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Yellowfin seabream, Acanthopagrus latus, is one of the most important species in terms of stock enhancement in China. However, using metagenomic techniques to explore the feeding habits and stomach microbiome of yellowfin seabream is still rare. The objective of this work was to study the feeding habits and stomach microbiome of yellowfin sea bream from Daya Bay through metagenomic analysis of different weight classes (≤50, 50–100, and >100 g). Whole-metagenome shotgun sequencing and morphological observation were used to investigate the stomach contents. The dietary composition and the community composition of the stomach microbiome of A. latus were examined. In this study, 153 species were detected in the eukaryotic composition of the stomach contents of yellowfin sea bream. At the species level, Mytilus edulis was the only species identified by both metagenomic analysis and morphological observation. The proportion of fish and bivalves was over 98%, but the diet changed little with body size. Larimichthys crocea, Scophthalmus maximus, and Seriola dumerili were the most abundant species among all samples. In total, 285 species were identified in the stomach microbiome of yellowfin sea bream. Bacterium 2013Ark19i, bacterium 2013Arg42i and Acinetobacter baumannii, first reported in the stomach contents of yellowfin sea bream, were the most abundant species of the stomach microbiomes. There was no difference in the biodiversity of the stomach microbiomes among the different body sizes. Overall, the composition of the yellowfin sea bream diet mainly consists of fish and bivalves. The use of metagenomics techniques is a promising approach for assessing the feeding habits of yellowfin sea bream. The results derived from this study can provide important information for evaluating the feeding ecology of yellowfin sea bream in Daya Bay.
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INTRODUCTION

The feeding behavior of fish regulates the material and energy flow of the ecosystem and is also an important way to link ecological composition with ecological function. Related research in this area has focused on marine food webs (Hong et al., 2012; Xi et al., 2015). To assess the nutritional structure of fish communities and the trophic levels of each fish in a community, as well as the interaction between various trophic levels, a comprehensive and in-depth study of the food chain and the material cycle of the food net must first focus on the feeding habits of fish (Dou, 1992, 1996; Xi et al., 2015; Qin et al., 2020).

Identification of the stomach contents of fish is an important part of determining the feeding habits of fish and food web construction (Xi et al., 2015). At present, the main methods of food analysis include stomach content analysis, the stable isotope method, the indoor feeding method and the direct observation method (Hong et al., 2012; Xi et al., 2015; Mo et al., 2017b; Liu et al., 2020). Stomach content analysis is used to understand food information by morphologically identifying the food composition; however, a large amount of work is still needed, and quickly digested prey items cannot be detected (Xue et al., 2004; Xi et al., 2015). Compared to morphological identification, DNA-based assessment has a range of advantages: (a) higher specificity and sensitivity at which prey DNA can be detected and identified; (b) the ability to standardize the methodology; (c) the ability to verify the food and parasites detected via DNA sequences; and (d) the possibility of employing high-throughput analyses (Traugott et al., 2020). With the development of molecular technology and the reduction of costs, an increasing number of scholars have used metagenomic techniques to explore the feeding habits of fish (Barnett et al., 2010; Hong et al., 2012; Leray et al., 2013, 2015, 2019; Xi et al., 2017; Yoon et al., 2017; Lin et al., 2018; Kodama et al., 2020). Barnett et al. (2010) performed a genetic analysis on the stomach contents of the broadnose sevengill shark (Notorynchus cepedianus) and collected gastric content samples by gastric lavage, which not only protected the research subjects but also allowed analysis of the diet to produce a more accurate understanding. Leray et al. (2015) used the metabarcoding approach to initially understand the diet and function of coral-predatory fish that feed on small invertebrates. Kodama et al. (2020) explored the diet of Pacific bluefin tuna (Thunnus orientalis) juveniles in two nursery farms by combining 16S amplicon sequencing and morphological observation. However, there are still some challenges and limitations when using metagenomic techniques to study feeding habits. The first challenge is related to technical settings. To process a large number of samples, it is necessary to provide high-quality diagnostic laboratories, high-throughput technologies, and laboratory procedures. Standardized sample processing is also required to avoid variability caused by different sample processing (Xi et al., 2015, 2017; Traugott et al., 2020). In addition to technical issues, the lack of detailed information on the methods provided in molecular dietary studies is another challenge for wet and dry laboratory procedures, greatly hindering the comparability of data throughout the study, which constitutes a major flaw in the use of the rapidly growing nutritional information generated by DNA technology (Stephen et al., 2009; Traugott et al., 2020).

The gastrointestinal (GI) tract of animals is composed of a very complex and dynamic microbial ecosystem, which is very important from the perspective of nutrition, physiology and pathology (Nayak, 2010). The GI microbiotas exert a variety of functions in the host. They play an important role in the nutrition and health of the host by promoting nutrient supply, preventing the colonization of infectious agents, participating in energy homeostasis, and maintaining normal mucosal immunity (Nayak, 2010; Klára et al., 2016; Dabrowski et al., 2020; Lukiw, 2020). The gut microbes of fish are considered to have an important impact on the life activities of the host, and the dominant microorganisms are usually bacteria (Deng et al., 2019). The bacterial community in the gut of fish, especially the colonized inherent microflora, is an indispensable and important part of the host fish (Chen et al., 2018). The bacterial community plays an important role in improving the digestion, nutrient absorption efficiency and immune defense function of the host (Austin, 2006; Round and Mazmanian, 2009; Nayak, 2010; Wei et al., 2010). A considerable part of the bacteria in the fish GI tract comes from the surrounding water environment, soil or sediment and food eaten (Nayak, 2010). The structure and diversity of gut flora of the same fish species will also change due to different growth stages, water environment and feeding habits (McDonald et al., 2012; Wong and Rawls, 2012; Bolnick et al., 2014; Miyake et al., 2015; Chen H. et al., 2019). The structural composition of intestinal microbes of a host fish can reflect their nutritional health level, habitat and diet (Chen et al., 2018). Currently, an increasing number of scholars are using metagenomic technology to explore the relationship between fish feeding habits and intestinal microorganisms to provide basic theoretical knowledge for the study of fish feeding ecology (Ghanbari et al., 2015; Chen et al., 2018; Chen H. et al., 2019). The community composition may be different between segments of the GI tract in fish (Llewellyn et al., 2014; Egerton et al., 2018). It has been suggested that the autochthonous microbiota may be different, considering the differences in physiological environments between the different parts of the digestive tract (Clements et al., 2014; Egerton et al., 2018). The stomach is often omitted from gut microbial composition analyses (Egerton et al., 2018). However, there have also been some studies using culture-independent techniques to compare the microbial communities in different gut segments, including the stomach (Paula et al., 2011; Estruch et al., 2015).

The yellowfin sea bream Acanthopagrus latus is a warm-water bottom fish that lives in shallow waters. It commonly inhabits coastal waters and estuaries and prefers rocky areas. Generally, yellowfin sea bream does not travel long distances (Xu, 1983). It has strong adaptability, as it can live at a water temperatures of 4–35°C and adapt to rapid changes in salinity, living normally in freshwater, brackish water and sea water (Wang, 2012). It is widely distributed in the Red Sea, the Arabian Sea, India, Indonesia, North Korea, Japan, the Philippines, and the south-eastern coast of China (Xu, 1983). Yellowfin sea bream is considered a marine fish species of economic importance and the most important species for stock enhancement on the coast of Guangdong Province in China (Xu, 1983; Chen et al., 2015; Liu et al., 2019; Wang et al., 2019). Generally, A. latus attains maturity ca. 24.5 cm, and the maximum body length and weight of A. latus can reach 35.0 cm and 350 g (Li et al., 1985; Zhang et al., 1991; Platell et al., 2007; Shi et al., 2012).

Many scholars have studied the feeding habits of yellowfin sea bream via morphological observation. Zhang et al. (1991) reported that yellowfin sea bream mainly fed on Macrura, Lamellibranchia and fish in Xipu Bay in China. Platell et al. (2007) found yellowfin sea bream preferred to feed on mangrove material, crabs, small gastropods and mytilid Brachidontes ustulatus in Shark Bay in Western Australia. Some studies of the intestinal tract of yellowfin sea bream have been conducted through culture-based approaches and culture-independent techniques (Zhou et al., 1996; Wang et al., 2018; Lin et al., 2020). However, using metagenomic techniques to explore the feeding habits and the stomach microbiome of yellowfin sea bream is still rare.

The present study was conducted in Daya Bay, which is a semi-enclosed subtropical bay surrounded by mountains on three sides located north of the South China Sea and east of the Pearl River Estuary and includes a variety of natural habitats, such as coral reefs, mangroves, rocks and other reefs (Xu, 1989; Yu et al., 2015; Qin et al., 2019). Yellowfin sea bream is an important species for stock enhancement in Daya Bay; however, the recovery of resources is still not satisfactory, even though stock enhancement activities have been carried out many times (Liu et al., 2019; Wang et al., 2019).

This study aimed to detect whether the metagenomic technique is an effective approach to provide the first detailed information on the feeding habits and stomach microbiome of A. latus using a small number of specimens. The dietary composition and the community composition of the stomach microbiome of A. latus were examined. The results derived from this study can provide important information for evaluating the feeding ecology of yellowfin sea bream in Daya Bay.



MATERIALS AND METHODS


Stomach Content Sample Collection

Stomach content samples from nine yellowfin sea bream caught in gill nets were collected from Daya Bay, China (22°30′∼22°51′N, 114°30′∼114°50′E) in February 2019 (Figure 1). The stomach content samples were divided into three groups: small (S), medium (M), and large (L), i.e., ≤50, 50–100, and >100 g, according to the size fish from which they were derived (Table 1).


TABLE 1. The information on the collected fish individuals and the results of the morphological observation.
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FIGURE 1. The sampling station in Daya Bay.


The collected yellowfin sea bream were stored in an incubator filled with ice for refrigerated storage and then transported to the laboratory for analysis. Before the experiment, we sterilized the scalpels, tweezers, and scissors. At the same time, we used 75% alcohol to wipe the surface of the fish, as well as the desktop and instruments used in the experiment, to disinfect the fish and the experimental supplies. Under aseptic conditions, the yellowfin sea bream were dissected, and their stomachs were taken out and dissected for morphological observation. The bodyweights of yellowfin sea bream and the weights of the stomach content samples were recorded. After taking pictures, all the stomach contents were collected in sterile tubes and immediately placed in liquid nitrogen. The samples were stored in the laboratory at −80°C for further metagenomic shotgun sequencing analysis. Based on the data collected by demersal trawls of previous fishery resource surveys in Daya Bay in 2015, 2017, and 2018 (Mo et al., 2017a, b; Wang et al., 2019; Zeng et al., 2019; Xu et al., 2020), the biological resource species list was obtained for species identification through morphological observation (Supplementary Table 1). Animal studies were carried out in the South China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences. All experimental procedures were approved by the Laboratory Animal Welfare and Ethics Committee of South China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences (nhdf2020-02).



DNA Extraction, Library Preparation and Sequencing

Metagenomic DNA was extracted from the stomach content samples of A. latus using the E.Z.N.A.® stool DNA Kit (Omega Bio-Tek, Norcross, GA, United States) according to the manufacturer’s protocols. Metagenomic shotgun sequencing libraries were constructed and sequenced at Mingke Biotechnology Co., Ltd. (Hangzhou, China). In brief, for each sample, 1 μg of genomic DNA was sheared by a Covaris S220 focused-ultrasonicator (Woburn, MA, United States), and sequencing libraries were prepared with a fragment length of approximately 450 bp. All samples were sequenced in the Illumina HiSeq X instrument in paired-end 150 bp (PE150) mode. Raw sequence reads underwent quality trimming using Trimmomatic1 to remove adaptor contaminants and low-quality reads (Li and Zhu, 2009). The reads with low-quality data removed were called clean reads and used for further analysis.



Metagenomic de novo Assembly, Gene Prediction and Annotation and Sequence Analysis

Clean sequence reads were generated from a set of contigs of each sample using MegaHit2 with “–min-contig-len 500” parameters (Li et al., 2008). The open reading frames (ORFs) of assembled contigs were predicted using Prodigal (v2.6.3) (Qin et al., 2010), and all ORFs were generated with a set of unique genes after clustering using CD-HIT (parameters: -n 9 -c 0.95 -G 0 -M 0 -d 0 -aS 0.9 -r 1) (Li and Godzik, 2006). The longest sequence of each cluster was considered the representative sequence of each gene in the unique-gene set. To calculate the gene abundance within the total samples, salmon software (Tatusov et al., 2003) was applied to obtain the read number for each gene. Finally, the gene abundance was calculated using the following formulas:
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Ab(S) represents the gene abundance; Ab(U) represents the single-mapping read abundance; Ab(M) represents the multimapping read abundance; and l represents the length of the gene sequence (Li et al., 2008).

The unique-gene set was searched against the Non-Redundant Protein Sequence (NR) Database using Blastp (BLAST Version 2.2.28+, e-value = 1e-53), and the species annotation was obtained through the taxonomic information database corresponding to the NR database. All reads were classified into seven phylogenetic levels (domain, phylum, class, order, family, genus, and species) or unclassified. Then, we used custom Perl scripts to determine the abundance (TPM) of all samples (Hu et al., 2020). The abundance profile was constructed at the corresponding taxonomic level. The unique-gene set was searched against the KEGG database using Blastp to identify the proteins and retrieve their functional annotations (Kanehisa and Goto, 2000). Based on the KO results of nine samples, the specific functions and pathways of each sample were obtained using the pathway mapped by the annotated genes using the KEGG pathway database. Predicted genes were transformed to amino acid sequences to make comparisons with the carbohydrate-active enzymes (CAZy) database (Lombard et al., 2014) and eggNOG database (Jensen, 2008) using DIAMOND (Buchfink et al., 2014).

LEfSe analysis was conducted using the online tool LEfSe4 to identify communities or species of the stomach microbiome with significant differences among groups (Segata et al., 2011). Alpha diversity analysis was performed to investigate the compositional and functional variation in the microbial communities across samples using Quantitative Insights into Microbial Ecology (QIIME) software and visualized via the Shannon diversity index5. Based on the standardized Bray-Curtis dissimilarity matrix, principal coordinate analysis (PCoA) was conducted to compare community compositions among the samples. Permutational ANOVA (PERMANOVA) and one-way ANOVA were used to test whether the significant variation in the dietary compositions and microbial diversity and function were due to body weight. Statistically significant differences were established at P < 0.05.



RESULTS


Composition of the Yellowfin Sea Bream Diet


Stomach Content Analysis

In total, nine stomachs from Daya Bay were dissected, and the average body weight of yellowfin sea bream and wet weight of the stomach contents were 79.99 ± 37.20 and 1.18 ± 1.28 g, respectively. In this study, most of the stomach content samples were determined to have unidentified dietary compositions via morphological observation. At the species level, only Mytilus edulis was identified by morphological observation, and the partially digested food composition could not be identified. Unidentified fish, shellfish, shrimp and seaweed were considered to constitute the dietary compositions of the yellowfin sea bream diet (Table 1 and Supplementary Figures 1–6).



Whole-Metagenome Shotgun Sequencing Analysis

The analysis resulted in 64.4 Gb of raw sequencing data obtained via whole-metagenome shotgun sequencing. The raw sequencing data for all samples have been deposited to Sequence Read Archive6 under BioProject accession PRJNA663846.

In the study, in total, seven phyla were identified among all the eukaryotes of the stomach content samples. Based on the number of reads, all seven phyla were designated major phyla (Figure 2A). The PERANOVA results showed that there was no significant difference in the diet of yellowfin sea bream according to the size groups (P > 0.05).
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FIGURE 2. The relative abundance of the eukaryotic composition in the stomach content samples. (A) Relative abundance of the eukaryotic composition at the phylum level. (B) Relative abundance of the eukaryotic composition at the genus level.


The phyla, genera, or species that were most abundant in the samples were considered dominant. Among all nine samples, Chordata and Mollusca were the dominant phyla, accounting for over 98% of the stomach contents of A. latus. In groups S and M, Chordata was the most abundant phylum of all six samples, accounting for over 99%. In group L, Chordata was the most abundant phylum in all samples except sample L2, and Mollusca (75.79%) was the most abundant phylum in sample L2. The relative abundance of Chordata decreased and that of Mollusca increased significantly in group L compared with groups S and M.

At the genera level, Larimichthys, Scophthalmus, Seriola, and Oreochromis were the predominant genera in all nine samples. Ruditapes, Nucula, and Larimichthys were the predominant genera in sample L2 (Figure 2B).

The PCoA based on Bray-Curtis distances revealed the difference in the composition of the yellowfin sea bream stomach contents among the nine fish samples, but this difference was not statistically significant (R2 = 0.26185, P = 0.074). At the species level, PC1 explained 98.44% of the total variance, whereas PC2 explained 1.38% (Figure 3A). In this study, sample L2 was distinctly separated from the cluster of the other 8 samples.


[image: image]

FIGURE 3. PCoA plot of Bray-Curtis distances between samples. (A) Eukaryotic composition of the yellowfin sea bream stomach contents. (B) Microbiome of the yellowfin sea bream stomach contents.


In this study, the dietary composition data from the sampled stomach contents were obtained via morphological identification and whole-metagenome shotgun sequencing. At the species level, 153 species were identified. Larimichthys crocea, Scophthalmus maximus, Seriola dumerili, Paralichthys olivaceus, Oreochromis niloticus, and Pagrus major were the predominant species among all nine samples (Supplementary Table 2). The main potential components of the yellowfin sea bream diet in Daya Bay were identified (Table 2). Fish, shellfish, shrimp, cephalopods and algae were the main components of the yellowfin sea bream diet. Animals accounted for a large proportion of the dietary composition. Yellowfin sea bream mainly fed on animals and rarely fed on plants.


TABLE 2. The main potential dietary compositions of yellowfin sea bream in Daya Bay.
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Taxonomic Characterization of the Stomach Microbiome of Yellowfin Sea Bream

Whole genes from the stomach content samples were sequenced to study the bacterial community structure in the stomach contents of wild-caught A. latus.

In total, 20 phyla were identified via whole-metagenome shotgun sequencing of the stomach microbiota from these yellowfin sea bream.

Bacteria_norank (40.94%), Proteobacteria (34.55%), Firmicutes (18.37%), Chlamydiae (2.52%), Bacteroidetes (1.47%), and Actinobacteria (0.66%) were the main components of the stomach microbiome of the yellowfin sea bream in all samples, and the compositions showed differences, with increased Bacteria_norank and reduced Proteobacteria and Firmicutes levels in group M compared to those in group S and group L. Proteobacteria and Actinobacteria levels increased, and Bacteria_norank and Firmicutes levels decreased in group L compared to those in group S and group M (Figure 4A).
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FIGURE 4. Relative abundance of the microbiota in the stomach content samples. (A) Relative abundance of the microbiota at the phylum level. (B) Relative abundance of the microbiomes at the genus level.


At the genus level, in total, 174 genera were identified. Bacteria_norank (40.94%), Epulopiscium (10.64%), Acinetobacter (10.00%), Gammaproteobacteria_norank (6.14%), Thalassococcus (3.00%), and Chlamydia (2.52%) were the predominant genera identified in next-generation sequencing of the stomach microbiota of the yellowfin sea bream. A total of two genera showed statistically significant differences among the three groups, i.e., Enterobacter and Pasteurella. The microbial composition changes in group S and group L compared to those in group M were as follows: Bacteria_norank and Wallemia decreased, and Brochothrix, Syntrophococcus, and Acetomicrobium increased (Figure 4B).

The phyla, genera, or species that were most abundant in the stomach microbiomes of all samples were considered dominant. At the species level, in total, 285 species were identified (Supplementary Table 3). Bacterium 2013Ark19i (Bacteria_norank) (25.39%), bacterium 2013Arg42i (Bacteria no_rank) (15.27%), Acinetobacter baumannii (9.79%), Epulopiscium sp. SCG-C07WGA-EpuloA2 (4.37%), Thalassococcus sp. WRAS1 (3.00%), and Solemya velum gill symbiont (2.83%) were the predominant species identified via whole-metagenome shotgun sequencing of the microbes from the yellowfin sea bream. A total of four species showed statistically significant differences among the three groups, i.e., Enterobacter cloacae, Enterococcus hirae, Pasteurella multocida, and Epulopiscium sp. AS2M-Bin002.

In group S, bacterium 2013Ark19i (17.53%), bacterium 2013Arg42i (16.38%), Acinetobacter baumannii (12.00%), Staphylococcus aureus (5.67%), and Epulopiscium sp. SCG-C07WGA-EpuloA2 (5.34%) were the dominant species. In group M, bacterium 2013Ark19i (40.90%), bacterium 2013Arg42i (18.45%), Acinetobacter baumannii (8.80%), Epulopiscium sp. SCG-C07WGA-EpuloA2 (4.17%) and Thalassococcus sp. WRAS1 (3.68%) were the dominant species. In group L, bacterium 2013Ark19i (12.41%), Solemya velum gill symbiont (9.99%), bacterium 2013Arg42i (9.40%), Bathymodiolus platifrons methanotrophic gill (8.73%), and Acinetobacter baumannii (8.61%) were the dominant species.

Interestingly, bacterium 2013Ark19i (27.78%), bacterium 2013Arg42i (16.69%), and Acinetobacter baumannii (10.46%) were the dominant species among the other eight samples, whereas the relative abundances of bacterium 2013Ark19i, bacterium 2013Arg42i and Acinetobacter baumannii accounted for 0.07, 0.19, and 2.73%, respectively, of sample L2. In sample L2, Solemya velum gill symbiont (18.79%), Bathymodiolus platifrons methanotrophic gill symbiont (10.62%), and Solemya pervernicosa gill symbiont (8.56%) were the dominant species.

The variation in the relative abundance of the top 50 species is shown by a heat map (Figure 5). Thirty-five species were significantly increased, and fifteen species were significantly decreased in the other eight samples compared with those in sample L2. Seven species were significantly increased in samples M1 and M2 compared with the remaining samples.
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FIGURE 5. Heat map of the cluster analysis of the top 50 species in terms of relative abundance among the three groups.


The PERMANOVA results showed that there was no significant difference in the stomach microbiota of yellowfin sea bream among the three groups (P > 0.05).

The bacterial alpha diversity based on the Shannon index indicated that the diversity of the stomach microbiome in the stomach of group L was higher than that in the stomach of group S and group M. There was no significant difference in the biodiversity indices among the size groups (P = 0.05) (Figure 6).
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FIGURE 6. Shannon diversity index for yellowfin sea bream at the species level. * means P < 0.05, ** means P < 0.01, and *** means P < 0.001.


Principal coordinate analysis was used to compare the similarity in the microbial community compositions of nine specimens (Figure 3B). A scatter plot based on the PCoA scores showed the differences in the community composition among nine samples with different dietary compositions, but the differences were not statistically significant (R2 = 0.37728, P = 0.089). Sample L2 was distinctly separated from the cluster of the M1 and M2 samples, whereas other samples were clustered into one group. At the species level, PC1 explained 65.67% of the total variance, whereas PC2 explained 20.59% of the total variance.

In the study, we used linear discriminant analyses to identify the taxonomic biomarkers of the microbiomes of yellowfin sea bream among the three groups. The order Lactobacillales and the genera Pasteurella, Enterobacter, and Burkholderia were significantly different among the three groups. Within the phylum Firmicutes, the order Lactobacillales was abundant in group S. Within the phylum Proteobacteria, the genus Pasteurella was abundant in group S, the genus Enterobacter was abundant in group M, and the genus Burkholderia was abundant in group L (Figure 7).
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FIGURE 7. Differentially abundant taxa identified among samples of three sizes by linear discriminant analysis coupled with effect size (LEfSe) (LDA score > 2.0, P < 0.05). S, M, and L represent sizes. Blue box: enriched in S samples, green box: enriched in M samples, and red box: enriched in L samples.




Functional Characterization of the Stomach Microbiome of Yellowfin Sea Bream

Based on the KEGG pathway database, at level 2, global and overview mapping (22.65%), carbohydrate metabolism (6.39%), signal transduction (6.33%), immune system (5.51%), and amino acid metabolism (5.44%) were the predominant functions of the stomach microbiota of yellowfin sea bream identified via next-generation sequencing. The metabolism of other amino acids, signaling molecules and interactions, and the immune system were statistically significant among the three groups (P < 0.05).

The functional abundance changes in the three groups of yellowfin sea bream were as follows. Signal transduction, immune system, and infectious diseases from bacteria decreased, and global and overview mapping, carbohydrate metabolism, amino acid metabolism, and energy metabolism significantly increased in group L compared with group S and group M (Figure 8).
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FIGURE 8. Comparison between the enriched KO markers at level 2 of the KEGG functional category for yellowfin sea bream. * means P < 0.05 and ** means P < 0.01.


At level 3, metabolic pathways (8.33%), biosynthesis of secondary metabolites (3.52%), microbial metabolism in diverse environments (3.50%), biosynthesis of antibiotics (2.48%), and regulation of actin cytoskeleton (2.15%) were the predominant functions identified.

Regarding general function prediction only, GO annotation of the unigenes obtained from sequencing revealed that replication, recombination and repair; posttranslational modification; protein turnover; chaperones; amino acid transport and metabolism; energy production and conversion; and carbohydrate transport and metabolism were the predominant gene functions in the stomach microbiota of yellowfin sea bream.

Based on the CAZy database, the main enzymes of the stomach microbiota of yellowfin sea bream were glycoside hydrolases (GHs), carbohydrate-binding molecules (CBMs), glycosyl transferases (GTs), and carbohydrate esterases (CEs).

Interestingly, 249 KO, 789 NOG, 76 COG, and five CAZy (family) showed statistically significant differences among the three groups. The variation tendencies in the relative abundances of the top 50 KO are shown in a heat map (Figure 9). Thirty-one KOs significantly increased, and 29 KOs significantly decreased in group L compared with those in groups S and M. Twenty-seven KOs significantly increased, and 23 KOs significantly decreased in the remaining eight samples compared with those in sample L2. Purine metabolism (K08041), vitamin digestion and absorption (K14619) and metabolic pathways (K05304) were the highest relatively abundant KOs associated with the stomach microbiota in yellowfin sea bream.
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FIGURE 9. Heat map of clustering analysis of the top 50 KO in terms of relative abundance among the three groups. Red represents the species and KO with higher abundance in the corresponding sample, and green represents the species and KO with lower abundance.




DISCUSSION


Is Metagenomic Analysis an Effective Way to Analyze Fish Food Habits?

In this study, morphological observation revealed unidentified dietary compositions for most of the stomach content samples. Fish, shellfish, shrimp and algae were identified as the main components of the yellowfin sea bream diet by morphological observation. However, at the species level, only Mytilus edulis was identified by both morphological identification and metagenomic whole-genome sequencing, and partially digested food could not be identified by morphological observation.

Metagenomic whole-genome sequencing technology was used to identify unidentifiable chyme. In total, 153 species were identified, which not only increased the dietary information about yellowfin seabream but also deepened the understanding of the resource situation in the sampled sea area, which is conducive to providing constructive suggestions for resource conservation and the proliferation of yellowfin sea bream in the future.

With a small number of specimens, in addition to Mytilus edulis, 152 new species were detected from the unidentifiable chyme through metagenomic whole-genome sequencing, outlining the diversity of the diet of yellowfin sea bream. Morphological identification is considered one of the traditional methods by which to explore the feeding habits but, still requires a large amount of work by skilled researchers, and a large number of samples and quickly digested prey items may not be identified (Xue et al., 2004; Xi et al., 2015). It is worth noting that all 153 detected species may not all be the prey of yellowfin sea bream. The food DNA detected in the dietary samples can either come directly from the food eaten by the consumer, the so-called primary prey, or stem from secondary prey, i.e., the food DNA contained in the diet of the primary prey (Sheppard et al., 2005; Traugott et al., 2020). As yellowfin sea bream take the prey into the stomach, the prey may bring the genetic material present in environmental samples, which is called environmental DNA (eDNA) (Taberlet et al., 2012; Bohmann et al., 2014; Barnes and Turner, 2015; Ficetola et al., 2016). eDNA may be obtained from the skin, mucous, blood, saliva, sperm, secretions, urine, eggs, roots, leaves, fruit, pollen, feces, and rotting bodies of larger organisms, and the microorganisms may be entirely obtained (Barnes and Turner, 2015; Ruppert et al., 2019). In the results of the identified species in the stomach contents of yellowfin sea bream, there are many species with extremely low abundance, e.g., seaweed (Supplementary Table 2). The tiny amounts of the seaweed detected in the stomach content may be considered eDNA from the environment (Ruppert et al., 2019; Traugott et al., 2020). The particularly broad diets of fish might be fraught with the problem of mixing eDNA and prey DNA, providing methodologically inflated food spectra (Traugott et al., 2020). Thus, dietary studies based on stomach samples of aquatic species should consider the interference of secondary predation and environmental contamination. If there is the possibility to have enough information on predators and their prey species within the examined food web, compiling the results twice – once excluding all potential secondary prey species and once including all prey detections – could be a practical solution (Traugott et al., 2020). Future studies would benefit from a consistent approach to this problem.

This article also explored the structure and diversity of the microbial flora of the stomach of yellowfin sea bream to improve information on the feeding habits of yellowfin sea bream. Abundant basic data on the microbial community of yellowfin sea bream were obtained using culture-independent techniques. The diet of the yellowfin sea bream mainly consisted of fish, bivalves and a tiny amount of seaweed. In the study, most of the identified genera in Proteobacteria, Firmicutes, and Bacteroidetes can produce proteinases, fatty acid enzymes, and chitinases that can help yellowfin sea bream digest prey (Zhou et al., 1996; Wu et al., 2015; Gong et al., 2017; Wu, 2017). In addition, pathogens, i.e., bacterium 2013Ark19i, bacterium 2013Arg42i and Acinetobacter baumannii, existed in the stomach of yellowfin sea bream and were the most abundant species. These pathogens were not reported in the previous studies of yellowfin sea bream (Xia et al., 2008; Seth-Smith et al., 2016).

Therefore, metagenomic sequencing analysis can be considered an effective method for analyzing the feeding habitats and stomach microbiomes of fish. The combination of metagenomic sequencing technology and other methods can provide technical support for better exploration of the dietary ecology of fish and enrich the theoretical basis of research on dietary ecology.

However, it is undeniable that there are some shortcomings in the use of metagenomic sequencing. For example, the use of DNA barcoding technology needs to be able to amplify the sequence information of the chyme without restriction of the identification object and assist in more accurate food analysis, a relatively complete database must be established in advance to meet the requirements of later comparative analysis. In addition, DNA barcoding technology can meet the requirements of only qualitative identification and cannot achieve quantitative analysis. Therefore, it is necessary to carry out quantitative analysis by morphological observation with a large number of specimens to obtain a more complete dietary analysis result. During the experiment, different primers need to be designed for different target genes when identifying different species. There may be genetic contamination or self-DNA interference (Leray et al., 2013), requiring the better design of primers. There are still errors in the use of high-throughput sequencing methods. On the other hand, the increasing detail of high-throughput sequencing and the increasing data output make it difficult for existing algorithms to fully utilize such a large amount of data (Wu et al., 2015).



Composition of the Yellowfin Sea Bream Diet in Daya Bay

In the present study, yellowfin sea breams in Daya Bay were partial to feeding on animal diets and only tiny amounts of benthic algae. The yellowfin sea bream diet mainly consisted of fish and bivalves.

The selectivity of fish for prey is mainly related to the types and numbers of feeders in the habitat (Hong et al., 2012). Daya Bay is rich in biological resources and diverse habitats (Qin et al., 2019). It is a spawning, feeding and rearing place for many economic fisheries with good biodiversity protection (Wang et al., 2019). Therefore, Daya Bay can provide a suitable habitat and rich fish prey for yellowfin sea bream to meet the needs of growth and development.

The PCoA based on Bray-Curtis distances revealed that there was no statistically significant difference in dietary composition for the nine yellowfin sea breams. In this study, sample L2 was distinctly separated from the cluster of the other eight samples—the volumetric contribution of bivalves to the diet of A. latus increased markedly, while that of fish clearly decreased. This may have been because yellowfin sea bream is highly opportunistic and depends on food availability in nature and selectivity (Platell et al., 2007; El-Naggar et al., 2019). Thus, there may have been abundant bivalves in the habitat of sample L2, while there were more abundant fish in the habitats of the other eight samples. In addition, as the samples were collected in the same season, the feeding habits of yellowfin sea bream may be relatively more affected by habitat (Platell et al., 2007). However, the study did not examine the feeding habits of yellowfin sea bream originating from different geographical areas and seasons. Related research will be conducted in the future. The feeding habits of yellowfin sea bream in Daya Bay are different from those in other areas. The prey of yellowfin sea bream in Xipu Bay, Fujian, China, mainly consists of Macrura and Lamellibranchia, followed by fish, benthic amphipods, posterior gills, polychaetes and benthic algae (Zhang et al., 1991). In Shark Bay in Western Australia, yellowfin sea bream predominantly feed on mangrove material, crabs and small gastropods in mangrove habitats and mainly feed on the mytilid Brachidontes ustulatus in rocky areas (Platell et al., 2007). The feeding habits of fish are affected by many factors, such as habitat, season, and size. In this study, the proportion of bivalves significantly increased, and the proportion of fish significantly decreased in group L compared with groups S and M, but there was no significant difference in the composition of the yellowfin sea bream diet at different body weights; thus, it is speculated that body weight may have no significant effect on their feeding habits. In the study of Platell et al. (2007), it was found that the feeding habits of yellowfin sea bream were not related to their body length but were more affected by habitat and season. In contrast, Sebastiscus marmoratus (<10, 10.0–13.9, and 14.0 cm length classes), Pagrus auratus, Pseudocaranx georgianus (<20, 20.0–40.0, and 40.0 cm length classes), and Acanthopagrus schlegelii (0.6–1.0, 1.1–1.5, 1.6–2.0, 2.1–2.5, 2.6–3.0, and 3.1–3.5 cm length classes) showed significant size-related dietary changes (Sarre et al., 2000; Nip et al., 2003; French et al., 2012; Wang K. et al., 2017). Larimichthys crocea, Scophthalmus maximus, Seriola dumerili, and Paralichthys olivaceus were the most abundant species identified in the stomach contents of yellowfin sea beam. These species were mostly abundant in the stomach contents of yellowfin sea bream and appeared more frequently. However, they were not abundant in the data from previous fishery resource surveys in this area due to the restriction from the gear selectivity and fishing methods, which are easily ignored in fishery resource investigations (Mo et al., 2017a, b; Wang et al., 2019; Zeng et al., 2019; Xu et al., 2020). Therefore, the species of food obtained in this study were more diverse, and fish was the main food component.

Larimichthys crocea was the dominant species in the bream diet in this study. They are seasonal migratory species that have multiple populations in China. After the autumn flood, fish schools enter the coast of Guangdong from the southern coast of Fujian and migrate from northeast to southwest. The fish reach the Raoping Offshore and the south-western coast of Nan’ao Island in September, appear in Shenquan and Jiazi in October, reach Shanwei in November, and arrive near Pinghai and Aotou Island (inside and outside of Daya Bay) in December. They begin to migrate to the sea in January (Qian, 2014). In Daya Bay, the large yellow croaker Larimichthys crocea spawn mainly in autumn (Zhang et al., 2011; Zheng et al., 2013), and the breeding period of yellowfin sea bream is from October to February of the following year (Zhang et al., 1991; Li and Ou, 2000; Shi et al., 2012). The seasonally migratory Larimichthys crocea provides seasonal food for yellowfin sea bream. During this period, the yellowfin sea bream is breeding, and the demand for food also increases. The sampling for this study occurred in February, and the collected yellowfin sea bream were all juveniles. The fry of the large yellow croaker hatched in autumn can provide seasonal food for the juveniles of yellowfin sea bream. Therefore, the large yellow croaker Larimichthys crocea is the most important prey species for yellowfin sea bream in this period.

In addition to feeding on fish, the yellowfin sea bream also fed on a large number of bivalves, mainly Ruditapes philippinarum, Nucula nucleus, Nucula sp. AL-2008 and Mytilus edulis. The A. latus individuals captured in this study were juveniles, and the structures of their digestive tracts were similar to those of adult fish (Platell et al., 2007; Wang, 2012). As the structure of its digestive organs adapts to its feeding habits, yellowfin sea bream can ingest hard or indigestible food that can be ground and digested in the stomach (Wang, 2012). In addition, a cannibalistic phenomenon of A. latus has been reported in previous studies (Xu, 1983; Shi et al., 2012), and in this study, DNA of yellowfin sea bream was detected (Supplementary Table 2). Therefore, there was no genetic contamination or self-DNA interference in this study (Leray et al., 2013).



Composition and Functional Structures of the Stomach Microbiome of Yellowfin Sea Bream

The intestinal microflora structure of aquatic animals is greatly influenced by the water quality and food (Li et al., 2017). The phylum Proteobacteria, in addition to Bacteroidetes and Firmicutes, comprise 90% of the intestinal microbiota of different marine fish species studied up to now (Ghanbari et al., 2015; Egerton et al., 2018).

In this study, Bacteria_norank (40.94%), Proteobacteria (34.55%), and Firmicutes (18.37%) were the dominant phyla of the stomach microbial composition of the yellowfin sea bream, which is consistent with the study of the intestinal microbial community of yellowfin seabream in Zhuhai, Guangdong Province (Lin et al., 2020). The dominant phyla and the contents of the microbial composition of the stomach of yellowfin sea bream were slightly different from the congeneric species black seabream, Acanthopagrus schlegelii, which prefer similar habitats and feeding habits to those of yellowfin sea bream (Chen D. et al., 2019; Deng et al., 2019). Firmicutes (57.3%), Proteobacteria (36.3%), Actinobacteria (2.4%) are the main phyla in black seabream Acanthopagrus schlegelii. Among them, the relatively abundant Firmicutes mainly includes 52.1% Bacilli and 5.1% Clostridia, and Proteobacteria mainly includes 26.3% Gammaproteobacteria and 5.6% Alphaproteobacteria (Deng et al., 2019).

Most of the genera in Proteobacteria, Firmicutes, and Bacteroidetes can produce proteinases and fatty acid enzymes (Wu, 2017). In this study, a large number of Proteobacteria, Firmicutes and Bacteroidetes existed, which can meet the digestion and absorption requirements of yellowfin sea bream. Most genera of Firmicutes and Bacteroidetes can produce enzymes that degrade plant cell walls and participate in the degradation and digestion of plant cell walls, enabling yellowfin sea bream to digest benthic algae (Wu et al., 2015). In addition, there are a large number of chitinase-producing microorganisms, such as Clostridium sp., Bacillus sp., Enterobacter sp., Aeromonas liquefaciens and Vibrio, in the stomach microflora of A. latus that can provide favorable conditions for A. latus to better digest the hard shell of shellfish (Zhou et al., 1996; Gong et al., 2017).

Ghanbari et al. (2015) used metagenomics to study the gut microbes of filter-feeding fish and compared them to the gut microbes of other fish-feeding fish. They found that filter-feeding fish and omnivorous fish have the highest types and number of intestinal flora and the most abundant structural compositions. In the gut of filter-feeding fish and omnivorous fish, there was not only the core microflora of Proteobacteria, Fusobacteria, and Firmicutes but also Actinobacteria and Cyanobacteria, which were rare in the gut of carnivorous and phytophagous fishes. This may be related to the fact that filter-feeding omnivorous fish can not only feed on common plant-insect larvae but can also filter individual tiny zooplankton, organic debris, bacterial aggregates, etc., greatly expanding the species on which they feed; thus, complex intestinal microorganisms are needed for decomposition and absorption (Zhai and Guo, 2016).

A large number of intestinal florae are distributed in the intestines of animals. After long-term evolution, these intestinal florae are closely related to the health and nutrition absorption of the host (Zhao and Tan, 2001; Li et al., 2017). Intestinal flora is affected by various factors, such as the host diet, genotype, age, disease, probiotics, drugs and living environment, which is a dynamic balance (Zheng et al., 2014; Li et al., 2017). According to the relationship with the host, the microbial flora in the intestinal tract of animals can be divided into three categories: commensal microbiota, pathogenic bacteria and opportunistic pathogenic bacteria. In general, the number of opportunistic pathogens is the highest, followed by that of commensal microbiota, and the number of pathogenic bacteria is the lowest (Zhou et al., 1996; Li et al., 2017). Environmental pressures, such as pollution, hypoxia, and sudden changes in temperature, can damage the immune system, causing pathogens to invade and change the intestinal microbial composition of the host (Chen et al., 2018).

In this study, a large number of pathogens identified in fish, such as bacterium 2013Ark19i (Bacteria_norank) (25.39%), bacterium 2013Arg42i (Bacteria no_rank) (15.27%), and Acinetobacter baumannii (9.79%) (Xia et al., 2008; Seth-Smith et al., 2016; Behera et al., 2017), existed in the stomach of yellowfin sea bream, and there were also many pathogenic microorganisms that affected fish health, such as Flavobacterium, Aeromonas, and Pseudomonas (Chen et al., 2018). However, the pathogenic bacteria reported in the intestinal tract of yellowfin sea bream, such as Streptococcus iniae, and Vibrio harveyi (Zhou et al., 1996; Wang et al., 2018), were not found in the stomach of yellowfin sea bream. Therefore, it is necessary to pay attention to the prevention and control of pathogenic diseases in the future in the process of seed selection, aquaculture and stock enhancement of yellowfin sea bream. The bacterial alpha diversity based on the Shannon index indicated that the biodiversity of the microbiota in the stomachs of group L was higher than that in the stomachs of group S and group M. There was no significant difference in the biodiversity indices between the fish samples (Figure 6). In group S and group M, bacterium 2013Ark19i, bacterium 2013Arg42i and Acinetobacter baumannii were the most abundant pathogens, while in group L, due to the ingestion of more bivalves, symbiotic bacteria such as Solemya velum gill symbiont, Bathymodiolus platifrons methanotrophic gill symbiont and Solemya pervernicosa gill symbiont, were obtained, reducing the abundance of pathogens and significantly increasing the bacterial diversity (Koito et al., 2010; Boutin et al., 2013; Dmytrenko et al., 2014; Reshma et al., 2018). Therefore, transient food may influence the structure of the microbial community of A. latus (Egerton et al., 2018; Reshma et al., 2018; Esmaeili et al., 2019).

Lactobacillales are common probiotics that can inhibit the growth of pathogenic bacteria by producing antibacterial substances such as organic acids, hydrogen peroxide and bacteriocin to strengthen the barrier function of host intestinal microorganisms and indirectly improve host non-specific immunity, thereby improving the health level and resistance (Wang T. et al., 2017). Enterobacter is a common pathogen in the gastrointestinal tract of marine fish that can produce cellulase and chitinase (Wang et al., 2014; Gong et al., 2017). Some bacteria of Burkholderia can produce a variety of metabolites with antibacterial activity, which have the functions of biological control, promoting plant growth and bioremediation (Gitaitis and Nischwitz, 2006). Lactobacillales and Pasteurella were significantly abundant in group S. Enterobacter was significantly abundant in group M, and Burkholderia was significantly abundant in group L (Figure 7).

In this experiment, there was no significant difference in the microbial community of A. latus with different body weights, which may have been due to the maturity level of the body and the gradual improvement in digestive function. In addition, the microbial population of fish gradually become enriched and stabilize (Palmer et al., 2007; Koenig et al., 2011; Wu et al., 2015). As the yellowfin sea bream samples captured in this study were at the same developmental stage and the stomach microbial community was relatively stable, the specifications had little effect on the microbial community of yellowfin sea bream (Platell et al., 2007; Wang, 2012; Zheng et al., 2013; Wu et al., 2015).

Principal coordinate analysis revealed individual fish variations in the stomach microbiome (Figure 3B). These variations may be attributable to the transient environmental effects (Sullam et al., 2012) or diet (Smith et al., 2015), although transient environmental effects were not examined in this study due to the wild-caught nature of the host and the similarity in the environmental variables between sampling sites of the present study. However, host genetics are also known to play a role in shaping the microbiota structure (Smith et al., 2015), and as a result, high variability between individuals is not uncommon in fish microbiota studies (Fjellheim et al., 2012; Larsen et al., 2015; Reshma et al., 2018). Sample L2 was separated from the left eight samples in the dietary composition. Furthermore, this fish also differed in its stomach microbial composition, separating it from the other samples on the PCoA plots. The results of the stomach microbiome should be treated with caution. The study used stomach contents for analysis, which are likely to be influenced by transient foods (Traugott et al., 2020).

Additionally, gut microbial communities have been demonstrated to play a large role in maintaining host health by increasing the digestion efficiency, boosting the immune system, and preventing the attachment and proliferation of opportunistic pathogens (Pérez et al., 2010). At the functional level, the functional structures of the stomach microbiomes of yellowfin sea bream among the three groups were significantly different. Signal transduction, immune system, and infectious diseases from bacteria significantly decreased, and global and overview mapping, carbohydrate metabolism, amino acid metabolism, and energy metabolism were increased in group L compared with group S and group M (Figure 8). Specifically, high relatively abundant KOs associated with the stomach microbiome of sample L2 compared with that of the left samples were as follows: dynein heavy chain, axonemal (K10408), alkaline phosphatase (K01077), trimethylamine monooxygenase (K18277), uridine monophosphate synthetase (K13421), and retinal dehydrogenase (K07249) were significantly increased, and myosin heavy chain (K10352), ankyrin (K10380) and cytochrome c oxidase subunit 2 (K02261) significantly decreased. These findings suggest that different dietary compositions may impact the composition and functional structures of the stomach microbiomes in yellowfin sea bream to a certain extent. However, we could not further explore the relationship between feeding habits and the stomach microbiome due to the characteristics of the samples, which were caught in a natural environment that was so complex and dynamic that we could not control the conditions. Therefore, related studies are needed to improve the experimental results.
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S2 114 38.4 0.4724 *chyme

S3 17 50.3 0.8988 *chyme unidentified
shrimps

M1 136 75.3 0.5043 *chyme unidentified
seaweed

M2 140 80.2 0.636 *chyme unidentified
shellfish

M3 152 90.6 0.8395 *chyme unidentified
shrimps

L1 160 1141 1.1023 *chyme Mytilus edulis

L2 147 116.3 4.4191 *chyme unidentified
shrimps

L3 156 132.2 16519 *chyme unidentified fish

*Chyme is undigested stomach content, usually including muscle tissue, bones,
and shells of unidentified fish, shellfish, and shrimp, as well as food mass with a
shape similar to that of a fluid.
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Algae
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Larimichthys crocea
Scophthalmus maximus
Seriola dumerili
Paralichthys olivaceus
Oreochromis niloticus
Pagrus major

Penaeus monodon
Amphioctopus fangsiao
Octopus vulgaris
Ruditapes philippinarum
Nucula nucleus

Nucula sp. AL-2008
Septifer virgatus

Mytilus edulis

Actaea vaginata
Actaea simplex

Relative abundance (%)

69.67
11.83
9.52
3.33
g2
0.74
<0.01
<0.01
<0.01
0.17
0.03
0.02
0.01
0.01
0.01
<0.01

>098.46
98.21

<0.01
<0.01

0.24

0.01

Sample Identification method
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The above species were the most abundant in each category of all the samples. More specific data can be found in the Supplementary Table 2.





