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The mucosal surfaces of aquatic animals serve as a functional barrier between the 
host and the aquatic environment, hosting diverse microbial communities that 
play pivotal roles in host health. In this study, amplicon libraries of the 16S rRNA 
gene were constructed to investigate the compositional differences between 
the microbial communities presented in four mucosal surfaces (gills, skin, gut, 
and ovary) of spawning female olive flounder. To elucidate the unique roles of 
commensal microbes in external and internal organs, we used PICRUSt2 and ALDEx2, 
respectively, to predict metabolic functions and identify differential abundances 
of microbes. Microbial richness was significantly higher in the gills and skin, which 
are directly exposed to seawater, compared to the intestine and ovary, which are 
relatively oxygen-poor internal environments. Compositional analysis revealed that 
the gill mucus was dominated by unclassified Comamonadaceae, a member of 
the Burkholderiales. While skin mucus shared constituents with gills and intestines, 
it also harbored unique taxa, including obligate intracellular parasites such as 
Rickettsiales and Chlamydiales. In contrast, the intestinal and ovarian mucus 
were dominated by the family Vibrionaceae of Gammaproteobacteria. Functional 
predictions highlighted the distinct ecological roles of the mucosal microbiota. The 
gills and skin were enriched in functions related to denitrification, sulfur oxidation, 
B-group vitamin synthesis, and photosynthesis, reflecting their adaptation to 
external environmental exposure. Conversely, the intestine was characterized 
by functions such as beta-lactamase and phenicol resistance, glycosidases, LPS 
synthesis, and vitamin K2 production. These findings support the idea that while 
the microbiota of internal organs primarily supports digestive and immunological 
processes, the symbionts of external organs may play crucial roles in neutralizing 
toxic compounds from aquaculture practices, such as reduced nitrogen and sulfur 
compounds, and maintaining the integrity of the mucosal barrier.
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Introduction

The modern aquaculture industry plays a critical role in meeting 
the escalating demand for seafood while effectively managing limited 
marine resources. In South Korea, the olive flounder stands out as one 
of the most popular aquaculture species, holding a substantial portion 
of the aquaculture production (KOSIS, 2024). In 2022, the olive 
flounder accounted for 54.9% of South Korea’s total aquaculture 
production yield, claiming the top among all species in generated 
product revenue (KOSIS, 2024). This species inhabits coastal areas of 
Eastern Asia at depths up to 100 meters, primarily feeding on small 
fish and crustaceans (Bai and Lee, 2010). In South Korea, they are 
predominantly cultured in land-based tanks along the southern coast, 
particularly in the South Sea and Jeju Island. Microbiome research in 
teleost fish has been continuously explored, highlighting its revealing 
roles in host stress, health, reproduction, and disease resistance 
(Gioacchini et al., 2010; Roeselers et al., 2011; Boutin et al., 2013; 
Llewellyn et  al., 2014; Perry et  al., 2020). Accordingly, efforts to 
develop probiotics based on microbiome research are actively 
underway, focusing on specific microbial groups that reduce pathogen 
infection and mortality rates and promote individual growth (Macey 
and Coyne, 2005; Vendrell et al., 2008; Klakegg et al., 2020; Ghanei-
Motlagh et  al., 2021). Developing probiotics and prebiotics is a 
sustainable solution to reduce dependence on antibiotics and chemical 
agents in aquaculture.

Skin, gills, and intestines are three representative mucosal surfaces 
of aquatic animals. These mucosal surfaces are directly exposed to 
various water quality conditions such as dissolved oxygen, 
temperature, and salinity. Mucosal surfaces perform vital physiological 
functions within aquatic animals, such as nutrient absorption, 
osmoregulation, and waste disposal (Eric Peatman, 2015). One of their 
most important roles is to serve as primary barriers against pathogen 
invasion (Shephard, 1994; Dalmo et  al., 1997; Ellis, 2001). The 
symbiotic microorganisms inhabiting mucosal surfaces can protect 
the host by directly inhibiting the growth of pathogenic bacteria or by 
competing for physical resources in the ecological niche (Jöborn et al., 
1997). Moreover, the mucosal surfaces of aquatic organisms can serve 
as a pathway for introducing immunomodulators, probiotics/
prebiotics, or mucosal vaccines through immersion/deep methods 
(Eric Peatman, 2015; Esteban Soto and Tobar, 2015). The composition 
of mucosal microbiota in the gills, skin, and intestines in some of the 
world’s most popular aquaculture species, including yellowtail, 
Atlantic salmon, European seabass, and gilthead seabream has been 
investigated (Legrand et al., 2018; Rosado et al., 2019a; Minich et al., 
2020; Rosado et al., 2021; Bledsoe et al., 2022; Rosado et al., 2023). 
Previous studies have shown that factors such as stress, pathogens, or 
antibiotic administration induce distinct responses at mucosal sites, 
leading to significant changes in microbial composition and diversity 
(Boutin et al., 2013; Rosado et al., 2019b; Rosado et al., 2023). While 
the role and function of mucosal surfaces have a significant impact on 
the health of aquatic animals compared to terrestrial animals, the 
majority of the research has been focused on the intestinal microbiota. 
Recently, studies on the microbiome of olive flounder have been 
explored under various aspects and conditions. Key investigations 
include characteristics during early life stages, comparisons between 
wild and farmed specimens, and the influence of feed composition 
(Kim and Kim, 2013; Jiang et al., 2019; Niu et al., 2020; Jang et al., 
2022). Additionally, there have been continuous attempts to apply 

probiotic candidates. Probiotics tested in olive flounder include 
Bacillus sp., Lactobacillus sp., Rummeliibacillus sp., Microbacterium sp., 
and a combination of Gluconacetobacter sp. and the budding yeasts 
Groenewaldozyma salmanticensis. These probiotics have been 
evaluated for their effects on disease resistance, feed utilization 
efficiency, and immunostimulatory activity (Kim et al., 2013; Jang 
et al., 2019; Jang et al., 2020; Rhee et al., 2020; Jang et al., 2021; Niu 
et  al., 2021; Lee et  al., 2023; Gao et  al., 2024). Despite increasing 
studies on the microbiome of olive flounder, research has still 
primarily focused on the intestine. Considering the importance of 
mucosal surfaces in aquatic organisms, exploring the microbiome of 
mucosal sites in the olive flounder is essential. This study aimed to 
identify the microbial composition and predict the function of 
microbial communities inhabiting four mucosal sites (gill, skin, 
intestine, and ovary) of the olive flounder, the major aquaculture 
species in Korea. The results of this study provide insights that will 
elevate our understanding of the microbiome of mucosal surfaces in 
aquatic animals and aid in the development of environmentally 
friendly aquaculture technologies.

Materials and methods

Sample collection

We collected olive flounders raised at a land-based commercial 
aquaculture facility (Haeyeon Fisheries) in Jeju Island, South Korea. 
The olive flounders were 1–2 years old, spawning females, and some 
were undergoing gonadal degradation and absorption processes. 
Experimental fish were sampled on the same day, ten individuals from 
each culture tank (tanks C and L). Both tanks were supplied with the 
same commercial feed and seawater, and the fish in both tanks were 
derived from the same parental stock and raised at the same 
developmental stage. Fish were euthanized with 600 ppm Tricaine-S 
(Syndel Laboratories Ltd., Ferndale, WA, USA). Blood samples were 
collected from the caudal vein using a sterile 3-ml volume syringe 
coated with 0.5 M ethylene diamine tetraacetic acid (EDTA, pH 8.0; 
Bioneer, Daejeon, Korea) anticoagulant. Plasma samples were 
obtained by centrifugation at 18,213 rcf for 10 min at 4°C (Centrifuge 
5,427 R, Eppendorf, Hamburg, Germany) and stored at −78°C in a 
deep freezer (NF-140SF, Nihon Freezer Co., Ltd., Japan) until analysis. 
For microbiome analysis, we obtained mucus samples from the gills, 
skin, intestines, and ovaries of individual fish. The gills and skin of the 
olive flounder were rinsed with sterile PBS to remove seawater before 
the sampling process. Gill mucus was collected by gently swabbing the 
second and third gill arches several times with a sterile swab, and the 
swab tip was then stored in sterile PBS. To collect skin mucus, the 
entire upper surface of the fish was gently scraped in the direction of 
the scales using a sterile cell lifter (Costar® 3,008, 18 cm, Corning® 
International, Mexico), and the collected mucus was stored in sterile 
PBS. Ovarian mucus was collected by inserting a sterilized swab into 
the ovary and gently swabbing it multiple times. For intestinal mucus 
collection, the olive flounders were dissected using sterilized dissecting 
instruments. A 4–5 cm in long segment of the intestine from the anus 
was separated from the entire intestine, and the intestinal contents 
were scraped using sterilized forceps and stored in sterile PBS. All 
mucus samples were transported below −20°C and stored at −80°C 
until DNA extraction. Additionally, for environmental association 
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analysis, commercial feed used in aquaculture, inflowing seawater to 
the aquaculture facility, and seawater from each rearing tank were 
collected. All seawater samples were filtered through a stainless wire 
mesh net with a pore size of 63 μm, followed by filtration through a 
0.2 μm Poly Carbonate Track Etched (PCTE) membrane disk 
(diameter 47 mm, GVS, USA), and the PCTE filters were stored at 
−80°C until DNA extraction.

Blood biochemical analysis

Plasma glucose (mg/dL), glutamic oxaloacetic transaminase (GOT, 
U/I), and glutamic pyruvate transaminase (GPT, U/I) concentrations 
were determined in duplicate using an automatic analyzer (FUJI 
DRI-CHEM 4000i, Fujifilm Co., Tokyo, Japan). The automatic analyzer 
was operated according to the manufacturer’s protocol using selected 
testing slides (GLU-PIII, GOT/AST-PIII, and GPT/ALT-PIII, Fujifilm 
Co., Tokyo, Japan). Plasma cortisol and estradiol-17β concentration 
were measured in duplicate by enzyme-linked immunosorbent assay 
(ELISA) using the fish cortisol ELISA kit (CSB-E08487f, Cusabio 
Technology, Houston, USA) and the fish estradiol (E2) ELISA kit 
(CSB-E13017Fh, Cusabio Technology, Houston, USA), respectively. 
Absorbance was measured at 450 nm using a microplate reader (Synergy 
HTX multi-mode reader with Gen5 software, Biotek, Winooski, USA).

DNA extraction and amplicon sequencing

Mucus samples stored at −80°C were thawed and homogenized 
using a vortex mixer. Then, the swab tips were removed from the mucus, 
and total DNA was extracted using the QIAamp® Fast DNA Stool Mini 
Kit (QIAGEN, Germany). Total DNA from PCTE filters and commercial 
feed were extracted using DNeasy PowerSoil Pro Kits (QIAGEN, 
Germany). Polymerase chain reaction (PCR) targeting the V3-V4 
region of the 16S rRNA gene was then performed using DNA extracted 
from individual samples as a template. The universal primer set for PCR 
amplification comprised 341F (5’-CCTACGGGNBGCASCAG-3′) and 
805R (5’-GACTACNVGGGTATCTAAT-3′) (Takahashi et al., 2014). 
PCR products were purified using the QIAquick® PCR Purification Kit 
(QIAGEN, Germany) and quantified using the Qubit™ 4 fluorometer 
(Invitrogen, USA). Libraries were constructed from the samples 
meeting the concentration criteria. Paired-end (300 bp) sequencing was 
commercially conducted at the NICEM (Seoul, Korea) using the 
Illumina MiSeq platform.

Data processing and general analysis

The obtained raw sequences were prepared as FASTQ files following 
the cassava 1.8 format and then demultiplexed and merged according to 
the Qiime2 pipeline (Bolyen et al., 2019). At first, primer sequences were 
trimmed using Cutadapt, and chimeric sequences were removed using 
DADA2 and VSEARCH (Martin, 2011; Callahan et al., 2016; Rognes 
et al., 2016). Taxonomic assignment of discovered Amplicon Sequence 
Variants (ASVs) was conducted using the SILVA database (Silva-138-
99-classifier) (Quast et  al., 2012). Subsequent precise taxonomic 
classification was referenced from the List of Prokaryotic names with 
Standing in Nomenclature (LPSN) (Parte et al., 2020). Alpha diversity 

indices were calculated using the phyloseq R package (v.1.16.2), 
visualized using ggplot2, and differences between groups were tested 
using the Wilcoxon Rank-Sum test (McMurdie and Holmes, 2013; 
Wickham, 2016). MEGA11 was employed to construct trees using the 
Unweighted Pair Group Method with Arithmetic Mean (UPGMA) 
method based on the Jaccard distance matrix obtained from beta 
diversity statistics of Qiime2 results (Tamura et al., 2021). Alluvial plots 
describing the relative abundance of taxa within each group were 
generated using the ggalluvial R package (v.0.12.4) (Brunson, 2020). 
Complex heatmap analysis was performed using the microViz R 
package (v.0.12.1), where read count data were log2 transformed, and 
the distance metrics used was calculated by the default Euclidean 
method (Barnett et al., 2021). Principal coordinates analysis (PCoA) 
using the microViz R package (v.0.12.1) was conducted, with calculations 
based on Aitchison distances introducing count data (Barnett et al., 
2021). Network analysis was conducted using the NetCoMi R package 
(v.1.1.0), based on a Pearson correlation of center log-ratio (CLR) 
transformed data (Peschel et al., 2021). Multivariable association analysis 
between microbial composition and physiological markers, including 
morphometric and blood biochemical variables, was conducted using 
MaAsLin2 R package (v.1.7.3). For analysis, we applied the Cumulative 
Sum Scaling (CSS) normalization method and utilized a Negative 
Binomial Model (NEGBIN) for count data with a minimum abundance 
threshold of 100 (Mallick et al., 2021). To investigate the environmental 
contributions to the microbial communities of olive flounder, we applied 
the R package FEAST (v.0.1.0), a probabilistic source tracking tool based 
on an expectation–maximization algorithm (Shenhav et  al., 2019). 
Functional prediction of microbial communities was performed by 
introducing PICRUSt2 (Douglas et al., 2020). The predicted microbial 
metabolites and functions were analyzed by referring to the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) orthologues and modules 
(Kanehisa et al., 2016). Specifically, short-chain fatty acid (SCFA) related 
KEGG orthologs (KOs) were referred from Zhang et al., 2021, while 
KOs related to vitamin K and B group vitamins were cited from Jiang 
et al., 2022. Differential abundance (DA) analysis of taxa composition 
and PICRUSt2 results between groups was conducted using ALDEx2 
v.1.34.0 (Fernandes et al., 2014) on untransformed read count data. 
p-values were adjusted using the Benjamini-Hochberg (BH) method. 
Statistical comparisons in the DA analysis were performed using the 
Wilcoxon rank-sum test for two-group comparisons and the Kruskal-
Wallis test was chosen for three groups.

Results

Data summary

Olive flounders from two rearing tanks (C and L) had average 
weights and lengths of 1,364.70 ± 73.82 g and 48.40 ± 1.15 cm, 
respectively (expressed as mean and standard error). Experimental fish 
sampled from the two tanks had no statistically significant differences 
in weight, length, blood glucose levels, or liver indices 
(Supplementary Table 1). For the analysis of the microbial community, 
a total of 51 samples meeting quality standards were sequenced, 
including mucus collected from four different body sites of olive 
flounders (total 47 samples: 11 from gills, 18 from skin, 13 from 
intestine, and five from ovaries) as well as three seawater (1 from inflow 
seawater, and two from rearing tanks) and from the commercial feed. 
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After the removal of low-quality reads and unassigned sequences, a total 
of 5,213,830 high-quality reads (ranging from 18,721 to 190,705 reads) 
were obtained from the entire sequencing dataset (n = 51), which were 
assigned to a total of 7,922 ASVs. As for the detailed sequencing results, 
refer to Supplementary Table 2. Rarefaction curve analysis confirmed 
that the sequencing depth was sufficient to capture the microbial 
diversity across all sample types (Supplementary Figure 1). Among 
these, eight individual fish (R8 group: C2, 5, 6 and L1, 2, 3, 6, 10) each 
providing mucosal samples from the gills, skin, and intestine (n = 24) 
were selected to compare the microbial composition and functional 
characteristics across different body sites, irrespective of individual 
variation of fish.

Diversity analysis results

Beta diversity analysis based on the Jaccard distance tree 
revealed distinct clustering patterns and hierarchical relationships 

among the total microbial community samples (see Figure 1A). 
Among environmental samples, seawater samples from two 
rearing tanks clustered together, distinct from inflow seawater, 
and also formed a separate branch from the feed as well. Samples 
from olive flounders showed distinct branching by mucosal sites, 
with clusters primarily comprising gills and skin and a separate 
cluster comprising intestines and ovaries. While mucus samples 
from the same body sites tended to cluster closely together, an 
exception was observed where the skin microbiota of C6 clustered 
with the intestine/ovary cluster (Figure 1A). The NMDS analysis 
provides an intuitive visualization of the distribution patterns 
and relationships between the different mucosal sites (Figure 1B). 
The clustering pattern for gill samples showed low intra-group 
variation. In contrast, the skin samples exhibited a more 
comprehensive range of variation. Moreover, the NMDS analysis 
showed that the skin cluster closely resembles the intestinal 
cluster, highlighting a less evident relationship in the Jaccard 
distance tree (Figure 1B).

FIGURE 1

Beta diversity summary. (A) Dendrogram of all microbial communities across environmental factors and olive flounder, based on Jaccard distance. 
(B) Principal coordinate analysis (PCoA) based on Aitchison distance, illustrating the microbial communities of four different mucosal surfaces. Each 
point represents an individual sample, and each color corresponds to a specific site.
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The alpha diversity of overall samples was assessed using the 
Chao1 and Shannon indices to represent microbial richness and 
diversity, respectively (Supplementary Figure  2). Microbial 
communities isolated from olive flounders exhibited a trend of 
relatively higher species richness in gills and skin and lower richness 
in intestine and ovaries (Supplementary Figure  2). Significant 
differences in alpha diversity among the three body sites (gills, skin, 
intestine) were verified using the Wilcoxon rank sum test in the R8 
group. The gill microbiota displayed the highest microbial richness, 
with both the gills and skin exhibiting significantly higher richness 
than the intestinal microbial community. However, regarding 
diversity, the gill microbiota showed the lowest level and showed a 
significant difference compared to the skin, with a confidence level 
exceeding 95%. The microbial diversity of seawater samples was 
exceptionally high compared to olive flounder and feed. However, 
microbial richness and diversity decreased sharply after entering the 
rearing tanks (C, L) (Supplementary Figure 2).

Microbial community structure across 
body sites of olive flounder

We analyzed the microbial composition of four mucosal sites of the 
olive flounder (gills, skin, intestines, and ovaries), as well as their feed, 
rearing seawater, and the seawater entering the aquaculture system 
(Supplementary Figure 3). Majority of microbial communities found in 
the olive flounder were predominantly composed of Pseudomonadota, 
with relative abundances of group mean with standard deviation as 
follows: gills 79.23 ± 8.15% (n = 11), skin 85.09 ± 7.35% (n = 18), 
intestines 86.85 ± 17.43% (n = 13), and ovaries 87.56 ± 14.91% (n = 5). 
At the class level, Pseudomonadota was mostly comprised of 

Gammaproteobacteria and Betaproteobacteria. Betaproteobacteria were 
most prevalent in the gills (69.39 ± 10.79%), whereas 
Gammaproteobacteria were most dominant in the ovaries 
(86.54 ± 14.97%). The microbial composition of different mucosal sites 
of olive flounder exhibited an increase or decrease in the abundance of 
shared taxa, in the order of gills, skin, intestines, and ovaries. To 
illustrate this tendency without individual variation of fish, we selected 
the microbial composition of the gill, skin, and intestinal mucus from 
the R8 group of olive flounder and displayed it in an alluvial plot 
(Figure 2). The microbial composition of the gills in the R8 group of 
olive flounder exhibited the most diverse class variation among the 
three mucosal sites (Figure  2). Apart from the most prevalent 
component across all three sites, Gammaproteobacteria and 
Betaproteobacteria, the gills shared Gracilibacteria, Flavobacteriia, and 
Alphaproteobacteria with the skin (Figure 2). In contrast, the intestines 
displayed a much simpler composition, with Gammaproteobacteria, 
Betaproteobacteria, and Fusobacteria collectively accounting for 98.30% 
(n = 8) of the total reads (Figure 2). The skin also shared considerable 
amounts of Fusobacteria with the intestines, exhibited intermediate 
characteristics between the gills and intestines (Figure 2). At the genus 
level, the most abundant component of the microbiom of olive flounder 
was an unclassified member of the family Comamonadaceae. This 
accounted for most of the reads assigned to Betaproteobacteria at the 
class level and Burkholderiales at the order level. Unclassified 
Burkholderiales have been reported as a member of the microbial 
communities in the skin and gills of seabream and seabass, while 
unclassified Comamonadaceae were prevalent in the skin and intestines 
of gilthead seabream (Rosado et  al., 2021; Thomas et  al., 2023). 
Comamonadaceae_uc was consistently found in all parts of the olive 
flounder, comprising 67.30 ± 11.15% in the gills, 38.50 ± 23.71% in the 
skin, and 18.96 ± 26.82% in the intestines of the R8 group. Following 

FIGURE 2

Alluvial plot illustrating the average relative abundance of microbial composition at three different sites in R8 group olive flounder (comprising eight 
fish: C2, 5, 6, and L1, 2, 3, 6, 10). The plot includes classifications at the class and genus levels for taxa constituting more than 0.5% of the average 
relative abundance at each site.
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Comamonadaceae_uc, the second most abundant genus in the olive 
flounder was Vibrio, which is known to be a general constituent of the 
intestinal tract of marine animals and the marine environment. This 
genus accounted for 44.59 ± 32.14% of the intestinal microbiota in the 
R8 group, with lower proportions in the skin (12.05 ± 7.94%) and gills 
(4.36 ± 7.08%). Other members of Gammaproteobacteria, such as 
Photobacterium and Aliivibrio, were prevalently found in the intestines 
and skin but rarely in the gills. Similarly, both skin and intestines shared 
a considerable amount of Cetobacterium, which comprises most of the 
reads assigned to the Fusobacteria class. Genus Cetobacterium was most 
prevalent in the intestines (13.37 ± 18.39%), followed by skin 
(7.50 ± 11.39%), and least abundant in the gills (0.6 ± 1.27%). In 
contrast, JGI_0000069_P22 of the class Gracilibacteria was most 
frequently found in the gills (7.45 ± 1.91%), with minimal presence in 
the skin (1.53 ± 1.85%) and nearly absent in the intestines 
(0.05 ± 0.13%). The skin tended to encompass most of the taxa present 
in both the gills and intestines. However, it was distinguished by specific 
taxa at the genus level, such as Rdobacteraceae_uc (1.00 ± 1.57%), 
Pseudoalteromonas (1.29 ± 2.36%), and Brevinema (1.25 ± 2.00%).

Heatmap analysis

The complex heatmap analysis illustrated the clustering pattern 
based on existence of most prevalent taxa at the genus level of 
individual samples within the R8 group (Figure 3). First, it showed 

that samples from three sites were branched into two main clusters, 
represented by the intestine and gills. Skin samples were evenly 
distributed in two clusters. On the other hand, three major clusters 
were identified within the taxa at the genus level. The first cluster 
comprised the five most prevalent genera, including 
Comamonadaceae_uc, Vibrio, Photobacterium, Aliivibrio, and 
Cetobacterium, which were consistently detected across all samples 
(Figure 3). The second cluster consisted of six genera commonly 
found in skin samples. Cluster 2 includes Shewanella, Brevinema, 
Bacillus, Devosia, MD3-55, and Candidatus Fritschea. Among 
them, MD3-55 and Candidatus Fritschea are exclusively found in 
the skin samples. Cluster 3, represented by JGI_0000069 − P22, 
identified the distinctive composition of genera predominantly 
found in gills and a portion of skins but rarely in intestine 
(Figure 3). It encompassed the most diverse range of the phyla 
composition, comprising 11 Bacteroidota, 9 Pseudomonadota, two 
each of Verrucomicrobiota and Patescibacteria, and one each of 
Actinobacteriota, Bdellovibrionota, Cyanobacteria, Nitrospirota, and 
Fibrobacterota (Figure 3). As mentioned earlier, unlike gills and 
intestines form independent branches, skin samples were 
distributed in the gill and intestinal clusters, with samples 
corresponding to individuals C2, L6, L3, and L10 being included 
in the gill cluster and samples corresponding to individuals C5, L1, 
L2, and C6 being included in the intestinal cluster (Figure 3). These 
divaricate skin samples showed distinct patterns in the distribution 
of specific taxa. Skin samples clustering with the gills exhibited a 

FIGURE 3

Complex heatmap of microbial composition for the top 40 genera in three sites of the R8 group olive flounder. Count data were log2 transformed and 
analyzed based on Euclidean distance.
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higher presence of Cluster 3 constituents, especially JGI 000069-
P22 and Rhodobacteraceae. Conversely, samples clustering with 
intestines showed a lower presence overall in Cluster 3, with a 
relative prominence of Cetobacterium, Photobacterium, and 
Brevinema from Clusters 1 and 2 (Figure  3). There was no 
correlation among the same fish individuals observed in the 
clustering pattern.

Predicted functional differences across 
three mucosal sites of olive flounder

Based on the analysis of microbial communities, we performed 
functional predictions using PICRUSt2. The analysis identified 
7,831 KOs across olive flounder and environmental specimens 
(Supplementary Table 3). Accordingly, we examined whether there 
were significant site-specific differences in the mucosal surface 
regarding the ability to synthesize host-beneficial metabolites, such 
as vitamins, SCFAs, antibiotics, and digestive enzymes, as well as in 
microbial energy metabolism, including nitrogen and sulfur cycling 
and photosynthesis, and in the synthesis and resistance of various 
antibiotics, by referring to KEGG Orthologs (KOs) based on 
functional prediction results. The detailed table of KOs 
corresponding to each function utilized in the analysis is provided 
in Supplementary Table 4. The analysis was conducted on groups of 
KOs present in at least one of the three mucosal surfaces (gills, skin, 
intestine) of R8 group olive flounder. The differential abundance of 
functional features was assessed using the ALDEx2 tool, and 
statistically significant differences (adjusted p < 0.05) were 
determined using the Kruskal-Wallis and Wilcoxon rank-sum tests. 
Only functions meeting these criteria were visualized in Figure 4, 
and the complete list of tested features is provided in 

Supplementary Table  5. Among the three sites, the intestine 
exhibited a significantly higher abundance of glycosidases (EC 
3.2.1.-) related to carbohydrates and organic carbon decomposition, 
dissimilatory nitrate reduction, lipopolysaccharide (LPS) synthesis, 
and vitamin K2 (menaquinone) production (Figure 4). In contrast, 
the external organs (skin and gills) were associated with 
photosynthesis, denitrification, sulfur oxidation, and the overall 
synthesis of B-group vitamins compared to the intestine. The gills 
shared most functional characteristics with the skin but exhibited 
significantly higher levels of SCFA synthetic enzymes and β-lactam 
antibiotic synthetic enzymes among the three sites (Figure 4). KOs 
related to antibiotic resistance and biosynthesis exhibited distinct 
differences across mucosal sites. Regarding antibiotic resistance, the 
predicted abundance of resistance genes for aminoglycosides, 
β-lactam antibiotics, phenicols, tetracyclines, trimethoprim, and 
vancomycin varied significantly among sites. Among these, 
resistance genes against phenicols and β-lactam antibiotics were 
particularly abundant in the intestine, whereas vancomycin 
resistance genes were most abundant in the gills. In terms of KOs 
associated with antibiotic biosynthesis, genes involved in fosfomycin 
and monobactam (nocardicin A) biosynthesis were significantly 
enriched in the gills, while bacilysin biosynthesis genes were more 
abundant in the intestine and skin compared to the gills. Distinct 
patterns were also observed for genes involved in nitrogen and 
sulfur cycling across mucosal sites. In the intestine, genes associated 
with dissimilatory nitrate reduction (e.g., nitrate reductase napAB 
and nrfA) were predicted to be  significantly more abundant 
compared to the other two mucosal sites. Conversely, the external 
organs (gills and skin) exhibited significantly higher levels of genes 
associated with the denitrification pathway compared to the 
intestine. Furthermore, among the three sites, the gills displayed the 
highest abundance of nirK, a core enzyme in the denitrification 

FIGURE 4

Summary of the functional and compositional characteristics of the microbiota across three different mucosal sites in R8 group olive flounder, based 
on differential abundance (DA) analysis. The DA analysis was conducted using the ALDEx2 tool with read count data from amplicon sequencing and 
predicted functional profiles. Taxa and functions displayed in the figure were filtered according to abundance and statistical significance criteria, as 
described in Supplementary Table 5.
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pathway. Regarding sulfur metabolism, genes involved in the 
assimilatory sulfate reduction pathway were commonly distributed 
across all mucosal sites. However, significant differences were 
observed in the types and abundance of these genes between 
external and internal organs. Among the three sites, the gills 
exhibited the highest predicted abundance of sir (sulfite reductase 
[ferredoxin]), while the intestine showed the highest levels of cysJ 
(sulfite reductase [NADPH]) and cysC (adenylylsulfate kinase). 
Furthermore, genes related to the sulfur oxidation system were 
predicted to be significantly more abundant in the external organs 
compared to the intestine.

Differential microbial abundance across 
three mucosal sites of olive flounder

The differential abundance analysis of microbial composition 
across the three mucosal surfaces of the R8 group olive flounder 
revealed distinct characteristics (Figure 4). The intestine exhibited a 
significantly higher abundance of the genera Vibrio and Shewanella, 
both belonging to the class Gammaproteobacteria. The skin shared a 
substantial number of taxa with the intestine, including 
Photobacterium and Aliivibrio from Gammaproteobacteria, as well as 
Brevinema and Bacillus. Distinctive taxa identified on the skin 
included Pseudoalteromonas and Colwellia from Gammaproteobacteria, 
Fokiniaceae_uc, and Devosia from Alphaproteobacteria and 
Candidatus Fritschea from Chlamydiia. In contrast, the gills harbored 
the most diverse range of unique microbial taxa, including members 
of the classes Gracilibacteria, Flavobacteriia, Verrucomicrobiae, and 
Sericytochromatia. The skin and gills exhibited a distinct microbial 
composition compared to the intestine, notably including members of 
Cyanobacteria and Rhodobacteraceae. Core taxa consistently present 
across all three sites of the olive flounder, without significant 
differences in abundance, were Comamonadaceae_uc 
and Cetobacterium.

Network analysis on the microbial 
community of olive flounder

We performed a network analysis based on the correlation among 
microbial taxa identified in different body sites of the olive flounder 
(Figure 5). The Network analysis was conducted using the top 15 
families in terms of abundance at each site, calculated via the Pearson 
correlation method. Only associations with a correlation coefficient of 
0.3 or higher were included. The network analysis allows us to infer 
ecological interactions, particularly potential cooperative or 
competitive relationships between microbial taxa across different 
mucosal sites of olive flounder. The microbial co-occurrence network 
in each site of the olive flounder was composed of 2 to 4 clusters, with 
a single hub for each site (Figure 5). The hub family for each site 
displayed unique characteristics: Flavobacteriaceae in the gills, 
Vibrionaceae on the skin, an unclassified member of 
Gammaproteobacteria in the intestines, and Shewanellaceae in the 
ovaries (Figure 5). The central cluster in the gills included six Families 
(Flavobacteriaceae, Rhodobacteraceae, Sericytochromatia, 
Nitrospiraceae, Rubritaleaceae, and Fusobacteriaceae) that were all 
strongly positively correlated and originated from different phyla 

(Figure 5). This cluster was negatively correlated with the other two 
clusters. Notably, the three predominant taxa in the gill microbiota in 
order of Comamonadaceae, JGI_0000069-P22, and Vibrionaceae are 
included in the same cluster, exhibiting positive correlations 
(Figure 5). While the skin microbial community was organized into 
four clusters, with Vibrionaceae, the hub family, forming a close 
positive correlation with Shewanellaceae, Brevinemataceae, and 
Fusobacteriaceae. Similar to the gills, Comamonadaceae in the skin 
showed positive correlations with JGI_0000069-P22 but a negative 
correlation with Vibrionaceae (Figure 5). Interestingly, Fokiniaceae did 
not correlate significantly with Rickettsiaceae from the same order, 
whereas they were positively correlated with Simkaniaceae from 
Chlamydiales and Devosiaceae from Rhizobiales, forming a distinct 
cluster (Figure 5). The family composition in the internal organs, such 
as the intestines and ovaries, was more straightforward. Three clusters 
were identified in the intestines, with members of the dominant class 
Gammaproteobacteria distributed across the other clusters (Figure 5). 
The hub taxon, Gammaproteobacteria_uc, exhibited positive 
correlations with Flavobacteriaceae and Comamonadaceae and 
negative correlations with Brevinemataceae, Vibrionaceae, and 
Shewanellaceae (Figure 5). In the ovaries, two clusters were identified, 
with Shewanellaceae as the hub family (Figure 5). This family was 
present in all sites except the gills and consistently showed a strong 
positive correlation with Brevinemataceae, regardless of the site 
(Figure 5).

Microbial association with physiological 
markers

We conducted a multivariable association analysis to explore 
the relationships between microbial communities and physiological 
markers in olive flounder. This analysis focused on the associations 
between the abundance of microbial families and various 
physiological markers, including morphometric parameters (body 
weight and length), stress indicators (cortisol and glucose), liver 
indices (GOT and GPT), and estrogenic hormone (estradiol-17β). 
As a result, 119 significant associations were identified across three 
mucosal sites (gill, skin, intestine) based on the False Discovery 
Rate (FDR) cutoff of 0.1 (Supplementary Table  6). The skin 
exhibited the highest number of significant associations (62), 
followed by the intestine (46), and the gill (11) 
(Supplementary Table 6). Regarding stress markers, an abundance 
of Brevinemataceae in the skin had the strongest positive association 
with blood glucose levels (Figure 6). Other families in the skin, such 
as Bacillaceae and Vibrionaceae, also showed positive correlations 
with elevated glucose level. In the intestine, Comamonadaceae 
exhibited a positive correlation with cortisol level, while unclassified 
Gammaproteobacteria, Candidatus_Kaiserbacteria, 
Pseudoalteromonadaceae, and Brevinemataceae were negatively 
correlated with glucose level (Figure  6). For liver indices, 
Fusobacteriaceae and Pseudoalteromonadaceae in the intestine and 
Brevinemataceae and Bacillaceae in the skin showed the strongest 
positive correlations with increased GOT and GPT levels (Figure 6). 
Conversely, Terasakiellaceae, Alteromonadaceae, and 
Oxalobacteraceae in the skin and Pseudoalteromonadaceae and 
Gammaproteobacteria in the intestine exhibited the strongest 
negative associations with GOT & GPT levels. Notably, 
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Terasakiellaceae in the skin was negatively correlated with both 
GOT and GPT levels (Figure  6). Regarding morphometric 
parameters such as body weight and length, Shewanellaceae and 
Bacillaceae in the intestine, Fusobacteriaceae, MBAE14, and 
Deinococcaceae in the skin, and Saprospiraceae in the gill were most 
positively associated (Figure 6). Paradoxically, Fusobacteriaceae in 
the skin showed a positive correlation with weight but a negative 
correlation with length. Finally, associations between microbial 
communities and the estrogenic hormone estradiol were observed 
only in the intestine and skin of olive flounder. Families such as 
Shewanellaceae, Comamonadaceae, Brevinemataceae, and 
Bdellovibrionaceae in the intestine displayed the strongest positive 
correlations with estradiol levels (Figure 6). The Brevinemataceae 
family was particularly notable, showing a significant association 
with estradiol in both the intestine and the skin.

Microbial associations with environmental 
factors

We analyzed the microbial composition of environmental factors 
utilized in aquaculture, including inflowing seawater to the aquaculture 
facility, seawater from each rearing tank, and commercial feed supplied 
to the fish. The commercial feed exhibited a relatively simplistic 
microbial profile, predominantly composed of Staphylococcus (40.2%), 
Carnimonas (17.9%), and Streptococcus (6.5%) (Supplementary Figure 3). 
The microbial composition of seawater exhibited high diversity 
compared to that of olive flounder and commercial feed, with 5.57% of 
the total seawater microbiota consisting of Archaea. Among the phyla, 
Pseudomonadota consistently showed the highest relative abundance 
across seawater samples (38.38–45.44%), followed by Patescibacteria 
(12.58–18.91%) and Bacteroidota (7.32–19.80%), which also exhibited 

FIGURE 5

Pearson correlation network of the families present in each of the four mucosal surfaces of the olive flounder. Networks include only associations with 
an absolute Pearson correlation coefficient of 0.3 or higher. Each node represents a bacterial family, and node colors indicate clusters of co-occurring 
taxa identified through community detection. Bold-labeled nodes represent cluster hubs, which are key taxa with high centrality within each 
community. Edge colors denote the type of correlation: yellow for positive and blue for negative, as shown in the legend. Edge thickness reflects the 
strength of the correlation. (A) Gill, (B) skin, (C) intestine, (D) ovary.
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FIGURE 6

Coefficients of association between microbial composition at the family level across three mucosal sites and morphometric and blood biochemical 
variables in individual olive flounder. The False Discovery Rate (FDR) was controlled using the Benjamini-Hochberg (BH) method. The error bars 
represent the standard error of the coefficients. The top 10 associations are described for each group based on the absolute value of coefficients that 
meet the FDR cutoff of 0.05. (A) Associations with stress indices (glucose, cortisol). (B) Associations with liver indices (GOT, GPT). (C) Associations with 
morphometric parameters (total length, weight). (D) Associations with estrogenic hormone (estradiol-17β).
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substantial proportions. To observe changes in the microbial 
composition of seawater after being introduced into the rearing tank, 
we compared the microbial composition of seawater before entering the 
rearing tank and after (Supplementary Figure 4). The taxa that increased 
in microbial composition in the rearing seawater, compared to the 
inflowing seawater, included Flavobacteriia, Gammaproteobacteria, 
Gracilibacteria, and Verrucomicrobiae (Supplementary Figure 4). These 
taxa correspond to core groups constituting the microbial community 
of the olive flounder. Conversely, the decreased taxa in the rearing 
seawater comprised Omnitrophia, Alphaproteobacteria, Nanoarchaeia, 
and Cyanobacteriia (Supplementary Figure  4). These taxa are 
represented by universal components of the microbial community in 
groundwater or sediments and are involved in nutrient-cycling 
processes such as photosynthesis. When analyzing the shared ASV 
between olive flounder and environmental factors, it was found that 
rearing water shared the most ASVs with olive flounder (Figure 7). 
Among the 246 ASVs shared with the rearing water, they accounted for 
78.5% of the total reads detected in the olive flounder (Figure 7). In 
contrast, feed shared 56 ASVs with olive flounder, representing only 
10.2% of the total reads detected in the flounder. We analyzed the 
number of ASVs shared between individual mucosal sites of olive 
flounder and environmental factors to determine the extent of their 
relationship (Supplementary Figure 5). Among the mucosal sites, the 
skin shared the largest number of ASVs with Inflow seawater and feed. 
However, gill showed the highest level of ASV overlap with rearing 
seawater, shared a total of 183 ASVs (Supplementary Figure  5). In 
contrast, the intestine and ovary showed lower overall ASV diversity 
and shared fewer ASVs with environmental factors compared to the 
external organs (Supplementary Figure 5). Additionally, the microbial 
composition of feed was not significantly related with any of the 
mucosal sites, including the intestine and ovary. This pattern of 
environmental influence on the olive flounder microbiota was 
consistently observed in the source tracking analysis using the FEAST 
tool (Supplementary Figure  6). The results show the relative 
contributions of three sources, which include influent seawater, feed, 
and unknown origins, to the microbial composition at each mucosal 
site. These findings further confirm that seawater had a more substantial 
influence than feed across all sites of the olive flounder.

Discussion

Microbial structure and compositional 
characteristics across mucosal surfaces of 
olive flounder

The dominant microbial group identified in mature female olive 
flounders during spawning was the phylum Pseudomonadota. Among 
Pseudomonadota, reads belonging to unclassified Comamonadaceae 
and Vibrio were the most dominant constituent of olive flounder 
microbiota (Supplementary Figure  3). However, the microbial 
structure of each mucosal surface in olive flounder exhibited distinct 
patterns (Figures  1–4). The four mucosal sites collected for this 
study—gills, skin, intestines, and ovaries—each reflect distinct 
regional characteristics in terms of seawater exposure, oxygen 
concentration, light permeability, and types of host secretions, thereby 
providing specialized habitats for unique microbiota. We observed 
that the gills harbored the most diverse species, while the intestines 

and ovaries exhibited limited species richness. Although the skin is an 
exposed organ, it exhibited microbial structural similarities to both 
the gills and the intestines, even including taxa known for their strictly 
anaerobic nature, such as Fusobacteria. Studies on microbial 
communities in the ovaries of fish have been neglected compared to 
those on other body sites. In this study, we retrieved qualified DNA 
for microbial community analysis from ovarian samples of five 
spawning female olive flounders, whose gonads had not yet entered 
the degeneration or resorption stages, out of a total of 20 individuals. 
Consequently, considering the microbial composition, abundance, 
and beta diversity of the ovarian microbiota, we concluded that its 
characteristics closely resemble those of the intestinal microbiota, 
which is also an internal organ. Even though ovarian mucus harbors 
79 unique ASVs, it is distinguished from the other three sites 
(Supplementary Figure 5A).

We examined the distribution of potentially pathogenic taxa 
within the microbial community of olive flounder. The class 
Gammaproteobacteria includes several genera recognized for their 
pathogenicity to marine animals, such as Vibrio spp., Shewanella spp., 
and Aliivibrio spp. (Schrøder et al., 1992; Qin et al., 2014; Ina-Salwany 
et  al., 2019). Family Brevinemataceae, Flavobacteriaceae, and 
Streptococcaceae also contain species known to cause diseases in fish, 
including the genera Brevinema, Flavobacterium, and Streptococcus 
(Weinstein et al., 1997; Nematollahi et al., 2003; Wang et al., 2020). 
Our analysis confirmed the presence of these potentially pathogenic 
genera across all mucosal surfaces of the olive flounder. Furthermore, 
the skin mucosa exclusively contains taxa belonging to Rickettsiales 
and Chlamydiales, well known for their obligate intracellular 
parasitism and ability to cause epitheliocystis in skin and gill of fish 
(Weisburg et al., 1989; Fryer and Lannan, 1994; Fryer and Lannan, 
1996; Stride et al., 2014). Although we identified several opportunistic 
pathogens across all sites of the olive flounder, these did not lead to 
actual health issues. While none of the experimental olive flounder 
used in this study exhibited pathological symptoms, we  obtained 
intriguing results by analyzing the associations between specific 
microbial compositions and various physiological markers of 
individual olive flounder, including health, growth, and sexual 
maturation indicators. The association between microbial community 
and physiological markers was found most frequently in the skin and 
least frequently in the gills, reflecting their limited interaction with the 
host. Among the significant associations identified through 
multivariable analysis in each site, several key findings stand out. 
Notably, the abundance of the families Brevinemataceae and 
Bacillaceae, in the skin of olive flounder showed a strong positive 
correlation with blood glucose levels, a stress marker, and also 
exhibited a positive association with GOT, an indicator of liver 
damage. Additionally, the abundance of Brevinemataceae was 
significantly associated with higher estradiol levels in both the skin 
and intestine. In contrast, Candidatus Kaiserbacteria and 
Gammaproteobacteria_uc found in the intestine displayed the highest 
negative correlations with glucose levels, while showing a strong 
negative association with estradiol (Supplementary Table 6). These 
findings suggest that controlling specific microbial group in the 
intestine and skin of olive flounder could be effective in regulating 
stress induced during the spawning season. Furthermore, the presence 
of Terasakiellaceae in the skin showed a substantial negative 
correlation with both GOT and GPT levels. Terasakiellaceae, 
comprising the single genus Terasakiella, has been isolated from 
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marine and wastewater environments. While its role as a symbiont in 
fish skin or other hosts remains largely unknown, our findings indicate 
that this genus warrants further investigation for its potential role in 
mitigating liver damage in fish hosts.

Environmental factors influencing 
microbial composition in olive flounder

Several studies have yielded versatile results regarding the direct 
influence of the microbial composition of seawater on the mucosal 
surfaces of fish (Navarrete et al., 2009; Pratte et al., 2018; Guivier et al., 
2020; Rosado et al., 2021). In general, gills and skin directly exposed to 
seawater reflect the microbial composition of seawater more closely, 
but the gastrointestinal tract is also affected by surrounding waters, 
especially in early life stages (Navarrete et al., 2009; Wilkes Walburn 
et al., 2019). In our study, seawater sampled before entering the rearing 
tank shared 161 ASVs with those found in olive flounder, accounting 
for 70.1% of the total reads from the olive flounder. After entering the 
rearing tank, the seawater exhibited a significant structural alteration 
under the growing influence of the olive flounder, sharing 246 ASVs, 
which comprised 78.5% of the total relative abundance of olive 
flounder microbiota (Figure 7). That change was accompanied by a 
remarkable decrease in the microbial diversity of the seawater. Our 
observations also revealed that the internal organs of olive flounder 
exhibited not only lower species richness compared to individual 
mucosal sites but also weaker associations with environmental factors 
(Supplementary Figures 2, 5). Furthermore, the intestinal microbiota 
did not show a strong correlation with the microbial communities of 
feed, even though feed was considered to have a more direct impact 

than the relatively inaccessible seawater (Supplementary Figures 5, 6). 
The microbial composition of commercial feed showed generally low 
correlations with the microbial communities of olive flounder 
compared to seawater (Figure 7; Supplementary Figure 6). Considering 
that commercial feed undergoes sterilization during manufacturing, 
microbial communities present in the feed are presumed to originate 
from handling during storage at the fish farm. The detection of 
Staphylococcus in the feed suggests a potential connection to 
contamination from the handling process by humans. Analysis on the 
environmental factors revealed that the microbiota of olive flounder is 
more closely and mutually influenced by seawater than by feed, 
particularly on the external organs. These findings demonstrate that 
the external organs of flounder are more susceptible to the influence of 
seawater microbiota than the internal organs and reaffirm their 
importance as potential interfaces for regulating host microbiota and 
facilitating the introduction of specific microbial assemblages.

Inferring the distinct roles of microbial 
communities on the mucosal surfaces of 
olive flounder

The gills, one of the primary excretory organs in fish, play a crucial 
role in the excretion of ammonia, the most common form of nitrogen 
waste in aquatic organisms (Wright, 1995; Ip and Chew, 2010). The 
role of symbiotic microbial communities in the fish gills in ammonia 
detoxification has been repeatedly highlighted in previous studies 
(Tarnecki et al., 2016; van Kessel et al., 2016; Legrand et al., 2018; 
Pratte et al., 2018). Theoretically, ammonia-oxidizing bacteria (AOB) 
and nitrite-reducing bacteria can neutralize toxic ammonia, thereby 

FIGURE 7

Relationship between olive flounder and environmental factors. (A) Diagram illustrating the relationship of olive flounder with seawater samples and 
feed. White text indicates the number of ASVs present in each group, while black text shows the number of shared ASVs and their total relative 
abundance within the olive flounder microbiota. (B) The number of ASVs present in and shared between the olive flounder and environmental factors. 
Gray boxes indicate the number of unique ASVs in each group.
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contributing positively to fish health (van Kessel et al., 2016). In this 
study, among the representative taxa performing ammonia-oxidizing 
functions, Nitrosomonas and Nitrospira were exclusively found in the 
gills and skin. Notably, the gills contained significantly higher 
abundance of Nitrospira compared to the other sites (Figure  4). 
Moreover, the gills showed a significantly higher predicted abundance 
of nitrite reductase (nirK), one of the core enzymes in the 
denitrification pathway that produces nitrogen gas through the 
stepwise reduction of nitrite, compared to other sites. Additionally, 
both the gills and the skin, as external organs, exhibited higher 
predicted levels of genes related to denitrification compared to the 
intestine (Figure 4). Likewise, for sulfur metabolism, genes related to 
the sulfur oxidizing system were significantly more abundant in the 
external organs compared to the intestine (Figure 4). Bacteria with 
sulfur oxidizing functions have the potential to neutralize toxic 
substances such as thiosulfate, which are commonly present in 
aquaculture environments, suggesting their beneficial role in 
maintaining fish health (Petri et al., 2001; Meyer et al., 2007; Krishnani 
et al., 2010). These findings support previous studies emphasizing the 
critical role of fish symbiotic microbial communities in detoxification 
processes and further highlight the distinctive detoxification functions 
performed by the microbial communities in external mucosal 
surfaces, particularly the gills. Additionally, another highlighted 
function predicted through the microbial composition of the gills in 
olive flounder was the synthesis of SCFAs. SCFAs produced by 
intestinal microorganisms through the fermentation of carbohydrates 
are well known to play an important role in maintaining host gut 
health and epithelial integrity (Macia et al., 2012; Parada Venegas 
et al., 2019). Phyla such as Bacillota, Bacteroidota, Actinomycetota, and 
Verrucomicrobiota are known as major SCFA producers in the human 
gut (Fusco et al., 2023). Although, we observed a higher abundance of 
Bacteroidota and Verrucomicrobiota in the gills of olive flounder 
compared to other mucosal sites, the major members of these phyla 
found in this study lack sufficient evidence supporting SCFA 
production. Fish gills are generally regarded as an unfavorable 
condition for the anaerobic fermentation of polysaccharides that leads 
to SCFA production. Moreover, SCFA synthesis involves complex and 
diverse pathways across a wide range of bacterial species, and even if 
the machinery to produce SCFAs is present, its capability can 
be regulated by the presence of various transporters and enzymes 
(Mahowald et al., 2009; Tan et al., 2014). Therefore, these predictions 
do not necessarily indicate actual SCFA production. Whether SCFA 
synthesis actually occurs in the gill mucus and how it contributes to 
the overall health of the host requires further investigation.

In addition to the gills, the skin also plays a vital role in host–
microbiota interactions and defense mechanisms (Esteban, 2012). 
Unlike terrestrial animals, the skin of fish is composed of living cells 
rather than dead keratinized cells and is covered with mucus 
containing potential nutrients and antimicrobial agents (Gomez and 
Primm, 2021). The skin of olive flounder did not exhibit 
distinguishing functional features among the three sites but showed 
an intermediate pattern between those of the gills and intestines. 
However, their microbial composition included distinctive taxa from 
other sites, such as opportunistic pathogens specific to eukaryotic 
cells, as mentioned above, and bacteria capable of producing 
antimicrobial substances. In particular, the presence of 
Pseudoalteromonas was highlighted in the skin, a genus well known 
for producing a wide range of antibiotics capable of inhibiting both 

prokaryotes and eukaryotes (Bowman, 2007; Offret et  al., 2016). 
Several strains of Pseudoalteromonas have been tested for their 
antagonistic effects against pathogens in marine fish such as European 
sea bass, clownfish, and yellowtail (Wesseling et al., 2015; Sayes et al., 
2016; Rahmani et al., 2023). Conversely, Pseudoalteromonas spp. have 
also been reported to be  pathogenic in European sea bass and 
gilthead seabream (Pujalte et  al., 2007). Additionally, 
Pseudoalteromonas has been reported to significantly increase in 
abundance following antibiotic administration in the skin microbiota 
of European sea bass and gilthead seabream, suggesting its critical 
role in the antimicrobial defense of fish skin (Rosado et al., 2019b; 
Rosado et  al., 2023). Our network analysis results on the skin 
microbial community at the family level revealed a negative 
correlation between Pseudoalteromonadaceae and several families 
comprising opportunistic bacterial pathogens, such as Vibrionaceae, 
Shewanellaceae, Brevinemataceae and Fokiniaceae. Its negative 
association with opportunistic pathogens in the skin of olive flounder 
further supports the potential role of Pseudoalteromonas in host 
antimicrobial defense, warranting further investigation. Our study 
observed that the skin of olive flounder exhibits intermediate 
characteristics between the gills and intestines, containing a range of 
pathogens associated with both internal and external mucosal 
surfaces. While further research with comparative data across fish 
species is needed, our findings suggest that the skin microbiota has 
potential to serve as an indicator of shifts in microbial composition 
and the presence of pathogens across mucosal surfaces in fish.

Compared to the external mucosal surfaces, the intestinal 
microbiota displayed distinct metabolic functions and taxonomic 
profiles. One of the well-known key beneficial effects of the 
intestinal microbiota is the supply of exogenous vitamins and 
digestive enzymes that the host cannot synthesize itself. The 
primary types of vitamins derived from bacterial synthesis include 
water-soluble B-group vitamins and vitamin K2. The dietary 
requirement for various vitamins in farmed fish has not been 
defined in many cases. However, a deficiency of B group vitamins 
in fish has been reported to lead to decreased appetite and poor 
growth, while a deficiency of vitamin K can result in increased 
blood coagulation time and anemia (Kangsen Mai et  al., 2022). 
According to the functional prediction results, the levels of 
synthetic enzymes for vitamin K2 were predicted to be higher in the 
intestines. In contrast, the levels for B group vitamins were 
predicted to be higher in the gills and skin. In the freshwater fish 
species, Cetobacterium somerae is known to serve as a primary 
supplier of vitamin B12 (Sugita et al., 1991; Tsuchiya et al., 2008). 
In our study, reads assigned to the genus Cetobacterium were 
frequently found across all sites of the olive flounder, but their 
average relative abundance was highest in the intestine. Instead, the 
intestinal microbiota was predicted to have significantly higher 
Vitamin K2 production levels compared to other sites. Supplying 
Vitamin K2 from intestinal bacteria could not only benefit fish 
health but also serve as a cost-effective alternative. This could be an 
important aspect, as synthetic Vitamin K3, which is commonly used 
as an additive in aquaculture feed, has an unstable structure that 
degrades rapidly after being added to feed (Marchetti et al., 1995; 
Marchetti et al., 1999; Krossøy et al., 2011). In addition to vitamins, 
another beneficial product that can be  synthesized by intestinal 
microbiota is exogenous digestive enzymes. These enzymes 
contribute to fish nutrition by enhancing the efficiency of feed 
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utilization. Commercial feeds used in fish farming open contain a 
high proportion of by-products from poultry or seafood processing, 
as well as plant-derived materials like soybean meal and wheat bran. 
These feed components include complex organic carbons such as 
carbohydrates, cellulose, and chitin, which are difficult for fish to 
digest directly. It has been shown that adding exogenous digestive 
enzymes to the diet improves the performance and digestibility of 
plant-based feeds in Nile tilapia (Lemos and Tacon, 2017; Maas 
et al., 2020). Likewise, the gut microbiota of fish also serves as a 
source of enzymes, aiding in the breakdown and digestion of 
organic matter, which can positively impact fish health (De 
Schrijver and Ollevier, 2000; Tovar et al., 2002; Mohapatra et al., 
2012; Di Maiuta et al., 2013; Llewellyn et al., 2014). In this study, 
the intestinal microbiota of olive flounder was predicted to have a 
significantly higher abundance of glycosidases. This result is 
consistent with previous studies and confirms that the provision of 
digestive enzymes is a distinct feature of gut symbiotic microbiota, 
differentiating it from the external organs. In contrast to the 
beneficial roles of the intestinal microbial community highlighted 
earlier, functions related to LPS synthesis and antibiotic resistance 
are notable as they represent potential mechanisms that could 
negatively impact the host. Lipopolysaccharide (LPS) derived from 
the lipid outer membrane of bacteria is a well-known inducer of 
inflammatory responses. In humans, LPS is considered a major 
virulent factor and a marker of dysbiosis in gut Gram-negative 
bacteria. However, in fish, which exhibit resistance to endotoxic 
shock, LPS is regarded as a potent stimulator of the innate immune 
system (Swain et al., 2008; CHEN et al., 2010; Wang et al., 2019). 
The synthesis of LPS, which is predicted to be particularly abundant 
in the intestine, could have controversial implications for the host, 
requiring further investigation. Another noteworthy finding from 
intestinal microbiota is the significantly higher abundance of 
resistance genes against beta-lactam and phenicol antibiotics 
compared to other sites. While KOs related to beta-lactam antibiotic 
biosynthesis were significantly enriched in the gills. These findings 
indicate that the origin of antibiotic resistance genes in the intestine 
is not associated with antibiotic-producing bacteria. Furthermore, 
Streptomyces, a well-known producer of various kinds of 
antibiotics, including chloramphenicol, was not detected in any of 
the mucosal sites of olive flounder. Among the bacteria associated 
with beta-lactam antibiotic production, Flavobacterium, and 
Pseudomonas were identified in relatively small quantities. 
Flavobacterium was present in low abundance in the gills and skin, 
while Pseudomonas was rarely detected but appeared in trace 
amounts in the skin and intestines of a few individuals. The most 
abundant phenicol resistance gene identified in the intestine was 
K00638 (chloramphenicol O-acetyltransferase type B), the same 
type found on the chromosome of Vibrio cholerae. Similarly, the 
most prevalent beta-lactamase in the intestine was K19217 (beta-
lactamase class A CARB-17), corresponding to the type reported in 
Vibrio parahaemolyticus. These functional prediction results suggest 
that the antibiotic resistance genes in the intestine are likely 
influenced by the abundance of Vibrio species within the intestinal 
microbiota. The results emphasize the importance of the intestinal 
microbiota as a driving force behind both beneficial metabolic 
processes and potential health risks in olive flounder. Through their 
composition, these analytical findings provide a deeper 
understanding of the complex functions of microbial communities, 

but we  also underscore the need for validation through 
experimental evidence.

Conclusion

This study comprehensively analyzes the microbial communities 
across various mucosal surfaces of olive flounder, highlighting their 
distinct structural and functional characteristics. The external mucosal 
sites, such as the gills and skin, were characterized by unique metabolic 
pathways, including photosynthesis and sulfur-oxidizing systems. 
These functions may play a crucial role in adapting to direct exposure 
to seawater, potentially enhancing mucosal barrier protection and 
nutrient acquisition. In contrast, the internal organ, represented by the 
intestine, exhibited a simpler microbial composition dominated by 
Gammaproteobacteria and displayed characteristic functional 
properties, including polysaccharide degradation, LPS synthesis, and 
vitamin K2 production. The study also identified the presence of 
potentially pathogenic taxa, such as Vibrio spp., Brevinema, Rickettsiales, 
and Chlamydiales, across multiple mucosal surfaces. We  have 
highlighted microbial groups that may potentially influence host 
immunity by identifying the distribution patterns of opportunistic 
pathogens and their associated taxa across different mucosal sites. 
Additionally, an analysis of the microbial composition of environmental 
factors suggests that managing the microbial communities in rearing 
seawater could be an effective strategy for modulating the mucosal 
microbiota of olive flounder. Analyzing physiological markers, 
we identified microbial taxa correlated with stress and health indicators, 
highlighting potential candidates that may positively impact fish health. 
Although this study provides valuable insights into the ecological roles 
of mucosal microbiota in olive flounder, the findings are based on 
predicted functions using an amplicon sequencing approach. Future 
studies should employ metagenomic or transcriptomic approaches to 
validate the actual microbial functions. Furthermore, as this study 
focused on a specific life stage (spawning period) and environmental 
conditions, additional research is needed to fully characterize the 
intrinsic microbiota of olive flounder across diverse developmental 
stages and habitats. Future studies should also aim to validate these 
findings by examining probiotic strains and exploring intervention 
strategies for developing microbiota-based solutions to enhance olive 
flounder health and improve the sustainability of aquaculture practices.

Data availability statement

The raw reads data obtained from olive flounder and 
environmental samples in this study have been deposited in the NCBI 
Sequence Read Archive (SRA) database under accession number  
PRJNA1229132.

Ethics statement

Ethical approval was not required for the study involving 
animals in accordance with the local legislation and institutional 
requirements because this study did not require specific ethical 
approval for animal experimentation as it was conducted on 
commercially sourced, food-grade olive flounder (Paralichthys 

https://doi.org/10.3389/fmicb.2025.1587288
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Yu et al. 10.3389/fmicb.2025.1587288

Frontiers in Microbiology 15 frontiersin.org

olivaceus), which were obtained through standard market channels 
without the need for additional permits. The fish were not 
laboratory-raised or bred for research purposes. However, all 
handling and euthanasia procedures strictly adhered to the 
Institutional Animal Care and Use Committee (IACUC) guidelines, 
ensuring that the fish were appropriately anesthetized and treated 
in accordance with ethical standards.

Author contributions

JY: Formal analysis, Investigation, Visualization, Writing  – 
original draft. MK: Formal analysis, Investigation, Writing – original 
draft. M-JP: Data curation, Formal analysis, Writing  – review & 
editing. GH: Formal analysis, Investigation, Writing  – review & 
editing. YK: Conceptualization, Investigation, Writing – review & 
editing. CN: Conceptualization, Investigation, Writing – review & 
editing. KK: Funding acquisition, Project administration, Supervision, 
Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. The study was supported by 
Marine Biotics project (20210469) and Ministry of Oceans and 
Fisheries (MOF), Republic of Korea.

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.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

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/fmicb.2025.1587288/
full#supplementary-material

References
Bai, S. C., and Lee, S. (2010). “Culture of olive flounder: Korean perspective” in 

Practical flatfish culture and stock enhancement (Hoboken, NJ: Blackwell Publishing), 
156–168.

Barnett, D. J., Arts, I. C., and Penders, J. (2021). microViz: an R package for 
microbiome data visualization and statistics. J. Open Source Softw. 6:3201. doi: 
10.21105/joss.03201

Bledsoe, J. W., Pietrak, M. R., Burr, G. S., Peterson, B. C., and Small, B. C. (2022). 
Functional feeds marginally alter immune expression and microbiota of Atlantic salmon 
(Salmo salar) gut, gill, and skin mucosa though evidence of tissue-specific signatures 
and host–microbe coadaptation remain. Animal Microbiome 4:20. doi: 
10.1186/s42523-022-00173-0

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., 
et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science 
using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9

Boutin, S., Bernatchez, L., Audet, C., and Derôme, N. (2013). Network analysis 
highlights complex interactions between pathogen, host and commensal microbiota. 
PLoS One 8:e84772. doi: 10.1371/journal.pone.0084772

Bowman, J. P. (2007). Bioactive compound synthetic capacity and ecological 
significance of marine bacterial genus Pseudoalteromonas. Mar. Drugs 5, 220–241. doi: 
10.3390/md504220

Brunson, J. C. (2020). Ggalluvial: layered grammar for alluvial plots. J. Open Source 
Softw. 5:2017. doi: 10.21105/joss.02017

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and 
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon 
data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Chen, J.-G., Yang, J.-F., Xiong, J., Mao, Z.-J., and Wang, H.-L. (2010). The innate 
immune response in Lateolabrax japonicus induced by lipopolysaccharide from 
Glaciecola polaris strain ARK149 (LMG21854). Agric. Sci. China 9, 1504–1511. doi: 
10.1016/S1671-2927(09)60245-5

Dalmo, R., Ingebrigtsen, K., and Bøgwald, J. (1997). Non-specific defence mechanisms 
in fish, with particular reference to the reticuloendothelial system (RES). J. Fish Dis. 20, 
241–273. doi: 10.1046/j.1365-2761.1997.00302.x

De Schrijver, R., and Ollevier, F. (2000). Protein digestion in juvenile turbot 
(Scophthalmus maximus) and effects of dietary administration of Vibrio proteolyticus. 
Aquaculture 186, 107–116. doi: 10.1016/S0044-8486(99)00372-5

Di Maiuta, N., Schwarzentruber, P., Schenker, M., and Schoelkopf, J. (2013). Microbial 
population dynamics in the faeces of wood-eating loricariid catfishes. Lett. Appl. 
Microbiol. 56, 401–407. doi: 10.1111/lam.12061

Douglas, G. M., Maffei, V. J., Zaneveld, J. R., Yurgel, S. N., Brown, J. R., Taylor, C. M., 
et al. (2020). PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol. 38, 
685–688. doi: 10.1038/s41587-020-0548-6

Ellis, A. (2001). Innate host defense mechanisms of fish against viruses and bacteria. 
Dev. Comp. Immunol. 25, 827–839. doi: 10.1016/S0145-305X(01)00038-6

Eric Peatman, B. H. B. (2015). “1- why mucosal health?” in Mucosal health in 
aquaculture. eds. E. P. Benjamin and H. Beck (Cambridge, MA: Academic Press), 1–2.

Esteban, M. Á. (2012). An overview of the immunological defenses in fish skin. 
Hoboken, NJ: John Wiley & Sons, Inc., 29.

Esteban Soto, M. J. G., and Tobar, J. A. (2015). “11- Mucosal vaccines” in Mucosal 
health in aquaculture. eds. E. P. Benjamin and H. Beck (Cambridge, MA: Academic 
Press), 297–323.

Fernandes, A. D., Reid, J. N., Macklaim, J. M., McMurrough, T. A., Edgell, D. R., 
and Gloor, G. B. (2014). Unifying the analysis of high-throughput sequencing 
datasets: characterizing RNA-seq, 16S rRNA gene sequencing and selective growth 
experiments by compositional data analysis. Microbiome 2, 1–13. doi: 10.1186/ 
2049-2618-2-15

Fryer, J. L., and Lannan, C. N. (1994). Rickettsial and chlamydial infections of 
freshwater and marine fishes, bivalves, and crustaceans. Zool. Stud. 33, 95–107.

Fryer, J., and Lannan, C. (1996). Rickettsial infections of fish. Annu. Rev. Fish Dis. 6, 
3–13. doi: 10.1016/S0959-8030(96)90002-2

Fusco, W., Lorenzo, M. B., Cintoni, M., Porcari, S., Rinninella, E., Kaitsas, F., et al. 
(2023). Short-chain fatty-acid-producing bacteria: key components of the human gut 
microbiota. Nutrients 15:2211. doi: 10.3390/nu15092211

Gao, Y., Tan, R., Wang, Z., Qiang, L., and Yao, H. (2024). The effects of Bacillus subtilis 
on the immunity, mucosal tissue morphology, immune-related gene transcriptions, and 
intestinal microbiota in flounder (Paralichthys olivaceus) with two feeding methods: 
continuous versus discontinuous feeding. Vet. Immunol. Immunopathol. 271:110742. 
doi: 10.1016/j.vetimm.2024.110742

Ghanei-Motlagh, R., Mohammadian, T., Gharibi, D., Khosravi, M., Mahmoudi, E., 
Zarea, M., et al. (2021). Quorum quenching probiotics modulated digestive enzymes 
activity, growth performance, gut microflora, haemato-biochemical parameters and 

https://doi.org/10.3389/fmicb.2025.1587288
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1587288/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1587288/full#supplementary-material
https://doi.org/10.21105/joss.03201
https://doi.org/10.1186/s42523-022-00173-0
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1371/journal.pone.0084772
https://doi.org/10.3390/md504220
https://doi.org/10.21105/joss.02017
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/S1671-2927(09)60245-5
https://doi.org/10.1046/j.1365-2761.1997.00302.x
https://doi.org/10.1016/S0044-8486(99)00372-5
https://doi.org/10.1111/lam.12061
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1016/S0145-305X(01)00038-6
https://doi.org/10.1186/2049-2618-2-15
https://doi.org/10.1186/2049-2618-2-15
https://doi.org/10.1016/S0959-8030(96)90002-2
https://doi.org/10.3390/nu15092211
https://doi.org/10.1016/j.vetimm.2024.110742


Yu et al. 10.3389/fmicb.2025.1587288

Frontiers in Microbiology 16 frontiersin.org

resistance against Vibrio harveyi in Asian seabass (Lates calcarifer). Aquaculture 
531:735874. doi: 10.1016/j.aquaculture.2020.735874

Gioacchini, G., Maradonna, F., Lombardo, F., Bizzaro, D., Olivotto, I., and 
Carnevali, O. (2010). Increase of fecundity by probiotic administration in zebrafish 
(Danio rerio). Reproduction 140, 953–959. doi: 10.1530/REP-10-0145

Gomez, J. A., and Primm, T. P. (2021). A slimy business: the future of fish skin 
microbiome studies. Microb. Ecol. 82, 275–287. doi: 10.1007/s00248-020-01648-w

Guivier, E., Pech, N., Chappaz, R., and Gilles, A. (2020). Microbiota associated with 
the skin, gills, and gut of the fish Parachondrostoma toxostoma from the Rhône basin. 
Freshwat. Biol. 65, 446–459. doi: 10.1111/fwb.13437

Ina-Salwany, M., Al-saari, N., Mohamad, A., Mursidi, F. A., Mohd-Aris, A., Amal, M., 
et al. (2019). Vibriosis in fish: a review on disease development and prevention. J. Aquat. 
Anim. Health 31, 3–22. doi: 10.1002/aah.10045

Ip, Y. K., and Chew, S. F. (2010). Ammonia production, excretion, toxicity, and defense 
in fish: a review. Front. Physiol. 1:134. doi: 10.3389/fphys.2010.00134

Jang, W. J., Hasan, M. T., Choi, W., Hwang, S., Lee, Y., Hur, S. W., et al. (2022). 
Comparison of growth performance, non-specific immunity, and intestinal microbiota 
of olive flounder (Paralichthys olivaceus) fed with extruded pellet and moist pellet diets 
under field conditions in South Korea. Front. Microbiol. 13:979124. doi: 10.3389/fmicb. 
2022.979124

Jang, W. J., Hasan, M. T., Lee, B.-J., Hur, S. W., Lee, S., Kim, K. W., et al. (2020). Effect 
of dietary differences on changes of intestinal microbiota and immune-related gene 
expression in juvenile olive flounder (Paralichthys olivaceus). Aquaculture 527:735442. 
doi: 10.1016/j.aquaculture.2020.735442

Jang, W. J., Hasan, M. T., Lee, G. H., Lee, B.-J., Hur, S. W., Lee, S., et al. (2021). 
Comparison of spore or vegetative Bacillus sp. supplementation on physiological 
changes and gut microbiota of the olive flounder (Paralichthys olivaceus). Aquaculture 
535:736355. doi: 10.1016/j.aquaculture.2021.736355

Jang, W. J., Lee, J. M., Hasan, M. T., Lee, B.-J., Lim, S. G., and Kong, I.-S. (2019). Effects 
of probiotic supplementation of a plant-based protein diet on intestinal microbial 
diversity, digestive enzyme activity, intestinal structure, and immunity in olive flounder 
(Paralichthys olivaceus). Fish Shellfish Immunol. 92, 719–727. doi: 10.1016/j.fsi. 
2019.06.056

Jiang, Q., Lin, L., Xie, F., Jin, W., Zhu, W., Wang, M., et al. (2022). Metagenomic 
insights into the microbe-mediated B and K2 vitamin biosynthesis in the gastrointestinal 
microbiome of ruminants. Microbiome 10:109. doi: 10.1186/s40168-022-01298-9

Jiang, Y., Liu, Z., Liu, X., Xu, Y., Shi, B., and Wang, B. (2019). Structural characteristics 
and succession of intestinal microbiota for Paralichthys olivaceus during the early life 
stage. Aquac. Res. 50, 529–540. doi: 10.1111/are.13924

Jöborn, A., Olsson, J., Westerdahl, A., Conway, P., and Kjelleberg, S. (1997). 
Colonization in the fish intestinal tract and production of inhibitory substances in 
intestinal mucus and faecal extracts by Carnobacterium sp. strain K1. J. Fish Dis. 20, 
383–392. doi: 10.1046/j.1365-2761.1997.00316.x

Kanehisa, M., Sato, Y., Kawashima, M., Furumichi, M., and Tanabe, M. (2016). KEGG 
as a reference resource for gene and protein annotation. Nucleic Acids Res. 44, D457–
D462. doi: 10.1093/nar/gkv1070

Kangsen Mai, R. W., Zhou, X. Q., Ai, Q. H., and Feng, L. (2022). “Chapter 3  – 
Vitamins” in Fish nutrition. ed. R. W. Hardy. 4th ed (Cambridge, MA: Academic 
Press), 57–179.

Kim, D., Beck, B. R., Heo, S.-B., Kim, J., Kim, H. D., Lee, S.-M., et al. (2013). 
Lactococcus lactis BFE920 activates the innate immune system of olive flounder 
(Paralichthys olivaceus), resulting in protection against Streptococcus iniae infection and 
enhancing feed efficiency and weight gain in large-scale field studies. Fish Shellfish 
Immunol. 35, 1585–1590. doi: 10.1016/j.fsi.2013.09.008

Kim, D.-H., and Kim, D.-Y. (2013). Microbial diversity in the intestine of olive 
flounder (Paralichthys olivaceus). Aquaculture 414-415, 103–108. doi: 
10.1016/j.aquaculture.2013.06.008

Klakegg, Ø., Salonius, K., Nilsen, A., Fülberth, M., and Sørum, H. (2020). Enhanced 
growth and decreased mortality in Atlantic salmon (Salmo salar) after probiotic bath. J. 
Appl. Microbiol. 129, 146–160. doi: 10.1111/jam.14649

KOSIS. (2024). The current fish culture by city & province, ward & county, by culture 
type by species. Available online at: https://kosis.kr/statHtml/statHtml.do?orgId=101&
tblId=DT_1EZ0008&conn_path=I2 (Accessed April 4, 2024)

Krishnani, K. K., Kathiravan, V., Natarajan, M., Kailasam, M., and Pillai, S. (2010). 
Diversity of sulfur-oxidizing bacteria in greenwater system of coastal aquaculture. Appl. 
Biochem. Biotechnol. 162, 1225–1237. doi: 10.1007/s12010-009-8886-3

Krossøy, C., Waagbø, R., and Ørnsrud, R. (2011). Vitamin K in fish nutrition. Aquac. 
Nutr. 17, 585–594. doi: 10.1111/j.1365-2095.2011.00904.x

Lee, S.-J., Kim, S. H., Noh, D.-I., Lee, Y.-S., Kim, T.-R., Hasan, M. T., et al. (2023). 
Combination of host-associated Rummeliibacillus sp. and Microbacterium sp. 
positively modulated the growth, feed utilization, and intestinal microbial population 
of olive flounder (Paralichthys olivaceus). Biology 12:1443. doi: 10.3390/ 
biology12111443

Legrand, T. P., Catalano, S. R., Wos-Oxley, M. L., Stephens, F., Landos, M., 
Bansemer, M. S., et al. (2018). The inner workings of the outer surface: skin and gill 

microbiota as indicators of changing gut health in yellowtail kingfish. Front. Microbiol. 
8:2664. doi: 10.3389/fmicb.2017.02664

Lemos, D., and Tacon, A. G. (2017). Use of phytases in fish and shrimp feeds: a review. 
Rev. Aquac. 9, 266–282. doi: 10.1111/raq.12138

Llewellyn, M. S., Boutin, S., Hoseinifar, S. H., and Derome, N. (2014). Teleost 
microbiomes: the state of the art in their characterization, manipulation and 
importance in aquaculture and fisheries. Front. Microbiol. 5:81340. doi: 10.3389/fmicb. 
2014.00207

Maas, R. M., Verdegem, M. C., Stevens, T. L., and Schrama, J. W. (2020). Effect of 
exogenous enzymes (phytase and xylanase) supplementation on nutrient digestibility 
and growth performance of Nile tilapia (Oreochromis niloticus) fed different quality 
diets. Aquaculture 529:735723. doi: 10.1016/j.aquaculture.2020.735723

Macey, B., and Coyne, V. (2005). Improved growth rate and disease resistance in 
farmed Haliotis midae through probiotic treatment. Aquaculture 245, 249–261. doi: 
10.1016/j.aquaculture.2004.11.031

Macia, L., Thorburn, A. N., Binge, L. C., Marino, E., Rogers, K. E., Maslowski, K. M., 
et al. (2012). Microbial influences on epithelial integrity and immune function as a basis 
for inflammatory diseases. Immunol. Rev. 245, 164–176. doi: 10.1111/j.1600-065X. 
2011.01080.x

Mahowald, M. A., Rey, F. E., Seedorf, H., Turnbaugh, P. J., Fulton, R. S., Wollam, A., 
et al. (2009). Characterizing a model human gut microbiota composed of members of 
its two dominant bacterial phyla. Proc. Natl. Acad. Sci. 106, 5859–5864. doi: 
10.1073/pnas.0901529106

Mallick, H., Rahnavard, A., McIver, L. J., Ma, S., Zhang, Y., Nguyen, L. H., et al. (2021). 
Multivariable association discovery in population-scale meta-omics studies. PLoS Comp. 
Biol. 17:e1009442. doi: 10.1371/journal.pcbi.1009442

Marchetti, M., Tassinari, M., and Bauce, G. (1995). Tolerance of high dietary levels of 
menadione bisulfite-nicotinamide by rainbow trout, Oncorhynchus mykiss. Aquaculture 
134, 137–142. doi: 10.1016/0044-8486(95)00044-3

Marchetti, M., Tossani, N., Marchetti, S., and Bauce, G. (1999). Stability of crystalline 
and coated vitamins during manufacture and storage of fish feeds. Aquac. Nutr. 5, 
115–120. doi: 10.1046/j.1365-2095.1999.00094.x

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnet. J. 17, 10–12. doi: 10.14806/ej.17.1.200

McMurdie, P. J., and Holmes, S. (2013). Phyloseq: an R package for reproducible 
interactive analysis and graphics of microbiome census data. PLoS One 8:e61217. doi: 
10.1371/journal.pone.0061217

Meyer, B., Imhoff, J. F., and Kuever, J. (2007). Molecular analysis of the distribution 
and phylogeny of the soxB gene among sulfur-oxidizing bacteria–evolution of the sox 
sulfur oxidation enzyme system. Environ. Microbiol. 9, 2957–2977. doi: 
10.1111/j.1462-2920.2007.01407.x

Minich, J. J., Poore, G. D., Jantawongsri, K., Johnston, C., Bowie, K., Bowman, J., et al. 
(2020). Microbial ecology of Atlantic salmon (Salmo salar) hatcheries: impacts of the 
built environment on fish mucosal microbiota. Appl. Environ. Microbiol. 86, e00411–
e00420. doi: 10.1128/AEM.00411-20

Mohapatra, S., Chakraborty, T., Prusty, A., Das, P., Paniprasad, K., and Mohanta, K. 
(2012). Use of different microbial probiotics in the diet of rohu, Labeo rohita fingerlings: 
effects on growth, nutrient digestibility and retention, digestive enzyme activities and 
intestinal microflora. Aquac. Nutr. 18, 1–11. doi: 10.1111/j.1365-2095.2011.00866.x

Navarrete, P., Espejo, R., and Romero, 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

Nematollahi, A., Decostere, A., Pasmans, F., and Haesebrouck, F. (2003). 
Flavobacterium psychrophilum infections in salmonid fish. J. Fish Dis. 26, 563–574. doi: 
10.1046/j.1365-2761.2003.00488.x

Niu, K.-M., Kothari, D., Lee, W.-D., Zhang, Z., Lee, B.-J., Kim, K.-W., et al. (2021). 
Probiotic potential of the farmed olive flounder, Paralichthys olivaceus, autochthonous 
gut microbiota. Probiotics Antimicrobial Proteins 13, 1106–1118. doi: 
10.1007/s12602-021-09762-y

Niu, K. M., Lee, B. J., Kothari, D., Lee, W. D., Hur, S. W., Lim, S. G., et al. (2020). 
Dietary effect of low fish meal aquafeed on gut microbiota in olive flounder 
(Paralichthys olivaceus) at different growth stages. Microbiol. Open 9:e992. doi: 
10.1002/mbo3.992

Offret, C., Desriac, F., Le Chevalier, P., Mounier, J., Jégou, C., and Fleury, Y. (2016). 
Spotlight on antimicrobial metabolites from the marine bacteria Pseudoalteromonas: 
chemodiversity and ecological significance. Mar. Drugs 14:129. doi: 10.3390/md14070129

Parada Venegas, D., De la Fuente, M. K., Landskron, G., González, M. J., Quera, R., 
Dijkstra, G., et al. (2019). Short chain fatty acids (SCFAs)-mediated gut epithelial and 
immune regulation and its relevance for inflammatory bowel diseases. Front. Immunol. 
10:277. doi: 10.3389/fimmu.2019.00277

Parte, A. C., Sardà Carbasse, J., Meier-Kolthoff, J. P., Reimer, L. C., and Göker, M. 
(2020). List of prokaryotic names with standing in nomenclature (LPSN) moves to the 
DSMZ. Int. J. Syst. Evol. Microbiol. 70, 5607–5612. doi: 10.1099/ijsem.0.004332

Perry, W. B., Lindsay, E., Payne, C. J., Brodie, C., and Kazlauskaite, R. (2020). The role 
of the gut microbiome in sustainable teleost aquaculture. Proc. R. Soc. B 287:20200184. 
doi: 10.1098/rspb.2020.0184

https://doi.org/10.3389/fmicb.2025.1587288
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.aquaculture.2020.735874
https://doi.org/10.1530/REP-10-0145
https://doi.org/10.1007/s00248-020-01648-w
https://doi.org/10.1111/fwb.13437
https://doi.org/10.1002/aah.10045
https://doi.org/10.3389/fphys.2010.00134
https://doi.org/10.3389/fmicb.2022.979124
https://doi.org/10.3389/fmicb.2022.979124
https://doi.org/10.1016/j.aquaculture.2020.735442
https://doi.org/10.1016/j.aquaculture.2021.736355
https://doi.org/10.1016/j.fsi.2019.06.056
https://doi.org/10.1016/j.fsi.2019.06.056
https://doi.org/10.1186/s40168-022-01298-9
https://doi.org/10.1111/are.13924
https://doi.org/10.1046/j.1365-2761.1997.00316.x
https://doi.org/10.1093/nar/gkv1070
https://doi.org/10.1016/j.fsi.2013.09.008
https://doi.org/10.1016/j.aquaculture.2013.06.008
https://doi.org/10.1111/jam.14649
https://kosis.kr/statHtml/statHtml.do?orgId=101&tblId=DT_1EZ0008&conn_path=I2
https://kosis.kr/statHtml/statHtml.do?orgId=101&tblId=DT_1EZ0008&conn_path=I2
https://doi.org/10.1007/s12010-009-8886-3
https://doi.org/10.1111/j.1365-2095.2011.00904.x
https://doi.org/10.3390/biology12111443
https://doi.org/10.3390/biology12111443
https://doi.org/10.3389/fmicb.2017.02664
https://doi.org/10.1111/raq.12138
https://doi.org/10.3389/fmicb.2014.00207
https://doi.org/10.3389/fmicb.2014.00207
https://doi.org/10.1016/j.aquaculture.2020.735723
https://doi.org/10.1016/j.aquaculture.2004.11.031
https://doi.org/10.1111/j.1600-065X.2011.01080.x
https://doi.org/10.1111/j.1600-065X.2011.01080.x
https://doi.org/10.1073/pnas.0901529106
https://doi.org/10.1371/journal.pcbi.1009442
https://doi.org/10.1016/0044-8486(95)00044-3
https://doi.org/10.1046/j.1365-2095.1999.00094.x
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1111/j.1462-2920.2007.01407.x
https://doi.org/10.1128/AEM.00411-20
https://doi.org/10.1111/j.1365-2095.2011.00866.x
https://doi.org/10.1007/s00248-008-9448-x
https://doi.org/10.1046/j.1365-2761.2003.00488.x
https://doi.org/10.1007/s12602-021-09762-y
https://doi.org/10.1002/mbo3.992
https://doi.org/10.3390/md14070129
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.1099/ijsem.0.004332
https://doi.org/10.1098/rspb.2020.0184


Yu et al. 10.3389/fmicb.2025.1587288

Frontiers in Microbiology 17 frontiersin.org

Peschel, S., Müller, C. L., Von Mutius, E., Boulesteix, A.-L., and Depner, M. (2021). 
Net CoMi: network construction and comparison for microbiome data in R. Brief. 
Bioinform. 22:bbaa290. doi: 10.1093/bib/bbaa290

Petri, R., Podgorsek, L., and Imhoff, J. F. (2001). Phylogeny and distribution of the sox 
B gene among thiosulfate-oxidizing bacteria. FEMS Microbiol. Lett. 197, 171–178. doi: 
10.1111/j.1574-6968.2001.tb10600.x

Pratte, Z. A., Besson, M., Hollman, R. D., and Stewart, F. J. (2018). The gills of reef fish 
support a distinct microbiome influenced by host-specific factors. Appl. Environ. 
Microbiol. 84, e00063–e00018. doi: 10.1128/AEM.00063-18

Pujalte, M. J., Sitjà-Bobadilla, A., Macián, M. C., Álvarez-Pellitero, P., and Garay, E. 
(2007). Occurrence and virulence of Pseudoalteromonas spp. in cultured gilthead sea 
bream (Sparus aurata L.) and European sea bass (Dicentrarchus labrax L.). Molecular 
and phenotypic characterisation of P. undina strain U58. Aquaculture 271, 47–53. doi: 
10.1016/j.aquaculture.2007.06.015

Qin, L., Zhu, M., and Xu, J. (2014). First report of Shewanella sp. and Listonella sp. 
infection in freshwater cultured loach, Misgurnus anguillicaudatus. Aquac. Res. 45, 
602–608. doi: 10.1111/j.1365-2109.2012.03260.x

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2012). The 
SILVA ribosomal RNA gene database project: improved data processing and web-based 
tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219

Rahmani, A., Parizadeh, L., Baud, M., François, Y., Bazire, A., Rodrigues, S., et al. 
(2023). Potential of marine strains of pseudoalteromonas to improve resistance of 
juvenile sea bass to pathogens and limit biofilm development. Probiotics Antimicrobial 
Proteins 17, 640–654. doi: 10.1007/s12602-023-10180-5

Rhee, C., Kim, H., Emmanuel, S., Kim, H. G., Won, S., Bae, J., et al. (2020). Probiotic 
effects of mixture of Groenewaldozyma salmanticensis and Gluconacetobacter liquefaciens 
on growth and immune responses in Paralichthys olivaceus. Lett. Appl. Microbiol. 70, 
431–439. doi: 10.1111/lam.13282

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

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F. (2016). VSEARCH: a 
versatile open source tool for metagenomics. PeerJ 4:e2584. doi: 10.7717/peerj.2584

Rosado, D., Canada, P., Marques Silva, S., Ribeiro, N., Diniz, P., and Xavier, R. (2023). 
Disruption of the skin, gill, and gut mucosae microbiome of gilthead seabream 
fingerlings after bacterial infection and antibiotic treatment. FEMS microbes 4:xtad011. 
doi: 10.1093/femsmc/xtad011

Rosado, D., Pérez-Losada, M., Pereira, A., Severino, R., and Xavier, R. (2021). Effects 
of aging on the skin and gill microbiota of farmed seabass and seabream. Anim. 
Microbiome 3, 10–14. doi: 10.1186/s42523-020-00072-2

Rosado, D., Pérez-Losada, M., Severino, R., Cable, J., and Xavier, R. (2019a). 
Characterization of the skin and gill microbiomes of the farmed seabass (Dicentrarchus 
labrax) and seabream (Sparus aurata). Aquaculture 500, 57–64. doi: 10.1016/j. 
aquaculture.2018.09.063

Rosado, D., Xavier, R., Severino, R., Tavares, F., Cable, J., and Pérez-Losada, M. 
(2019b). Effects of disease, antibiotic treatment and recovery trajectory on the 
microbiome of farmed seabass (Dicentrarchus labrax). Sci. Rep. 9:18946. doi: 
10.1038/s41598-019-55314-4

Sayes, C., Leyton, Y., and Riquelme, C. E. (2016). Bacterium Pseudoalteromonas sp. 
potential probiotic for larval fish culture. Lat. Am. J. Aquat. Res. 44, 76–84. doi: 
10.3856/vol44-issue1-fulltext-8

Schrøder, M. B., Espelid, S., and Jørgensen, T. Ø. (1992). Two serotypes of Vibrio 
salmonicida isolated from diseased cod (Gadus morhua L.); virulence, immunological 
studies and vaccination experiments. Med. Biol. Environ. Sci. 2, 211–221. doi: 
10.1016/S1050-4648(05)80060-9

Shenhav, L., Thompson, M., Joseph, T. A., Briscoe, L., Furman, O., Bogumil, D., et al. 
(2019). FEAST: fast expectation-maximization for microbial source tracking. Nat. 
Methods 16, 627–632. doi: 10.1038/s41592-019-0431-x

Shephard, K. L. (1994). Functions for fish mucus. Rev. Fish Biol. Fish. 4, 401–429. doi: 
10.1007/BF00042888

Stride, M., Polkinghorne, A., and Nowak, B. (2014). Chlamydial infections of fish: 
diverse pathogens and emerging causes of disease in aquaculture species. Vet. Microbiol. 
170, 19–27. doi: 10.1016/j.vetmic.2014.01.022

Sugita, H., Miyajima, C., and Deguchi, Y. (1991). The vitamin B12-producing ability 
of the intestinal microflora of freshwater fish. Aquaculture 92, 267–276. doi: 
10.1016/0044-8486(91)90028-6

Swain, P., Nayak, S., Nanda, P., and Dash, S. (2008). Biological effects of bacterial 
lipopolysaccharide (endotoxin) in fish: a review. Fish Shellfish Immunol. 25, 191–201. 
doi: 10.1016/j.fsi.2008.04.009

Takahashi, S., Tomita, J., Nishioka, K., Hisada, T., and Nishijima, M. (2014). Development 
of a prokaryotic universal primer for simultaneous analysis of Bacteria and Archaea using 
next-generation sequencing. PLoS One 9:e105592. doi: 10.1371/journal.pone.0105592

Tamura, K., Stecher, G., and Kumar, S. (2021). MEGA11: molecular evolutionary 
genetics analysis version 11. Mol. Biol. Evol. 38, 3022–3027. doi: 10.1093/molbev/msab120

Tan, J., McKenzie, C., Potamitis, M., Thorburn, A. N., Mackay, C. R., and Macia, L. 
(2014). The role of short-chain fatty acids in health and disease. Adv. Immunol. 121, 
91–119. doi: 10.1016/B978-0-12-800100-4.00003-9

Tarnecki, A. M., Patterson, W. F., and Arias, C. R. (2016). Microbiota of wild-caught red 
snapper Lutjanus campechanus. BMC Microbiol. 16, 1–10. doi: 10.1186/s12866-016-0864-7

Thomas, A., Konteles, S. J., Ouzounis, S., Papatheodorou, S., Tsakni, A., Houhoula, D., 
et al. (2023). Bacterial community in response to packaging conditions in farmed 
gilthead seabream. Aquacult. Fisheries 8, 410–421. doi: 10.1016/j.aaf.2021.09.002

Tovar, D., Zambonino, J., Cahu, C., Gatesoupe, F., Vázquez-Juárez, R., and Lésel, R. (2002). 
Effect of live yeast incorporation in compound diet on digestive enzyme activity in sea bass 
(Dicentrarchus labrax) larvae. Aquaculture 204, 113–123. doi: 10.1016/S0044-8486(01)00650-0

Tsuchiya, C., Sakata, T., and Sugita, H. (2008). Novel ecological niche of Cetobacterium 
somerae, an anaerobic bacterium in the intestinal tracts of freshwater fish. Lett. Appl. 
Microbiol. 0:2258. doi: 10.1111/j.1472-76-5X.2007.02258.x

van Kessel, M. A., Mesman, R. J., Arshad, A., Metz, J. R., Spanings, F. T., van 
Dalen, S. C., et al. (2016). Branchial nitrogen cycle symbionts can remove ammonia in 
fish gills. Environ. Microbiol. Rep. 8, 590–594. doi: 10.1111/1758-2229.12407

Vendrell, D., Balcazar, J. L., de Blas, I., Ruiz-Zarzuela, I., Gironés, O., and Muzquiz, J. L. 
(2008). Protection of rainbow trout (Oncorhynchus mykiss) from lactococcosis by probiotic 
bacteria. Comp. Immunol. Microbiol. Infect. Dis. 31, 337–345. doi: 10.1016/j.cimid.2007.04.002

Wang, J., Gu, X., Yang, J., Wei, Y., and Zhao, Y. (2019). Gut microbiota dysbiosis and 
increased plasma LPS and TMAO levels in patients with preeclampsia. Front. Cell. Infect. 
Microbiol. 9:409. doi: 10.3389/fcimb.2019.00409

Wang, R., Pan, X., and Xu, Y. (2020). Altered intestinal microbiota composition 
associated with enteritis in yellow seahorses Hippocampus kuda (Bleeker, 1852). Curr. 
Microbiol. 77, 730–737. doi: 10.1007/s00284-019-01859-6

Weinstein, M. R., Litt, M., Kertesz, D. A., Wyper, P., Rose, D., Coulter, M., et al. (1997). 
Invasive infections due to a fish pathogen, Streptococcus iniae. New Engl. J. Med. 337, 
589–594. doi: 10.1056/NEJM199708283370902

Weisburg, W., Dobson, M., Samuel, J., Dasch, G., Mallavia, L., Baca, O., et al. (1989). 
Phylogenetic diversity of the Rickettsiae. J. Bacteriol. 171, 4202–4206. doi: 
10.1128/jb.171.8.4202-4206.1989

Wesseling, W., Wittka, S., Kroll, S., Soltmann, C., Kegler, P., Kunzmann, A., et al. (2015). 
Functionalised ceramic spawning tiles with probiotic Pseudoalteromonas biofilms designed 
for clownfish aquaculture. Aquaculture 446, 57–66. doi: 10.1016/j.aquaculture.2015.04.017

Wickham, H. (2016). Data analysis. New York: Springer.

Wilkes Walburn, J., Wemheuer, B., Thomas, T., Copeland, E., O'Connor, W., Booth, M., 
et al. (2019). Diet and diet-associated bacteria shape early microbiome development in 
yellowtail kingfish (Seriola lalandi). Microb. Biotechnol. 12, 275–288. doi: 
10.1111/1751-7915.13323

Wright, P. A. (1995). Nitrogen excretion: three end products, many physiological roles. 
J. Exp. Biol. 198, 273–281. doi: 10.1242/jeb.198.2.273

Zhang, J., Zuo, K., Fang, C., Yin, X., Liu, X., Zhong, J., et al. (2021). Altered synthesis 
of genes associated with short-chain fatty acids in the gut of patients with atrial 
fibrillation. BMC Genomics 22:634. doi: 10.1186/s12864-021-07944-0

https://doi.org/10.3389/fmicb.2025.1587288
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1093/bib/bbaa290
https://doi.org/10.1111/j.1574-6968.2001.tb10600.x
https://doi.org/10.1128/AEM.00063-18
https://doi.org/10.1016/j.aquaculture.2007.06.015
https://doi.org/10.1111/j.1365-2109.2012.03260.x
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1007/s12602-023-10180-5
https://doi.org/10.1111/lam.13282
https://doi.org/10.1038/ismej.2011.38
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1093/femsmc/xtad011
https://doi.org/10.1186/s42523-020-00072-2
https://doi.org/10.1016/j.aquaculture.2018.09.063
https://doi.org/10.1016/j.aquaculture.2018.09.063
https://doi.org/10.1038/s41598-019-55314-4
https://doi.org/10.3856/vol44-issue1-fulltext-8
https://doi.org/10.1016/S1050-4648(05)80060-9
https://doi.org/10.1038/s41592-019-0431-x
https://doi.org/10.1007/BF00042888
https://doi.org/10.1016/j.vetmic.2014.01.022
https://doi.org/10.1016/0044-8486(91)90028-6
https://doi.org/10.1016/j.fsi.2008.04.009
https://doi.org/10.1371/journal.pone.0105592
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1016/B978-0-12-800100-4.00003-9
https://doi.org/10.1186/s12866-016-0864-7
https://doi.org/10.1016/j.aaf.2021.09.002
https://doi.org/10.1016/S0044-8486(01)00650-0
https://doi.org/10.1111/j.1472-76‑5X.2007.02258.x
https://doi.org/10.1111/1758-2229.12407
https://doi.org/10.1016/j.cimid.2007.04.002
https://doi.org/10.3389/fcimb.2019.00409
https://doi.org/10.1007/s00284-019-01859-6
https://doi.org/10.1056/NEJM199708283370902
https://doi.org/10.1128/jb.171.8.4202-4206.1989
https://doi.org/10.1016/j.aquaculture.2015.04.017
https://doi.org/10.1111/1751-7915.13323
https://doi.org/10.1242/jeb.198.2.273
https://doi.org/10.1186/s12864-021-07944-0

	Microbial community structure and functional characteristics across the mucosal surfaces of olive flounder (Paralichthys olivaceus)
	Introduction
	Materials and methods
	Sample collection
	Blood biochemical analysis
	DNA extraction and amplicon sequencing
	Data processing and general analysis

	Results
	Data summary
	Diversity analysis results
	Microbial community structure across body sites of olive flounder
	Heatmap analysis
	Predicted functional differences across three mucosal sites of olive flounder
	Differential microbial abundance across three mucosal sites of olive flounder
	Network analysis on the microbial community of olive flounder
	Microbial association with physiological markers
	Microbial associations with environmental factors

	Discussion
	Microbial structure and compositional characteristics across mucosal surfaces of olive flounder
	Environmental factors influencing microbial composition in olive flounder
	Inferring the distinct roles of microbial communities on the mucosal surfaces of olive flounder

	Conclusion

	References

