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A B S T R A C T

As the aquaculture industry continues to grow rapidly, the environmental consequences of wastewater discharge 
from aquaculture have become a major concern. The biological treatment method has proven to be an effective 
and beneficial approach for wastewater treatment. In this experiment, aquaculture wastewater was treated using 
two different ratios of Bacillus subtilis and Bacillus licheniformis composites in combination with sea purslane 
(Sesuvium portulacastrum) to investigate the wastewater treatment efficiency and microbial community. Sea 
purslane effectively removed nutrients from aquaculture wastewater. The addition of compound Bacillus 
significantly increased the removal rates of CODMn, TP, and PO4

3− -P, which were 54.9–56.4 %, 78.2–79.9 %, and 
85.0–89.6 %, respectively. Moreover, the compound Bacillus notably influenced the microbial community 
composition in the water and root systems, reducing species abundance while increasing community diversity, 
with Treatment 2 exhibiting the highest community stability. The addition of the compound Bacillus significantly 
increased the relative abundance of Alphaproteobacteria. Most of the important operational taxonomic units 
(OTUs) that significantly impacted the groups belonged to Alphaproteobacteria. Different biomarkers in the 
water and root system were primarily from Alphaproteobacteria, Gammaproteobacteria, and Bacteroidia, 
including Idiomarina and Alteromonas, Ruegeria, Vibrio, Algoriphagus, and Maribacter, among others. These mi
croorganisms play a significant role in promoting the removal rate of nitrogen and phosphorus. Furthermore, the 
compound Bacillus notably affected the abundance of nitrogen cycle-related sequences and increased the relative 
abundance of microorganisms associated with the nitrogen cycle. These findings provide valuable insights for 
optimizing aquaculture wastewater treatment processes.

1. Introduction

As shrimp aquaculture intensifies, feed waste and shrimp excretions 
led to the accumulation of nitrogen and phosphorus pollutants in water, 
including ammonia nitrogen, nitrite nitrogen, and reactive phosphate 
(Kokkuar and Srisapoome, 2021; Xu et al., 2024). The discharge of 
wastewater from shrimp farming contributes significantly to environ
mental pollution, including water eutrophication, soil salinization, and 
the accumulation of residues such as antibiotics, disinfectants, and other 
chemicals. Currently, an integrated wastewater treatment system is 
considered one of the most effective methods for treating shrimp- 

aquaculture wastewater (Lukwambe et al., 2024). This system typi
cally include sedimentation, microalgae (Yang et al., 2024), biofilms 
(Wei et al., 2024a, 2024b, Wei et al., 2022), shellfish (Lukwambe et al., 
2020, Lukwambe et al., 2018; Nicholaus et al., 2023), and macrophytes/ 
macroalgae (Xu et al., 2024). The elevated salinity of mariculture 
wastewater complicates its treatment, making salt tolerance a key 
consideration when choosing organisms for wastewater treatment, such 
as shellfish and macrophytes. Artificial wetlands (floating islands) are a 
low cost and environmentally friendly technology for wastewater 
treatment (Vásquez et al., 2022). Aquatic plants are an integral 
component of these artificial floating islands, providing good conditions 
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for filtration, phytoremediation, and a large surface area for the growth 
of attached microorganisms (Carrasco et al., 2017; Stefanakis, 2018). 
Biological nitrification-denitrification and plant uptake are often the 
two most important mechanisms for nitrogen removal in artificial wet
lands (Vásquez et al., 2022). Microorganisms attach to the root system, 
forming biofilms that are more stable than the microbial communities in 
water (Yuan et al., 2024). In the aerobic root zone microorganisms 
stabilize organic matter and nitrify ammonium nitrogen to nitrate ni
trogen. In the anoxic zone, microbial-mediated denitrification converts 
nitrate to nitrogen gas, which is then released into the atmosphere 
(Vázquez-Burney et al., 2015). Salinity tolerance is crucial when 
selecting plants for mariculture wastewater treatment, while many 
macrophytes are effective in treating low salinity wastewater, such as 
Ipomoea aquatica Forsskal (Xu et al., 2024), Iris pseudacorus L. (Wu et al., 
2017a, 2017b), Canna indica L. (Zuo et al., 2020). Fewer species can 
tolerate hypersaline conditions, one of such plants is Sesuvium portula
castrum, commonly known as sea purslane. The sea purslane has high 
edible, medicinal, and economic values (Magwa et al., 2006) and can 
absorb nitrogen and phosphorus to improve the marine environment 
(Boxman et al., 2017). The use of sea purslane for the treatment of high- 
salinity wastewater demonstrated a CODMn removal rate of 45–48 %, 
which significantly influenced the microbial community structure (Yuan 
et al., 2024). As a floating bed plant, sea purslane can be harvested 
regularly for use as vegetable or animal feed, providing both environ
mental and economic benefits. It effectively removes pollutants such as 
nitrogen and phosphorus from wastewater.

Bacillus is a genus of spore-forming bacteria known for its resistant 
ability to harsh physical and chemical conditions, which enables it to 
survive in diverse environments, including freshwater and marine sed
iments (Soltani et al., 2019). The role of Bacillus in aquaculture is 
extensive. For instance, the addition of Bacillus subtilis to aquaculture 
water has been shown to improve the growth performance, immune 
response, and resistance to Vibrio harveyi infection in juvenile shrimp 
(Litopenaeus vannamei) (Zokaeifar et al., 2014). Furthermore, Bacillus is 
highly effective in aquaculture wastewater treatment and a key 
component of many microecological formulations. It improves water 
quality by reducing ammonia and nitrite concentrations (Kuebutornye 
et al., 2019). By introducing organic carbon, Bacillus can enhance 
ammonia removal (Pinho et al., 2017). Among the various bio
technologies available for nitrogen reduction in aquaculture waste
water, biological denitrification stands out as one of the most effective, 
environmentally friendly, and cost-efficient methods (Barman et al., 
2017).

The concentration of harmful nitrogen, such as ammonia, nitrite, and 
nitrate in aquaculture water can be effectively controlled by adding 
appropriate microorganisms (Kuebutornye et al., 2019; Soltani et al., 
2019). Xu et al. (2024) demonstrated that the combined use of com
pound bacteria (Rhodopseudomonas palustris and Bacillus subtilis) along 
with water spinach (Ipomoea aquatica Forsskal) effectively treated low- 
salinity Penaeus vannamei aquaculture wastewater, achieving an 
ammonia removal rate of 93.79 %. Plant root systems influence micro
organisms in two main ways: by releasing dissolved oxygen, which 
promotes the activity and growth of nitrifying bacteria and accelerates 
the nitrification process (Han et al., 2020), and by secreting carbon-rich 
compounds that intensify the denitrification process (Wu et al., 2017a, 
2017b). Dominant heterotrophic microorganisms such as Bacillus have a 
wide optimal pH range (5–10), which aligns well with the optimal pH 
range for plants (Martins et al., 2019). Furthermore, the plant root 
system provides an ideal habitat for microorganisms to form biofilms. 
Thus, the simultaneous treatment of aquaculture effluent by plants and 
microorganisms warrants a promising application for wastewater 
management.

Bacillus subtilis, one of the commonly used microbial ecological 
agents (Shao et al., 2020), is known for its high stability, resistance, and 
bacteriostatic activity (Subtil et al., 2019). The removal of NH4

+-N, NO3
− - 

N, NO2
− -N, and TN by Bacillus subtilis reached 81 %, 87 %, 52 %, and 91 

%, respectively, demonstrating a significant purifying effect on water 
quality (Shao et al., 2021). Nitrite, ammonia, and nitrate concentrations 
in shrimp aquaculture water were significantly reduced to tolerable 
levels by adding of Bacillus subtilis at a 108 CFU/mL to the aquaculture 
water (Zokaeifar et al., 2014). Bacillus licheniformis is also widely used as 
an ecological agent in aquaculture to remove NH4

+-N from water (Geng 
et al., 2022). In this experiment, we used sea purslane to treat the shrimp 
wastewater and introduced the compound Bacillus (Bacillus subtilis and 
Bacillus licheniformis) into the system. We investigated the treatment 
effect of sea purslane and compound Bacillus on wastewater and its in
fluence on the microbial community structure/dynamics using 16S 
rRNA high-throughput sequencing technology. The main objectives of 
this experiment were: (1) to study the treatment effect of compound 
Bacillus on wastewater; (2) to assess changes in the microbial commu
nity structure in the water and the root system of sea purslane; and (3) to 
predict the roles and functions of key microorganisms in nitrogen and 
phosphorus removal. The results of this experiment will provide valu
able insights for optimizing aquaculture tailwater treatment systems.

2. Materials and methods

2.1. Experimental design

The experiments were conducted at Xianxiang farm in the Yinzhou 
district of Ningbo, where there is a Penaeus vannemei farming facility. 
The wastewater was sourced from a shrimp farming pond with a 
stocking density of 70,000 shrimp per 667 m2. The initial concentrations 
of chemical oxygen demand (CODMn) and nutrients in the wastewater 
are presented in the Table 1. The shrimp culture wastewater treatment 
system consisted of four biofilter compartments (sedimentation, 
microalgae, shellfish, and sea purslane), and the compound Bacillus was 
injected into the sea purslane area. Compound Bacillus 1 consist of Ba
cillus subtilis and Bacillus licheniformis in a 1:5 ratio, while compound 
Bacillus 2 has a Bacillus subtilis and Bacillus licheniformis ratio of 2:5. 
Compound Bacillus 1 and Compound Bacillus 2 were determined by 
preliminary experiments. The experiment was carried outdoors using 
white barrels, each containing 100 L of wastewater. It was divided into 
three groups: the control group (water: WC, root: RC) with 20 indiv sea 
purslane; Treatment 1 (water: WT1, root: RT1) with 20 indiv of sea 
purslane and an injection of compound Bacillus 1 every eight days; and 
Treatment 2 (water: WT2, root: RT2) with 20 indiv of sea purslane and 
an injection of compound Bacillus 2 every eight days. Each group had 
three replicates. Throughout the experiment, 30 % the volume of water 
was replaced every two days to replicate the wastewater treatment 
process. The injection dose was 2 ‰ of the total water volume, resulting 
in Bacillus concentration of 108 cfu/L. The experiment lasted for 16 days. 
Temperature, pH, salinity, and dissolved oxygen levels were measured 
daily, while CODMn, total nitrogen, total phosphorus, nitrite, nitrate, 
ammoniacal nitrogen, and active phosphate levels were examined every 
four days (D4, D8, D12, and D16) before changing the water. Simulta
neously, the samples of planktonic microorganisms from the water and 
root system of the sea purslane were collected.

Water samples were taken using polythene bottles and filtered 
through 0.2 μm filter membrane using a filter pump. The membrane was 

Table 1 
The initial concentrations of the pollutants in the wastewater (Mean ±
SD).

Pollutants Concentration (mg/L)

CODMn 16.50 ± 1.96
phosphate (PO₄3− -P) 1.17 ± 0.17
nitrite (NO₂− -N) 3.83 ± 0.48
nitrate (NO₃− -N) 12.16 ± 1.22
ammonia (NH₄+-N) 5.38 ± 1.03
total nitrogen (TN) 19.82 ± 2.23
total phosphorus (TP) 3.17 ± 0.61
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placed into a 5 mL EP tube and stored at − 80 ◦C for further analysis. The 
roots (5 g) were cut with sterile scissors and placed into 10 mL EP tubes 
for storage. Each tube contained a composite sample of roots from five 
plants. All samples were transported in an ice box to the laboratory 
within 2 h and stored at − 80 ◦C for further analysis.

2.2. Environmental parameters measurement

The water pH, temperature, and dissolved oxygen levels were 
measured using a multifunctional water quality detector (Multi 3620 
IDS, Germany). Salinity (S) was measured with a refractive index sali
nometer. After collecting water samples, the CODMn was determined 
through oxidation with alkaline potassium permanganate. The total 
phosphorus (TP) and total nitrogen (TN) were determined via oxidation 
with potassium persulfate. The collected water samples were filtered 
using a glass fiber filter membrane with a pore size of 0.45 μm. Active 
phosphate (PO₄3− -P) was measured using the ascorbic acid-reduced 
phosphomolybdenum blue, nitrate (NO₃− -N) was determined by 
zinc‑cadmium reduction, the nitrite (NO₂− -N) by naphthalene ethyl
enediamine hydrochloride, and the ammonia (NH₄+-N) by hypobromite 
oxidation.

2.3. DNA extraction and sequencing

Bacterial DNA was extracted using a DNA extraction kit (minkgene 
Water DNA kit, Guangzhou Findrop Biotechnology Co., Ltd.， 
Guangzhou，China) and DNA concentration and purity were deter
mined using a NanoDrop One spectrophotometer (Thermo Fisher Sci
entific, MA, USA). To amplify bacterial colonies universal primers 338F 
(5’-ACTCCTACGGAGGCAGCA-3′) and 806R (5’-GGAC
TACHVGGGGTWTCTAAT-3′) were used targeting V4 region of the 16S 
rRNA gene. A 250-bp double-end-paired sequence was generated using 
Illumina’s HiSeq 2500 platform (Guangdong Megagenics Biotechnology 
Co., Ltd., Guangzhou, China). High-throughput sequencing was per
formed on the Illumina MiSeq sequencing platform at Guangzhou 
Megger Genetics with the resulting sequencing data processed using 
USEARCH (V11.0.667_I8). To enhance data quality, the combined se
quences were denoised using the UNOISE3 algorithm (unoise_alpha = 2, 
midsize = 8, according to the default settings). This denoising step 
corrected errors and removed chimeras, (tessellations), resulting in the 
generation of zero-radius operation taxon units (ZOTUs), ZOTUs were 
quantified and compared with the SILVA database for taxonomic 
information.

2.4. Statistical analysis

One-way ANOVA was used to compare differences in nutrient 
removal rates, Chao1 and Shannon indices among treatment groups, 
with Duncon’s Multiple Comparisons applied for post hoc analysis. 
When doing ANOVA for nutrient removal rates, raw data were arcsin 
transformed. All results were visualized using R 4.4.1 (R Core Team, 
2024) and RStudio (2023.03.0 + 386). Alpha diversity was plotted using 
the geom_boxplot() function in the ggplot package. Cluster analysis was 
performed using the hclust() function in the package “vegan” to char
acterize the similarity of bacterial composition between groups. Prin
cipal coordinate analysis (PCoA) was performed using the cmdscale() 
function in the “ape” package and the ddply() function in the “plyr” 
packageto visualize the overall structure of the bacterial community. 
Random forest regression was performed using the “randomForest” 
package, with 30 OTUs showing significant effects selected for further 
analysis five ten-fold cross-validations, were performed based on the 
calculated values of the importance of each OUT (e.g., “IncNode
Purity”). After ranking the OTUs from highest to lowest, the top 10 OTUs 
were finally selected. Random forest regression and variable signifi
cance analysis were excuted using the “rfPermute” package, while spe
cies abundance maps of these 10 OTUs over time were generated using 

the “reshape” package and “circlize” for visualization. Linear discrimi
nant analysis effect size (LEfSe) (http://huttenhower.sph.harvard.ed 
u/galaxy/root?tool_id=PICRUSt_normalize), was utilized to identify 
statistically significant taxa between the different treatments catego
rized by the microbial community. Functional gene prediction was 
performed using FAPROTAX to screen for genes related to nitrogen 
metabolism, these results were analyzed and visualized using the 
“ComplexHeatmap” package.

3. Results

3.1. Nutrient removal

The CODMn removal rates for Treatment 1 and Treatment 2 were 
56.4 % and 54.9 %, respectively, both of which were significantly higher 
(P < 0.05) than that of the control group (5.4 %). However, no statis
tically significant difference was observed between the two treatment 
groups (Fig. 1). The TN removal rates for control, Treatment 1 and 
Treatment 2 were 45.0 %, 59.1 % and 54.8 %, respectively. No signifi
cant differences were observed among the three groups (Fig. 1). The TP 
removal rates for Treatment 1 and Treatment 2 were 79.9 % and 78.2 %, 
respectively, both significantly higher (P < 0.05) than the control group 
(66.9 %) (Fig. 1). The PO4

3− -P removal rates for Treatment 1 and 
Treatment 2 were 85.0 % and 89.6 %, respectively, both significantly 
higher than the control group (63.3 %) (P < 0.05) (Fig. 1). Additionally, 
the removal of NO2

− -N, NO3
− -N and NH4

+-N was above 98 % in all three 
groups, with no significant difference observed. Overall, Treatment 1 
showed the highest removal of CODMn, TN, and TP, while Treatment 2 
achieved the highest removal of PO4

3− -P (Fig. 1).

3.2. Correlation between environmental factors and microbial community

Spearman’s correlation analysis was performed on the top 10 classes, 
environmental factors, and Bacillus. In the water, the relative abundance 
of Alphaproteobacteria was higher in Treatment 1 compared to the other 
two groups (Fig. 2A). It was significantly negatively correlated with 
NH4

+-N and positively correlated with TP and TN (Fig. 2B). The relative 
abundance of Cyanobacteria in the control group was higher than that in 
the treatment groups (Fig. 2A), and it was strongly negatively correlated 
with TP. Acidimicrobiia was more abundant in treatment group 2 than 
in the other two groups (Fig. 2A), and it was remarkably negatively 
correlated with PO4

3− -P, TP, and TN (Fig. 2B). Gammaproteobacteria 
was more abundant in Treatment 1 compared to the control group 
(Fig. 2A), and it was positively correlated with TN and TP (Fig. 2B). 
Parcubacteria showed a strong negative correlation with CODMn, while 
Saccharimonadia was prominently negatively correlated with PO4

3− -P 
(Fig. 2B). Bacillus was significantly negatively correlated with TP and TN 
(Fig. 2B). The main environmental factors affecting the composition of 

Fig. 1. Nutrient removal performance. Different letters indicate a significant 
difference between different treatments of the same nutrients (P < 0.05). The 
error bar stands for standard deviation.
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microbial communities were PO4
3− -P, TN, TP, and Bacillus (Fig. 2B).

In the root system, the relative abundance of Alphaproteobacteria 
was higher in treatment groups compared to the control group (Fig. 2C). 
It showed a significant positive correlation with PO4

3− -P and TP. Cya
nobacteria exhibited a significant negative correlation with TN and TP. 
Bacteroidia showed a significant negative correlation with PO4

3− -P. The 
Acidimicrobiia and Verrucomicrobialia correlate dramatically nega
tively with PO4

3− -P and TP (Fig. 2D). Gammaproteobacteria were 
significantly negatively correlated with CODMn and PO4

3− -P. Phyci
sphaerae showed a significant negative correlation with NO2

− -N and 
PO4

3− -P and a significant positive correlation with TN (Fig. 2D). Desul
furomonadia showed a significant positive correlation with NH4

+-N and a 
significant negative correlation with TN (Fig. 2D). Bacillus showed a 
significant negative correlation with TP and TN (Fig. 2D). The main 
environmental factors affecting the composition of microbial commu
nities were CODMn, PO4

3− -P, TN, and TP (Fig. 2D).

3.3. Microbial community diversity

In the water, no significant differences were observed in the Richness 
and Simpson indices on day 4. However, by day 8, the richness index 
was significantly higher in the control group compared to Treatment 2, 
while the Simpson index was notably lower (P < 0.05) in both the 
control and Treatment 1 relative to Treatment 2. On days 12 and 16, the 
richness index remained significantly higher in control than in Treat
ment 2 (Fig. 3A). In the root system, on day 4, the Richness index was 
significantly higher (P < 0.05) and Simpson was notably lower (P <
0.05) in the control group compared Treatment 2. No significant dif
ference was found between the two treatment groups (Fig. 3B).

The stability of microbial communities was evaluated using the 
average variation degree (AVD) index, where lower AVD values repre
sent higher community stability. Based on the AVD index, the order of 
community stability in the water (Fig. 3C) and the root systems (Fig. 3D) 
was as follows: control, Treatment 1, and Treatment 2, with Treatment 2 
exhibiting the highest community stability.

Fig. 2. Relative abundance of top 10 class in the water column (A) and root system (B) and Spearman’s correlation analysis of Top 10 class and Bacillus in (C) water 
column and (D) root system with environmental factors. WC: the water of the control group, WT1: the water of Treatment 1, WT2: the water of Treatment 2. RC: the 
root system of a control group, RT1: the root system of Treatment 1, RT2: the root system of Treatment 2.
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To better understand the dynamic processes within the bacterial 
community, PCoA was performed on the bacterial community in both 
the water and root system. Significant differences in bacterial commu
nities between control and treatment groups were observed in both 
water and root systems. The microbial communities in each group 
fluctuate over time, with significant aggregation at the same time. While 
significant differences were observed between the control and treatment 
groups at the same time, there was no significant differences between 
the two treatment groups (Fig. 4).

3.4. Potential biomarkers to regulate bacterial communities

To identify the potential main drivers between different groups, we 
used random forest (RF) analysis to determine the key microbial 

predictors. The top 10 OTUs (Fig. 6) that contributed most to the dif
ferences between groups were identified and their abundance at 
different times in each group was analyzed. The significance of these 
predictors was estimated using the percentage increase in MSE (Mean 
Square Error) with higher MSE% values implying more important pre
dictors. Potential biomarkers of difference between groups were 
analyzed using LDA.

Actinobacteriota (OTU_255), Bacteroidota (OTU_233 and 475), 
Cyanobacteria (OTU_109), Dependentiae (OTU_111). Proteobacteria 
(OTU_220, 341, 146 and 110), and Verrucomicrobiota (OTU_626) were 
the top 10 important OTU in the water. Of these, Mariviens, Litor
imicrobium and Flavobacteriaceae were significant (Fig. 5A). On day 8, 
Litorimicrobium and Mariviens were more abundant in control and 
Treatment 1 and were higher in Treatment 1 than in control (Fig. 5C). 

Fig. 3. α-diversity of bacterial communities in the water (A) and on the root system (B) and the relationship between bacterial OTU richness and average variation 
degree (AVD) of re-assembled bacterial communities in the water (C) and on the root system (D). WC: the water of the control group, WT1: the water of Treatment 1, 
WT2: the water of Treatment 2. RC: the root system of the control group, RT1: the root system of Treatment 1, RT2: the root system of Treatment 2. Different letters 
indicate a significant difference between different treatments simultaneously (P < 0.05). The error bar stands for standard deviation.

Fig. 4. The principal co-ordinates analysis (PCoA) of bacterial communities in the water (A) and on the root system (B). WC: the water of the control group, WT1: the 
water of Treatment 1, WT2: the water of Treatment 2. RC: the root system of the control group, RT1: the root system of Treatment 1, RT2: the root system of 
Treatment 2.
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Flavobacteriaceae were more abundant in Treatment 1 than in the other 
groups. These with significantly impacts OTUs had the highest abun
dance in Treatment 1 and the lowest in Treatment 2 (Fig. 5C). The po
tential biomarkers in Treatment 1 were all from the Proteobacteria, with 
four belonging to Gammaproteobacteria, including Idiomarina and 
Alteromonas, and one (Ruegeria) from the Alphaproteobacteria (Fig. 6A). 
Potential biomarkers in Treatment 2 were all from the Proteobacteria 
and Bacteroidota, mainly concluding Roseibacterium, Vibrio, Algoriphagus 
and Maribacter (Fig. 6A).

Among the top 10 OTUs in the root system, Actinobacteriota 
(OTU_141 and 1006), Proteobacteria (OTU_45, 69, 95, 307, 319, and 
2799), and Verrucomicrobiota (OTU_322), are the top 10 important 
OTU in the root system. Among them, OTU_319, 322 and 2799 are 
highly significant, while OTU_95, 45, 152, 141, and 69 is significant 
with others (Fig. 5B). The abundance of these OTUs with significant 

effects was highest in the control group and lowest in Treatment 2 
(Fig. 5D). The potential biomarkers in Treatment 1 were all from the 
Proteobacteria, with Photobacterium from the Gammaproteobacteria and 
Ruegeria from the Alphaproteobacteria (Fig. 6B). The only potential 
differential marker in Treatment 2, Maribacter, was from the Bacteroidia 
(Fig. 6B).

3.5. FAPROTAX function prediction

Nine classes of functional genes related to nitrogen and phosphorus 
cycling were identified using Functional annotated database of pro
karyotes (FAPROTAX) functional prediction. In the water (Fig. 7A), 
there was a consistent trend in the percentage of sequences related to the 
various functional processes, except for nitrogen fixation and nitrate 
reduction. On day 4, the number of sequences related to the remaining 

Fig. 5. Random Forest Regression of bacterial communities in the water (A) and in the root system (B) and sample-species abundance correlation in the (C) water and 
(D) root system. WC: the water of the control group, WT1: the water of Treatment 1, WT2: the water of Treatment 2. RC: the root system of the control group, RT1: 
the root system of Treatment 1, RT2: the root system of Treatment 2. P < 0.05 is indicated by *, and P < 0.01 by **.
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Fig. 6. LEfSe analysis of the bacterial composition of the water (A) and root system (B). WC: the water of the control group, WT1: the water of Treatment 1, WT2: the 
water of Treatment 2. RC: the root system of the control group, RT1: the root system of Treatment 1, RT2: the root system of Treatment 2.
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functions was highest in Treatment 1, followed by the control group and 
Treatment 2. On day 8, the control group showed an increase in se
quences related to these functions. With the control group having the 
highest number followed by Treatment 1, which was higher than 
Treatment 2. A decreasing trend was observed on days 12 and 16, where 
the control group had the lowest number of sequences and Treatment 1 
had the highest. Nitrogen fixation was highest in Treatment 1 and lowest 
in Treatment 2 on day 4 and 8. But it was highest in control and lowest in 
Treatment 1 on day 12 and 16. The nitrate reduction was highest in 
Treatment 1 and lowest in control on day 4, highest in control and 
lowest in Treatment 2 on day 8, and lowest in control on day 12 and 16.

In the root system (Fig. 7B), a similar consistent trend was observed 
in the percentage of sequences related to the remaining functional 
processes, except for nitrate reduction. The number of sequences related 
to the remaining functional processes declined over the course of the 
experiment, with Treatment 2 consistently having the highest number 
followed by Treatment 1, and finally the control group. Nitrate reduc
tion showed an increasing trend from day 4 to day 8 followed by a 
decline from day 8 to day 16. It was consistently higher in the control 
group than in the treatment groups, and higher in Treatment 2 than in 
Treatment 1.

4. Discussion

An integrated wastewater treatment system is a novel aquaculture 
treatment technology (Lukwambe et al., 2024). It is characterized by 
environmental friendliness, low cost, and low operation and mainte
nance requirements. The macrophyte serves as one of the key treatment 
filters in the system. Many reports on macrophyte treatment of aqua
culture wastewater have shown promising results (Xu et al., 2024; Zuo 
et al., 2020). However, most of these studies focused on freshwater or 
low-salinity aquaculture wastewater. There is a significant correlation 
between salinity and the nutrient removal efficiency of macrophytes 
(Lymbery et al., 2013). Elevated salinity tends to reduce the nutrient 
removal rate by plants. The salinity in this study was relatively high (25 
‰). The wastewater treatment using only sea purslane showed effective 

removal of all nutrients. However, adding compound Bacillus signifi
cantly increased the removal of CODMn, TP, and PO4

3− -P (Fig. 1). Com
pound Bacillus significantly promotes the conversion or uptake of 
phosphorus by sea purslane. Phosphorus plays a vital role in plant 
growth, serving as a fertilizer source that stimulates plant growth 
(Nájera de Ferrari et al., 2015). Plant absorbs phosphorus from water, 
and the presence of inter-root biofilms promotes phosphorus meta
bolism (Liu et al., 2023). The reduction of CODMn may be largely related 
to the activities of aquatic plants, which host microorganisms capable of 
decomposing organic matter during phytoremediation (Adabembe 
et al., 2022). The addition of the compound Bacillus increased CODMn 
removal rate (Fig. 1), likely due to the enhanced oxidation of organic 
matter in the water, which boosts microbial metabolism (Akinbile et al., 
2016). Fahid et al. (2020) found that adding exogenous bacteria to the 
plant treatments significantly increased COD removal compared to plant 
treatments alone. The abundance of Bacillus in both the water and root 
system was significantly and negatively correlated with the concentra
tion of TP and TN (Fig. 2), promoting the removal of these nutrients. 
Adding Bacillus subtilis and Bacillus licheniformis to the aquaculture 
process can reduce nutrient concentration in aquaculture water (Geng 
et al., 2022). Inoculating exogenous compound bacteria on the roots of 
floating bed plants can further enhance their pollutant degradation 
(Fahid et al., 2020). In this study, the compound Bacillus bacteria 
effectively enhance aquaculture wastewater treatment efficiency by sea 
purslane. Previous studies have indicated that increased plant inter-root 
bacteria stimulate the phytoremediation system restoration potential 
(Hussain et al., 2019; Saleem et al., 2018; Nicholaus et al., 2024). In this 
study, two different ratios of the compound Bacillus were used, but there 
were no significant different in nutrient removal between them (Fig. 1).

Microorganisms play an important role in the transformation of ni
trogen and phosphorus as well as in the decomposition of organic 
matter. Microbial communities in both the water and root system 
significantly influence pollutant removal, and these microbial commu
nities are also shaped by environmental factors (Xu et al., 2024). Mi
crobial stability can be characterized by two key aspects: community 
resilience, which refers to the process by which a community recovers 

Fig. 7. The function prediction of bacterial communities in the water (A) and on the root system (B). WC: the water of the control group, WT1: the water of 
Treatment 1, WT2: the water of Treatment 2. RC: the root system of the control group, RT1: the root system of Treatment 1, RT2: the root system of Treatment 2.
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and returns to an alternative steady state following a disturbance, and 
community resistance, which denotes the ability of a community to 
remain unchanged in the face of such disturbances (Allison and Martiny, 
2008). The addition of compound Bacillus reduced species richness in 
both the water and root system while it increased the diversity of the 
common species. This led to an overall increase in community diversity. 
The Simpson’s index was higher in the treatment groups compared to 
the control group (Fig. 3 A, B). The AVD values for the groups treated 
with compound Bacillus were lower than those of the control group 
(Fig. 3C, D). Bacterial communities with higher diversity tend to have 
lower AVD values, reflecting a positive correlation between microbial 
stability and biodiversity (Xun et al., 2021), communities with high 
diversity are generally more stable and resistant to disturbances. 
Therefore, the addition of the compound Bacillus enhanced both the 
community diversity and stability. Treatment 2 was particularly favor
able for promoting microbial community diversity and stability.

OTUs in the water column that significantly contributed to inter
group differences were mainly from Proteobacteria, Actinobacteriota, 
Bacteroidota, Cyanobacteria, and Verrucomicrobiota (Fig. 5A). In the 
root system OTUs with significant effects were primarily from the 
Actinobacteriota, Proteobacteria, and Verrucomicrobiota (Fig. 5B). 
Alphaproteobacteria and Gammaproteobacteria was found to signifi
cantly influence nutrient removal efficiency in both the water column 
and the root system. The relative abundance of Alphaproteobacteria was 
higher in the treatment groups than in the control group (Fig. 2A, B). 
Alphaproteobacteria was significantly negatively correlated with NH4

+- 
N (Fig. 2C), playing an important role in removing NH4

+-N due to its 
excellent denitrification ability (Gao et al., 2020). Ruegeria (Alphapro
teobacteria), identified as a potential differential marker in the water 
and root system of Treatment 1 (Fig. 6), promotes denitrification and 
accelerates the reduction of inorganic nitrogen to gaseous nitrogen 
compounds in the water (Wei et al., 2024a). Idiomarina, Alteromonas, 
and Photobacterium (Gammaproteobacteria) were the potential differ
ential markers in Treatment 1, while Vibrio (Gammaproteobacteria) was 
a potential differential marker in Treatment 2 (Fig. 6). Idiomarina is a 
desulfurating and thermophilic bacterium involved in the degradation 
of difficult-to-degrade compounds under saline conditions (De Graaff 
et al., 2011). Photobacterium isolated from a recirculating aquaculture 
system achieved a maximum removal rate of 4.5 mg/L/h for NO2

− -N (Liu 
et al., 2019). Vibrio, a group of gram-negative, curved, rod-shaped, 
autotrophic bacteria with lipopolysaccharide outer membranes are 
found in aquatic ecosystems, which can cause disease in humans and 
animals (Ibangha et al., 2023). Algoriphagus and Maribacter (Bacteroidia) 
were identified as the potential differential markers in treatment 2 
(Fig. 6). Bacteroidota is a heterotrophic bacterium involved in the 
breakdown of complex carbon and protein-rich material (Gu et al., 
2019). It helps converting complex organic matter into smaller mole
cules facilitating the decomposition of highly concentrated organic 
wastes (Zhou et al., 2020). Two important OTUs in the water column 
belonged to the Flavobacteriaceae family, which is responsible for 
phosphate removal and may positively affect nutrient removal (Zhang 
et al., 2022). In the root system, Verrucomicrobiae showed a significant 
negative correlation with TP and PO4

3− -P (Fig. 2D), suggesting its 
involvement in phosphorus removal. Some Verrucomicrobia isolated 
from seawater are aerobic chemically energetic heterotrophs that use 
mono- or disaccharides as a carbon source and energy source to convert 
nitrate nitrogen to nitrite nitrogen (Yoon et al., 2008). The addition of 
exogenous compound bacteria during the wastewater treatment process 
with water spinach increased the abundance of microorganisms 
responsible for regulating water quality and altered the microbial 
community succession (Xu et al., 2024). Microbial intervention accel
erates nutrient cycling and facilitates plants’ removal of nitrogen and 
phosphorus pollutants (Wu et al., 2013). In this study, the abundance of 
these important OTUs was higher in treatment 1 than in treatment 2 
(Fig. 6).

The FAPROTAX was used to predict the metabolic or ecologically 

relevant functions of prokaryotes (Louca et al., 2016). Nine functions 
related to the nitrogen cycle were identified in this study. The number of 
functionally related sequences was higher in the treatment groups 
compared to the control group, except for nitrogen fixation (Fig. 7). The 
addition of compound Bacillus decreased the number of sequences 
related to nitrogen fixation in the water while increasing the number of 
other sequences related to other nitrogen cyclin processes, including 
denitrification and nitrification. Most Aerobic denitrifying bacteria are 
gram-negative, and many hydrogenotrophic denitrifying bacteria 
belong to α-, β- and γ- proteobacteria (Isanta et al., 2015). The relative 
abundance of α-proteobacteria in the root system and water column of 
the treatment groups was higher than that of the control group (Fig. 2A, 
B), and the addition of compound Bacillus in the sea purslane treatment 
promoted the denitrification process in the water. The Bacillus miner
alizes nitrogenous wastes through nitrification or denitrification, 
thereby reducing ammonia and nitrite levels and improving water 
quality (Xie et al., 2013). As the experiment progressed, the number of 
functional sequences related to nutrient cycling in both the water and 
root systems decreased. However, the number of sequences remained 
higher in the treatment groups than in the control group, with Treatment 
1 showing a higher number of sequences than Treatment 2 (Fig. 7). This 
may be due to the gradual decrease in nutrient concentration over time 
leading to decline in microorganisms related to nitrogen cycling. 
Nevertheless, the addition of the compound Bacillus increased the 
number of sequences related to nitrogen cycling and influenced the 
relative abundance of microorganisms involved in these processes.

5. Conclusion

The present study investigated the efficacy of a combined approach 
utilizing Bacillus subtilis and Bacillus licheniformis in conjunction with sea 
purslane for the treatment of aquaculture wastewater, focusing on its 
impact on microbial community composition and dynamics. The Com
pound Bacillus significantly enhanced the removal rate of CODMn, TP, 
and PO4

3− -P. The addition of the compound Bacillus had a substantial 
impact on the microbial community composition and function, signifi
cantly influencing both the microbial composition in the water and in 
the rhizosphere. It also increased the community stability, while 
Treatment 2 exhibiting higher stability than in Treatment 1. The Bacillus 
significantly increased the abundance of Alphaproteobacteria, and 
many of the key OTUs were derived from this class. These results 
highlight the potential of integrating plant-based and microbial-based 
treatments for sustainable aquaculture wastewater treatment, while 
also emphasizing the need for further research to optimize application 
strategies.
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Pérez, R., Salazar Guerrero, O., 2015. Evaluation of Soil Fertility and Fertilisation 
Practices for Irrigated Maize (Zea mays L.) Under Mediterranean Conditions in 
Central. Chile.  Journal of soil science and plant nutrition. 15 (1), 84–97. https://doi. 
org/10.4067/S0718-95162015005000008.

Nicholaus, R., Lukwambe, B., Zheng, Z., 2023. The effects of Cyclina sinensis. 
Bioturbation on alkaline phosphatase and total microbial hydrolytic activities in 
marine clam–shrimp integrated ponds. FEMS Microbiol. Ecol. 99, fiad063. https:// 
doi.org/10.1093/femsec/fiad063.

Nicholaus, R., Lukwambe, B., Zheng, Z., 2024. The impact of mariculture biofilters on the 
distribution of benthic nutrient fluxes, organic matters and bacterial community in a 
mariculture wastewater treatment system. Aquac. Rep. 34, 101907. https://doi.org/ 
10.1016/j.aqrep.2023.101907.

Pinho, Diego, Coelho, Emerenciano, Maurcio, Gustavo, de Mello, Lemos, Giovanni, 2017. 
Effluent from a biofloc technology (BFT) tilapia culture on the aquaponics 
production of different lettuce varieties. Ecol. Eng. J. Ecotechnol. 103, 146–153. 
https://doi.org/10.1016/j.ecoleng.2017.03.009.

R Core Team, 2024. R: A Language and Environment for Statistical Computing. R 
Foundation for Statistical Computing, Vienna, Austria. URL. https://www.R-project. 
org/. 

Saleem, H., Rehman, K., Arslan, M., Afzal, M., 2018. Enhanced degradation of phenol in 
floating treatment wetlands by plant-bacterial synergism. Int. J. Phytoremediat. 20 
(7), 692–698. https://doi.org/10.1080/15226514.2017.1413334.

Shao, Y., Zhong, H., Mao, X., Zhang, H., 2020. Biochar-immobilized Sphingomonas sp. 
and Acinetobacter sp. isolates to enhance nutrient removal: potential application in 
crab aquaculture. Aquacult. Env. Interac. 12, 251–262. https://doi.org/10.3354/ 
aei00364.

Shao, Y., Zhong, H., Wang, L., Elbashier, M.M.A., 2021. Use of Bacillus subtilis D9 to 
purify coastal aquaculture wastewater and improve grass carp resistance to Vibrio 
infection. Inter-Res. Sci. Center. https://doi.org/10.3354/AEI00404.

Soltani, E., MehdiGhosh, KoushikHoseinifar, HosseinKumar, Seyed, VikashLymbery, 
Alan J., Roye, SuvraRingo, Ghosh, K., Hoseinifar, S.H., Kumar, V., Lymbery, A.J., 
Roy, S., Ring, E., 2019. Genus bacillus, promising probiotics in aquaculture: aquatic 
animal origin, bio-active components, bioremediation and efficacy in fish and 
shellfish. Rev. Fish. Sci. Aquac. 27(3): 331-379. doi: 10.1080/ 
23308249.2019.1597010.

Stefanakis, A., 2018. Introduction to Constructed Wetland Technology, pp. 1–21. https:// 
doi.org/10.1002/9781119268376.ch0.

Subtil, E.L., Silva, M.V., Lotto, B.A., Moretto, M.R.D., Mierzwa, J.C., 2019. Pilot-scale 
investigation on the feasibility of simultaneous nitrification and denitrification 
(SND) in a continuous flow single-stage membrane bioreactor. J. Water Process Eng. 
32, 100995. https://doi.org/10.1016/j.jwpe.2019.100995.

Vásquez, L.A.H., García, F.P., Méndez, J.P., Lass-man, A.A., Sánchez, E.M.O., 2022. 
Artificial wetlands and floating islands: use of macrophytes. South Florida J. Dev. 3, 
476–498. https://doi.org/10.46932/sfjdv3n1-036.

Vázquez-Burney, R., Bays, J., Messer, R., Harris, J., 2015. Floating wetland islands as a 
method of nitrogen mass reduction: results of a 1 year test. Water Sci. Technol. 72, 
704–710. https://doi.org/10.2166/wst.2015.235.

Wei, Y., Shen, D., Lukwambe, B., Wang, Y., Yang, W., Zhu, J., Nicholaus, R., Zheng, Z., 
2022. The exogenous compound bacteria alter microbial community and nutrients 
removal performance in the biofilm unit of the integrated aquaculture wastewater 
bioremediation systems. Aquacult. Rep. 27, 101414. https://doi.org/10.1016/j. 
aqrep.2022.101414.

Wei, Y., Shen, D., Nicholaus, R., Wang, Y., Lukwambe, B., Zhu, J., Yang, W., Zheng, Z., 
2024a. Exogenous compound bacteria enhance the nutrient removal efficiency of 
integrated bioremediation systems: functional genes and microorganisms play key 
roles. Environ. Res. 252, 118864. https://doi.org/10.1016/j.envres.2024.118864.

Wei, Y., Shen, D., Ramzan, M.N., Emmanuel, A., Zhu, J., Yang, W., Wang, Y., Zheng, Z., 
2024b. Treatment efficiency and microbial community analysis in the integrated 
bioremediation system of aquaculture wastewater with the ceramsite and compound 
bacteria. Int. Biodeterior. Biodegrad. 190, 105792. https://doi.org/10.1016/j. 
ibiod.2024.105792.

H. Yuan et al.                                                                                                                                                                                                                                   Aquaculture 605 (2025) 742514 

10 

https://doi.org/10.1007/s40899-022-00753-7
https://doi.org/10.1007/s40899-022-00753-7
https://doi.org/10.1080/15226514.2015.1058330
https://doi.org/10.1080/15226514.2015.1058330
https://doi.org/10.1073/pnas.0801925105
https://doi.org/10.1073/pnas.0801925105
https://doi.org/10.1007/s10499-016-0105-y
https://doi.org/10.1007/s10499-016-0105-y
https://doi.org/10.1111/are.13083
http://refhub.elsevier.com/S0044-8486(25)00400-4/rf0035
http://refhub.elsevier.com/S0044-8486(25)00400-4/rf0035
http://refhub.elsevier.com/S0044-8486(25)00400-4/rf0035
https://doi.org/10.1016/j.biortech.2011.04.095
https://doi.org/10.1016/j.biortech.2011.04.095
https://doi.org/10.1016/j.chemosphere.2019.124890
https://doi.org/10.1016/j.biortech.2019.122427
https://doi.org/10.1016/j.biortech.2019.122427
https://doi.org/10.1038/s41598-021-04499-8
https://doi.org/10.1016/j.scitotenv.2018.09.234
https://doi.org/10.1016/j.scitotenv.2018.09.234
https://doi.org/10.1016/j.scitotenv.2019.134741
https://doi.org/10.1007/s13762-018-2165-1
https://doi.org/10.1016/j.scitotenv.2023.163332
https://doi.org/10.1016/j.scitotenv.2023.163332
https://doi.org/10.1016/j.biortech.2015.01.064
https://doi.org/10.1016/j.biortech.2015.01.064
https://doi.org/10.1111/are.15200
https://doi.org/10.1016/j.fsi.2019.02.010
https://doi.org/10.1016/j.fsi.2019.02.010
https://doi.org/10.1016/j.jbiosc.2018.12.014
https://doi.org/10.1016/j.aquaculture.2022.739018
https://doi.org/10.1016/j.aquaculture.2022.739018
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1016/j.scitotenv.2018.06.251
https://doi.org/10.1016/j.scitotenv.2018.06.251
https://doi.org/10.1016/j.aquaculture.2019.734520
https://doi.org/10.1007/s10499-023-01206-4
https://doi.org/10.1007/s10499-023-01206-4
https://doi.org/10.1016/j.scitotenv.2012.12.058
https://doi.org/10.1016/j.scitotenv.2012.12.058
https://doi.org/10.1016/j.jep.2005.07.024
https://doi.org/10.1111/are.13975
https://doi.org/10.4067/S0718-95162015005000008
https://doi.org/10.4067/S0718-95162015005000008
https://doi.org/10.1093/femsec/fiad063
https://doi.org/10.1093/femsec/fiad063
https://doi.org/10.1016/j.aqrep.2023.101907
https://doi.org/10.1016/j.aqrep.2023.101907
https://doi.org/10.1016/j.ecoleng.2017.03.009
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1080/15226514.2017.1413334
https://doi.org/10.3354/aei00364
https://doi.org/10.3354/aei00364
https://doi.org/10.3354/AEI00404
https://doi.org/10.1002/9781119268376.ch0
https://doi.org/10.1002/9781119268376.ch0
https://doi.org/10.1016/j.jwpe.2019.100995
https://doi.org/10.46932/sfjdv3n1-036
https://doi.org/10.2166/wst.2015.235
https://doi.org/10.1016/j.aqrep.2022.101414
https://doi.org/10.1016/j.aqrep.2022.101414
https://doi.org/10.1016/j.envres.2024.118864
https://doi.org/10.1016/j.ibiod.2024.105792
https://doi.org/10.1016/j.ibiod.2024.105792


Wu, X., Wu, H., Ye, J., 2013. Purification effects of two eco-ditch systems on chinese soft- 
shelled turtle greenhouse culture wastewater pollution. Environ. Sci. Pollut. Res. 21, 
5610–5618. https://doi.org/10.1007/s11356-013-2473-4.

Wu, J., Cao, X., Zhao, J., Dai, Y., Cui, N., Li, Z., Cheng, S., 2017a. Performance of biofilter 
with a saturated zone for urban stormwater runoff pollution control: influence of 
vegetation type and saturation time. Ecol. Eng. 105, 355–361. https://doi.org/ 
10.1016/j.ecoleng.2017.05.016.

Wu, H., Wang, X., He, X., Zhang, S., Liang, R., Shen, J., 2017b. Effects of root exudates on 
denitrifier gene abundance, community structure and activity in a micro-polluted 
constructed wetland. Sci. Total Environ. 598, 697–703. https://doi.org/10.1016/j. 
scitotenv.2017.04.150.

Xie, F., Zhu, T., Zhang, F., Zhou, K., Zhao, Y., Li, Z., 2013. Using Bacillus 
Amyloliquefaciens for Remediation of Aquaculture Water, 2. SpringerPlus, p. 119. 
https://doi.org/10.1186/2193-1801-2-119.

Xu, J., Nicholaus, R., Wang, Y., Yang, W., Zhu, J., Zheng, Z., 2024. Enhanced aquaculture 
wastewater treatment using water spinach (Ipomoea aquatica Forsskal) and 
exogenous compound bacteria. J. Water Process Eng. 63, 105521. https://doi.org/ 
10.1016/j.jwpe.2024.105521.

Xun, W., Liu, Y., Li, W., Ren, Y., Xiong, W., Xu, Z., Zhang, N., Miao, Y., Shen, Q., 
Zhang, R., 2021. Specialized metabolic functions of keystone taxa sustain soil 
microbiome stability. Microbiome 9, 35. https://doi.org/10.1186/s40168-020- 
00985-9.

Yang, Z., Wang, Lukwambe, Nicholaus, Yang, Zhu, Zheng, 2024. Using ozone 
nanobubbles, and microalgae to promote the removal of nutrients from aquaculture 
wastewater: insights from the changes of microbiomes. Environ. Res. 257, 119349. 
https://doi.org/10.1016/j.envres.2024.119349.

Yoon, J., Matsuo, Y., Adachi, K., Nozawa, M., Matsuda, S., Kasai, H., Yokota, A., 2008. 
Description of Persicirhabdus sediminis gen. Nov., sp. nov., Roseibacillus 

ishigakijimensis gen. Nov., sp. nov., Roseibacillus ponti sp. nov., Roseibacillus persicicus 
sp. nov., Luteolibacter pohnpeiensis gen. Nov., sp. nov. and Luteolibacter algae sp. nov., 
six marine members of the phylum “Verrucomicrobia”, and emended descriptions of 
the class Verrucomicrobiae, the order Verrucomicrobiales and the family 
Verrucomicrobiaceae. Int. J. Syst. Evol. Microbiol. 58, 998–1007. https://doi.org/ 
10.1099/ijs.0.65520-0.

Yuan, H., Lukwambe, B., Wang, Y., Nicholaus, R., Zhu, J., Yang, W., Zheng, Z., 2024. Sea 
purslane’s (Sesuvium portulacastrum) role in nutrient removal and microbial 
community dynamics of the mariculture wastewater bioremediation systems. 
Aquaculture 741388. https://doi.org/10.1016/j.aquaculture.2024.741388.

Zhang, B., Wu, L., Shi, W., Zhang, Z., Lens, P.N.L., 2022. A novel strategy for rapid 
development of a self-sustaining symbiotic algal-bacterial granular sludge: applying 
algal-mycelial pellets as nuclei. Water Res. 214. https://doi.org/10.1016/j. 
watres.2022.118210.

Zhou, L., Gao, Y., Yu, K., Zhou, H., De Costa, Y.G., Yi, S., Zhuang, W.-Q., 2020. Microbial 
community in in-situ waste sludge anaerobic digestion with alkalization for 
enhancement of nutrient recovery and energy generation. Bioresour. Technol. 295, 
122277. https://doi.org/10.1016/j.biortech.2019.122277.

Zokaeifar, Hadi, Babaei, Nahid, Saad, C.Roos, Kamarudin, M.Salleh, 
Sijam, Kamaruzaman, Balcazar, J.Luis, 2014. Administration of Bacillus subtilis 
strains in the rearing water enhances the water quality, growth performance, 
immune response, and resistance against Vibrio harveyi infection in juvenile white 
shrimp, Litopenaeus vannamei. Fish Shellfish Immunol. 36, 68–74. https://doi.org/ 
10.1016/j.fsi.2013.10.007.

Zuo, X., Zhang, H., Yu, J., 2020. Microbial diversity for the improvement of nitrogen 
removal in stormwater bioretention cells with three aquatic plants. Chemosphere 
244, 125626. https://doi.org/10.1016/j.chemosphere.2019.125626.

H. Yuan et al.                                                                                                                                                                                                                                   Aquaculture 605 (2025) 742514 

11 

https://doi.org/10.1007/s11356-013-2473-4
https://doi.org/10.1016/j.ecoleng.2017.05.016
https://doi.org/10.1016/j.ecoleng.2017.05.016
https://doi.org/10.1016/j.scitotenv.2017.04.150
https://doi.org/10.1016/j.scitotenv.2017.04.150
https://doi.org/10.1186/2193-1801-2-119
https://doi.org/10.1016/j.jwpe.2024.105521
https://doi.org/10.1016/j.jwpe.2024.105521
https://doi.org/10.1186/s40168-020-00985-9
https://doi.org/10.1186/s40168-020-00985-9
https://doi.org/10.1016/j.envres.2024.119349
https://doi.org/10.1099/ijs.0.65520-0
https://doi.org/10.1099/ijs.0.65520-0
https://doi.org/10.1016/j.aquaculture.2024.741388
https://doi.org/10.1016/j.watres.2022.118210
https://doi.org/10.1016/j.watres.2022.118210
https://doi.org/10.1016/j.biortech.2019.122277
https://doi.org/10.1016/j.fsi.2013.10.007
https://doi.org/10.1016/j.fsi.2013.10.007
https://doi.org/10.1016/j.chemosphere.2019.125626

	The compound Bacillus and sea purslane (Sesuvium portulacastrum) enhanced aquaculture wastewater treatment efficiency: Insi ...
	1 Introduction
	2 Materials and methods
	2.1 Experimental design
	2.2 Environmental parameters measurement
	2.3 DNA extraction and sequencing
	2.4 Statistical analysis

	3 Results
	3.1 Nutrient removal
	3.2 Correlation between environmental factors and microbial community
	3.3 Microbial community diversity
	3.4 Potential biomarkers to regulate bacterial communities
	3.5 FAPROTAX function prediction

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


