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To explore the effects of rice floating beds on fish growth and intestinal microbiota,
the present study compared the fish growth performance and the microbial
diversity, microbial construction, and microbial composition of water and Gibel
carp (Carassius auratus gibelio) intestine in rice floating beds ponds and normal
ponds. The results revealed that the Gibel carp raised in rice floating beds ponds
exhibited significantly greater body length, body weight, and weight gain rates than
those in normal ponds. Microbial community analysis showed enhanced richness
and diversity in water and intestine of the rice floating beds group. Furthermore,
the assembly processes of these microbial communities were predominantly
influenced by stochastic mechanisms in rice floating beds ponds. The bacterial
phyla associated with nutrient cycling, such as Cyanobacteria, Chloroflexi, and
Ignavibacteria, were significantly assembled in the rice floating beds group.
Overall, these results highlight the potential of rice floating bed systems as a
sustainable aquaculture technique, fostering improved growth performance and
microbial diversity, which are critical for the health of cultured fish.
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1 Introduction

Aquaculture, a rapidly growing sector within global food production, has undergone
significant transformations over the years, evolving from normal pond culture systems to
more innovative and sustainable practices (Boyd et al, 2020; Thomas et al., 2021).
Conventional fish farming methods, particularly those reliant on static pond
environments, have been associated with several pressing environmental issues. These
include the deterioration of water quality due to nutrient runoff, the overuse of harmful
chemicals, and a decline in biodiversity, which collectively threaten the ecological balance
within aquatic ecosystems (Diana, 2009; De Silva, 2012; Edwards, 2015). In light of these
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challenges, aquaculture has explored alternative approaches that
prioritize ecological integrity and sustainability.

As a response to these challenges, the rice floating beds are
gradually being implemented in practice, which involve growing
rice on platforms that maintain water levels (Goda et al., 2024; Jiang
et al., 2024). This method maximizes space utilization, improves
water quality through natural filtration systems, and allows for a
more diverse ecosystem. In particular, the use of floating beds has
been reported to improve nutrient cycling, reduce contaminants,
and enhance the biodiversity of aquatic organisms (Zhang et al.,
2014; Chen et al., 2020; Xu et al., 2024). The interplay between these
aquatic plants and fish species can significantly influence the
composition of intestinal microbiota in fish (Ke et al., 2021). The
intestinal microbiota plays a crucial role in fish health, affecting
digestion, immunity, and overall well-being (Uma et al., 2020;
Medina-Felix et al., 2023). Therefore, exploring the effects of
floating beds on the intestinal microbiota can provide valuable
insights into fish health management in aquaculture.

Numerous factors shape the intestinal microbiota of fish,
including diet, environment, and interactions with other
organisms (Uma et al., 2020). In particular, studies have shown
that the diversity and composition of intestinal microbiota can be
influenced by the availability of different dietary sources (Miyake
et al,, 2015; Ringo et al., 2016), which may be abundant in floating
bed systems. In the floating bed ponds, the abundant root of floating
plants normally attracts zooplankton, which often serve as
important food sources for omnivorous—planktivorous fishes
(Yamaki and Yamamuro, 2013; Wang et al., 2018). The presence
of floating plant beds in the ponds not only provides alternative
food sources but also creates a more complex habitat that may foster
beneficial microbial communities (Zhang et al., 2022; Sopawong
et al., 2024). The interaction between fish and the floating bed
ecosystem could lead to changes in intestinal microbiota diversity,
potentially enhancing the fish’s resistance to pathogens and
improving growth performance (Ke et al., 2021).

Despite the acknowledged benefits of floating rice beds in
aquaculture, limited research has been conducted on their specific
effects on the microbial communities of water, and fish intestine. To
investigate this, the present study employed 16S rRNA sequencing
to identify the microbiota community of water and fish intestine in
normal ponds, and identify the water, fish intestine, and floating
rice roots microbiota community in rice floating beds ponds. By
analyzing the microbial composition and diversity of fish intestine
and water in floating bed systems compared to those in normal
ponds, we explored how these aquatic plants influence water and
intestinal microbiota, which provide novel insights into the
theoretical foundation of rice-fish symbiosis.

2 Materials and methods
2.1 Experimental design and sampling

The experiment was conducted at a specialized rice-fish
coculture farm located in Hefei, Anhui Province, China. A total
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of 3000 healthy Carassius auratus gibelio with an average body
weight of 107.91 + 7.58g were randomly put into six ponds (each
measuring 30m x 10m). Each pond was designated with a label: P1,
P2, P3, RP1, RP2, and RP3. Notably, P1, P2, and P3 were set as
normal ponds without floating beds; RP1, RP2, and RP3 had a rice
cultivation area that accounted for 15% of the total pond area. All
ponds sourced their aquaculture water from a reservoir. The
experiment was performed from April to August 2023, and the
rice was transplanted on 1 May. During the experiment, fish were
fed twice a day at 2% to 4% of body mass using a commercial diet
purchased from Anhui TianBang Feed Co., Ltd. (Anhui, China).
Before the rice harvest, 2 fish were randomly sampled from each
pond at the end of August. The fish were anesthetized with
neutralized tricaine methanesulfonate (MS-222, 200 mg LY.
After that, the body length and weight (n = 12) were measured,
and the intestinal content (n = 6) was collected and stored at -20°C
for testing. We selected each fish as a single sample. All animal
experiments followed the guidelines and were approved by the
Animal Research and Ethics Committee of the Anhui Academy of
Agricultural Sciences. For water sample, we collected equal volumes
of water from 30 cm below the surface at the center and four corners
of each pond. The collected water was thoroughly mixed and then
stored in 250 mL water sampling bags. Each pond sampled twice,
and a total of 6 water samples (n = 6) were sampled from normal
ponds and rice floating beds ponds, respectively. For rice roots
sample, we collected rice roots from rice floating beds using sterile
scissors and two sets of duplicated samples were prepared for
each pond.

2.2 Microbial community analysis

2.2.1 DNA extraction and PCR amplification

The rice roots samples (0.25 ~ 0.5 g) were individually
homogenized in sterile centrifuge tubes (800 uL CD1 and 5 pL
RnaseA) and then were centrifuged at 14,000 g, 4°C for 8 min. The
supernatant (500 L) were subsequently transferred to a fresh sterile
tube for DNA extraction. The water, rice root, and intestinal
microbial genomic DNA was extracted using the FastPure Stool
DNA Isolation Kit (MJYH, shanghai, China) according to
manufacturer’s instructions. The quality and concentration of DNA
were determined by 1.0% agarose gel electrophoresis and a
NanoDrop®ND—2000 spectrophotometer (Thermo Scientific Inc.,
USA) and kept at -80°C prior to further use. The hypervariable
region V3-V4 of the bacterial 16S rRNA gene was amplified with
primer pairs 338F (5-ACTCCTACGGGAGGCAGCAG-3’) and
806R(5-GGACTACHVGGGTWTCTAAT-3) (Liu et al, 2016) by
a T100 Thermal Cycler (BIO-RAD, USA). The PCR reaction mixture
including 10 puL 2 x Pro Tagq, 0.8 UL each primer (5 uM), 10 ng of
template DNA, and ddH2O to a final volume of 20 pL. PCR
amplification cycling conditions were as follows: initial
denaturation at 95°C for 3 min, followed by 30 cycles of
denaturing at 95°C for 30 s, annealing at 55°C for 30 s, and
extension at 72°C for 45 s, and single extension at 72°C for 10 min,
and end at 4°C. All samples were amplified in triplicate. The PCR
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product was extracted from 2% agarose gel and purified. Then
quantified using Synergy HTX (Biotek, USA).

2.2.2 lllumina sequencing

Purified amplicons were pooled in equimolar amounts and
paired-end sequenced on an Illumina NextSeq 2000 PE300
platform (Illumina, San Diego,USA) according to the standard
protocols by Majorbio Bio-Pharm Technology Co. Ltd.
(Shanghai, China).

2.2.3 Amplicon sequence processing and analysis

After demultiplexing, the resulting sequences were quality-
filtered with fastp (v0.19.6) and merged with FLASH (v1.2.11).
Then the high-quality sequences were denoised using the DADA2
plugin in the Qiime2 (version 2020.2) pipeline with recommended
parameters. DADA2 denoised sequences are usually called
amplicon sequence variants (ASVs). To minimize the effects of
sequencing depth on alpha and beta diversity measure, the number
of sequences from each sample was rarefied to 20,000, which still
yielded an average Good’s coverage of 97.90%. Taxonomic
assignment of ASVs was performed using the Naive Bayes
consensus taxonomy classifier implemented in Qiime2 and the
SILVA 16S rRNA database (v138).

2.3 Statistical analysis

Mean + SE values were used to present Gibel carp body length,
body weight, and weight gain rates. Each dataset underwent assessment
for normality and homogeneity of variance. For statistical analysis,
one-way analysis of variance (ANOVA) was performed using
R (v3.6.1) to determine statistical significance (P < 0.05).

Bioinformatic analysis of the intestinal microbiota was carried
out using the Majorbio Cloud platform (https://
cloud.majorbio.com). Based on the ASVs information, alpha
diversity indices including Chaol richness, Shannon and Simpson
indexes were calculated with Mothur software (v1.30.2) (Duan et al.,
2024), and were compared among samples using the Kruskal-Wallis
test (P = 0.05). A Venn diagram was used to quantify the number of
unique and shared OTUs in multiple groups (Liang et al., 2024).

Beta diversity based on Bray-Curtis dissimilarity metrics was
evaluated by the Principal Component Analysis (PCA) using the
Vegan package and was compared among groups using the
Student’s T-test (P = 0.05) in R (v3.6.1). The neutral community
models (NCMs) were constructed to determine the assembly
mechanisms for the microbial communities in air samples using
R (v3.6.1) (Burns et al.,, 2016). In addition, the normalized
stochasticity ratio (NST) was calculated to determine the
contribution of the stochastic process to the community assembly
of microbes using R (v3.6.1) with the package of “NST” (Ning
et al., 2019).

The linear discriminant analysis (LDA) effect size (LEfSe)
(http://huttenhower.sph.harvard.edu/LEfSe) was performed to
identify the significantly abundant taxa (phylum to genera) of
bacteria among the different groups (LDA score > 2, P < 0.05).
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3 Results
3.1 Growth performance of Gibel carps

At the end of the experiment, the body length and body length
of Gibel carps in RP group were significantly higher (P < 0.05) than
those in P group. At the end of the experiment, the body length and
body weight of Gibel carps in the P and RP groups were both
significantly higher (P < 0.05) than those at the beginning of the
experiment, respectively. Besides, the body weight gain rate of Gibel
carps in the RP group was significantly higher (P < 0.05) than that
in the P group (Figure 1).

3.2 Microbial community changes

3.2.1 Changes in o and [ diversity of
microbial community

The water and rice floating beds root microbial showed
significantly higher a-diversity indexes than intestinal microbiota,
such as Shannon and Chaol (P < 0.01), while the Simpson index
decreased significantly of water microbial (P < 0.01) (Figures 2A-
C). In addition, the Shannon index in the RIM group was
significantly higher (P < 0.001) than that in the PIM group, while
the Simpson index decreased significantly in the RIM group
compared with the PIM group (P < 0.001) (Figures 2A, C).

For intestinal microbiota, the OTU analysis indicated that the
total number of OTUs of intestinal microbiota in PIM and RIM
groups was 2012. The PIM and RIM shared 850 OTUs. The unique
OUT sequences in RIM (828) were higher than that in PIM (334)
(Figure 2D). For water microbiota, the total number of OTUs of
water microbiota in PWM and RWM groups was 5585. Specially,
there were 1428 OTU sequences in the PWM groups and 1540 OTU
sequences in the RWM group, with 2617 OTUs shared (Figure 2E).

The B diversity showed high variation in different groups
(Figure 3A). For intestinal microbiota, the B diversity in the PIM
group was significantly higher than that in the RIM group (P < 0.001).
For water microbiota, the B diversity in the RWM group was
significantly higher than that in the PWM group (P < 0.05).
Compared with water microbiota, the intestinal microbiota in both
normal ponds and rice floating beds ponds showed significantly
higher 3 diversity (P < 0.05). In the rice floating beds pond group, the
RWM showed significantly lower B diversity than the RIM and RM
groups (P < 0.05). For microbiota of intestine, water, and rice root, the
principal component analysis (PCA) showed the samples from
different groups were separated clearly (Figure 3B).

3.2.2 The differences in the assembly process and
biomarker taxa of different microbial community
The NCM successfully estimated a large fraction of the
relationship between the frequency of OTUs and their relative
abundance variations (Figure 4), and explained the differences in
microbial community assembly between rice floating bed ponds and
normal ponds, which were 0.4376% and 0.0707%, respectively.
Further, the NST revealed the relative importance of stochastic
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FIGURE 1

The differences in growth performance of Gibel carps in the normal pond group (P) and the rice floating beds pond group (RP). (A) body length. (B)
body weight. (C) weight gain rate. Different letters represent significant differences between different groups (P < 0.05). Weight gain rate = (Wgna —

Winitiad/Winitial X 100%.

and deterministic processes for the construction of water, intestine,
and root microbial communities in rice floating bed ponds and
normal ponds. Most of the NST values were higher than the 50%
boundary point for the microbial community in both rice floating
bed ponds and normal ponds, while it was significantly lower than
the 50% boundary point for the RIM group (Figure 4 bar plots). For
the intestinal microbial community in the normal pond, the NST
value was near 50%.

LEfSe analysis was used to determine biomarker taxa with the most
significant differences in abundance (Figure 5). The results showed that

there were more enriched taxa in the RIM group than in the PIM group.
Compared with PIM, the phyla Actinobacteriota, Armatimonadota,
Bdellovibrionota, Chloroflexi, Cyanobacteria, Desulfobacterota,
Patescibacteria, and Planctomycetota were all significantly enriched in
RIM (Figure 5A). Further, the classes Bacteroidia, Ignavibacteria, and
Gammaproteobacteria were significantly higher in the RMW group and
mainly contributed to the difference between the RWM and PWM
groups. In the PWM group, the classes Vicinamibacteria, Subgroup_22,
and Caldisericia exhibited significantly higher abundances than those in
the RWM group (Figure 5B).
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The o diversity and Venn diagrams of intestinal and water microbiota. (A) Shannon index. (B) Chaol index. (C) Simpson index. (D) The Venn diagram
of intestinal microbiota. (E) The Venn diagram of water microbiota. The bar chart is marked with “*" signifying a statistically significant difference (**P
< 0.01, ***P < 0.001). Abbreviation codes: PIM, the intestinal microbiota in the normal pond group; RIM, the intestinal microbiota in the rice floating
beds pond group; PWM, the water microbiota in the normal pond group; RWM, the water microbiota in the rice floating beds pond group; RM, the
rice floating beds root microbial communities. The same as below.
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The B diversity and the principal component analysis (PCA) diagrams of intestinal microbiota. (A) The variations in B diversity among different groups.
(B) The PCA analysis of intestinal microbiota. The bar chart displays an asterisk (*) to signify significant differences, with **P < 0.01, and ***P < 0.001.

Ellipses on PCA score plots represented a confidence interval of 95%.

4 Discussion

As a compound aquaculture production system, the rice
floating bed is characterized as a low-cost, solar-energy-based,
and eco-friendly technology (Li et al., 2018). In this system, fish
and plants provide mutual benefits, as the fish consume rice straw
while their waste acts as a natural fertilizer for the rice plants (Goda
et al, 2024). Based on this unique ecological interaction, by
comparing the growth performance, intestinal microbial diversity,
intestinal microbial construction, and intestinal microbial
composition, this study revealed that the utilization of rice
floating bed promoted the growth of Gibel carp, and cultivated a
more diverse and complex microbial community compared with
the normal pond system. These results further validate the potential
advantages of floating rice beds in sustainable farming.

The results indicated that the Gibel carps raised in rice floating
bed exhibited significantly enhanced body length, body weight, and

weight gain rates compared to those in normal pond setups. The
improved growth performance could be attributed to several
interconnected factors inherent to the floating bed ecosystem,
such as rich food resources, complex habitats, and efficient
nutrient cycling (Tanner and Headley, 2011; Wang et al., 2020;
Zhang et al., 2022). On the one hand, the plants and the microbiota
attached to the plant roots could absorb nutrients from the water to
support their growth and reproduction, which promoted nutrient
cycling and water purification (Tanner and Headley, 2011). On the
other hand, the presence of both aquatic plants and associated
microorganisms provided a diverse array of nutritional resources
that can enhance the availability of essential dietary components
(Hossain et al., 2024).

The microbial diversity analyses revealed differences in the
intestinal microbiota composition between Gibel carp in normal
ponds (PIM) and those in rice floating bed ponds (RIM). The
Shannon and Chaol indices were significantly higher in the
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FIGURE 4

Community assembly process measurements. (A) The fit of the neutral community model (NCM) for RIM, RWM, and RM communities in rice floating
beds pond. (B) The fit of NCM for PIM and PWM communities in normal ponds. Bar plots showing the normalized stochastic ratio (NST) represented
the relative contribution of stochastic processes to the community assembly. The bar chart displays an asterisk (*) to signify significant differences,
with ***P < 0.001. The NST value > 50% indicates that stochastic processes predominated in regulating the community assembly of microbes.
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intestinal microbiota of fish raised in rice floating bed ponds,
indicating a richer microbial community. The increase in
diversity may provide multiple metabolic pathways and greater
abilities to resist infections, thereby supporting overall fish health
(Ringo et al.,, 2022; Medina-Felix et al, 2023). Furthermore, the
larger number of unique operational taxonomic units (OTUs)
found in the RIM suggested that floating rice beds created a
favorable environment conducive to the establishment of
microbial species, thereby leading to increased o diversity. Taken
together, it could be deduced that the rice floating bed could
enhance the species abundance and diversity of Gibel carp
intestinal microbiota, which may contribute to regulating
intestinal immunity, nutrient absorption, and host healthy status

*d-,p’_’c’hi&éﬂexi

10.3389/fmars.2025.1549639

(Medina-Félix et al., 2023). Moreover, the results also indicated that
the intestinal microbial communities exhibited lower o diversity
and OTUs compared with those of water and root microbiota, while
the B diversity of intestinal microbiota was significantly higher than
that of water and root microbiota, which revealed the high
variability of intestinal microbiota. This could be attributed to
that the intestinal bacteria directly colonize the intestinal tract of
fish from the surrounding environmental water (Li et al., 2017), and
are highly affected by the culture environment, including the water
temperature, salinity, pH, and feed source (Eichmiller et al., 2016;
Zhao et al., 2020; Kim et al., 2021).

In addition to the
diversity, the present study revealed the different assembly

differences in microbial abundance and
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Cladogram of microbiota via LEfSe method identifying the significantly different abundant taxa. (A) LEfSe analysis of intestinal microbial communities
between RIM and PIM groups. (B) LefSe analysis of water microbial communities between RWM and PWM groups. LEfSe analysis was performed
based on the LDA effect size > 2 and P < 0.05. The taxonomic classification was shown from phylum to genus level from the center outward.
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processes of microbial communities among groups. By evaluating
these assemblies through a stochastic lens, the NCM offers an
approach to assess the relative influence of random processes on
community composition (Roguet et al., 2015; Wang et al., 2022). In
the model, a high fit of the model (high R? value) indicates a great
influence by stochastic processes (Roguet et al., 2015). In the present
study, we found that the R? values for the microbial communities in
the rice floating beds pond and normal pond were 0.4376 and
0.0707, respectively, indicating that stochastic processes play a
higher role in the construction of bacterial communities in the
rice floating beds pond than that in normal pond. This may be due
to the rice floating bed enhancing the microbial diversity and
accelerating their assembly towards stochastic evolution.
Moreover, the values of NST serves as an auxiliary correction for
determining the contribution of stochastic processes. In the present
study, most of the NST values were higher than 50%, but for the
RIM group, suggesting that the deterministic processes contributed
more to the assembly of the intestinal microbial community in rice
floating bed ponds. In general, when deterministic processes are
dominant, selection via biotic or abiotic factors deeply influences
the shaping of the microbial community (Liu et al., 2022). In the
present study, the abundant root system under the water surface not
only provided alternative food sources for Gibel carp but also
created a complex microhabitat community, which may shape the
intestinal microbial community of Gibel carp.

Bacterial communities are essential for maintaining the
environmental health of aquaculture systems. They play a vital
role in various physiological processes, including digestion,
metabolism, and immune function. In this investigation, the
composition of intestinal bacterial communities in the RIM group
was found to be richer than that in the PIM group, with Chloroflexi
and Cyanobacteria were significantly enriched in RIM group. Plant-
Cyanobacteria interactions, as a beneficial symbiosis, have long
been demonstrated in rice-growing areas where the most efficient
nitrogen-fixing cyanobacteria are present (Nowruzi et al., 2021).
Members of Chloroflexi are also frequently found in plant systems
and capable of fixing inorganic CO, and nitrite (Narsing Rao et al.,
2022). In this study, the elevation of Cyanobacteria and Chloroflexi
suggested a high efficiency of nutrient cycling in the rice floating
beds ponds. Intriguingly, the level of certain plant-associated
bacteria (e.g., Ignavibacteria) also exhibited a noticeable increase
in the RWM group. The Ignavibacteria are ubiquitously abundant
in paddy soils and contribute to the decomposition of complex
polymers, such as cellulose, hemicellulose, and chitin (Bei et al.,
2021). Therefore, a higher abundance of Ignavibacteria in the rice
floating beds ponds may be associated with more plant tissue, such
as rice roots, scattered in the water.

5 Conclusion

The present study evidenced that Gibel carps cultivated in rice
floating bed systems exhibit significantly enhanced growth
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performance compared to those reared in normal pond
environments. The results indicate that the rice floating bed
ecosystem promotes greater body length, body weight, and weight
gain rates, likely due to enriched nutrient availability and diverse
habitats that facilitate efficient nutrient cycling. Furthermore, the
microbial community analysis reveals noteworthy differences in the
intestinal microbiota composition between the two cultivation
systems. The higher o diversity and unique operational
taxonomic units in the rice floating bed ponds suggest a more
robust microbial ecosystem that may benefit the fish’s health. The
assembly processes of these microbial communities, largely
influenced by stochastic mechanisms in the rice floating beds,
further underscore the ecological complexity inherent in this
aquaculture practice. Notably, in rice floating beds ponds, the
identification of significant bacterial phyla associated with
nutrient cycling highlights the multifaceted roles of microbial
communities in sustaining environmental health within
aquaculture systems. Overall, these findings highlight the
potential of rice floating bed systems as a sustainable aquaculture
technique, fostering improved growth performance and microbial
diversity, which are critical for the health of cultured fish.
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