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Genetically improved farmed tilapia (GIFT, Oreochromis niloticus) are

intensively farmed in China, where most of the yield derives from the pond

culture system (PCS). The in-pond raceway system (IPRS) is a new type of highly

efficient aquaculture mode, and has been recommended as a novel system for

GIFT farming. To determine the effects of these culture modes on the gut

microbiome of GIFT, we conducted a 90-days experiment in IPRS and PCS

units. A 16S rRNA gene profile analysis showed that the composition of gut

microbiota in GIFT under IPRS and PCS conditions gradually separated as

rearing progressed, with divergent responses by the midgut and hindgut

bacteria. The α-diversity in hindgut decreased significantly by day 90, as

compared with on day 7 (p < 0.05), with a significantly greater decrease in

PCS-reared fish than in IPRS fish (p < 0.05). The α-diversity of microbiota in

midgut remained stable (p > 0.05). The overall dominant gut bacteria were

Bacteroidetes, Proteobacteria, and Firmicutes. Rearing mode affected the

taxonomic profile of the gut bacteria; in midgut, IPRS samples had more

Firmicutes and Fusobacteria compared with PCS samples, but less

Proteobacteria, Verrucomicrobia, and Actinobacteria. Firmicutes was

enriched in IPRS hindgut, and Fusobacteria was enriched in PCS hindgut.

Using random-forest models and LEfSe, we also screened core taxa that

could discriminate between the gut microbial communities under IPRS and

PCS conditions. The genus Cetobacterium (of family Fusobacteriaceae) was

significantly enriched in midgut in IPRS fish, and enriched in hindgut in PCS fish.

The genusClostridium sensu stricto (of family Clostridiaceae 1) was significantly

enriched in both IPRS midgut and hindgut. Analysis with PICRUSt2 software

revealed that the culturemodeswere similar in their effects on the gutmicrobial

metabolic functions. The predicted pathways were significantly enriched in the

metabolism class (level 1). Further, the relative abundance of functions related

to amino acid metabolic, carbohydrate metabolic, energy metabolic, and

metabolic of cofactors and vitamins were high at hierarchy level 2, as the

metabolic activity of intestinal bacteria is especially active. Overall, this study

enhances our understanding of the characteristics of gut microbiota in GIFT

under IPRS and PCS culture modes. Moreover, our findings provide insights into
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the microecological balance in IPRS units, and a theoretical reference for

further development of this culture system.
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1 Introduction

Since 2000, China has maintained its role as the largest

global producer, processor, and trader of fish (Cao et al.,

2015). The country has an oversized role in aquaculture

production. China alone supplied 57.5 and 59.6% of the

global aquaculture volume and value, respectively, for all

categories combined in 2020 (Food and Agriculture

Organization of the United Nations, 2022). As the main

mode of aquaculture in China, the pond culture system

(PCS) was estimated to account for about 74% of total

freshwater aquaculture production in 2020 (Fishery

Administration Bureau of the Ministry of Agriculture and

Villages et al., 2021). However, growing problems caused by

the traditional, intensive pond culture mode, including the

limitations of finite land and water resources, the disruption of

aquatic ecosystems, frequent disease outbreaks, the

unregulated discharge of wastewater, and the quality and

safety of the products, have hindered the development of

freshwater aquaculture in China (Zhao et al., 2022). For the

problems brought about by PCS, much research has been

carried out both in China and abroad (Luau et al., 2020; Song

et al., 2020; Couto et al., 2021).

The in-pond raceway system (IPRS) is a new type of high-

efficiency farming mode, aiming to better improve water quality

and allow increased feeding density, thus increasing production

efficiency and profitability when compared with conventional

earthen ponds. This culture technology was introduced into

China through the U.S. Soybean Export Council in 2013. We

modified and upgraded the IPRS to consist of a culture unit

occupying 2–5% of the total pond area constructed, and the

remaining 95–98% of the pond has a large area to purify the

aquaculture tail water (Wang et al., 2019a). The culture unit is

used for high-density fish culturing and equipped with water

aeration equipment and suction facilities. The purification area

is used as a wastewater treatment area to reduce suspended

solids and remove organic nutrients (nitrogen and phosphorus)

released by cultured fish (Yin et al., 2019a). One major

advantage of the IPRS is the ability to manipulate the water

velocity and/or exchange rate, thus allowing for the most

efficient use of land and water, greater stocking densities,

increased production, and better nutrient recycling (Brown

et al., 2011). To date, the species that have been reared using

the IPRS include tilapia Oreochromis niloticus (Yin et al.,

2019b), rainbow trout Oncorhynchus mykiss (Sirakov et al.,

2011), grass carp Ctenopharyngodon idella (Zhang et al., 2015),

largemouth bass Micropterus salmoides (Wang et al., 2020),

yellow catfish Tachysurus sinensis (Liu et al., 2019), and

whiteleg shrimp Litopenaeus vannamei (Reid and Arnold,

1992).

Genetically improved farmed tilapia (GIFT,

Oreochromis niloticus) have many beneficial

characteristics including their stable genetic traits, fast

growth, high fillet yield, and strong disease resistance

(Qiang et al., 2016). Consequently, tilapia is one of the

main cultured species in China. Most of the GIFT yield

comes from the PCS. Recently, the IPRS was recommended

as a novel aquaculture system for GIFT farming. The culture

density in IPRS units is more than 10-times that in

traditional culture ponds (Wang et al., 2019b). Under the

condition of high-density breeding, the intestinal health of

the reared animals is particularly important. Many

microorganisms inhabit the intestinal tract of animals

and play vital roles in maintaining the balance of the

intestinal environment and health of the host (Björkstén,

2010). Intestinal microorganisms have an important

influence on the host’s metabolism (Valentina and

Fredrik, 2012; Bing et al., 2017), growth (Turnbaugh

et al., 2009; Zheng et al., 2016), and immunity (Jiao and

Wang, 2013; Qi et al., 2017). To date, research on the IPRS

technique has mainly focused on the aspects of high yield,

system design, and removal of pollutants from the units,

while there have been few reports on intestinal

microorganisms under IPRS conditions. Therefore, this

study used 16S rRNA high-throughput sequencing

technology to analyze the intestinal microorganisms of

GIFT under IPRS and PCS. The study aimed to evaluate

changes in the composition and functions of the gut

microbiota of GIFT based on culture mode, by means of

a 90-days feeding experiment. Our findings will provide

valuable information about the interaction among intestinal

microbiota and culture mode. It also provides a reference for

screening useful beneficial microbes and regulate intestinal

health through microecological agents.

2 Materials and methods

2.1 Experimental set-up

This experiment was conducted in ponds and in an IPRS, as

described byWang et al. (2019b), at the Yangzhong experimental
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base of the Freshwater Fisheries Research Center, Chinese

Academy of Fishery Sciences, in Jiangsu, China. Healthy

juvenile fish were obtained from the Freshwater Fishery

Research Center of the Chinese Academy of Fishery Sciences

(Yixing, China). Before the experiment, the fish were held for

2 weeks in separate ponds to acclimatize them to the

experimental conditions. Juvenile GIFT with an average body

weight of 26.45 ± 2.32 g (mean ± SD) were stocked into five 220-

m3 raceways (20,000 fish per raceway, IPRS) and two 1 500-m3

ponds (2,500 per pond, PCS) respectively. Fish were fed a

commercial feed, widely used in China, having the following

composition: crude protein ≥26%, crude fat ≥4%, crude

fiber ≥15%, crude ash ≤18%, water content ≤12%, total

phosphorus ≥1%, and lysine ≥1.2%), three times daily, at 7:

00 h, 11:30 h, and 16:00 h. The amount of diet was ~4% of GIFT

body weight, and was increased or decreased depending on the

residual feed intake the previous day. Culture conditions during

the 90-days feeding experiment were: water temperature

23.3–29.8°C, dissolved oxygen 3.41–7.33 mg/L, pH 7.38–8.52,

and ammonia-N 0.23–1.86 mg/L. During the whole period of

production, there were no changes in the water and no use of

aquaculture drugs.

2.2 Sample collection

On day 7 (D7) and day 90 (D90) from the start of the

experiment, the GIFT were fasted overnight and then harvested,

with 10 fish sampled from a given raceway or pond. To avoid the

effects of stress on the various measurement indexes, the fish

were anesthetized by immersion in 1% MS-222 before being

killed. According to anatomical methods, the intestine was

divided into foregut, midgut and hindgut, and then midgut

and hindgut tissues were collected, frozen in liquid nitrogen,

and stored at −80°C until further analysis. A total of 80 intestinal

samples were obtained (Table 1).

2.3 DNA extraction and 16S rRNA gene
sequencing

DNA was extracted from the gut samples using an

E.Z.N.A.® Stool DNA Kit (D5625, Omega, Inc.,

United States). The V3-V4 hypervariable region of 16S

rRNA was amplified using the primers 338F (5′-ACT CCT

ACG GGG AGG CAG CAG-3′) and 806R (5′-GGA CTA CHV

GGG TWT CTA AT-3′) to investigate the bacterial

communities. The PCR amplifications of the 16S ribosomal

RNA (rRNA) gene and library preparation were performed by

LC-Bio Technologies Co., Ltd. (Hangzhou, China). The

libraries were sequenced either on 300PE MiSeq runs and

one library was sequenced with both protocols using the

standard Illumina sequencing primers, eliminating the need

for a third (or fourth) index read.

2.4 Sequence processing and statistical
analysis

Paired-end reads were merged using the software tool

FLASH. Under specific filtering conditions, FQTRIM (v.

0.94) was used to filter the original tags to obtain high-

quality clean tags. Chimeric sequences were filtered using

Vsearch (v. 2.3.4). Sequences with similarities of ≥97% were

assigned by Vsearch (v. 2.3.4) to the same operational

taxonomic unit (OTU). Four indices were calculated to

evaluate the α-diversity of each sample: Chao1, Observed

species, Shannon’s index, and Simpson’s index. These

indexes were calculated using QIIME (v. 1.8.0).

Constrained principal component analysis (PCoA) of

Bray-Curtis distances was used to assess differences in

species complexity among samples. Significance of the

PCoA was estimated using ADONIS. Core differential

flora at the family level, using 10-fold cross-validation,

TABLE 1 Distribution of intestine samples from genetically improved farmed tilapia, under two culture modes. RMI = IPRS, midgut, D7; RMF = IPRS,
midgut, D90; RHI = IPRS, hindgut, D7; RHF = IPRS, hindgut, D90; TMI = PCS, midgut, D7; TMF = PCS, midgut, D90; THI = PCS, hindgut, D7; THF =
PCS, hindgut, D90.

Culture mode Intestinal segment Sampling time (d) Group n

In-pond raceway system (IPRS) Midgut 7 RMI 10

90 RMF 10

Hindgut 7 RHI 10

90 RHF 10

Pond culture system (PCS) Midgut 7 TMI 10

90 TMF 10

Hindgut 7 THI 10

90 THF 10
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was implemented with the rfcv () function in R with the

package RandomForest. The linear discriminant analysis

(LDA) effect size (LEfSe) was used to compare the

abundance of all detected bacterial taxa among samples.

The Kruskal–Wallis test was used to adjust for multiple

testing (p < 0.05) and for the effect size analysis (LDA

score of >3.5). The software PICRUSt2 was used for

functional gene annotation of the 16S rDNA amplicon

sequences (Douglas et al., 2019). Pathways were predicted

using the KEGG database.

FIGURE 1
Rarefaction curves (Sobs) and estimators with different samples. Each rarefaction curve represents a sequencing group. The color of each curve
corresponds to each intestinal sample group. RMI = IPRS, midgut, D7; RMF = IPRS, midgut, D90; RHI = IPRS, hindgut, D7; RHF = IPRS, hindgut, D90;
TMI = PCS, midgut, D7; TMF = PCS, midgut, D90; THI = PCS, hindgut, D7; THF = PCS, hindgut, D90.

FIGURE 2
Alpha-diversity measurements of genetically improved farmed tilapia (GIFT) gut microbiota. (A)Observed species (midgut), (B) Shannon’s index
(midgut), (C) Simpson’s index (midgut), (D) Chao1 index (midgut), (E)Observed species (hindgut), (F) Shannon’s index (hindgut), (G) Simpson’s index
(hindgut), and (H) Chao1 index (hindgut). The symbols ## and ** indicate significant differences in abundance between two groups (Mann–Whitney
U-test; **p < 0.01). For abbreviations, see caption to Figure 1.
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3 Results

3.1 Metadata and sequencing

A total of 80 fish gut samples (40 midgut, 40 hindgut) were

collected from juvenile GIFT for sequencing; 2,321,667 reads

were assigned to 2,322 prokaryotic operational taxonomic units

(OTUs) at 97% sequence similarity. In the rarefaction curves of

Observed species (Figure 1), the end of the curve was flattened.

Therefore, we concluded that the collected sequencing data was

reasonable for our analyses.

3.2 Culture-mode effects on α and β-
diversity of gut microbiota

The richness and diversity of bacterial species in intestinal

flora were investigated by determining the values of the Observed

species index (Figures 2A,E), Chao1 index (Figures 2B,F),

Shannon’s index (Figures 2C,G), and Simpson’s index (Figures

2D,H). Between the IPRS and PCS culture modes, there was no

significant difference in the α-diversity in midgut as of D7 and

D90 (Figures 2A–D). Compared with on D7, the α-diversity of

hindgut had decreased significantly by D90. At the same time, the

decline in THF (PCS, hindgut, D90) was significantly greater

than that in RHF (IPRS, hindgut, D90).

We also evaluated β-diversity of the gut bacteria to quantify

differences in microbial community composition between the

IPRS and PCS. Principal coordinate analysis (PCoA) based on

unweighted (Figure 3) and weighted (Supplementary Figure S1)

single fractal distance matrices was used to study the relationship

between samples according to intestinal microbial community

structure. In the PCoA of Bray–Curtis distance from samples, the

midgut or hindgut samples clustered together on D7 and D90

(Figures 3A,C). As the experiment progressed, the samples

between IPRS and PCS were gradually separated at D90

FIGURE 3
Plots of principal coordinates analysis (PCoA) of the gut microbiota of genetically improved farmed tilapia, based on unweighted UniFrac
distance matrices. (A) RMI vs. TMI, (B) RMF vs. TMF, (C) RHI vs. THI, and (D) RHF vs. THF (for abbreviations, see caption to Figure 1). Each point
represents a sample. Significance of the data was estimated using ANOSIM.
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(Figures 3B,D), indicating that different culture modes were the

main factor affecting the composition of the intestinal microbiota

in the GIFT.

3.3 Culture-mode effects on dominant
phyla of gut bacteria

We further analyzed the composition of intestinal flora at

the phylum level (Figure 4). Relative abundance of the five-

richest OTUs in the intestinal microflora is depicted by a

cumulative column chart (Figures 4A,C). At the phylum level,

the composition of dominant bacteria had certain

commonalities, with most sequences of 16S rRNA assigned

to Proteobacteria, Firmicutes, and Fusobacteria. At the same

time, the dominant bacteria showed specificity in the midgut

and hindgut: the second-most-dominant bacteria phyla in the

midgut were Verrucomicrobia and Actinobacteria, while the

second-most-dominant in the hindgut were Bacteroidetes and

Cyanobacteria. The relative abundances of the three most-

dominant bacteria also differed significantly. The

Proteobacteria dominated in the midgut, and its average

relative abundance reached 56.81%; the average relative

abundance of Firmicutes and Fusobacteria in midgut was

9.94 and 8.00%, respectively. In hindgut, the average

relative abundance of Fusobacteria was as high as 70.91%,

whereas the relative abundance of Firmicutes and

Proteobacteria reached 12.66 and 11.80%, respectively.

Through the difference analysis, we found that there was no

significant difference in the relative abundances of intestinal flora

in fish under the different culture modes, whether in the midgut

or hindgut, on D7. On D90, compared with the PCS midgut

samples, the IPRS samples hadmore Firmicutes (13.44 vs. 6.37%)

and Fusobacteria (22.42 vs. 6.95%) but less Proteobacteria

(40.53 vs. 62.72%), Verrucomicrobia (0.38 vs. 5.72%), and

Actinobacteria (2.53 vs. 4.62%) (Figure 4B). Only two bacteria

phyla were represented in the hindgut; of these, the IPRS samples

had a higher relative abundance of Firmicutes (13.93 vs. 0.19%),

while the PCS samples had a higher relative abundance of

Fusobacteria (94.92 vs. 77.62%) (Figure 4D).

3.4 Culture-mode effects on core gut
bacterial taxa

We determined bacterial community shifts by arranging the

OTUs according to their taxonomy and then displaying their

enrichment in each the IPRS- and PCS-reared fish. The results

revealed unexpectedly nuanced taxonomic alterations underlying

the community shifts between midgut and hindgut (Figures

5A,B). The two panels in Figure 5 respectively filter the

analysis results under the condition that the frequency of

FIGURE 4
Histograms of relative abundance of intestinal bacteria in genetically improved farmed tilapia (GIFT), for predominant taxa identified at the
phylum level, in (A) midgut and (C) hindgut (each bar represents relative abundance in each sample; only the five-most-abundant taxa are shown).
Boxplots representing abundance of bacterial phyla in GIFT (B) midgut and (D) hindgut (lines in boxes represent medians of relative abundance).
Significant difference in abundance between dietary groups are marked as *p < 0.05 or **p < 0.01 (Mann–Whitney U-test).
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FIGURE 5
Differentially abundant gut bacterial taxa in genetically improved farmed tilapia (GIFT) between culture modes IPRS and PCS. Manhattan plots
showing enriched OTUs in (A)midgut and (B) hindgut. No significant abundance of OTUs is depicted as a block; OTUs that are significantly enriched
in IPRS are depicted as an upward triangle (▲); OTUs that are significantly enriched in PCS are depicted as a downward triangle (▼). Dashed lines
correspond to the false discovery rate-corrected p-value threshold of significance (α = 0.05). The color of each dot represents the different
taxonomic affiliation of the OTUs (phylum level), and the size corresponds to their relative abundance in the respective samples. Up: the amount of

(Continued )
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OTUs in group IPRS or PCS was >0.5. The number of OTUs

screened in the midgut (691) was significantly higher than that in

the hindgut (122). In contrast, the numbers of OTUs with

significant differences between the midgut and hindgut were

close (95 vs. 88). Notably, the number of OTUs enriched in the

RMF (IPRS, midgut, D90) or TMF (PCS, midgut, D90) was

similar (41 vs. 54) (Figure 5A), and the number of OTUs

enriched in the RHF was much higher than that of THF

(78 vs. 10) (Figure 5B). IPRS midgut-enriched OTUs belonged

to the phyla Proteobacteria (11) and Cyanobacteria (10); PCS

midgut-enriched OTUs belonged to the phyla Proteobacteria

(36) and Verrucomicrobia (9). Whereas IPRS hindgut-enriched

OTUs belonged to the phyla Firmicutes (63), PCS hindgut failed

to enrich any member of the phyla Firmicutes (false discovery

rate-corrected p-values, α = 0.05).

A random forest model was used to distinguish those gut

bacterial families that could discriminate the microbial

communities in the IPRS and PCS samples (Figures 5C,D).

Families were ranked by their importance value (top-10).

Manhattan plots reveal a total of seven core taxa screened at

the family level: Fusobacteriaceae, Clostridiaceae 1,

Peptostreptococcaceae, Brevinemataceae, Spartobacteria genera

incertae sedis, Caldilineaceae, and Porphyromonadaceae.

Bacteria at the genus level with an LDA value of >3.5 were

screened by LEfSe (Figures 5E,F). Combining these three

methods, four core genera were screened out, both in the

midgut and hindgut: Cetobacterium, Clostridium sensu stricto,

Clostridiaceae 1 unclassified, and Porphyromonadaceae

unclassified.

3.5 Culture-mode effects on gut bacteria
functions

To compare the functional potential of the gut bacteria,

functional abundance was predicted based on the OTUs using

PICRUSt2. The predicted pathways were significantly enriched

in the metabolism class at level 1 (Figure 6A), and the relative

abundances in midgut and hindgut were 47.23 and 48.10%,

respectively; this was followed by genetic information

processing (21.97 vs. 22.52%) and environmental information

processing (12.57 vs. 12.12%). In a total of 39 pathways at level 2

(Figure 6B), the pathways for amino acid metabolism,

carbohydrate metabolism, and other metabolic pathways

displayed high proportions. Other pathways with relatively

high relative abundance were membrane transport and

replication and repair.

4 Discussion

Rearing fish in IPRS units combines several biological,

chemical, and physical intensification elements into a single,

integrated system that can prove to be more controllable and

efficient than traditional pond culture (Brown et al., 2011). We

were genuinely concerned about the health of fish (via their

intestinal flora) under the high-density culture mode of IPRS;

therefore, the present study aimed to describe compositional and

functional differences of the gut microbiome of GIFT reared

under culture modes IPRS or PCS, by investigating their

responses to a 90-days culture experiment.

4.1 Changes of intestinal microbial
community structure under IPRS and PCS

Our previous studies on fish intestinal microorganisms clarified

that the composition of intestinal microorganisms will be

significantly affected by the feed nutrients (Zhu et al., 2020a; Zhu

et al., 2020b). The present study shows that the rearing method can

also significantly affect the composition of GIFT intestinal microbial

community. The PCoA showed that the microbial community

structure of tilapia intestinal midgut and hindgut changed

significantly as the 90-days experiment progressed.

First, we focused on themost abundant gutmicrobial phyla. The

microbial composition of the gut generally remains stable in the

same species. Fan et al. (2017) characterized microbial communities

in the gut of intensively cultured GIFT during the peak breeding

period, and found that the dominant bacterial phyla were

Proteobacteria, Actinobacteria, and Firmicutes. Similarly, our

previous research (Zhu et al., 2020b) found that the dominant

phyla in the gut of GIFT were Fusobacteria, Bacteroidetes,

Proteobacteria, and Firmicutes. In the intestinal samples from the

current experiment, the most dominant bacteria phyla were

Proteobacteria, Fusobacteria and Firmicutes. Qin et al. (2010)

reported that Bacteroidetes and Firmicutes are the dominant

FIGURE 5 (Continued)
IPRS-enriched OUTs in different phylum; Down: the number of PCS-enriched OUTs in different phylum. The bacterial family of the 10 OTUs
with the highest relative abundance are marked in the figure. The top-10 biomarker bacterial genera were identified by applying RandomForest
regression of their relative abundances between IPRS and PCS in (C) midgut and (D) hindgut (Mann–Whitney U-test; *p < 0.05, **p < 0.01, ***p <
0.001). Linear discriminant analysis effect size (LEfSe) comparing abundance of bacterial genera between the IPRS and PCS conditions, in (E)
midgut and (F) hindgut. The taxa shown in the histograms were determined to differ significantly in abundance between diets by Kruskal–Wallis test
(p < 0.05) and have an LDA score of >3.5. Bacterial taxa associated with positive LDA scores (right) were overrepresented in PCS GIFT, and those with
negative scores (left) were overrepresented in IPRS GIFT. The color of each bar represents the different taxonomic affiliation of the OTUs (family
level).
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bacteria in the intestinal tract of most vertebrates, constituting over

90% of the known phylogenetic categories. However, we found that

the relative abundance of Bacteroidetes and Firmicutes was only

around 10%. Among the 16 bacterial phyla identified in the guts of

juvenile GIFT in our study, Proteobacteria and Fusobacteria were

the most abundant in the midgut and hindgut, respectively.

Proteobacteria exists widely in aquatic environments (Ley et al.,

2008). The life cycles and growth environments of aquatic animals

FIGURE 6
(A) Relative abundance of KEEG pathways (level 1). (B) Heatmap of functionally predicted KEEG pathways (level 2). The color represents the
different KEEG pathways (level 1).
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are more diverse than those of land animals; accordingly, the

intestinal microbiota would be more diverse in aquatic organisms

than in terrestrial animals. The core gut bacteria of fish is, in general,

more influenced by the environment, since aquatic environments

are likewise rich in bacteria (Tsuchiya et al., 2010; Banerjee and Ray,

2017). This is likely an important factor for the difference between

the relative abundance of gut bacteria in GIFT and higher

vertebrates. Whether in the midgut of IPRS or PCS fish, the

relative abundance of Proteobacteria decreased gradually with the

progress of the experiment, while the relative abundance of

Fusobacteria increased. In the hindgut, the relative abundance of

Fusobacteria significantly increased, and the relative abundance of

both Proteobacteria and Firmicutes decreased. Proteobacteria is the

largest branch of prokaryotes, accounting for the vast majority of

known Gram-negative bacteria. Since many Proteobacteria are

opportunistic bacteria, this can increase the chance of diseases.

One study found that excessive Proteobacteria may be a sign of

dysbiosis of intestinal microorganisms (Shin et al., 2015). In the

midgut, the relative abundance of Proteobacteria was high across the

whole experimental period. The relative abundance of

Proteobacteria was significantly higher in PCS samples than in

IPRS samples on D90.

Second, we focused on the change of gut microbiome α-
diversity. The richness and diversity estimators representing the

integral status of the gut microbiome appear to be ideal

predictors in analyzing the structure of the microbiota.

Numerous studies proved that the number of flora in different

sections of the digestive tract in a variety of fish showed a gradual

upward trend from front to back, and the α-diversity of the

intestinal flora was correspondingly higher (Molinari et al., 2003;

Navarrete et al., 2009; Ye et al., 2014). In this study, the diversity

index of GIFT midgut was higher than that of hindgut, which is

contrary to the results of most fish studies, though similar to a

report for pond frog Rana rugulosa (Liu et al., 2020). Whether

reared under the IPRS or PCS conditions, 90-days artificial

intensive culture reduced the intestinal flora diversity of GIFT.

Microbial diversity is closely related to the health of animals, and

species diversity promotes stability and performance (Shin et al.,

2015; Liu et al., 2018). Compared with animals fed under normal

conditions, those fed under aseptic conditions were more

susceptible to infection and their gastrointestinal immune

function was weaker (Ley et al., 2006). Therefore, higher

diversity may be an important indicator of healthy microflora.

The decrease in diversity may have destabilized the microflora,

and weakened the host’s ability to combat disease. However, the

IPRS culture mode had less impact on α-diversity when

compared with the PCS.

Different parts of the intestine of higher animals usually

assume different physiological functions. Differences in

microbiota composition and diversity in different intestinal

segments have been reported in higher animals such as mice

(Gu et al., 2013), pigs (Looft et al., 2014), and chickens (Choi

et al., 2015). Studies of fish (lower vertebrates) have shown

that various digestive enzymes, hydrolases, and oxidase in

different parts of the intestine are differently distributed,

which reveals differentiation of the digestion, absorption,

and immune defense functions in different parts of the

intestine (Wang et al., 2017). Roeselers et al. (2011)

reported that the abundance of Fusobacteria in the

intestine varied greatly between fish in different locations.

Our study confirmed significant differences in the relative

abundance of Fusobacteria in different intestinal segments in

farmed tilapia. However, there may be differences in the

responses of intestinal microorganisms in different

segments of the fish intestine under the same culture mode.

Although the aquaculture mode affects the composition of the

dominant intestinal bacteria, the change in the direction of the

relative abundances of the dominant phyla may be the

opposite in different intestinal segments. This was most

evident in the α-diversity of the gut microbiome in our

experiment. Between the IPRS and PCS culture modes,

there was no significant difference in the α-diversity in the

midgut of GIFT at D90, whereas the α-diversity in the hindgut

had decreased significantly.

Intestinal microflora is a complex group of microorganisms

that inhabit the gastrointestinal tract of fish. Microflora are

closely related to many aspects of normal host physiology,

from nutritional status to behavior and the stress response.

The density of IPRS was more than 10 times that of PCS,

however, various problems emerge with intensive fish culture

methods, especially crowding stress and increased susceptibility

to disease, which will ultimately influence the growth

performance, welfare, and profitability of the farmed fish. The

continuous push of water through the units is a feature of IPRS,

so the dissolved oxygen of water is more sufficient, and the waste

is removed in time. Integrate the date obtained from our 90days-

feeding experiments, to summarize, we believe that a more

diverse gut microbiome with a lower relative abundance of

Proteobacteria is more conducive to good growth and disease

resistance in IPRS-reared GIFT.

4.2 Biomarker taxa correlated with IPRS
and PCS

To gain insight into the microbial basis of fish gut changes

based on the culture mode, it is necessary to determine which

microorganisms can be attributed to the observed changes.

However, depth analysis can be difficult with complex multi-

dimensional microbiota data. Only 95 OTUs among a total of

2,322 OTUs in our midgut dataset represent the most abundant

taxa, with significant differences evident between the different

culture modes. The number of OTUs with significant differences

in the hindgut was 88. However, it is noteworthy that the top-10

OTUs (relative abundance) of the midgut belonged to nine

families, whereas the OTUs of the hindgut were concentrated

Frontiers in Physiology frontiersin.org10

Zhu et al. 10.3389/fphys.2022.974398

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.974398


in three families. Fusobacteriaceae was the only family enriched

in PCS hindgut. We further identified biomarker families

correlating with culture mode by using a RandomForest

model to explore the complex nonlinear interdependence

between microorganisms. According to the above two analysis

methods, seven core taxa at the family level were screened out.

The LEfSe analysis at a 3.5-threshold level was used to compare

the relative abundances of the bacterial taxa at the genus level; the

results show the core taxa belonged to seven core families. It is

noteworthy that in both the midgut and hindgut IPRS samples,

the enriched genera were Clostridium sensu stricto,

Clostridiaceae 1 unclassified, and Porphyromonadaceae

unclassified. Interestingly, the genus Cetobacterium within the

family Fusobacteriaceae was significantly enriched in IPRS

midgut samples, yet also enriched in PCS hindgut samples.

Cetobacterium was the most dominant bacterial genus in the

GIFT hindgut. Cetobacterium is part of the core microbiome in

several fishes (Larsen et al., 2014; Sun and Xu, 2021) and it was

mainly distributed in the hindgut of the GIFT. We speculate that

this is because Cetobacterium is anaerobic in nature, and hence

the absolute anaerobic environment of the hindgut is more

suitable for its colonization. Gut microbiota with a greater

abundance of acetate-producing Cetobacterium improves

carbohydrate utilization, and thereby improves glucose

homeostasis in fish (Wang et al., 2021). The capacity of

carbohydrate digestion and metabolism is generally poor in

fishes, but a high abundance of Cetobacterium in the intestine

can effectively improve this situation. These bacteria also have

vitamin-producing capacity by fermenting carbohydrates and

peptides to produce large quantities of vitamin B-12, which has

been proven to promote intestinal health in many fish species

(Ramírez et al., 2018).While Cetobacterium was enriched in

hindgut of PCS samples, it was enriched in midgut of IPRS

samples. During the culture period, the intestinal flora of tilapia

in different culture systems develop under different patterns of

succession on temporal and spatial scales. The genus Clostridium

sensu stricto and Clostridiaceae 1 unclassified within the family

Clostridiaceae 1 were significantly enriched in both IPRS midgut

and hindgut. The main acetate-producing bacteria are

Clostridium species, which also produce butyrate and

propionate (Xu et al., 2020). These short-chain fatty acids

(SCFAs) can be absorbed by the body as a nutrient and

contribute to the host’s energy metabolism (LeBlanc et al.,

2017). SCFAs also represent key modulators of physical

performance. SCFAs can reduce pH levels and maintain the

intestinal micro ecosystem, and mediate the signal of G-protein-

coupled receptor 41/43 (GPCR-41/43), and so affect glucose and

lipid metabolism (Duncan et al., 2010). Training and regular

exercise have been associated with increased fecal SCFA contents

in humans (Barton et al., 2018), and specific SCFAs have been

associated with improved physical performance in animal studies

(Okamoto et al., 2019). A continuous push of water through the

unit is a characteristic of the IPRS, consequently the cultured fish

remain in motion. This may explain why Clostridium sensu

stricto was enriched in both midgut and hindgut of the IPRS

fish. Furthermore, the flow velocity in the IPRS has a great

influence on water quality, which benefits fish growth, and an

appropriate flow velocity is a necessary condition for ensuring

the welfare of farmed fish.

4.3 Functional features of gut bacteria
shaped by IPRS and PCS

The analysis with PICRUSt2 revealed that the IPRS and

PCS were similar in their effects on gut microbial metabolic

functions. The intestinal microflora had similar abundance

distribution characteristics of functional pathways. The

metabolic activity of intestinal bacteria is especially active,

and the predicted pathways were significantly enriched in the

metabolism class at level 1 (Figure 6A), with relative

abundance around 50%. We found that the intestinal

microorganisms mainly had metabolic functions, but they

also played unique functions in genetic information

processing and environment information processing. The

difference between different intestinal segments was mainly

in human diseases and cellular processes. It is worth noting

that in this functional prediction, disease-related

microorganisms also account for a certain proportion,

which revealed the complex relationship between intestinal

microorganisms and host immunity. At the level-2 pathway,

the relative abundance of functions related to amino acids,

carbohydrates, energy, cofactors, and vitamin metabolism

were high (>4%). As mentioned above, certain intestinal

flora can effectively improve the digestion and metabolism

of carbohydrates in fish. The survival of bacteria in the

digestive tract depend on the host’s diet and thus on

nutrition-derived proteins and amino acids. At the same

time, the metabolic activities of intestinal bacterial groups

may also affect the amino acid homeostasis and health

status of the host (Neis et al., 2015). Some fish intestinal

microflora also play an important role in regulating the

metabolism, transport, and storage of lipids (Semova et al.,

2012). Nayak (2010) found that Clostridium and

Cetobacterium in fish intestinal flora were closely related to

the synthesis of vitamin B12. We speculate that diversity

functions of the intestinal flora would play an important

role in metabolism and help to maintain a stable microbiota

structure. The cluster analysis also showed that the effect of

different intestinal segments on the function of intestinal flora

was greater than that of different culture modes. Owing to the

differences of physical and chemical properties in different

parts of the digestive tract, the number and structure of

intestinal flora were vastly different. This result corresponds

to the difference in microbial composition between the midgut

and hindgut.
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5 Conclusion

The present study analyzed the profiles of microbial

communities in GIFT under two different culture modes, and

describes the characteristic composition of gut bacteria between

IPRS- and PCS-reared fish. Furthermore, we compared the

functional potential of bacteria, with functional abundance

predicted based on the OTUs, using PICRUSt2 software.

During the culture period, the intestinal flora of the tilapia in

different culture systems underwent different succession patterns

on temporal and spatial scales. Whether reared under the IPRS or

PCS conditions, 90-days intensive culture reduced the intestinal

flora diversity of the GIFT. Moreover, this study showed that the

IPRS GIFT intestinal microorganisms with higher diversity and

lower relative abundance of Proteobacteria were more conducive

to their growth and resistance to disease. The intestinal

microflora had similar abundance distribution characteristics

of functional pathways. The metabolic activity of intestinal

bacteria is especially active, and the effect of different

intestinal segments on the functions of the intestinal bacteria

was greater than that of different culture modes. These results are

encouraging and may indicate that the IPRS is a promising

ecological production strategy that more efficient to remain

profitable and environmentally sustainable for culturing tilapia

in China.

Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and

accession number(s) can be found below: https://www.ncbi.

nlm.nih.gov/bioproject/PRJNA839702.

Ethics statement

The animal study was reviewed and approved by Freshwater

Fisheries Research Center (FFRC, CAFS) of the Chinese

Academy of Aquatic Sciences.

Author contributions

HZ JQ GX conceived and designed the experiments; HZ, QL,

YS performed the experiments; HZ ZN analyzed the data; HZ,

JG. prepared and wrote the manuscript. All authors read and

approved the final version of the manuscript.

Funding

This work was supported by the earmarked fund for

CARS-46. Cynthia Kulongowski with Liwen Bianji (Edanz)

(www.liwenbianji.cn) edited the language of a draft of this

manuscript.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

The reviewer (YZ) declared a shared affiliation with the

authors to the handling editor at the time of review.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphys.

2022.974398/full#supplementary-material

References

Banerjee, G., and Ray, A. K. (2017). Bacterial symbiosis in the fish gut and its
role in health and metabolism. Symbiosis 72, 1–11. doi:10.1007/s13199-016-
0441-8

Barton,W., Penney, N. C., Cronin, O., Garcia-Perez, I., Molloy, M. G., Holmes, E.,
et al. (2018). The microbiome of professional athletes differs from that of more
sedentary subjects in composition and particularly at the functional metabolic level.
Gut 67, 625–633. doi:10.1136/gutjnl-2016-313627

Bing, L. I., Sun, L., and Wu, Y. T. (2017). Intestinal flora and protein metabolism.
Chin. J. Microecol. 29, 06. doi:10.13381/j.cnki.cjm.201706030

Björkstén, B. (2010). The gut microbiota: A complex ecosystem. Clin. Exp. Allergy
36, 1215–1217. doi:10.1111/j.1365-2222.2006.02579.x

Brown, T. W., Chappell, J. A., and Boyd, C. E. (2011). A commercial-scale, in-
pond raceway system for Ictalurid catfish production. Aquac. Eng. 44, 72–79. doi:10.
1016/j.aquaeng.2011.03.003

Cao, L., Naylor, R., Henriksson, P., Leadbitter, D., Metian, M., Troell, M., et al.
(2015). Global food supply. China’s aquaculture and the world’s wild fisheries.
Science 347, 133–135. doi:10.1126/science.1260149

Choi, K. Y., Lee, T. K., and Sul, W. J. (2015). Metagenomic analysis of chicken gut
microbiota for improving metabolism and health of chickens - a review. Asian-
Australas. J. Anim. Sci. 28, 1217–1225. doi:10.5713/ajas.15.0026

Couto, E., Calijuri, M. L., and AssemanyCecon, P. P. R. (2021). Evaluation of high
rate ponds operational and design strategies for algal biomass production and

Frontiers in Physiology frontiersin.org12

Zhu et al. 10.3389/fphys.2022.974398

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA839702
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA839702
http://www.liwenbianji.cn/
https://www.frontiersin.org/articles/10.3389/fphys.2022.974398/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.974398/full#supplementary-material
https://doi.org/10.1007/s13199-016-0441-8
https://doi.org/10.1007/s13199-016-0441-8
https://doi.org/10.1136/gutjnl-2016-313627
https://doi.org/10.13381/j.cnki.cjm.201706030
https://doi.org/10.1111/j.1365-2222.2006.02579.x
https://doi.org/10.1016/j.aquaeng.2011.03.003
https://doi.org/10.1016/j.aquaeng.2011.03.003
https://doi.org/10.1126/science.1260149
https://doi.org/10.5713/ajas.15.0026
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.974398


domestic wastewater treatment. Sci. Total Environ. 791, 148362. doi:10.1016/j.
scitotenv.2021.148362

Douglas, G. M., Maffei, V. J., Zaneveld, J., Yurgel, S. N., Brown, J. R, Taylor, C. M.,
et al. (2019). PICRUSt2: An improved and extensible approach for metagenome
inference. doi:10.1101/672295

Duncan, S. H., Louis, P., Thomson, J. M., and Flint, H. J. (2010). The role of pH in
determining the species composition of the human colonic microbiota. Environ.
Microbiol. 11, 2112–2122. doi:10.1111/j.1462-2920.2009.01931.x

Fan, L. M., Chen, J. Z., Meng, S. L., Song, C., Qiu, L. P., Hu, G. D., et al. (2017).
Characterization of microbial communities in intensive GIFT tilapia (Oreochromis
niloticus) pond systems during the peak period of breeding. Aquac. Res. 48,
459–472. doi:10.1111/are.12894

Fishery Administration Bureau of the Ministry of Agriculture and Villages
(2021). “National aquatic products technology extension station,” in China
Fishery statistical yearbook. Beijing, China: China Society of FisheriesChina
Agriculture Press.

Food and Agriculture Organization of the United Nations (2022). FAO
aquaculture, capture and global production databases. Available at: https://www.
fao.org/fishery/en/statistics (Accessed July 10, 2022).

Gu, S. H., Chen, D. D., Zhang, J. N., Lv, X. M., Wang, K., Duan, L. P., et al. (2013).
Bacterial community mapping of the mouse gastrointestinal tract. Plos One 8,
e74957. doi:10.1371/journal.pone.0074957

Jiao, G., and Wang, B. (2013). Advances in study on differentiation of innate
lymphoid cells and its interplay with gut microbiota regulation. Chin.
J. Gastroenterol. 18, 753–755. doi:10.3969/j.issn.1008-7125.2013.12.013

Larsen, A. M., Mohammed, H. H., and Arias, C. R. (2014). Characterization of the
gut microbiota of three commercially valuable warmwater fish species. J. Appl.
Microbiol. 116, 1396–1404. doi:10.1111/jam.12475

LeBlanc, J. G., Chain, F., Martin, R., Bermúdez-Humarán, L. G., Courau, S., and
Langella, P. (2017). Beneficial effects on host energy metabolism of short-chain fatty
acids and vitamins produced by commensal and probiotic bacteria. Microb. Cell
Fact. 16, 79. doi:10.1186/s12934-017-0691-z

Ley, R. E., Lozupone, C. A., HamadyHamady, M. M., Knight, R., and Gordon, J. I.
(2008). Worlds within worlds: Evolution of the vertebrate gut microbiota. Nat. Rev.
Microbiol. 6, 776–788. doi:10.1038/nrmicro1978

Ley, R. E., Peterson, D. A., and Gordon, J. I. (2006). Ecological and evolutionary
forces shaping microbial diversity in the human intestine. Cell 124, 837–848. doi:10.
1016/j.cell.2006.02.017

Liu, M., Mi, G. Q., and GuoYuan, J. L. J. (2019). Effects of internal-circulation
pond aquaculture model on growth performance, morphological indices, serum
biochemical indices and muscle nutritional components of Pelteobagrus fulvidraco.
Chin. J. Anim. Nutr. 31, 1704–1717. doi:10.3969/j.issn.1006-267x.2019.04.028

Liu, W. S., Chen, Y. L., GuoTang, X. Z. Y. Q., and Xiao, H. H. (2020). Analysis of
microbial composition and function in the intestine of farmed tiger frog (Rana
rugulosa). Chin. J. Wildl. 41, 171–181. doi:10.19711/j.cnki.issn2310-1490.2020.
01.025

Liu, Z. G., Lu, M. X., KeWang, X. L. M., and Zhang, D. F. (2018). Correlation
between microflora structure in intestinal tract and aquaculture environment of
tilapia (Oreochromis niloticus) and streptococcicosis. J. Fish. China 42, 1635–1647.
doi:10.11964/jfc.20170910951

Looft, T., Allen, H. K., Cantarel, B. L., Levine, U. Y., Bayles, D. O., Alt, D. P., et al.
(2014). Bacteria, phages and pigs: The effects of in-feed antibiotics on the
microbiome at different gut locations. ISME J. 8, 1566–1576. doi:10.1038/ismej.
2014.12

Luau, N., Nguyen, N. H., Vu, N. T., and Nhien, T. V. (2020). Journal pre-proof
genotype by environment interaction for survival and harvest body weight between
recirculating tank system and pond culture in Penaeus monodon. Aquaculture 525,
735278. doi:10.1016/j.aquaculture.2020.735278

Molinari, L. M., Scoaris, D. D. O., Pedroso, R., Bittencourt, N. L. R., Filho, B. P. D.,
Nakamura, C. V., et al. (2003). Bacterial microflora in the gastrointestinal tract of
Nile tilapia, Oreochromis niloticus, cultured in a semi-intensive system. Acta Sci.
Biol. Sci. 25, 267–271. doi:10.4025/actascibiolsci.v25i2.2007

Navarrete, P., Espejo, R. T., and Omero, J. (2009). Molecular analysis of
microbiota along the digestive tract of juvenile Atlantic Salmon (Salmo salar L.).
Microb. Ecol. 57, 550–561. doi:10.1007/s00248-008-9448-x

Nayak, S. K. (2010). Role of gastrointestinal microbiota in fish. Aquac. Res. 41,
1553–1573. doi:10.1111/j.1365-2109.2010.02546.x

Neis, E. P. J. G., Dejong, C. H. C., and Rensen, S. S. (2015). The role of microbial
amino acid metabolism in host metabolism. Nutrients 7, 2930–2946. doi:10.3390/
nu7042930

Okamoto, T., Morino, K., Ugi, S., Nakagawa, F., Lemecha, M., Ida, S., et al. (2019).
Microbiome potentiates endurance exercise through intestinal acetate production.

Am. J. Physiol. Endocrinol. Metab. 316, E956–E966. doi:10.1152/ajpendo.00510.
2018

Qi, X. Z., Xue, M. Y., YangZha, S. B. J. W., Wang, G. X., and Ling, F. (2017).
Ammonia exposure alters the expression of immune-related and antioxidant
enzymes-related genes and the gut microbial community of crucian carp
(Carassius auratus). Fish. Shellfish Immunol. 70, 485–492. doi:10.1016/j.fsi.2017.
09.043

Qiang, J., He, J., Yang, H., Xu, P., Habte-Tsion, H. M., Ma, X. Y., et al.
(2016). The changes in cortisol and expression of immune genes of GIFT
tilapia Oreochromis niloticus (L.) at different rearing densities under
Streptococcus iniae infection. Aquac. Int. 24, 1365–1378. doi:10.1007/
s10499-016-9995-y

Qin, J. J., Li, R. Q., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C.,
et al. (2010). A human gut microbial gene catalogue established by
metagenomic sequencing: Commentary. Nature 464, 59–65. doi:10.1038/
nature08821

Ramírez, C., Coronado, J., Silva, A., and Romero, J. (2018). Cetobacterium is a
major component of the microbiome of giant amazonian fish (Arapaima gigas) in
Ecuador. Animals. 8, 189. doi:10.3390/ani8110189

Reid, B., and Arnold, C. R. (1992). The intensive culture of the penaeid shrimp
Penaeus vannamei boone in a recirculating raceway system. J. World Aquac. Soc. 23,
146–153. doi:10.1111/j.1749-7345.1992.tb00763.x

Roeselers, G., Mittge, E. K., Stephens, W. Z., Parichy, D. M., Cavanaugh, C. M.,
Guillemin, K., et al. (2011). Evidence for a core gut microbiota in the zebrafish. Isme
J. 5, 1595–1608. doi:10.1038/ismej.2011.38

Semova, I., Carten, J. D., Stombaugh, J., Mackey, L. C., Knight, R., Farber, S. A.,
et al. (2012). Microbiota regulate intestinal absorption and metabolism of fatty
acids in the zebrafish. Cell Host Microbe 12, 277–288. doi:10.1016/j.chom.2012.
08.003

Shin, N. R., Whon, T. W., and Bae, J. W. (2015). Proteobacteria: Microbial
signature of dysbiosis in gut microbiota. Trends Biotechnol. 33, 496–503. doi:10.
1016/j.tibtech.2015.06.011

Sirakov, I., Staykov, Y., and Djanovski, G. (2011). Consumption of dissolved
oxygen in rainbow trout - Oncorhynchus mykiss cultivated in raceway. Agr. Sci.
Tech. 3, 220–223.

Song, X. L., Pang, S. N., Guo, P. P., and Sun, Y. (2020). Evaluation of carrying
capacity for shrimp pond culture with integrated bioremediation techniques.
Aquac. Res. 51, 761–769. doi:10.1111/are.14426

Sun, F. L., and Xu, Z. T. (2021). Significant differences in intestinal microbial
communities in aquatic animals from an aquaculture area. J. Mar. Sci. Eng. 9, 104.
doi:10.3390/jmse9020104

Tsuchiya, C., Sakata, T., and Sugita, H. (2010). Novel ecological niche of
Cetobacterium somerae, an anaerobic bacterium in the intestinal tracts of
freshwater fish. Lett. Appl. Microbiol. 46, 43–48. doi:10.1111/j.1472-765X.2007.
02258.x

Turnbaugh, P. J., Hamady, M., Yatsunenko, T., Cantarel, B. L., Duncan, A., Ley, R.
E., et al. (2009). A core gut microbiome in obese and lean twins. Nature 457,
480–484. doi:10.1038/nature07540

Valentina, T., and Fredrik, B. (2012). Functional interactions between the gut
microbiota and host metabolism. Nature 489, 242–249. doi:10.1038/
nature11552

Wang, A. R., Zhang, Z., Ding, Q. W., Yang, Y. L., Zhou, Z. G., Ran, C., et al.
(2021). Intestinal Cetobacterium and acetate modify glucose homeostasis via
parasympathetic activation in zebrafish. Gut Microbes 13, 1–15. doi:10.1080/
19490976.2021.1900996

Wang, Y. Y., Ni, J. J., Nie, Z. J., Gao, J. , Sun, Y., Shao, N. L., et al. (2020). Effects of
stocking density on growth, serum parameters, antioxidant status, liver and
intestine histology and gene expression of largemouth bass (Micropterus
salmoides) farmed in the in-pond raceway system. Aquac. Res. 51, 5228–5240.
doi:10.1111/are.14862

Wang, Y. Y., Xu, P., NieLi, Z. J. Q. J., Shao, N. L., and Xu, G. C. (2019b). Growth,
digestive enzymes activities, serum biochemical parameters and antioxidant status
of juvenile genetically improved farmed tilapia (Oreochromis niloticus) reared at
different stocking densities in in-pond raceway recirculating culture system. Aquac.
Res. 50, 1338–1347. doi:10.1111/are.14010

Wang, Y. Y., Xu, P., NieShao, Z. J. N. L., Li, Q. J., and Xu, P. (2019a). Growth
performance of bluntnose black bream, channel catfish, yellow catfish, and
largemouth bass reared in the in-pond raceway recirculating culture system. N.
Am. J. Aquac. 81, 153–159. doi:10.1002/naaq.10082

Wang, Y. Z., Sun, J. F., Lü, A. J., Zhang, S. L., Sung, Y. Y., Shi, H. Y., et al. (2017).
Histochemical distribution of four types of enzymes and mucous cells in the
gastrointestinal tract of reared half-smooth tongue sole Cynoglossus semilaevis
[J]. J. Fish. Biol. 92, 3–16. doi:10.1111/jfb.13469

Frontiers in Physiology frontiersin.org13

Zhu et al. 10.3389/fphys.2022.974398

https://doi.org/10.1016/j.scitotenv.2021.148362
https://doi.org/10.1016/j.scitotenv.2021.148362
https://doi.org/10.1101/672295
https://doi.org/10.1111/j.1462-2920.2009.01931.x
https://doi.org/10.1111/are.12894
https://www.fao.org/fishery/en/statistics
https://www.fao.org/fishery/en/statistics
https://doi.org/10.1371/journal.pone.0074957
https://doi.org/10.3969/j.issn.1008-7125.2013.12.013
https://doi.org/10.1111/jam.12475
https://doi.org/10.1186/s12934-017-0691-z
https://doi.org/10.1038/nrmicro1978
https://doi.org/10.1016/j.cell.2006.02.017
https://doi.org/10.1016/j.cell.2006.02.017
https://doi.org/10.3969/j.issn.1006-267x.2019.04.028
https://doi.org/10.19711/j.cnki.issn2310-1490.2020.01.025
https://doi.org/10.19711/j.cnki.issn2310-1490.2020.01.025
https://doi.org/10.11964/jfc.20170910951
https://doi.org/10.1038/ismej.2014.12
https://doi.org/10.1038/ismej.2014.12
https://doi.org/10.1016/j.aquaculture.2020.735278
https://doi.org/10.4025/actascibiolsci.v25i2.2007
https://doi.org/10.1007/s00248-008-9448-x
https://doi.org/10.1111/j.1365-2109.2010.02546.x
https://doi.org/10.3390/nu7042930
https://doi.org/10.3390/nu7042930
https://doi.org/10.1152/ajpendo.00510.2018
https://doi.org/10.1152/ajpendo.00510.2018
https://doi.org/10.1016/j.fsi.2017.09.043
https://doi.org/10.1016/j.fsi.2017.09.043
https://doi.org/10.1007/s10499-016-9995-y
https://doi.org/10.1007/s10499-016-9995-y
https://doi.org/10.1038/nature08821
https://doi.org/10.1038/nature08821
https://doi.org/10.3390/ani8110189
https://doi.org/10.1111/j.1749-7345.1992.tb00763.x
https://doi.org/10.1038/ismej.2011.38
https://doi.org/10.1016/j.chom.2012.08.003
https://doi.org/10.1016/j.chom.2012.08.003
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1111/are.14426
https://doi.org/10.3390/jmse9020104
https://doi.org/10.1111/j.1472-765X.2007.02258.x
https://doi.org/10.1111/j.1472-765X.2007.02258.x
https://doi.org/10.1038/nature07540
https://doi.org/10.1038/nature11552
https://doi.org/10.1038/nature11552
https://doi.org/10.1080/19490976.2021.1900996
https://doi.org/10.1080/19490976.2021.1900996
https://doi.org/10.1111/are.14862
https://doi.org/10.1111/are.14010
https://doi.org/10.1002/naaq.10082
https://doi.org/10.1111/jfb.13469
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.974398


Xu, Y. Q., Zhu, Y., Li, X. T., and Sun, B. G. (2020). Dynamic balancing of intestinal
short-chain fatty acids: The crucial role of bacterial metabolism. Trends Food Sci.
Technol. 100, 118–130. doi:10.1016/j.tifs.2020.02.026

Ye, L., Amberg, J., Chapman, D., Gaikowski, M., and Liu, W. T. (2014). Fish gut
microbiota analysis differentiates physiology and behavior of invasive Asian carp
and indigenous American fish. Isme J. 8, 541–551. doi:10.1038/ismej.2013.181

Yin, Q. L., Luo, Y. J., Guo, Z. B., Xiao, J., Zhou, Y., Wang, J. J., et al. (2019a).
Research advances on in-pond raceway system: A review novation of traditional.
Chin. J. Fish. 32, 76–82. 1005-3832(2019)05-0076-07.

Yin, Q. L., Wang, Z. F., Guo, Z. B., Bi, P. F., Zhou, Y., Tang, Z. Y., et al. (2019b).
Economic and ecological benefits of annually two-cycle farming method of GIFT
tilapia with in-pond raceway system. S China Fish. Sci. 15, 25–33. CNKI:SUN:
NFSC.0.2019-06-004.

Zhang, J. H., Chen, W. H., and Zhang, Y. J. (2015). Experiment on new
technology of cultivating grass carp with circulating water in pond. J. Aquacult
36, 13–15. doi:10.3969/j.issn.1004-2091.2015.08.005

Zhao, Y. F., Yu, K., Song, Q. H., Ge, X. P., and Liu, L. D. (2022). The development
strategy of freshwater pond aquaculture in China. Chin. Agr. Sci. Bull. 15, 25–33.
kns.cnki.net/kcms/detail/11.1984.S.20220425.1037.002.html.

Zheng, Y. F., Yu, M., Liu, Y., Su, Y., Xu, T., Yu, M. C., et al. (2016). Comparison of
cultivable bacterial communities associated with Pacific white shrimp (Litopenaeus
vannamei) larvae at different health statuses and growth stages. Aquaculture 451,
163–169. doi:10.1016/j.aquaculture.2015.09.020

Zhu, H. J., Qiang, J., He, J., Tao, Y. F., Bao, J. W., and Xu, P. (2020a). Physiological
parameters and gut microbiome associated with different dietary lipid levels in
hybrid yellow catfish (Tachysurus fulvidraco\× Pseudobagrus vachellii_).
Comp. Biochem. Physiol. Part D. Genomics Proteomics 37, 100777. doi:10.1016/j.
cbd.2020.100777

Zhu, H. J., Qiang, J., Tao, Y. F., Ngoepe, T. K., Bao, J. W., Chen, D. J., et al.
(2020b). Physiological and gut microbiome changes associated with low dietary
protein level in genetically improved farmed tilapia (GIFT, Oreochromis
niloticus) determined by 16S rRNA sequence analysis. MicrobiologyOpen 9,
e1000. doi:10.1002/mbo3.1000

Frontiers in Physiology frontiersin.org14

Zhu et al. 10.3389/fphys.2022.974398

https://doi.org/10.1016/j.tifs.2020.02.026
https://doi.org/10.1038/ismej.2013.181
https://doi.org/10.3969/j.issn.1004-2091.2015.08.005
https://doi.org/10.1016/j.aquaculture.2015.09.020
https://doi.org/10.1016/j.cbd.2020.100777
https://doi.org/10.1016/j.cbd.2020.100777
https://doi.org/10.1002/mbo3.1000
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.974398

	Multi-kingdom microbiota and functions changes associated with culture mode in genetically improved farmed tilapia (Oreochr ...
	1 Introduction
	2 Materials and methods
	2.1 Experimental set-up
	2.2 Sample collection
	2.3 DNA extraction and 16S rRNA gene sequencing
	2.4 Sequence processing and statistical analysis

	3 Results
	3.1 Metadata and sequencing
	3.2 Culture-mode effects on α and β-diversity of gut microbiota
	3.3 Culture-mode effects on dominant phyla of gut bacteria
	3.4 Culture-mode effects on core gut bacterial taxa
	3.5 Culture-mode effects on gut bacteria functions

	4 Discussion
	4.1 Changes of intestinal microbial community structure under IPRS and PCS
	4.2 Biomarker taxa correlated with IPRS and PCS
	4.3 Functional features of gut bacteria shaped by IPRS and PCS

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


