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Sthenoteuthis oualaniensis (purpleback squid) is an excellent biological resource in the South China Sea. However, the microbiological characteristics of this South China Sea squid, especially those of the medium-form of different sexes and gonadal maturities, are poorly understood. In this study, the characteristics of the bacterial community in the intestinal and gill tissues of female and male S. oualaniensis with different gonadal maturities, collected from the Nansha Sea of China in spring 2020, were analyzed. The results showed that Tenericutes, Proteobacteria, Firmicutes, and Bacteroidetes were the dominant phyla in the intestinal microbial samples of female immature gonad (FN), male immature gonad (MN), and male sexual maturity (MY) samples of the S. oualaniensis populations. Proteobacteria, Firmicutes, Bacteroidetes, and Tenericutes were the dominant phyla in the intestinal microbial sample of the female sexual maturity (FY) group. The microbial community in the gills differed from that of the intestinal flora. The dominant phyla in the gill samples were Proteobacteria, Firmicutes, and Bacteroidetes, regardless of sex or gonadal maturity. According to the random forest analysis, the gill samples had significantly (p<0.001) more Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in the top 20 than the intestinal samples. Correlation analysis showed that the mantle length of S. oualaniensis was significantly (p<0.05) negatively correlated with the abundance of Tenericutes, but significantly (p<0.01) positively correlated with Firmicutes and Bacteroidetes. The mantle length of FY was significantly (p<0.05) longer than that of the other types. The results indicated that the differences in the intestinal bacterial community were related to the growth and feeding characteristics of S. oualaniensis of different sexes and maturities.
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Introduction

Sthenoteuthis oualaniensis (Lesson, 1830) is a warm-water oceanic cephalopod belonging to the class Cephalopoda, order Oegopsida, and family Ommastrephidae (Dong, 1988). It is mainly distributed in the subtropical and equatorial waters of the Indian and Pacific Oceans. It is most abundant in the South China Sea and northwestern Indian Ocean (Zhang P et al., 2015). Squid from the South China Sea, commonly known as deep-sea red squid, are one of the most promising biological resources in the South China Sea because of their abundance and short life cycle (Zhang et al., 2010). Sthenoteuthis oualaniensis individuals were divided into three categories, namely medium-form population, dwarf-form population, and X3-form population, based on characteristics such as mantle length, dorsal photophore, and statolith morphology (Jiang et al., 2015). Among them, medium-form populations are one of the main squid groups from the South China Sea (Zhang P et al., 2015). At present, research on S. oualaniensis has mainly focused on resource assessment (Chen et al., 2013; Zhang J et al., 2015), growth and feeding (Gong et al., 2018), morphological variations and discrimination (Zhu et al., 2019), genetic diversity (Li M et al., 2019), and nutritional processing (Huang et al., 2020). There have been few reports on the symbiotic relationships of this squid with microorganisms.

Intestinal microbes are an essential part of the digestive system of invertebrates. Research on the composition and determining factors of invertebrate intestinal microbiota, such as that of cephalopods, is essential for understanding their symbiotic mechanism (Kang et al., 2022). In general, invertebrate microbial communities are relatively simple (Webster et al., 2010). Although invertebrates are often exposed to a large number of microorganisms in their habitats, only a few species of bacteria are found in their digestive tracts (Kang et al., 2022). The gill is an essential organ for gaseous exchange. The microbial composition of invertebrate intestines and gills varies with the changes in several factors, such as feeding habits, bait, and various environmental factors (Jin et al., 2017; Duan et al., 2020). However, little is known about the microbiomes of invertebrates, particularly that of S. oualaniensis. Environmental microbes, water salinity, water temperature, bait, drugs, different physiological conditions, and different developmental phases affect the microbial community, especially the microbial species diversity (Wang et al., 2018; Li Y M et al., 2019; Sun et al., 2022).

The microbiological characteristics of the South China Sea squid, particularly those of the medium form of different sexes and gonadal maturities, are poorly understood. Therefore, we aimed to analyze the characteristics of the bacterial community in the intestinal and gill tissues of females and males with different gonadal maturities in medium-form populations of S. oualaniensis collected from the Nansha Sea of China in the spring of 2020. This study aimed to reveal the (a) differences in the intestinal and gill microbial communities in the medium-form squid populations of S. oualaniensis and the (b) relationship among the microbial communities of the different sexes of this species at different gonadal maturities. These results will provide information on the biological characteristics of the microbial communities of S. oualaniensis in the South China Sea.



Materials and methods


Sample collection and processing

South China Sea squids were caught using a light cover net at stations N1 (11.00°N, 114.00°E) and N2 (9.00°N, 114.00°E) in the Nansha area of China, between May 21 and 27, 2020.

Male and female purpleback squid are distinguished by whether or not their left fourth wrist is stemmed and the difference in the gonadal structure (Wang and Chen, 2005; Zhang P et al., 2015). Immature female gonad (FN), female sexual maturity (FY), immature male gonad (MN), and male sexual maturity (MY) samples of medium-form populations of squid were randomly collected. Six squid samples from each group were selected from sites N1 and N2.

The mantle length of S. oualaniensis was measured using a measuring plate with an accuracy of 1 mm, and the body mass was weighed using a weighing scale. The surface of S. oualaniensis was sterilized using 75% alcohol and the intestine and gill samples of different sexes with different gonadal maturities were collected. Each group included six replicates of intestinal and gill samples. The intestinal and gill samples were stored in sterile cryotubes with preservation solution, consisting of 75% absolute alcohol and 1% 0.5 M EDTA, at -20 °C for future analysis.



Ethics statement

The protocols for collecting and handling the animals in this study were approved by the Animal Care and Use Committee of the South China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences (SCSFRI-CAFS, No. nhdf2022-03). All experimental animal protocols were implemented in accordance with national and institutional guidelines for the care and use of laboratory animals at the SCSFRI-CAFS.



DNA extraction and PCR amplification

Before microbial molecular analysis, intestinal and gill samples of FN, FY, MN, and MY were removed from the preservation solution. The bacterial DNA was extracted using a MoBio PowerFecal DNA Isolation Kit (MoBio, Carlsbad, CA). The primers 515F (GTGCCAGCMGCCGC GG) and 806R (GGACTACHVGGGTWTCTAAT) were used to amplify the V4 region of the 16S ribosomal RNA (Duan et al., 2020). The PCR mixture comprised of a 20 μL reaction volume containing 10 ng of template DNA, 0.4 μL of FastPfu Polymerase, 0.8 μL of each primer (5 μM), 2 μL of 2.5 mM dNTPs, 4 μL of 5× FastPfu Buffer, and distilled water. The PCR conditions were as follows: 95 °C for 2 min; 25 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and a final extension at 72 °C for 5 min. Amplicons were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA)



Library construction and sequencing

Purified PCR products were quantified using Qubit® 3.0 (Invitrogen, Waltham, MA), and the 24 amplicons with differing barcodes were mixed equally. According to Illumina genomic DNA library preparation procedure, the pooled DNA products were used to construct the Illumina paired-end library. Paired-end sequencing was performed on an Illumina HiSeq 2500 platform (Mingke Biotechnology Co., Ltd., Hangzhou, China).



16S rRNA sequence analysis

UPARSE was used to cluster operational taxonomic units (OTUs) with 97% similarity (Amato et al., 2013). Rarefaction analysis was conducted using Mothur software to calculate the diversity indices, including the Chao1, ACE, Simpson, and Shannon diversity indices (Schloss et al., 2011). A Venn diagram was drawn to reveal the unique and shared OTUs in the different samples (Fouts et al., 2012). Then, using the Ape package, the beta diversity was analyzed using principal coordinate analysis (PCoA; Paradis et al., 2004). The microbial community composition in the intestinal and gill tissues of the squid samples was determined at the phylum and genus levels. Correlation and differential networks were constructed using Cytoscape software according to the relative abundance of individual OTUs (http://www.cytoscape.org/). The linear discriminant analysis (LDA) effect size (LEfSe) was used for quantitative analysis (Segata et al., 2011). Random forest analyses were performed using the R random forest and ggplot 2 packages at Kyoto Encyclopedia of Genes and Genomes (KEGG) level 3.



Accession number

The raw data in this study was deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) database. The accession number was PRJNA822533.



Statistical analysis

The correlation between mantle length of S. oualaniensis and relative abundance of the dominant bacteria was analyzed using Pearson correlation analysis in SPSS software. Statistical significance was set at p<0.05.




Results


Mantle length and body mass of Sthenoteuthis oualaniensis

The mantle length and body mass of FY were significantly (p<0.05) higher than that of the other types, with an average mantle length and body mass of 190.8 mm and 342.3 g, respectively (Figures 1, 2). The MY group’s average mantle length and body mass were 143.7 mm and 139.8 g, respectively. The mantle length and body length of MY were significantly (p<0.05) higher than that of FN and MN. The average mantle length and body mass of FN were 119.5 mm and 69.7 g, respectively, and those of MN were 112.5 mm and 58.5 g, respectively. There were no significant (p>0.05) differences in mantle length or body mass between the immature gonad groups.




Figure 1 | Mantle lengths of medium-form populations of Sthenoteuthis oualaniensis. Significant differences are indicated by different letters (p < 0.05).






Figure 2 | Body masses of medium-form populations of Sthenoteuthis oualaniensis. Significant differences are indicated by different letters (p < 0.05).





Microbial richness and diversity

Alpha diversity indices, including the Chao1, ACE, Simpson, and Shannon diversity indices, were calculated (Figure 3). The Chao1 index of the gill samples of immature female gonad (FNG) was significantly higher than that of the male sexual maturity (MYG). The Simpson indices of the intestinal samples of female sexual maturity (FYI) were significantly lower than that of the other samples, except for that of the intestinal samples of immature female gonad (FNI). The Shannon index of the FYI group was the highest.




Figure 3 | Microbial diversity indices in the intestine and gill microbial samples of medium-form populations of Sthenoteuthis oualaniensis. (A) Observed, (B) Chao1 indices, (C) Simpson indices, and (D) Shannon indices. FNI represents the intestine samples of female immature gonad, MNI represents the intestine samples of male immature gonad, FYI represents the intestine samples of female sexual maturity, and MYI represents the intestine samples of male sexual maturity, FNG represents the gill samples of female immature gonad, MNG represents the gill samples of male immature gonad, FYG represents the gill samples of female sexual maturity, and MYG represents the gill samples of male sexual maturity. *Indicates the significant difference between two samples (p < 0.05) and **indicates the extremely significant difference between two samples (p < 0.01).



A total of 676 OTUs were shared among the four intestinal groups as indicated by the Venn diagram (Figure 4A). Among them, the FYI group had the highest number (478 OTUs) of unique OTUs, while those of the intestinal samples of male sexual maturity (MYI; 331 OTUs), FNI (159 OTUs), and the intestinal samples of immature male gonad (MNI; 44 OTUs) were lower. Figure 4B shows that 592 OTUs were shared among the four gill groups. The FNG group had the highest number (342 OTUs) of unique OTUs, while those of the gill samples of female sexual maturity (FYG; 182 OTUs), MYG (173 OTUs), and the gill samples of immature male gonad (MNG; 97 OTUs) were lower. The intestinal and gill bacterial groups of S. oualaniensis were clustered together, according to the PCoA-based weighted UniFrac distances (Figure 5). Most of the intestinal bacterial groups were located in the negative axis region of the abscissa, and most of the gill bacterial groups were located in the positive axis region.




Figure 4 | Venn diagram of the intestine (A) and gill (B) microbial samples of medium-form populations of Sthenoteuthis oualaniensis..






Figure 5 | Principal coordinate analysis (PCoA) of the intestine and gill microbial samples of medium-form populations of Sthenoteuthis oualaniensis based on weighted UniFrac metrics.





Microbial community

A total of 40 phyla and 963 genera were identified in the intestinal and gill microbial samples from the S. oualaniensis populations. Tenericutes, Proteobacteria, Firmicutes, and Bacteroidetes were the dominant phyla in the FNI, MNI, and MYI groups, whereas Proteobacteria, Firmicutes, and Bacteroidetes were the dominant phyla in the FYG, MNG, and MYG groups (Figure 6).




Figure 6 | Bacterial community composition in intestinal and gill tissues of medium-form squid. (A) Phylum level, (B) Genus level.



In the FNI group, Tenericutes (relative abundance of 49.60% ± 25.12%), Proteobacteria (24.87% ± 15.20%), Firmicutes (12.04% ± 6.88%), and Bacteroidetes (8.19% ± 4.43%) were the dominant phyla. At the genus level, the dominant bacteria were Mycoplasma (relative abundance of 49.45% ± 25.16%), Lactobacillus (8.33% ± 4.87%), and Bacteroidales S24-7 group (5.10% ± 2.77%). In the MNI group, Tenericutes (relative abundance of 63.95% ± 28.54%), Proteobacteria (27.89% ± 21.01%), Firmicutes (3.71% ± 4.59%), and Bacteroidetes (2.58% ± 2.65%) were the dominant phyla. The dominant genera in the MNI group were Mycoplasma (relative abundance of 63.89% ± 28.60%), Vibrio (9.35% ± 13.28%), Photobacterium (6.80% ± 12.55%), Cardiobacteriaceae (5.22% ± 2.41%), Lactobacillus (2.41% ± 2.97%), and Bacteroidales S24-7 group (1.47% ± 1.76%). In the FYI group, Proteobacteria (relative abundance of 36.62% ± 18.00%), Firmicutes (21.94% ± 11.55%), Bacteroidetes (16.25% ± 5.69%), and Tenericutes (16.16% ± 11.58%) were the dominant phyla. At the genus level, the dominant bacteria were Mycoplasma (relative abundance of 15.83% ± 11.49%), Lactobacillus (15.00% ± 8.26%), Bacteroidales S24-7 group (9.21% ± 4.49%), Photobacterium (8.20% ± 16.91%), and BD1-7 clade (6.56% ± 7.26%). In the MYI group, Tenericutes (relative abundance of 36.92% ± 37.06%), Proteobacteria (33.94% ± 22.33%), Firmicutes (11.38% ± 11.29%), and Bacteroidetes (10.30% ± 8.47%) were the dominant phyla. The dominant genera were Mycoplasma (relative abundance of 36.78% ± 37.18%), BD1-7 clade (14.67% ± 20.41%), Lactobacillus (7.14% ± 8.59%), Bacteroidales S24-7 group (4.11% ± 5.24%), and Mesorhizobium (3.19% ± 3.46%).

Proteobacteria (relative abundance of 67.75% ± 8.38%), Firmicutes (13.04% ± 3.43%), Bacteroidetes (8.78% ± 2.63%), and Tenericutes (4.34% ± 6.16%) were the main bacteria in the FNG group. The dominant genera were BD1-7 clade (relative abundance of 48.41% ± 7.15%), Lactobacillus (9.21% ± 2.55%), Photobacterium (6.62% ± 9.29%), and Bacteroidales S24-7 group (5.38% ± 1.74%). In the MNG groups, Proteobacteria (relative abundance of 83.56% ± 14.57%), Firmicutes (6.84% ± 6.92%), and Bacteroidetes (4.01% ± 4.13%) were the dominant bacteria. At the genus level, the dominant bacteria were BD1-7 clade (relative abundance of 72.22% ± 29.74%), Photobacterium (5.71% ± 13.20%), Lactobacillus (4.25% ± 4.50%), and Bacteroidales S24-7 group (2.50% ± 2.56%). The bacterial population of the FYG group was composed of Proteobacteria (relative abundance of 83.52% ± 17.42%), Firmicutes (7.46% ± 8.36%), and Bacteroidetes (5.55% ± 6.02%) as the dominant bacteria. The dominant genera were BD1-7 clade (relative abundance of 76.12% ± 24.46%), Lactobacillus (5.01% ± 5.59%), and Bacteroidales S24-7 group (2.64% ± 2.65%). The dominant bacterial phyla in the MYG group were Proteobacteria (relative abundance of 85.10% ± 16.69%), Firmicutes (6.55% ± 7.57%), and Bacteroidetes (3.54% ± 4.91%). At the genus level, the dominant bacteria were BD1-7 clade (relative abundance of 73.97% ± 30.04%), Photobacterium (5.20% ± 12.58%), Lactobacillus (3.09% ± 5.21%), and Bacteroidales S24-7 group (1.96% ± 2.96%).



Differential analysis

Differential abundance analysis of the bacterial taxa in the intestines and gills of medium-form squid was performed using LEfSe. Only the differences in the seven groups are shown in Figure 7A. In the intestinal bacterial community, the abundances of 0, 7, 26, and 9 bacterial groups were enriched in the FNI, MNI, FYI, and MYI groups, respectively, while 2, 1, 3, and 2 bacterial groups were enriched in the FNG, MNG, FYG, and MYG groups, respectively.




Figure 7 | Inter-group variation of intestinal and gill tissues of medium-form squid. (A) LDA score; (B) LEfSe cladogram.



In detail, one class, two orders, and two families were enriched in the MNI group, including Mycoplasmataceae (from the class to the family level) and Cardiobacteriaceae (from the order to the family level). In the MYI group, one class, three orders, and two families, including Dietziaceae (from the class to the family level), Micrococcales (from the class to the order level), and Rhodobacteraceae (from the order to the family level), were enriched. Three classes, four orders, and eight families were enriched in the FYI group, namely Coriobacteriaceae (from the class to the family level), Bacteroidaceae (from the class to the family level), Bacteroidales S24-7 group (from the class to the family level), Prevotellaceae (from the class to the family level), Lactobacillaceae (from the class to the family level), Lachnospiraceae (from the family level), Ruminococcaceae (from the family level), and Phyllobacteriaceae (from the order to the family level). Moritellaceae was enriched in the FNG group. Gammaproteobacteria was also enriched in the MYG group. One class and one family were enriched in the FYG group, including Spongiibacteraceae (Figure 7B).



Network analyses

Comparing the microbiological characteristics among the medium forms of different sexes with different gonadal maturities showed several variations in the relative abundances of phyla. The dominant phyla were Proteobacteria and Tenericutes. Except for OTU1 (belonging to Proteobacteria) and OTU2 (belonging to Tenericutes), the other bacteria showed positive interactions with each other (Figure 8). Based on differential network analyses, the genus Mycoplasma and the family Cardiobacteriaceae were dominant in the MNI group. Class Bacilli, the families Bacteroidales S24-7 group and Lachnospirceae, and genera Lactobacillus, Bacteroides, Mesorhizobium, and Alloprevotella were dominant in FYI. The family Rhodobacteraceae and the class Actinobacteria were dominant in MYI. The family Moritellaceae was more prevalent in the FNG when comparing the gill microbiota. Only Proteobacteria was dominant in MNG. The genus BD1-7 clade was dominant in FYG. The class Gammaproteobacteria was dominant in the MYG (Figure 9).




Figure 8 | Correlation network analyses of the microbial communities of medium-form squid at the bacterial phyla level. The node size represents the abundance of each phylum. The green lines between phyla indicate a positive relationship, while the red lines indicate a negative relationship.






Figure 9 | Differential network analyses of the intestine and gill bacterial communities of medium-form squid. The node indicates the species classification, and its size shows the abundance. Among them, the remaining colors show significant differences in the corresponding groups, and the black nodes represent no significant difference.





Functional prediction

The predicted functions of the intestinal and gill bacterial communities of the squid of different sexes and gonadal maturities were analyzed using the PICRUSt package. The gill samples had a significantly (p<0.001) higher level of the top 20 KEGG pathways than the intestinal samples, including ‘alpha-linoleic acid metabolism’, ‘stilbenoid, diarylheptanoid, and gingerol biosynthesis’, ‘xylene degradation’, ‘basal transcription’, ‘PPAR signaling pathway’, ‘geraniol degradation’, ‘arachidonic acid metabolism’, ‘steroid hormone biosynthesis’, ‘bile secretion’, ‘bisphenol degradation’, ‘fatty acid metabolism’, ‘Vibrio cholerae pathogenic cycle’, ‘dioxin degradation’, ‘lysine degradation’, ‘beta-alanine metabolism’, ‘synthesis and degradation of ketone bodies’, ‘adipocytokine signaling pathway’, ‘caprolactam degradation’, ‘benzoate degradation’, and ‘limonene and pinene degradation’ (Figure 10). The pathways among the top 20 were mainly related to the degradation of environmental organic matter and fatty acid metabolism. There were no significant differences between the gill samples. MNI had a lower level of most pathways, especially ‘bile secretion’.




Figure 10 | Prediction functions according to KEGG pathways in the bacterial communities of medium-form squid. *** indicates the significant difference between samples (p < 0.001).





Correlation analysis

Correlation analysis showed that the mantle length of S. oualaniensis was significantly (p<0.05) negatively correlated with the relative abundance of Tenericutes, but significantly (p<0.01) positively correlated with those of Firmicutes and Bacteroidetes (Table 1). At the genus level, mantle length had a significant (p<0.05) negative correlation with the relative abundance of Mycoplasma; however, it was significantly (p<0.05) positively correlated with Lactobacillus and had a highly significant (p<0.01) positive relationship with Bacteroidales S24-7 group (Table 2).


Table 1 | Correlation analysis between the mantle length of Sthenoteuthis oualaniensis and the relative abundance of dominant intestinal bacteria at the phylum level.




Table 2 | Correlation analysis between the mantle length of Sthenoteuthis oualaniensis and the relative abundance of dominant intestinal bacteria at the genus level.






Discussion


Microbial community characteristics in intestine and gill

Intestinal microbes are an important part of the digestive system, and gills are important organs for gaseous exchange. Few studies have focused on the cephalopod intestinal and gill microbial community characteristics. The intestinal microflora of Octopus mimus were investigated using a 16S rDNA clone library (Iehata et al., 2015). Strugnell and Nishiguchi (2007) analyzed the cephalopod intestinal microbial community in free-living and captive Octopus minor paralarvae using next-generation sequencing. A recent study confirmed the microbial composition of the digestive tract, gills, and skin microbiome of Sepia officinalis (Lutz et al., 2019). The populations of S. oualaniensis are one of the most promising biological resources in the South China Sea because of their short life cycles (Zhang et al., 2010). The microbiological characteristics of the medium forms of different sexes and gonadal maturities are poorly understood. We therefore selected samples of females and males with mature and immature gonads of medium-form squid populations in this study. The differences in the intestinal and gill bacterial communities of the squid and the relationship between the bacterial community and the different sexes and gonadal maturities were analyzed. The results would augment the knowledge on the biology of squid resources in the South China Sea and enable their rational development and utilization.

Mycoplasma, belonging to Tenericutes, was the most dominant group of bacteria in the intestinal samples of FN, MN, and MY in S. oualaniensis. Mycoplasma lack cell wall (Hines et al., 2020). Different species of Mycoplasma colonize different tissues, such as the intestinal tract (Ransom, 2008) and gills (Kirchhoff & Rosengarten, 1984). Mycoplasma spp. are pathogens responsible for some human respiratory diseases (Razin, 1967), while they play a symbiotic role in the intestines of various fish (Huyben et al., 2018; Mora-Sánchez et al., 2020; Hines et al., 2020). Bano et al. (2007) found that Mycoplasma mobile could colonize the intestine of fish without causing disease. Kang et al. (2022) suspected that cephalopods may also have symbiotic relationships with gut Mycoplasma through ammonia metabolism, as in the case of salmonoids, because cephalopods are both carnivorous and ammonotelic. The intestinal bacterial community in FYI differed from that of the other types of squids, with Proteobacteria, Firmicutes, Bacteroidetes, and Tenericutes being the dominant phyla; however, Tenericutes was the dominant phylum in the FNI, MNI, and MYI groups. LEfSe analysis indicated that 26 bacterial taxa were enriched in the FYI group. In contrast, zero, seven, and nine bacterial groups were enriched in the FNI, MNI, and MYI groups, respectively. The phylum Proteobacteria (mainly members of the class Gammaproteobacteria) was one of the most abundant groups, and its members are found in various environments (Etyemez and Balcázar, 2015). The BD1-7 clade was one of the dominant bacteria in the intestines of mature male and female squid, but not in immature individuals. It was the most predominant bacteria in the gill tissue.

The microbial community structure in the gills of squid populations is different from that in the intestinal flora. The gill is an essential organ for exchange of material with the environment; therefore, the structure of the bacterial community in the gill is similar to that of the aquatic environment (Kuang et al., 2020). In this study, Proteobacteria, Firmicutes, and Bacteroidetes were the dominant phyla in gill samples of S. oualaniensis, regardless of sex and gonadal maturity. The dominant genus was the BD1-7 clade, with a relative abundance of 72.22%–76.12% in the FY, MN, and MY groups. Its relative abundance in the FN group was slightly lower (48.41%). The BD1-7 clade belonged to the oligotrophic marine Gammaproteobacteria (OMG) group (Cho and Giovannoni, 2004), which is a dominant bacterial group in marine environments, and was associated with the gorgonians of the Gorgoniidae family, suggesting that it is crucial for the health of these holobionts (van de Water et al., 2018; Yu et al., 2021). In addition, Lactobacillus and Bacteroidales S24-7 group were present in the microbial communities of the gills and intestines of squid. Zhang et al. (2022) reported that Lactobacillus and Bacteroidales S24-7 group are the intestinal probiotic for fish and shrimp, and that they are a part of the normal intestinal bacterial community (Mohammadian et al., 2016).



Relationship of the intestinal bacterial community with squid growth characteristics

Zhang P et al. (2015) found that, in mid-sized S. oualaniensis, the male: female ratio was similar in the 70−100 mm mantle length group, whereas there were more males than females in the 110−130 mm mantle length group. There were significantly more females than males in the 140 mm mantle length group. Squid with a mantle length greater than 160 mm were all females. Females reached sexual maturity when the mantle length was at least 179.7 mm, while in males it was 125.6 mm. In this study, the average mantle lengths of the FY, MY, FN, and MN groups were 190.8, 143.7, 119.5, and 112.5 mm, respectively. These results are similar to those reported by Zhang P et al. (2015). Gong et al. (2016) found that other cephalopods and fish were the main prey for the S. oualaniensis in the South China Sea. In particular, squids with more extended mantle lengths prefer to feed on larger cephalopods and fish.

Correlation analysis showed that the mantle length of S. oualaniensis was significantly negatively (p<0.05) correlated with the relative abundance of Tenericutes, but significantly positively (p<0.01) correlated with that of Firmicutes and Bacteroidetes. The mantle length and body mass results showed that the growth characteristics of squid of different sexes and maturities were different. The mantle length of FY was significantly longer than that of the other types (p<0.05). Furthermore, the intestinal bacterial communities of FYI were different from that of the other types of squids, where the relative abundance of Mycoplasma was significantly (p<0.05) lower than that in MNI, MYI, and FNI. It appears that female sexual maturity of S. oualaniensis is dependent on the consumption of small squids. With the increase in mantle length of S. oualaniensis, the number of smaller prey groups decreased, whereas that of larger ones increased. This is in agreement with the “optimal feeding theory”. Predators will prey on sizeable individual bait organisms as much as possible to maximize energy, because more energy can be obtained from large organisms (Gong et al., 2015). Kang et al. (2022) found that host body weight is associated with cephalopod gut bacterial abundance. Mycoplasma abundance showed a significant correlation with host body weight. They considered that the cephalopod diet may be correlated with the abundance of gut Mycoplasma. Mycoplasma actively metabolize ammonia in the intestine (Rasmussen et al., 2021); therefore, larger cephalopods were likely to produce more ammonia. However, based on the results of this study, we believe that FY was a unique form of S. oualaniensis, as it is different from other groups in terms of predation and reproduction, among others. The mantle length of S. oualaniensis was significantly positively correlated with the relative abundances of Lactobacillus and Bacteroidales S24-7 (p<0.05). Lactobacillus, as a probiotic, can efficiently improve growth performance, digestive enzyme activities, and intestinal microbiota (Gupta et al., 2018). The beneficial bacteria, such as Lactobacillus and Bacteroidales S24-7 group, may be better suited for the growth of S. oualaniensis in the FY group. Therefore, the differences in the diversity of intestinal bacterial community of S. oualaniensis of different sexes and maturities could be related to their growth and feeding characteristics.



Microbial metabolic function

Intestinal and gill bacterial metabolic functions could influence the stability of animal health and the aquatic environment. In this study, some bacterial metabolic processes were significantly different between the gill and intestinal samples, according to random forest KEGG analysis. In particular, the gill samples had significantly more pathways in the top 20 KEGG pathways than those of the intestinal samples (p<0.001). Among the top 20 pathways, the bacteria were mainly related to the degradation of environmental organic matter and fatty acid metabolism. This could be attributed to the contact between the bacteria in the gill tissue and water to obtain sufficient oxygen, resulting in higher metabolic activity than that in the intestinal bacteria. Zhou et al. (2019) suggested that multiple interacting bacterial species in a microbial community form a complex ecological network. Positive correlations between bacteria may represent a cooperative or complementary relationship, while negative correlations represent predatory or competitive relationships (Yang et al., 2015; Duan et al., 2020). In this study, except for OTU1 and OTU2, the other bacteria showed positive interactions. The number of positive correlations was greater than the negative correlations, indicating that the gill and intestinal bacterial communities of S. oualaniensis may have more positive interactions based on the bacterial correlation network.




Conclusion

This study demonstrated that the diversity of the intestinal bacterial community was related to the growth and feeding characteristics of S. oualaniensis of different sexes and maturities. Mycoplasma, belonging to Tenericutes, was the most dominant group of bacteria in the intestinal microbial samples of FN, MN, and MY in the S. oualaniensis populations. The intestinal microbial community structure of the FY group differed from that of other squids, with the dominant bacteria belonging to Proteobacteria, Firmicutes, Bacteroidetes, and Tenericutes. The mantle length of FY was significantly longer than that of the other types. The microbial community in the gills of the squid populations differed from that in the intestines. Proteobacteria, Firmicutes, and Bacteroidetes were the dominant phyla in the gill samples of S. oualaniensis, regardless of sex and gonadal maturity. This study provides insight into the relationship between the bacterial community of S. oualaniensis of different sexes and maturities and its growth and feeding characteristics.
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Mantle Length Tenericutes Proteobacteria Firmicutes Bacteroidetes

Correlation coefficient -0.514* 0.189 0.539** 0586
Significance (p) 0.010 0.376 0.007 0.003

*Indicates the significant correlation (p < 0.05) and **indicates the extremely significant correlation (p < 0.01).
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