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Abstract

Microbes play important roles in mariculture biofilter systems, such as biogeochemical
cycling of nutrients and organic matter degradation. However, their functional diversity
for nutrient removal in shrimp mariculture effluents influenced by multi-compartment bio-
filters remained elusive. This study explored the functional diversity of microbial com-
munities for nutrient removal in the multi-compartment biofilters of shrimp mariculture
effluents. We explored the bacterial taxonomy using Illumina sequencing of the 16S rRNA
gene, and the ecological functional diversity of the bacteria was assigned using Functional-
Annotation-of-Prokaryotic-Taxa analysis (FAPROTAX). According to the Illumina data-
set, there was a high heterogeneity, with phase two (P2) treatment showing significant
reversible shifts in microbial communities’ population and biogeochemical dynamics rela-
tive to phase one (P1). The genera Candidatus aquiluna, Marivita, HTCC, Anaerospora,
and Arcobacter were abundant in both stages and may have the functional capability of
biodegrading inorganic matter (OM). FAPROTAX results showed that the predominant
functional groups (P1 and P2) for nutrient removal were related to chemo-heterotrophy.
Furthermore, the nitrate-reduction and nitrate-ammonification were highly significant
(P<0.05) at P2, resulting in an average removal efficiency of 81.39% for total nitrogen
(TN) and 80.63% for total phosphorus (TP). The results suggested that incorporating multi-
compartment biofilters in the system provides a suitable substrate environment for the
potential proliferation of Proteobacteria, Nitrospirae, and Bacteroidetes. Overall, this study
enlightens the potential roles of the microbial communities under the influence of biofil-
ters in promoting the feasible and most efficient bioremediation approaches for mariculture
effluents.
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Introduction

Intensive shrimp mariculture production plays a vital role in promoting global economies,
contributing billions of dollars annually and providing livelihoods for numerous commu-
nities. However, the rapid expansion of its production has been accompanied by stronger
controversies on the environmental pollution of surrounding water bodies (Lukwambe et al.
2015; Chaikaew et al. 2019; Jayasinghe et al. 2019). Generally, the effluent from maricul-
ture contains higher levels of organic matter (OM) and dissolved inorganic nutrients such as
nitrogen (N) and phosphorus (P), which may cause eutrophication of the surrounding water
bodies. Furthermore, the nutrients derived from the metabolic waste of shrimp can be toxic
at high concentrations and threaten the shrimp’s health status (Chaikaew et al. 2019). There-
fore, achieving sustainable shrimp mariculture production depends on successful approaches
that lower the concentrations of undesirable nutrients.

Studying microbial communities and their interactions within the ecosystem provides
valuable knowledge that can be harnessed for the development of natural and eco-friendly
solutions aimed at effectively maintaining low levels of dissolved inorganic N and P
(Ramanan et al. 2016; Tang et al. 2018; Fan et al. 2021) in the ecosystem. A cheap and
effective method for removing high organic matter (OM) loads and other contaminants is
wastewater purification via natural biofilters (Nicholaus et al. 2020a, b; Lukwambe et al.
2020). Microorganisms have been widely used in the bioremediation of nutrient-rich efflu-
ents (Van Den Hende et al. 2011; Natrah et al. 2014; Tang et al. 2018; Fan et al. 2021).
Despite the widely accepted beneficial applications of microorganisms, the mechanisms
of these communities in the multi-compartment biofilters in mariculture remain unknown.

The treatment system within a typical shrimp mariculture consists of different biofilter
compartments such as sedimentation, biofilm, shellfish culture, and constructed wetlands
that have different roles in water purification. For example, the sedimentation sub-com-
partment acts as a pre-treatment that allows suspended material such as clay, silt, or other
particles to settle down by gravity. The biofilm sub-compartment, with artificial bio-cords,
provides a favorable condition for microbial growth (Sanz-Lazaro et al. 2011; Battin et al.
2016; Peng et al. 2018). At the same time, the biofilm attracts microalgae, which exude
dissolved organic carbon that microbes could assimilate (Yao et al. 2019). In exchange, the
degraded inorganic nutrients such as N and P influence the microbial metabolism, which
may promote further growth of microalgae (Nicholaus et al. 2020a, b). The treatment sys-
tem also involves shellfish organisms such as extractive species for absorbing suspended
organic particles through grazing (Nicholaus et al. 2020a, b; Lukwambe et al. 2020) and
bioturbation at the sediment—water interface (Nicholaus et al. 2020a, b). Subsequently, the
system incorporates a constructed wetlands sub-compartment for assimilating and filter-
ing inorganic matter (Vymazal 2007; Sgndergaard et al. 2010; Kim et al. 2016). The con-
structed wetlands provide optimum conditions and surface area for microbes responsible
for the degradation of organic nutrients in the water column.

Ecological studies have shown that microbial communities are highly complex, dynamic
in their interactions (Natrah et al. 2014; Ramanan et al. 2016), and can be species-specific
between different areas. Moreover, the interaction and assembly processes of microbial
communities are rarely elucidated in aquaculture environments. The microbial relation-
ships can be either mutualistic (symbiotic) or competitive (antagonistic) (Fuentes et al.
2016), thereby affecting the system’s performance. These relationships change depending
on certain conditions in the aquatic environment. For instance, a symbiotic relationship
between microbial communities may be changed to a competitive relationship depending

@ Springer



Aquaculture International

on the P and C source’s availability (Liu et al. 2012). Some interactions may vary depend-
ing on the bacterial metabolism activity that can alter the environment, affect microalgae
growth (Lam et al. 2018), and cause the lysing of aquatic bacteria. Therefore, for develop-
ing an effective Mariculture Effluent Treatment System (METS), there is a need to under-
stand the roles, interactions, and distribution of microbial communities.

Functional Annotation of Prokaryotic Taxa (FAPROTAX) is among the methods for
assigning the ecological functions of bacteria (Louca et al. 2016; Sansupa et al. 2021) and
biogeochemical cycling. This method provides an opportunity for understanding the differ-
ences in the structural and functional groups of microbes (Yan et al. 2019). The FAPRO-
TAX analysis provides multiple functions of microorganisms; in particular, all taxa related
to nitrate denitrification may also associate with nitrate respiration and nitrate reduction
(Ge et al. 2018). Despite its importance, information on functional groups of microorgan-
isms based on FAPROTAX analysis is rarely available.

Several studies focused on microbial/bacterioplankton community composition in the
aquatic ecosystem (e.g., Wan et al. 2011; Hu et al. 2012; Nicholaus et al. 2019; Lukwambe
et al. 2020; Zheng et al. 2023). However, studying the microbial communities associated
with biological filters in the degradation of organic matter (OM) in the bioremediation of
shrimp mariculture effluents is still unclear. In this study, we performed two phases-time-
series experiments aimed to (i) investigate the distribution, variation, and interaction of
microbial communities, (ii) examine the functional couplings of microbial communities
in the biodegradation of OM, and (iii) assess the relationship between the microbial com-
munities and environmental change. This study will enlighten the potential roles of the
microbial communities under the influence of multi-compartment biofilters in promoting
the feasible and most efficient bioremediation approaches for mariculture effluents.

Materials and methods
Site description and sample collection

A comprehensive field study in a full-scale Mariculture Effluent Treatment System
(METS) was performed at Xiangshan Bay, Ningbo City, Zhenjiang Province, China
(29°32'N, 121°31'E). There were a total of 30 ponds on this shrimp farm; these ponds
were within the greenhouse to maintain a relatively stable temperature during the cool
season. The ponds, approximately 2000 m? in size, were managed identically in terms
of sea water input, whereby a daily water exchange rate of 5% and a depth of 1.5 m were
maintained. To maintain a suitable level of dissolved oxygen, bottom aeration was used.
Shrimp post-larvae (Litopenaeus vannamei) with a body weight of 3 g and a length of
6 cm were introduced into the ponds at a stocking density of 360,000 ind./pond. During
the experiment, shrimps were fed commercial feed (40.39% crude protein, 3.64% crude
fat) two to five times per day at an 8% daily feeding rate. Juvenile shrimp were introduced
to the ponds in April 2019, and the total harvest was about 5500 kg/pond. A full-scale
mariculture effluent treatment system (4000 sq. m of the total system area) was in con-
tinuous operation, receiving wastewater from intensive shrimp ponds (Fig. 1). A system
consists of six sub-compartments operating under two distinct phases [phase one (P1) and
phase two (P2)] of shrimp production. P1: treatment from April to June, and P2 from June
to August. The six treatment compartments were as follows: (1) a sedimentation system
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Fig. 1 A shrimp-mariculture effluent treatment system and sampling sites in each sub-compartment (IS,
inlet sub-compartment; SS, sedimentation sub-compartment; BS, biofilm sub-compartment; CS, clam-
shellfish sub-compartment; WS, wetland sub-compartment; OS, outlet sub-compartment), located at Xiang-
shan Bay, China

(SS) (for pre-treatment screening, grit removal, and primary clarification); (2) a biofilm
with artificial bio-carriers made of polypropylene fine fiber with an inbuilt aerator system
(BS) was placed in the biofilm sub-compartment; (3) a constructed wetland composed
of emergent macrophytes (Spartina anglica) with an aerator (WS); (4) two sub-compart-
ments for clam-shellfish (Scapharca subcrenata) with aerator pumps (CS); (5) the inlet
sub-compartment (IS) as control; and (6) the outlet sub-compartment (OS). The effluents
flow through the perforated holes (inlet) chamber to the sedimentation, then to the biofilm
biofilter, to the shellfish headed to a wetland compartment, respectively, and finally to the
outlet sub-compartment (Fig. 1).

The microbial communities at different phases in sub-compartments were investigated
to reveal the efficient and important roles of the long-time operation of the METS. A total
of three water samples (three replicates each) were collected for microbial community and
environmental water quality data. Water samples were collected three times a day: in the
morning from 9:00 to 10:00 a.m., in the afternoon from 13:00 to 14:00 p.m., and in the
evening from 17:00 to 18:00 p.m., for four consecutive days at each phase. At each sam-
pling time point, three replicate samples were sampled. For the microbial analysis, a sieve
0.2 pm pore-sized polycarbonate filter (47 mm diameter, Millipore, Boston, MA, USA)
was used to filter 1 L of water samples. The filtered membranes were stored at a tempera-
ture of — 80 °C until further analysis.

Determination of physical and chemical water parameters

We used IL “polyethlene” plastic bottles to collect water samples (0.5 m from the sur-
face) to measure the physical and chemical water variables. For physical water quality
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parameters, we collected in situ data regarding dissolved oxygen (DO), temperature (T),
salinity, and pH using a handheld automated YSI 6000 multi-parameter probe (USA).
The water samples for determining the concentration of nutrients such as nitrite nitrogen
(NO,™-N), nitrate nitrogen (NO;™-N), chemical oxygen demand (COD), biochemical oxy-
gen demand (BOD), total nitrogen (TN), total phosphate (TP), and ammonium nitrogen
(NH,*-N) were collected from the inflow and outflow of each sub-compartment. Addition-
ally, water samples were collected and transported back to the Ningbo Meishan laboratory,
where total nitrogen (TN) and total phosphorus (TP) were determined by using the potas-
sium persulfate oxidation method. Phosphate (PO,*-P) was analyzed by using the ascor-
bic acid reduced phosphorus-molybdenum blue method. COD and BOD were measured
using national standard methods (APHA 2012). The nutrient concentrations of NH,*-N,
NO,™-N, and NO;™-N were measured using a discrete automated colorimetric analyzer
(Westco, Smart-Chem analyzer 200, USA).

Microbial DNA extraction, PCR amplification, and MiSeq sequencing

Total environmental microbial DNA water samples from each sub-compartment of the
METS were collected and extracted using a PowerSoil DNA Isolation Kit (MO BIO, USA).
The quantity and quality of DNA were measured using the NanoDrop One (Thermo Fisher
Scientific, MA, USA). The extracted genomic DNA was stored at — 80 °C until needed for
amplification. The PCR amplification conditions were set as follows: initial denaturation at
95 °C for 3 min; 27 cycles at 95 °C for 30 s; annealing at 55 °C for 30 s; extention at 72 °C
for 45 s; and a final extension of 10 min at 72 °C. The V3 and V4 regions of the microbial
16S rRNA were amplified by using the two universal barcoded PCR primers: a forward
primer 341F (5'-CCTAYGGGRBGCASCAG-3') and a reverse primer 806R (5'-GGACT
ACNNGGGTATCTAAT-3"). The amplified products of each sample were pooled, purified,
equilibrated, and sequenced using an Illumina MiSeq high-throughput sequencing platform
(MajorBio Co. Ltd., Beijing).

Bioinformatics analysis

Bioinformatics processing of the sequencing data was performed on USEARCH (v11.0.667_i8).
A zero-radius operational taxonomic units (ZOTUs) table for classifying and clustering simi-
lar sequences into operation taxonomic units was generated using the UPARSE pipeline (Edgar
2016), and the UNOISE3 (unoise_alpha=2 and minsize=4 as per default settings) algorithm
was used to denoise, correct errors, and remove chimeras (Edgar 2016). The SILVA database
(release v123) was used to assign the representative sequences for each ZOTU at 99% similar-
ity using the RDP classifier. The raw nucleotide sequencces data generated in this study were
deposited in the National Center for Biotechnology Information (NCBI) Sequance Read Archive
(SRA) database under the accession number PRINA985065.

Statistical analysis
The R (version, 3.6.1, Foundation for Statistical Computing, Vienna, Austria) and SPSS

version 19 (IBM Corporation, Armonk, NY, USA) were used to perform all statistical
analyses unless otherwise indicated. To meet normality and homoscedasticity, microbial
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community data were Hellinger transformed, and the environmental variables data were
normalized using the “vegan” package’s function decostand/p-p plot. The beta-diversity of
the community composition across the treatments was analyzed using non-parametric test
permutational multivariate analysis of variance (PERMANOVA) with Adonis function.

The nonmetric multidimensional scaling (NMDS) ordination in the R-vegan was used
to evaluate the microbial community composition based on Bray—Curtis dissimilarities
(Anderson 2001). Canonical correspondence analysis (CCA) in the “vegan” package was
used to analyze the correlations between community compositions and environmental vari-
ables. We used the paired #-test and one-way ANOVA in SPSS for group comparisons. The
non-parametric Kruskal-Wallis test was used to compare the taxonomic distributions of the
samples. The a-diversity indexes such as Evenness, Shannon—Wiener, and Faith’s Phylo-
genetic Diversity (PD) used to characterize the diversity of the microbial community were
calculated based on ZOTUs using the QIIME workflow-alpha diversity scripts. The anno-
tated bacterial ZOTUs and predicted functional groups were analyzed through FAPROTAX
(http://www.ehbio.com/ImageGP/). The functional components and abundance of associ-
ated metabolic pathways were characterized using the annotation results. Venn diagrams
were created to show the taxa that were shared and unique among samples, regardless of
their relative abundance. The results of the statistical analysis were deemed significant at a
P <0.05. R-program and OriginPro 8.0 software were used to make the figures.

Results
Microbial community composition and structure

The microbial community compositions varied among the sedimentation (SS), wetland
(WS), and outlet (OS) compartments (OS > WS > SS) and between the two phases (Fig. 2).
A total of 7161 (grouped into 47 phyla) and 9358 (grouped into 52 phyla) ZOTUs were
identified at phases one and two, respectively. At both phases, the microbial communities
were mainly composed of the phylum Proteobacteria, Actinobacteria, Bacteroidetes, Fir-
micutes, Cyanobacteria, and Candidate Phylum OD1 bacteria as Parcubacteria (Fig. 2).
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Fig.2 The percentage composition (%) of microbial communities at phylum level in the METS a at phase
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Proteobacteria were the most dominant community in all sub-compartments, followed by
Actinobacteria (Fig. 2). The top forty genera representing the highest percentage composi-
tion of all bacterial ZOTUs were selected after a heatmap analysis. Out of the forty genera,
Candidatus aquiluna, Marivita, Anaerospora, HTCC, and Arcobacter were the most highly
distributed taxa at both phases (Fig. 3). Moreover, the ANOSIM (analysis of similarities)
results at P2 (R?=0.02286 at significance P=0.001) indicated a high correspondence
against P1 (R2=0.06576 at significance P=0.006).

The functional profiles of microbial communities in the system

A total of 31 Functional-Annotations of Microbial Taxa from FAPROTAX were identi-
fied as drivers for nutrient removal (Fig. 4). The analysis of microbial functional groups
revealed that chemoheterotrophy, aerobic chemoheterotrophy fermentation bacteria, and
intercellular parasites were dominant at P1, while chemoheterotrophy, nitrate reduction,
and oxygenic photoautotrophs were dominant at P2 (Fig. 4). The functional profile com-
position of microbial communities revealed by FAPROTAX at phase two was significantly
different (ANOSIM, R?=0.1023; P=0.005) relative to P1. Overall, chemoheterotrophy
was the main metabolic functional group in all sub-compartments of the METS. Other
functional groups, such as aerobic-chemoheterotrophy, fermentation, and nitrite reduction
bacteria, varied within sub-compartments.
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Table 1 Diversity of the microbial community in the biofilters system

Sub-unit Shannon Chaol PD whole tree Number of taxa Simpson

IS-P1 4.73+1.00 398.01+108.34* 14.57+2.14* 174.00+ 13.89° 0.85+0.11
IS-P2 4.80+1.14 1326.68+366.10°  35.85+7.93° 624.67 +84.04° 0.84+0.13
SS-P1 4.60+0.52 443.53 +116.52° 21.75+2.80° 231.67+£33.65" 0.93+0.03
SS-P2 5.07+0.49 1655.46 +153.66° 45.43 +4.60° 804.78 +93.76° 0.93+0.03
BS-P1 5.33+0.59 593.44+178.87* 19.26+3.51° 211.44+26.30° 0.92+0.05
BS-P2 5.70+0.58 1794.13+178.12° 5271 +6.60° 862.22+92.85" 0.92+0.05
CS-P1 5.74+0.56 614.27+183.53* 21.18+5.10° 230.78 +59.85" 0.94+0.02
CS-P2 6.11+0.64 1805.80+£290.03°  5475+11.31°>  911.89+214.30°  0.94+0.02
WS-P1 5.60+0.33 669.03 +163.10° 18.71+£2.46 207.22+31.04° 0.94+0.03
WS-P2 6.99+0.35 1834.26+445.05>  54.03+12.30°  869.67+218.29°  0.95+0.01
0S-PI 5.68+0.36 664.48+163.11* 19.94+3.62° 215.67+44.28" 0.95+0.01
0S-P2 6.94+0.33 1871.45+354.19° 56.04+12.33°  849.11+166.44°  0.94+0.04

Different letters specify the significant between sub-compartment of phase one and two (P <0.05); no let-
ters represent no significant difference. Results are mean =+ standard deviation. (IS inlet sub-compartment,
SS sediment sub-compartment, BS biofilm sub-compartment, CS clam-shellfish’s sub-compartment, WS
wetland sub-compartment, OS outlet sub-compartment, P/ phase one, P2 phase two)

The diversity index of the microbial community

The alpha diversity metrics, including the number of observed ZOTUs, Chaol index,
Shannon diversity, and Inverse Simpson) of P1 and P2 of the METS are represented in
Table 1. The biofilm, clam, outlet, and wetland sub-compartments had a higher alpha
diversity and phylogenetic diversity (PD) whole tree (P <0.05) than the inlet (IS) and
sedimentation (SS) sub-compartments at both phases (Table 1), suggesting that clam-
shellfish (CS), wetland (WS), and biofilm (BS) formations compartments harbor more
diverse microorganisms than the IS and SS sub-compartments. The number of taxa
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obtained was significantly higher (P <0.05) in P2 than P1. The outlet and wetland
sub-compartments of phase two had significantly higher Chaol values than phase one
(P <0.05). There is no statistically significant difference (P> 0.05) in Simpson diversity
and Shannon indexes between P1 and P2 of the METS. Alpha diversities (Chaol, PD
whole tree, the number of taxa) decreased monotonically with the increased level of
nutrients (N, P) in the inlet and sedimentation sub-compartments in P1 relative to P2.

Succession changes in microbial communities

To examine the overall taxonomic and structural changes of microbial assemblages, NMDS
using Bray—Curtis’s dissimilarities, cluster analysis, and PERMANOVA were used. The
differentiation of microbial community composition by NMDS ordination, showed differ-
ences in assemblages of microbial community between the sampling sites (Fig. 4). The
NMDS plot with lower stress values indicated a measure of goodness of fit (stress val-
ues<0.1, Fig. 5a, b) and showed the variation of microbial community structure among
the two phases. The NMDS showed samples were grouped separately in each sub-com-
partment. However, some microbial communities showed overlapping among the treated
sub-compartments of the biofilter system (Fig. 5a, b). The PERMANOVA showed there
is a significant difference in the composition of the microbial communities between two
phases (PERMANOVA, R>=0.101; P=0.001) at P1, and (PERMANOVA, R*=0.102;
P=0.005), at P2. We further analyzed the functional groups by using a Venn diagram
to understand the distribution of the microbial community (Fig. 5¢, d). In phase one, we
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Fig.5 Bray—Curtis nonmetric multidimensional scaling (NMDS) for microbial dissimilarities in the multi-
compartment biofilters system at a phase one, b phase two; Venn diagrams were created to show the shared
and unique taxa among functional groupings in the system at ¢ phase one, d at phase two
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found 37 common functional groups shared by three sub-compartments (inlet, sedimen-
tation, and biofilm) and 45 functional couplings at the clam-shellfish, wetland, and out-
let sub-compartments. Moreover, we found high variability in the unique number of strict
indicator taxa over time (33 during phase one and a total of 31 unique taxa during phase
two) (Fig. 5S¢, d).

Physical and chemical water parameters

Physical variables (water temperature (WT), dissolved oxygen (DO) and pH) were directly
measured in the system, and values fluctuated from 5.20 to 8.11, 21.02 to 28.02 °C, and
3.41 to 8.01 mg/L, respectively. The chemical water parameters (NO,™-N, NO;™-N, COD,
TN, and TP) were minimal at WS and OS compared to other sub-compartments. The BS
showed the irregular variations of the environmental water parameters for both phases. In
P1, the concentration of NH,"-N effluent showed a significant decreasing trend (Table 2)
and finally stabilized at the OS subunit. The effluent NO,™-N and TP were high in P1 at IS
and SS compared to P2. Overall, the dissolved inorganic nutrients showed a trend variation
among the sub-compartments. The NH,*-N, NO;™-N, TP, and TN in BS, CS, WS, and OS
were substantially different (P <0.05). The nitrate-reduction and nitrate-ammonification
were highly significant at P2, resulting in an average removal efficiency of 81.39% for total
nitrogen (TN) and 80.63% for total phosphorus (TP).

Relationship between environmental variables and the microbial community
To explore the association between the populations and environmental variables, a CCA

analysis was performed. Canonical correspondence analysis indicated a substantial correla-
tion between extrinsic and intrinsic factors. Generally, nine environmental variables were

Table 2 The environmental water quality parameters of the mariculture effluents treatment system

Sub-unit  Nutrients (mg/L)

NO,™N NH,*-N PO, "-P NO;™-N TP N COD
IS-P1 1874048 1343036  144+0.181 1.82+0.83  070£022  397x1.67  1554x4.12
1S-P2 1674044  1.19+032  1.40+0.13  1.84+0.60 052023  387+139  16.14+3.95

SS-P1 0.97+0.44 1.19+0.32 1.39+0.130  1.34+£0.60  0.62+023  387+1.39  16.14+3.40
SS-P2 0.82+0.36 1.12+0.48 1.35+0.11 1.17+040  0.50+0.15  326+0.87  12.55+3.82
BS-P1 0.72+0.36 1324048  0.65+0.11* 1.17£040  050+0.15  326+0.87  12.55+3.82
BS-P2 0.71+£0.59  0.86+028>  027+0.09° 1.00+043  037+0.13  222+0.60 8.83+3.36
CS-P1 0.71+£0.59°  1.86+028"  027+0.10  1.10£043* 038+0.16 2.22+0.60  8.83+3.36
CS-P2 0.44+0.48>  048+020° 0.19+£0.08  046+0.16° 028+0.10  1.83+0.73  6.14+2.78
WS-P1 0.73+0.25*  1.34+023*  021+0.08  0.80+049a 040+0.15* 2.17+0.60*°  16.75+3.00°
WS-P2 0274048  0.12+£046° 044+0.18  0.32+0.13b  0.01+0.02> 0.08+0.68" 554+4.12°
0S-P1 0.64+0.28"  0.58+0.20° 0.69+0.08" 0.76+0.16" 0.48+0.10° 2.83+0.73" 6.14+2.76
0S-P2 023+0.45°  022+0.07° 021+£0.08  020+049° 0.10+0.05° 0.72+0.12°  2.75+3.00°

The significance between phase one and phase two (P<0.05); is denoted by different letters. No letters
indicate that there is no significant difference. Results are mean + standard deviation (n=3). (IS inlet sub-
compartment, SS sediment sub-compartment, BS biofilm sub-compartment, (3) CS clam-shellfish’s sub-
compartment, WS: wetland sub-compartment, OS: outlet sub-compartment)
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Fig.6 Canonical correspondence analysis (CCA) of microbial communities signifying the relationship
between microbial communities and abiotic and biotic factors in the system. The abbreviations indicate
DO, dissolved oxygen; WT, water temperature; TN, total nitrogen; chl.a, chlorophyll a; NO3, nitrate; COD,
chemical oxygen demand; TN, total nitrogen; PO4, phosphate; NH4, ammonium (IS, inlet sub-compart-
ment; SS, sediment sub-compartment; BS, Biofilm sub-compartment; CS, clam-shellfish’s sub-compart-
ments; WS, wetland sub-compartment; OS, outlet sub-compartment)

significantly associated to the microbial community among the treatments (Fig. 6). The
results showed a positive correlation between DO (R=0.013), WT (R=0.011), NO,"-N
(R=0.018), and TP (R=0.016), parameters with the microbial community (Fig. 6). To
lessen the collinearity of many parameters, the (biochemical oxygen demand (BOD), Salin-
ity (SAL), and NO, -N were excluded from the group of important variables based on the
variance inflation factor (VIF>20). The results showed that NO, -N, WT, pH, DO, and
WT were the major environmental factors that influenced the microbial communities. Spe-
cifically, the microbial communities in the IS and CS were distinct from mainly by the axes
of DO, and pH and chlorophyll a.

Discussion
Distribution and composition of microbial community in the biofilter’s system

The microbial community in the aquatic system may experience succession dynamics or
temporal variations. In this study, the presence of biofilters strongly influenced the vari-
ation and distribution of microbial communities at the overlying water interface (Fig. 2).
Proteobacteria, Bacteroidetes, and Actinobacteria were the dominant phyla in the two
phases of the treatment system. Previous studies have shown that the microbial commu-
nity of the above-mentioned phyla is responsible for the mineralization of organic mat-
ter in various ecosystems (Pierce et al. 2016; Wei et al. 2018; Banker and Vermeij 2018;
Nicholaus et al. 2020a, b). These results suggested that incorporating biofilters (shellfish,
biofilm, and wetland) in the system for a certain period provided a suitable substrate envi-
ronment for the proliferation of potential bacteria such as Proteobacteria, Nitrospirae, and
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Bacteroidetes. Furthermore, the distribution of denitrifying microbes capable of convert-
ing nitrate to nitrite (Chen et al. 2012) in phase two of the wetland, shellfish, and bio-
film sub-compartments was very diverse. Subsequently, the genera Marivita, Candidatus
aquiluna, and Anaespora that might have the functional capability of degrading inorganic
matter were highly distributed in phase two relative to phase one (Fig. 3). The composi-
tion of microbes in the biofilm, shellfish culture, and wetland biofiltration units increased
significantly at phase two of the multi-compartment biofilter system (Fig. 2). This sug-
gests that each sub-compartment had a unique community composition compared to other
sub-compartments of the biofilter system (Fig. 5). The abundance and succession of the
microbial community have gained a lot of interest and are showing promising results to
many researchers (Lukwambe et al. 2019; Yang et al. 2020a, b; Wei et al. 2022). The abun-
dance of the microbial community fluctuated greatly in the six treatment units, indicat-
ing that in the treatment system, the water environment is constantly changing, and the
microbial community composition also varies from one sub-component to another (Fig. 2)
and from phase one to phase two. These suggest that the microbial communities in the
phase two (P2) treatment exhibited significant reversible shifts in microbial community
population and biogeochemical dynamics compared to phase one (P1). Moreover, in the
clam-shellfish and wetland sub-compartments, the diversity of potential microbial commu-
nities increased, possibly due to filter-feeding shellfish and the effect of cordgrass Spartina
anglica in the constructed wetland. Generally, phase two of the treatment system affects
each biofiltration unit and increases the biomass of potential microbes (Fig. 2). The early
microbial colonizers appeared to be “sedimentation-biofilm-specific,” while later the wet-
land and outlet sub-compartments became dominant (Fig. 2). Overall, phase two of the
biofilter system influenced the functional community and decreased the relative abundance
of those opportunistic microbial communities with competitive growth (Fig. 4). The preva-
lence of Cyanobacteria and Gammaproteobacteria in phase one is possibly associated with
the lower richness of beneficial bacteria. Generally, our findings suggest that the treatment
process in phase two maintained the potential microbial community and constrained the
dominance of opportunistic bacteria such as Gammaproteobacteria and Cyanobacteria in
the system. Overall, the sustainability of the aquaculture treatment system is dependent on
the presence of viable and stable assemblages free of antagonistic and dangerous microor-
ganisms (Lukwambe et al. 2020).

The functional profiles of microbial communities in the system

The functional profiles of microbial communities are vital aspects that help to under-
stand the interaction of communities in mariculture effluent treatment systems. In the pre-
sent study, FAPROTAX showed that the predominant functional groups (at P1 and P2)
for nutrient removal were related to chemo-heterotrophy that might have the functional
capability of biodegrading inorganic matter in the system. Moreover, several functional
groups of the microbial community for biogeochemical nutrients cycling and degradation
of organic matter were discovered (Fig. 3). The predominant functional groups across all
samples belonged to chemoheterotrophy, followed by aerobic chemoheterotrophy (Fig. 3).
Chemoheterotrophy is essential in the decomposition of organic matter and the recycling of
essential nutrients, such as carbon (C), nitrogen (N), and phosphorus (P). However, when
we focused on more specific functions, the result showed differences in dominant functions
involved in biogeochemical cycling derived from each biofiltration system. The removal of
nutrients is dependent on the actions of chemoheterotrophic microorganisms that served as
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the principal decomposers of organic matter (Hayatsu et al. 2008; Peng et al. 2018; Jiang
et al. 2019). The functional groups of chemoheterotrophy were significantly higher in both
phases of the system, while the aerobic-chemoheterotrophy and nitrate reduction were
highly significant in the wetland subunit than the sedimentation area. This indicated that
there was a high level of interaction among the constructed wetland, microbes, substrates,
and pollutants as a result of the complex rhizosphere system (Carvalho et al. 2013) of the
cord grass, Spartina anglica. Besides, the roots of the plants in the constructed-wetland
harbor/store useful nitrifying and denitrifying bacteria (Chen et al. 2020; Lukwambe et al.
2019). Spartina anglica acts as a key carbon source to support microbial communities.
This is evident especially in the rhizosphere of emergent aquatic plants in the wetland
sub-compartment, where the plant roots create a conducive environment for the growth of
numerous functional bacteria responsible for nitrogen content transformation (Zhang et al.
2013; Zou et al. 2013). Furthermore, the denitrification process in wetland and clam-shell-
fish biofilter systems could be attributed to the functional redundancy of diverse organisms
that can execute the same ecological function of denitrification removal (Lukwambe et al.
2018). More importantly, we confirmed the presence of high functional groups of bacte-
rial taxa found in wetland, shellfish and biofilm systems. In general, the biofilm and wet-
land biofilter areas offered suitable aerobic conditions for nitrification, while the wetland
was ideal for both anoxic/anaerobic denitrification and nitrification in the system (Vymazal
2007; Lukwambe et al. 2018).

Effect of Physicochemical variables on microbial communities in the system

Microbial communities play a significant role in regulating biogeochemical cycles,
whereas environmental parameters regulate their diversity, distribution, and physiology
in most marine ecosystems (Thajudeen et al. 2017). The changes in surrounding environ-
ments might affect the microbial interaction, which may disturb the ecosystem commu-
nity. In the present study, physical and chemical factors of the environmental water qual-
ity parameters changed after the treatment process (Table 2). The nutrient concentrations
of NH,*-N, NO;™-N, NO,™-N, PO,*"-P and COD varied significantly among the treat-
ments (Table 2). Furthermore, the system at phase two showed decreases in nutrient con-
tent (nitrogen, phosphorus, and COD) from one unit to another (Table 2). The filter feed-
ers (shellfish) and emerging macrophytes (wetland) increased the nutrient removal rate in
the system (Table 1). Macrophytes enhanced the nitrification process by releasing oxygen
through their stems, roots, and rhizomes (Rehman et al. 2017). The advent of high nutri-
ent removal in phase two of the wetland and clam-shellfish sub-compartments not only
improved the efficiency of the process but also enhanced sustainable aquaculture effluent
treatment (Craggs et al. 2011; Kang et al. 2015; Lukwambe et al. 2020). The removal of
ammonia and nitrite is mainly mediated through the nitrification process by ammonia-
oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) (Hayatsu et al. 2008; Peng
et al. 2018; Jiang et al. 2019; Yoon et al. 2015). Additionally, CCA indicated strong rela-
tionships between the bacterial communities and physicochemical factors (Fig. 6). Results
elucidated that NO;-N, DO, WT, and TN were the main environmental factors, that
altered the microbial communities either directly or indirectly. Several studies showed that
the microbial communities are indispensable components of the water environment and
play central roles by affecting the ecological functions of the ecosystem (Ramanan et al.
2016; Natrah et al. 2014; Zheng et al 2023). In the present study, DO was the most abiotic
factor that affected the ecosystem’s microbial community structure (Jiang et al. 2019). DO
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was highest and correlated with the microbial assemblage in the biofilm, shellfish culture,
and ecological wetland sub-compartments (Fig. 6). The optimum DO could help main-
tain water quality (Lukwambe et al. 2020; Jiang et al. 2019), which leads to the reduc-
tion of harmful algae. Many studies have found that water temperature is a key element
in determining community composition (Crump and Hobbie 2005; Kan et al. 2007; Zhu
et al. 2019). Moreover, the high nutrient concentrations in sedimentation and inlet sub-
compartment (Table 2) may have been caused by the elevated water temperature (Paerl
and Paul 2012; Ponce-Palafox et al. 2019; Lai et al. 2021). The elevated water temperature
can increase metabolic rates in aquatic organisms, leading to increased nutrient uptake and
utilization. This increased metabolic activity, coupled with potential changes in nutrient
release from sediments or other sources, contributes to higher nutrient concentrations in
the water. Additionally, a substantial correlation between extrinsic and intrinsic factors was
most manifested at the wetland sub-compartment during phase two of the system (Table 1,
Fig. 6). This distribution trend was likely due to an increase in microbial community activi-
ties associated with mineralization in the wetland. Overall, mineralization in wetlands is
driven by microbial communities that break down organic matter, releasing nutrients and
fueling the nutrient cycling process. Generally, the constructed-wetland and biofilm had
more affiliated taxa linked with physicochemical variables relative to the inlet and sedi-
mentation sub-compartments, indicating a greater association between the environmental
parameters and microbial functional groups. Since the microbial community was com-
pelled significantly by the extrinsic factors (surrounding environment) (DO, pH, etc.), it
is plausible to prevent the microbial community from shifting and crashing by controlling
the environmental parameters, including minimizing nutrient loads (Yang et al. 2020a, b).
However, techniques for controlling the extrinsic factors merit further research.

The alpha diversity of the microbial community

The alpha diversity parameters were higher in phase two relative to phase one, suggesting
that the presence of biofilters influenced the potential bacteria required for bioremediation
in the system (Table 2). The dominance of Proteobacteria, Bacteroidetes, and Actinobac-
teria increased the richness, evenness, and number of observed ZOTUs in phase two. The
Simpson’s diversity index and evenness index were lower in phase one than phase two
(Table 1), possibly related to the low ratio of beneficial microorganisms influenced by high
nutrient enrichment (Hu et al. 2012; Wan et al. 2011). In the biofilter system, the biofilm
sub-compartment played a key role in maintaining the community diversity of the system
at phase one. Unstable communities could cause the algal collapse leading to anoxia and
the substantial release of sulfides and toxins (Cremen et al. 2007; Lukwambe et al. 2015).
Moreover, high organic matter concentrations exudate from phytoplankton or the lysing of
senescent and dead ones may affect the assembly of microbial communities (Landa et al.
2016; Logue et al. 2016; Lucas et al. 2010). In the present study, the bio-carriers provide
a surface area and structure that facilitate the attachment and growth of diverse micro-
bial communities. This favorable environment created by the bio-carriers can support the
colonization and proliferation of different microbial community, leading to an increase in
system diversity. The composition between the sedimentation area and the attached bio-
film area was significantly different, indicating that the biofilm bio-carriers had improved
the system’s diversity (Sanz-Ldzaro et al. 2011; Battin et al. 2016; Peng et al. 2018). We
hypothesize that, an explicit internal circulation (aeration) in the biofilm-bio-carriers, was
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the main reason for the rapid formation of the stable microbial community. This is a fas-
cinating discovery as well as a novel strategy to promoting rapid biomass in the system.
Moreover, incorporating a constructed wetland in the study provide oxic-habitats/niches
created by the roots’ aeration rhizospheres that affect the diversity of the wetland’s hetero-
trophic biota (Bodelier 2003). Understanding the mechanisms underlying microbial inter-
actions in response to biological filters will facilitate the development of efficient, produc-
tive, and sustainable aquaculture biotechnology processes.

Conclusions

The study utilized FAPROTAX, as a tool for predicting the functional profile of micro-
bial communities for nutrient removal in multi-compartment biofilters of mariculture efflu-
ent. The high-throughput sequencing (HTS) of 16S rRNA gene metabarcoding revealed
a highly dynamic pattern of community composition with high heterogeneity. Conse-
quently, there was a significant increase in the functional groups of chemohetrophic and
nitrate reduction in phase two of the wetland sub-compartment of the biofilter system. The
study revealed that the co-existence of multi-compartment biofilters significantly altered
the functional profiles of the microbial community and increased its diversity in phase two.
Our study’s results suggest that incorporating multi-compartment biofilters in mariculture
shrimp effluent treatment systems enhances our understanding of the ecological function-
ing of microbial communities involved in organic matter degradation. However, more stud-
ies are needed to elucidate the functional roles of specific microbial taxa and investigate
the long-term stability and performance of multi-compartment biofilter systems. Moreover,
future studies should consider higher-resolution sequencing methods to obtain more spe-
cific information on species identification and functional services.
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