community networks. The BT
and RZ bacterial community networks’ vulnerability was
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Fig.4 The core bacterial taxa APS
formed during the community
coalescence of the aquaponics (a) 30d

and recirculating aquaculture
systems. a—b Venn diagrams
showing the number of shared
bacterial OTUs across dif-
ferent microhabitats among
various time points. Bar charts
showing the number of shared
bacterial OTUs across differ-
ent microhabitats at each time
point. ¢ Heatmaps showing the
relative abundances of core
OTUs detected for aquapon-
ics and recirculating aquacul-
ture systems across different
microhabitats. Core OTUs were
divided into three clusters,
referring to core OTUs shared
in both systems (i.e., “shared”
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comparably low. In addition, we observed lower vulnerabil-
ity of the FW and FF bacterial community networks in the
APS than in the RAS.

The dominant taxa of the bacterial communities derived
from each group constituted the majority of nodes in the
bacterial community networks (Fig. 5Sa—g). Furthermore, the
detected core OTUs were included in the bacterial community
networks. The average degree of these core OTUs was much
higher than all nodes in the FW, FF, and BT bacterial com-
munity networks in aquaponics and control systems (Table 2).

(b)

16d

Size of each group

16d 30d 50d 64d 78d
high RA

OTU59 | ¢_Alphaproteobacteria; g_Bradyrhizobium
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On the contrary, a lower average degree of the core OTUs
included in the RZ bacterial community network was observed
compared to the average degree of all nodes.

Discussions
The plants provide root-associated niches for the aquaponics

system, which might contribute to the diversity and com-
positions of the bacterial community in the system under
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«Fig.5 Co-occurrence patterns of bacterial communities derived from
different microhabitats and systems. a—g Network graphs showing
positive and negative relationships (links) between bacterial OTUs
(nodes). h Comparisons of robustness and vulnerability of bacterial
community networks across different microhabitats and systems. RA,
relative abundance; APS, aquaponics system; RAS, recirculating
aquaculture system; FW, fish tank water; FF, fish feces; BT, biofilter
biofilms; RZ, plant rhizosphere microhabitat

community coalescence. Based on this assumption, we ana-
lyzed differences in bacterial community diversity and com-
positions across microhabitats between the two systems with
and without plants. The results showed that the diversity
and compositions of bacterial communities were driven by
microhabitat differences, rather than the presence of plants
(i.e., system) (Table 1). Furthermore, we also found that the
bacterial communities derived from the same microhabitat
of the two systems harbored similar dominant bacterial taxa
at both class and genus levels (Fig. 1b and c). The effects of
microhabitat differences on the diversity and compositions
of bacterial communities in aquaponics systems have been
reported in several studies [46—49]. Nevertheless, we still
observed bacterial OTUs significantly enriched and depleted
in the bacterial communities derived from the FW and BT
microhabitats under the influence of plant growth (Fig. 2).
These contradictory results suggest that growing plants in
an aquaculture system could enrich or deplete the bacterial
individuals, but show minimal impacts on compositions of
the whole bacterial communities.

The relative abundances of dominant bacterial taxa var-
ied across different microhabitats (Fig. 1b and c), highlight-
ing distinct microbial functions in the different units of the
APS and RAS. Bacterial OTUs affiliated with the genus
Flavobacterium of the class Bacteroidia dominated the FW
bacterial communities of both systems. The genus Flavo-
bacterium encompasses a diverse group of Gram-negative,
rod-shaped bacteria commonly found in freshwater, marine
environments, and soil [50]. These bacteria exhibit versatile
metabolic capabilities, including the breakdown of complex
organic compounds such as polysaccharides, proteins, and
lipids, playing crucial roles in the degradation of organic
matter in aquatic systems [51]. In both systems, fish feces
accumulated in the fish tank water, where the high levels
of organic matter could contribute to the enrichment of the
genus Flavobacterium. In the FF bacterial communities,
bacterial OTUs belonging to the genus Cetobacterium of the
class Fusobacteriia showed an overwhelming dominance.
Bacterial taxa belonging to the genus Cetobacterium have
been widely reported to dominate the gut bacterial commu-
nities of various fish species [52, 53]. The Cetobacterium
species play a key role in fish gut health, aiding in nutrient
metabolism and contributing essential nutrients like vitamin
B12 [54, 55]. Their anaerobic nature and metabolic speciali-
zation make them highly suited to the intestinal environment

of fish and potentially valuable in aquaculture. Bacterial
OTUs belonging to the genera Pseudomonas (class Gam-
maproteobacteria) and Nitrospira (class Nitrospiria) showed
much higher relative abundances in the BT bacterial commu-
nities of both systems than the other microhabitats. Bacterial
taxa assigned with the genus Pseudomonas can easily form
biofilms on various types of surfaces [56], which explains
their high relative abundance in the BT bacterial communi-
ties of both systems. Moreover, bacterial taxa belonging to
the genus Nitrospira are typical nitrifying bacteria [57, 58],
which are commonly found in the biofilms of biofilters [11,
46]. Additionally, we found the genus Acinetobacter showed
the highest relative abundance in the RZ bacterial commu-
nities. Members of the genus Acinetobacter have been iso-
lated from the rhizosphere of different plants. Some of the
bacterial strains of the genus Acinetobacter exhibited plant
growth—promoting traits such as nitrogen fixation, sidero-
phore production, and mineral solubilization [59].
Bacterial transmissions are important for maintaining
system stability and improving system performance in
aquaponics systems. In the present study, the contribu-
tion of bacterial transmissions from FF microhabitat to
FW microhabitat dominated in both systems. Fish feces
play important roles in the biogeochemical processes of
the aquatic environment as vertical or horizontal transport
of feces in the aquatic environment can create fluxes of
organic matter that support biological processes [60, 61].
As fish feces are excreted and dispersed through the water
column, the microbial community coalescence also occurs
by mixing the abiotic and biotic components between
the fish feces and the water column [15]. Thus, bacterial
transmissions between the fish feces and the water col-
umn could be strong under these coalescence events. For
instance, bacterial taxa assigned to the genus Cetobacte-
rium, exhibited quite high abundance in both the FW and
FF bacterial communities (ca. 70% in the FF samples and
25% in the FW samples; Fig. 1¢). As we discussed above,
bacterial taxa belonging to the genus Cetobacterium have
been widely reported to dominate in the fish gut bacterial
communities rather than in the bacterioplankton commu-
nities of freshwater ecosystems. Hence, it is inferred that
the high abundance of the genus Cetobacterium in the FW
bacterial communities can be a result of bacterial trans-
missions from the FF bacterial communities under com-
munity coalescence. Additionally, the genus Cerobacte-
rium was also found colonized in the BT and RZ bacterial
communities of the APS, although the bacterial transmis-
sion from the FF to the BT and RZ microhabitats was quite
low. These results implied that the bacterial taxa affiliated
with the genus Cetobacterium might possess a broad eco-
logical niche, enabling them to colonize a variety of envi-
ronments. We also found that BT bacterial communities
contributed more than 10% of the bacterial transmissions
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to the assembly of FW bacterial communities in both sys-
tems. Studies on the potential health risks of biofilms have
pointed out that biofilms can be an important source of
bacterial communities in the water column [62, 63]. In
our study, the high contribution of bacterial transmissions
from biofilters to the water column could be attributed to
the aging of biofilms on the biofilters. This aging process,
coupled with water flushing, dislodges the biofilm, caus-
ing bacterial taxa from the biofilter community to migrate
into the water column. The bacterial communities inhab-
iting plant rhizosphere microhabitat primarily influenced
the compositions of the BT microbial communities in the
APS compared to the RAS. Approximately, 30% of bacte-
rial transmissions between BT and RZ can be observed in
the APS. Bacterial communities associated with BT and
RZ microhabitats are both derived from biofilms. Both
types of biofilms are composed of a complex matrix of
extracellular polymeric substances (EPS), which include
polysaccharides, proteins, lipids, and nucleic acids [64].
The similar micro-environment results in the recruitment
of similar microbial communities throughout the process
of homogeneous selection [65]. Therefore, this similar-
ity of microenvironment facilitates the bacterial exchange
between the BT and RZ bacterial communities.

Under the bacterial transmissions caused by water
flow, 16 and 17 core OTUs were identified in the APS
and RAS, respectively (Fig. 4). Among these, 13 core
OTUs were shared between the two systems, suggesting a
high similarity of core microbiome between the APS and
RAS. A core OTU belonging to the genus Gemmobacter
(class Alphaproteobacteria), which was more abundant in
the RZ samples, was unique to the RAS. Bacterial taxa
assigned to the genus Gemmobacter are important for
the denitrification processes of aquatic plant rhizosphere
environment [66, 67]. Furthermore, 11 core OTUs were
affiliated with the class Fusobacteriia, genus Cetobacte-
rium, which are typical bacterial taxa found in the fish gut,
as discussed earlier. Other notable OTUs found at higher
abundances in the FF samples belonged to the genus Rom-
boutsia (class Clostridia), family Barnesiellaceae (class
Bacteroidia), and genus Aeromonas (class Gammaproteo-
bacteria), which are commonly present in gut microbiota
[34, 68, 69]. These results further highlight the significant
role of aquatic animal metabolic activities in shaping the
core bacterial communities in aquaculture systems, par-
ticularly in high-density water-recirculating systems with
zero water exchange. Nevertheless, the presence of plants
still contributes to the core bacterial community composi-
tions in the aquaponics systems.

Exploring the potential interactions between bacterial
taxa within the community offers insights into community
stability. In the present study, we found that the network
complexity of the BT bacterial communities was the highest,

no matter in the APS or RAS, indicated by the highest aver-
age degree (Table 2). Furthermore, we found that the RZ
bacterial community network exhibited the highest robust-
ness and the lowest vulnerability (Fig. Sh). The robustness
of a bacterial community network is defined as the propor-
tion of the remaining species in the network after random or
targeted node removal [70, 71], where high values indicate
high stability of the bacterial community network [44]. On
the contrary, network vulnerability is the maximal value of
the relative contribution of all nodes to the decline of global
efficiency, and the global efficiency can provide information
on how fast the consequence of biological/ecological events
traverses to parts or the entire network [44]. Thus, low val-
ues of network vulnerability suggest high network stability.
Hence, our results suggested that the RZ bacterial commu-
nity network exhibited higher stability than bacterial com-
munity networks derived from other microhabitats, imply-
ing greater resilience to environmental disturbances. On the
contrary, the FF bacterial community networks exhibited
the lowest robustness and the highest vulnerability in both
the APS and RAS, suggesting the lowest stability of the
FF bacterial community networks. It has been hypothesized
that lower bacterial diversity might contribute to reducing
the community stability for a long time [72]. In general,
communities with lower diversity exhibit reduced ecologi-
cal redundancy [73]. Compared to communities with higher
diversity, those with lower diversity exhibit a greater pos-
sibility of interaction breakdown due to random species loss,
leading to reduced stability within community networks. In
the present study, we observed the lowest diversity of the FF
bacterial communities compared to those derived from the
other microhabitats. The lowest diversity of the FF bacterial
communities could be the reason of the lowest stability of
community networks. Moreover, we found slightly higher
network robustness of FW and BT bacterial communities
in the APS than in the RAS, although the differences were
tested as insignificant. The network vulnerability of FW, FF,
and BT bacterial communities was also lower in the APS
than in the RAS systems. These results indicated that the
bacterial community networks might exhibit higher stabil-
ity in the APS than in the RAS. The detected core OTUs
were found to be involved in the bacterial community net-
works. The average degree of these core OTUs was much
higher than that of all nodes in all the bacterial commu-
nity networks in both systems except for the RZ bacterial
community network. It meant that these core OTUs showed
higher connectivity within the bacterial community net-
works than the other nodes, suggesting the important roles
of these core taxa in maintaining the bacterial community
networks. However, it is important to note that these topo-
logical networks represent statistically inferred associations
among the relative abundances of various bacterial OTUs,
indicating only potential positive or negative interactions.
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The specific relationships between different bacterial species
in aquaponics and recirculating aquaculture systems require
further investigation at microsite scales.

Conclusions

In the present study, diversity, compositions, transmissions,
and co-occurrence patterns of bacterial communities were
explored across different microhabitats in the APS and
RAS under community coalescence. Generally, we found
that the diversity and compositions of bacterial communi-
ties was overwhelmingly shaped by microhabitat differ-
ences rather than system differences (i.e., the presence of
plants), although several bacterial OTUs were found to be
significantly different in relative abundance between the two
systems. The SourceTracker analyses showed the bacterial
transmissions in the APS were different from that in the
RAS. The presence of plants led to intense bacterial trans-
missions between the RZ and BT bacterial communities in
the APS. Furthermore, core bacterial taxa were detected for
both the APS and RAS under community coalescence. We
found that the APS harbored similar core microbial taxa with
the RAS, which were mainly derived from the fish feces.
Nevertheless, the RZ bacterial community contributed one
core bacterial OTU to the core microbiome of the APS.
Bacterial communities inhabiting different microhabitats
exhibited varied co-occurrence patterns. The RZ bacterial
community network exhibited the highest robustness and
the lowest vulnerability, suggesting the highest network
stability. Furthermore, the presence of plants resulted in a
slight increase in the stability of the bacterial community
networks of other microhabitats in the APS. The core taxa
played important roles in maintaining the bacterial com-
munity networks in both systems. These results revealed
the distinct influences of fish and plants on bacterial com-
munities under the community coalescence. The various
microhabitats within the aquaponics system are structured
with diverse bacterial community compositions and distinct
bacterial co-occurrence patterns. The metabolic activities
of fish profoundly influenced the core microbiome in the
aquaponics systems under community coalescence, and the
presence of plants also contributed.
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