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Abstract: Sthenoteuthis oualaniensis is an important biological resource in the South China Sea. How-
ever, the microbiological characteristics of this squid, especially those of the dwarf-form, are poorly
understood. This study was conducted to analyze the microbial community structure and metabolic
characteristics of the intestinal and gill tissues of dwarf-form populations of S. oualaniensis. The
dwarf-form squids of different sexes and gonadal maturities were collected from South China Sea
in spring 2020. Results showed that Mycoplasma was the most dominant group of bacteria in the
intestinal samples of the females with immature gonads (FN), females at sexual maturity (FY), and
males at sexual maturity (MY) and the second-highest relative abundance group in males with
immature gonads (MN). The microbial community structure in squid gills differed from that of
intestinal flora. The BD1-7 clade was the dominant genus in gill samples of all groups. Furthermore,
the microbial community activities in gills were higher than in intestinal groups, especially FYG. The
larger dwarf-form populations had microbial communities with more robust utilization of carbon
sources, assessed via average well color development (AWCD). Correlation and redundancy analysis
determined that AWCD significantly positively correlated with the relative abundance of BD1-7
clade (p < 0.05). The results indicated that the dominant group of bacteria and microbial community
structure were different between the intestinal and gill microbial communities in the dwarf-form
S. oualaniensis populations of different sexes and maturities. Moreover, the metabolic potential of
the gill microbial community was higher than that of the intestinal microbial community in the
dwarf-form populations.

Keywords: microbial community structure; metabolic characteristics; Sthenoteuthis oualaniensis; dwarf-
form populations; gonadal maturities

1. Introduction

Sthenoteuthis oualaniensis, or the purpleback squid, is a warm-water oceanic cephalopod
mainly distributed in the subtropical and equatorial waters of the Indian and Pacific Oceans,
especially abundant in the South China Sea and northwestern Indian Ocean [1]. Based
on characteristics such as mantle length, dorsal photophore, and statolith morphology,
squids from South China Sea have been divided into several categories: dwarf-form
population, medium-form population, and so on [2]. The dwarf-form populations are
one of the main squid groups in the South China Sea [1]. At present, research on dwarf-
form populations has mainly focused on fishery biology [3], growth and feeding [4],
morphological variations and discrimination [5], and characterizing fecundity [6]. Few
reports on microbial community characteristics of the intestine and gills of this squid exist.
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Intestinal microbes play an important role in host food digestion and metabolic reg-
ulation. In invertebrates, the intestinal microbiota commposition is influenced by host
lifestyle, diet, habitat and so on [7]. In general, invertebrate microbial communities are
relatively simple [8]. Although invertebrates are often exposed to many microorganisms in
their habitats, few species of bacteria are found in their digestive tracts [7]. The gill is an
essential organ for gaseous exchange. Studies have revealed that the microbial composi-
tion of fish intestines and gills is susceptible to changes such as feeding habits, bait, and
various environmental factors [9,10]. However, little is known about the microbiomes of
invertebrates, particularly S. oualaniensis.

At present, the microbiological characteristics of the South China Sea squid, especially
the different sexes and gonadal maturities of the dwarf-form, are poorly understood. There-
fore, we aimed to analyze the bacterial community characteristics of the intestinal and gill
tissues of females and males with different gonadal maturities in dwarf-form populations
of squid collected from the South China Sea in the spring of 2020. This research aims to
reveal the (a) differences in the intestinal and gill microbial communities in the dwarf-form
S. oualaniensis populations, and (b) metabolic characteristics of microbial communities of
intestinal and gill tissue in the dwarf-form squid populations of S. oualaniensis in response
to carbon sources. These results will shed valuable light on the biological characteristics
of the microbial communities of dwarf-form populations of S. oualaniensis in the South
China Sea.

2. Materials and Methods
2.1. Sample Collection and Processing

From 21-27 May 2020, 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.

Male and female purpleback squids can be distinguished by stemmed left fourth wrist
and difference in gonadal structure [1,11]; samples from females with immature gonads
(FN), females at sexual maturity (FY), males with immature gonads (MN), and males
at sexual maturity (MY) from the dwarf-form populations of the squid were randomly
selected. Four groups (FN, FY, MN and MY) of squid samples were collected from sites N1
and N2, with three replicates per group at each site. As such, a total of 24 squid samples
were collected.

The mantle length of S. oualaniensis was measured with a measuring plate with an accu-
racy of 1 mm, and the body mass was weighed using a level. The surface of S. oualaniensis
was then sterilized using 75% alcohol, and intestine and gill samples of different sexes with
different gonadal maturities were collected. Four groups (FN, FY, MN and MY) included
six replicates of intestinal and gill samples, respectively.

The intestinal and gill samples of each squid were divided into two parts. One part was
put into the preservation solution at —20 °C for the analysis of the structural characteristics
of bacterial community. The component of the preservation solution was 750 mL /L absolute
alcohol, 10 mL/L 0.5 M EDTA and 240 mL/L sterile water. In addition, the other was put
into the bacteria preservation solution at —20 °C for the analysis of metabolic characteristics
of culturable bacterial community. The bacteria preservation solution consists of 25 g/L
NaCl and 150 mL/L glycerol.

2.2. DNA Extraction and PCR Amplification

The bacterial DNA from intestinal and gill samples stored in preservation solu-
tion was extracted using a MoBio PowerFecal DNA Isolation Kit (MoBio, Carlsbad, CA,
USA). The primers 515 F (5'-GTGCCAGCMGCCGCGG-3") and 806 R (5'-GGACTACHV
GGGTWTCTAAT-3') were used to amplify the V4 region of the 16 S ribosomal RNA. The
PCR mixture comprised of a 20-puL reaction volume containing 10 ng of template DNA,
0.4 pL of FastPfu Polymerase, 0.8 uL of each primer (5 pM), 2 pL of 2.5 mM dNTPs, 4 pL of
5x FastPfu Buffer, and distilled water. The PCR program 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
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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, USA).

2.3. Library Construction and Sequencing

Purified PCR products were quantified by Qubit®3.0 (Life Invitrogen). The pooled
DNA products were used to construct Illumina’s paired-end library according to Illumina’s
genomic DNA library preparation procedure. Paired-end sequencing was performed on an
Ilumina HiSeq 2500 platform (Mingke Biotechnology (Hangzhou, China) Co., Ltd.).

2.4. 16S rRNA Sequence Analysis

UPARSE was used to cluster operational taxonomic units (OTUs) with 97% similar-
ity [12]. Rarefaction analysis was conducted using the Mothur software to calculate the
diversity indices, including the Chaol, ACE, Simpson, and Shannon diversity indices [13].
A Venn diagram was drawn to reveal the unique and shared OTUs in the different sam-
ples [14]. Then, using the Ape package, the beta diversity was analyzed using principal
coordinate analysis (PCoA) [15]. The microbial community composition in the intestinal
and gill tissues of the squid samples was determined at the phylum and genus levels. Cor-
relation 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 [16]. The
PICRUSt software was used to predict the functional abundance of Kyoto Encyclopedia of
Genes and Genomes (KEGG) based on 16 S sequencing data.

2.5. Accession Number

The raw data have been deposited in the National Center for Biotechnology Informa-
tion (NCBI) Sequence Read Archive (SRA) database. The accession number is PRINA856085,
accessed on 6 July 2022.

2.6. Community-Level Physiological Profiling

According to the sole carbon source utilization, community-level physiological pro-
filing (CLPP) is used to characterize microbial community function [17]. Using EcoPlates
(Biolog Inc., Hayward, CA, USA), the functional diversity in each sample was analyzed. A
Biolog EcoPlate contains three replicate of a control and 31 carbon substrates.

2.7. Inoculation of Biolog EcoPlate

The intestinal and gill samples from four groups (FN, FY, MN and MY) stored in
bacteria preservation solution were took out and ground in the sterile grinding rods. After
grinding, the samples were put into 50 mL 2216 E culture medium with sterile dilution
10 times of for resuscitation culture [18]. The culture condition was 30 °C micro aerobic
environment. After 72 h of incubation, vigorous bacterial sample was obtained. Then the
sample was inoculated into an EcoPlate with 150 uL/well. Then, EcoPlate with samples
were incubated at 30 °C. Using the Biolog Microstation (Biolog Inc., Hayward, CA, USA),
the absorbance at 590 nm was measured every 24 h for 168 h of incubation.

2.8. Analysis of CLPP

The average well color development (AWCD) represents the potential utilization of
carbon sources by microbial communities. AWCD value reflects the metabolic activity of
the culturable bacteria [19]. To compare controls and samples, AWCD was calculated based
on the optical density at 590 nm (ODsg) of each EcoPlate well according to Equation (1).

AWCD = [} (C—R)]/n 1)

C is the ODs5g of each cultured well, R is the ODsgg of the control well, and 7 is the
number of carbon substrates.
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2.9. Carbon Source Utilization Analysis of Microbial Community

The standardized absorbance (Rs) was used to better compare the differences for
a single type of carbon utilization, indicating the carbon source utilization of microbial
community [19]. Rs was calculated according to Equation (2).

Rs = (C — R)/AWCD @)

According to the classification of six types of carbon sources of EcoPlate, the total
absorbance value of each microbial community to different types of carbon sources was
calculated with Rs to analyze the difference in the use of the same carbon source by different
microbial communities. These six types of carbon sources included polymers, carboxylic
acids, amino acids, carbohydrates, amines, and others, respectively.

2.10. Statistical Analysis

The correlation between mantle length of the dwarf-form populations of S. oualaniensis
and the AWCD in the intestinal and gill bacterial community was analyzed using Pearson
correlation analysis in SPSS software (version 17.0, SPSS Inc., Chicago, IL, USA). Then, the
correlation between the AWCD and the relative abundance of dominant bacteria was also
examined. Statistical significance was set at p < 0.05.

2.11. Redundancy Analysis

To analyze the relationship between the relative abundance of the top ten dominant
bacteria and the utilization of six types of carbon sources, a multivariate ordination method
was used in CANOCO version 4.5 (Biometris, Wageningen, The Netherlands). Then, to test
whether weighted-averaging techniques or linear methods were appropriate, detrended
correspondence analysis (DCA) was performed. The longest gradient resulting from DCA
was 2.906. Therefore, redundancy analysis (RDA) was performed [19].

3. Results
3.1. Mantle Length and Body Mass of Sthenoteuthis oualaniensis

The mantle length and body mass of FY were significantly (p < 0.05) higher than
those of the other types, with an average mantle length and body mass of 112.7 mm and
50.5 g, respectively (Figures 1 and 2). The average mantle length and body mass of FN
were 89.5 mm and 23.7 g, and those of MY were 88.7 mm and 22.8 g, respectively. The
mantle lengths and body mass of FN and MY were significantly (p < 0.05) higher than
those of MN. The MN group’s average mantle length and body mass were 78.5 mm and
17.7 g, respectively.
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Figure 1. Mantle lengths of dwarf-form populations of Sthenoteuthis oualaniensis. Significant differ-
ences are indicated by different letters (p < 0.05).
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Figure 2. Body masses of dwarf-form populations of Sthenoteuthis oualaniensis. Significant differences
are indicated by different letters (p < 0.05).

3.2. Microbial Richness and Diversity

Alpha diversity indices were calculated, including the Chaol, ACE, Simpson, and
Shannon diversity indices (Figure 3). No significant differences were observed in ACE and
Chaol indices among samples (p > 0.05). The Simpson indices of MNI were significantly
lower than those of FNI, FYG, and MYG (p < 0.05). The Shannon index of MNI was
significantly higher than those of FYG and MYG (p < 0.05).
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Figure 3. Microbial diversity indices in the intestine and gill microbial samples of dwarf-form
populations of Sthenoteuthis oualaniensis. (a) Observed, (b) Chaol indices, (c) Simpson indices, and
(d) Shannon indices. FNI: intestine samples of females with immature gonads, MNI: intestine samples
of males with immature gonads, FYI: intestine samples of females at sexual maturity, MYI: intestine
samples of males at sexual maturity; FNG: gill samples of females with immature gonads, MNG: gill
samples of males with immature gonads, FYG: gill samples of females at sexual maturity, and MYG:
gill samples of males at sexual maturity. * Indicates the significant difference between two samples
(p < 0.05) and ** indicates the extremely significant difference between two samples (p < 0.01).
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A Venn diagram indicated that 684 OTUs shared in the eight groups. The FNI group
had the highest number (238 OTUs) of unique OTUs, while those of other groups were
lower (Figure 4).
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Figure 4. Venn diagram of the intestine and gill microbial samples of dwarf-form populations of
Sthenoteuthis oualaniensis. n represents the total OTU number of each sample.

3.3. Microbial Community

A total of 40 phyla and 840 genera were identified in the intestinal and gill microbial
samples from the dwarf-form populations of S. oualaniensis. Proteobacteria, Tenericutes,
Firmicutes, and Bacteroidetes were the dominant phyla in FNI, MNI, FYI and MYI, whereas
Proteobacteria, Firmicutes, and Bacteroidetes were the dominant phyla in FYG, FNG, MYG,
and MNG (Figure 5a).

In the FNI group, Proteobacteria (40.58 + 28.26%), Tenericutes (relative abundance of
26.83 + 34.88%), Firmicutes (15.55 £+ 9.01%), and Bacteroidetes (10.49 + 5.89%) were the
dominant phyla. In addition, at the genus level, the dominant bacteria were Mycoplasma
(relative abundance of 26.58 + 34.97%), Photobacterium (13.46 + 30.03%), Lactobacillus
(9.66 £ 5.59%), and Bacteroidales S24-7 group (6.28 % 3.80%), Vibrio (5.93 &+ 12.53%) and
BD1-7 clade (5.60 = 8.27%) (Figure 5b). In the MNI group, Proteobacteria (30.72 = 8.73%),
Firmicutes (26.86 &= 7.15%), Bacteroidetes (18.08 & 4.69%), and Tenericutes (relative abundance
of 13.80 + 20.11%) were the dominant phyla. The dominant genera in the MNI group
were Lactobacillus (18.75 + 4.80%), Mycoplasma (relative abundance of 13.25 + 20.18%),
Bacteroidales 524-7 group (11.01 £ 2.79%), and BD1-7 clade (6.24 £ 5.89%). In the FYI
group, Tenericutes (30.89 & 29.63%), Proteobacteria (relative abundance of 26.45 £ 10.51%),
Firmicutes (20.89 & 10.32%), and Bacteroidetes (13.79 £ 5.80%) were the dominant phyla. In
addition, at the genus level, the dominant bacteria were Mycoplasma (relative abundance
of 30.64 = 29.71%), Lactobacillus (14.29 + 6.74%), Bacteroidales S24-7 group (8.21 % 3.51%)
and BD1-7 clade (4.93 £ 6.58%). In the MYI group, Tenericutes (relative abundance of
30.49 4 30.76%), Proteobacteria (23.56 + 8.96%), Firmicutes (21.95 £ 11.00%), and Bacteroidetes
(15.72 &= 7.72%) were the dominant phyla. The dominant genera were Mycoplasma (relative
abundance of 30.19 % 30.93%), Lactobacillus (15.97 £ 8.13%), and Bacteroidales 524-7 group
(9.99 £ 5.04%).
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Figure 5. Dominant bacterial community composition in intestinal and gill tissues of dwarf-form
squid. (a) Phylum level, (b) genus level.

Proteobacteria (relative abundance of 67.74 + 25.06%), Firmicutes (14.13 £ 12.14%), and
Bacteroidetes (10.21 & 9.00%) were the main bacteria in the FNG group. The dominant genera
were BD1-7 clade (relative abundance of 49.36 + 29.45%), Lactobacillus (10.01 4 8.73%),
Bacteroidales S24-7 group (6.30 £ 5.65%), and Vibrio (5.40 + 12.73%). In the MNG groups
Proteobacteria (relative abundance of 51.45 + 16.50%), Firmicutes (22.72 £+ 7.67%), and
Bacteroidetes (16.69 £ 5.64%) were the dominant bacteria. In addition, at the genus level, the
dominant bacteria were BD1-7 clade (relative abundance of 33.86 + 23.63%), Lactobacillus
(16.24 £ 5.54%), and Bacteroidales S24-7 group (10.29 & 3.39%). The bacterial population
of the FYG group was composed of Proteobacteria (relative abundance of 78.60 =+ 15.86%),
Firmicutes (9.26 + 7.94%), and Bacteroidetes (6.99 4+ 6.06%) as the dominant bacteria. The
dominant genera were BD1-7 clade (relative abundance of 61.27 £ 27.13%), Photobacterium
(8.86 £ 19.68%), Lactobacillus (6.45 £ 5.84%), and Bacteroidales S24-7 group (4.32 & 3.85%).
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The dominant bacterial phyla in the MYG group were Proteobacteria (relative abundance of
61.02 £ 19.33%), Firmicutes (16.65 % 8.79%), and Bacteroidetes (11.86 £ 6.49%). At the genus
level, the dominant bacteria were BD1-7 clade (relative abundance of 40.39 + 25.78%),
Lactobacillus (11.73 £ 6.35%), Bacteroidales S24-7 group (7.00 % 3.76%), and Photobacterium

(5.49 £ 11.65%).

3.4. Differential Analysis

Differential abundance analysis of the bacterial taxa in the intestines and gills of dwarf-
form squid was performed the differences in the eight groups are shown in Figure 6a. In the
intestinal bacterial community, 8, 50, 11, and 2 bacterial groups were abundantly enriched
in the FNI, MNI, FYI, and MYI groups, respectively. In contrast, 3, 8, 5 and 2 bacterial
groups were enriched in the FNG, MNG, FYG, and MYG groups, respectively.
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Figure 6. Inter-group variation of intestinal and gill tissues of dwarf-form squid. (a) LDA score;
(b) LEfSe cladogram.

Based on the LEfSe analysis, one class, one order, and three families were enriched
in the FNI group, including Streptococcaceae, Phyllobacteriaceae, and Cardiobacteriaceae. In
the MNI group, three classes, six orders, and twelve families were enriched, including
Intrasporangiaceae, Micrococcaceae, Nocardioidaceae, Rikenellaceae, Familyl, Lachnospiraceae,
Brucellaceae, Rhodobacteraceae, Aeromonadaceae, Enterobacteriaceae, Pseudomonadaceae, and
Nevskiaceae. In the FYI group, one class, three orders, and two families were enriched,
including Moraxellaceae and Mycoplasmataceae. Moreover, three orders and the family
Moritellaceae were enriched in the MNG group. However, in the FYG group, the class
Gammaproteobacteria, order Cellvibrionales, and family Spongiibacteriaceae were enriched. The
MYG group exhibited enrichment in class Opitutae (Figure 6b).

3.5. Network Analyses

Comparing the microbiological characteristics of the medium forms of different sexes with
different gonadal maturities showed several variations in the relative abundances of the genus.
The dominant genus was the BD1-7 clade belonging to Proteobacteria. The second one was Lacto-
bacillus, belonging to Firmicutes. Furthermore, the BD1-7 clade was negatively correlated with
27 genera of bacteria, including Pseudomonas, Rheinheimera, Ideonella, Rhizobium, Aquabacterium,
Roseateles, Yersinia, Aeromonas, Alloprevotella, Plesiomonas, Stenotrophomonas, Pannonibacter, Kleb-
siella, Sulfitobacter, Gemmobacter, Ochrobactrum, Duganella, Alistipes, Enterorhandus, Lachno-
clostridium, Christensenellaceae R-7 group, Aeromicrobium, Paeniglutamicibacter, Candidatus
Actinomarina, Lactobacillus, Ruminococcaceae UCG-014, and Lachnospiraceae NK4A136 group.
Furthermore, there were positive correlations between most other bacteria (Figure 7).

3.6. Functional Prediction

According to KEGG classification in level 1, the relative abundance of “Metabolism”
was the highest, and that of four groups of gill samples were significantly higher than
that of intestinal samples (p < 0.05) (Table 1). In the order of relative abundance, the
second was “genetic information processing”, and then “environmental information pro-
cessing”. Among them, the relative abundance of “environmental information processing”
of intestinal samples were significantly higher than that of gill samples (p < 0.05).
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Figure 7. Correlation network analyses of the microbial communities of dwarf-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.

3.7. Metabolic Characteristics of Microbial Communities by CLPP

To characterize the metabolic function of microbial communities, Biolog EcoPlate
was used based on the utilization pattern of the carbon source. After 168 h of incubation,
AWCD value of each group was significantly different (Figure 8). The activities in intestinal
bacterial communities were lower than in gill groups. Among them, the AWCD of FYG
were significantly higher than other samples after 72 h of incubation (p < 0.05). At 168 h of
incubation, the AWCD of FNG, FYG, MNG, MYG, FNI, FYI, MNI, and MYI were 0.63, 0.92,
0.55, 0.41, 0.14, 0.30, 0.12, and 0.23, respectively.
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Table 1. The predicted KEGG function classification of intestinal and gill tissues of dwarf-form squid
MNI FYI MYI FNG MNG FYG MYG
Metabolism 487 +2.07%° 4951 +£052%P 494 +057%° 4936 4+ 0.40%P  5255+2.02%2  51.84+1.69%2 5343 +£2.13%?2  52.1 +1.90% 2
Genetic Information Processing ~ 16.24 + 0.95% ® 1652 £ 0.51% 2  16.71 +0.45%2  16.61 +0.68% 2 15.60 = 0.97% 3 1625+ 0.48%® 1543 +0.50%°  15.94 + 0.56% 2P
E“"lromlﬂ‘fsct:slslifgormatlon 1534 +1.51%2 1489+ 0.672  14.66 4+ 051%2 1494 +1.01%2  11.88+170%P 1238 +1.77%° 1061 +1.64%P 119+ 1.67%"P
Cellular Processes 3.81 + 0.63% P 3.52 + 0.05% P 3.59 + 0.28% P 35+0.16%P 3.99 +0.39%3  3.76 + 0.26% P 428 +0.39% 2 4.04 + 0.40% 2P
Human Diseases 1.19 + 0.17% @ 1.07 £ 0.05% 2  1.08 +£0.04%2  1.09 &+ 0.07% 2P 0.99 + 0.06% P 0.98 + 0.07% P 0.95 + 0.10% P 0.98 + 0.08% °
Organismal Systems 0.74 £ 0.05% ° 0.73 £ 0.03% 0.74 + 0.04% P 0.72 + 0.03% P 0.92 + 0.12% 2 0.86 + 0.11% 2 0.98 + 0.10% 2 0.90 & 0.10% @
None 0.2 + 0.02% < 0.18 + 0.01% 4 0.19 + 0.01% 4 0.18 + 0.01% 4 024 +0.04%3 0224+ 0.03%°d 0264 0.02%2  0.23 + 0.03% abc
Unclassified 13.78 =+ 0.56% 13.58 =+ 0.06% 13.63 + 0.14% 13.59 =+ 0.13% 13.84 + 0.19% 13.72 + 0.15% 14.07 + 0.31% 13.9 + 0.29%
Significant differences between the samples are indicated by different letters (p < 0.05).
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Figure 8. Average well color development (AWCD) variation in EcoPlates.

The utilization of six types of carbon sources is shown in Figure 9. The utilization of
carbohydrates, amino acids, carboxylic acids, and polymers in gill bacterial communities
was higher than in intestinal groups. After 24 h, the utilization rates of polymers in FYG
and MYG were higher than that in other samples. At 168 h of incubation, the polymer-
utilization rates of gill groups were 3.49 (FNG), 4.59 (FYG), 3.48 (MNG), and 2.66 (MYG).
These values were significantly higher than that of other intestinal bacterial communities
(p <0.05). At 48-120 h, microbial communities had higher utilization rates of carboxylic
acids in MYG than in other groups. Furthermore, the highest utilization rate of carboxylic
acids in MYG reached 6.69 at 96 h. The utilization rates of amino acids in FNG, FYG,
and MYG were higher than in other groups after 96 h. While the microbial communities
had higher carbohydrate utilization rates in FYG and MNG. Compared with other carbon
sources, the utilization rates of amines in all samples were low. After 72 h, the utilization
rates of other carbon sources in FYG were higher than in other samples.

3.8. Correlation Analysis

Correlation analysis showed that the mantle length of the dwarf-form populations
of S. oualaniensis was significantly (p < 0.01) positively correlated with the AWCD in the
intestinal and gill bacterial community (Table 2). Moreover, the AWCD was significantly
(p < 0.05) positively correlated with those of Proteobacteria (Table 3). At the genus level,
it was found that AWCD had a significant (p < 0.01) positive correlation with the relative
abundance of the BD1-7 clade. At the same time, it was significantly (p < 0.05) negatively
correlated with Mesorhizobium (Table 4).
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Figure 9. Variations in carbon source utilization by microbial communities of intestinal and gill
tissues of dwarf-form squid. (a) Polymers, (b) Carboxylic acids, (c) Amino acids, (d) Carbohydrate,
(e) Amines and (f) Others.

Table 2. Correlation analysis between mantle length of the dwarf-form populations of Sthenoteuthis
oualaniensis and the AWCD in the intestinal and gill bacterial community.

Mantle Length AWCD-I AWCD-G
Correlation coefficient 0.823 * 0.798 *
Significance (p) 0.001 0.002

AWCD-I: AWCD in the intestinal bacterial community; AWCD-G: AWCD in the gill bacterial community.
* Indicates the significant correlation (p < 0.05).

Table 3. Correlation analysis between the AWCD and the relative abundance of dominant intestinal
bacteria at the phylum level.

AWCD Proteobacteria Firmicutes Bacteroidetes Tenericutes
Correlation 0.433* ~0.256 ~0.228 —0213
coefficient
Significance (p) 0.034 0.228 0.285 0.317

* Indicates the significant correlation (p < 0.05).

Table 4. Correlation analysis between the AWCD and the relative abundance of dominant intestinal
bacteria at the genus level.

AWCD Correlation Coefficient Significance (p)
Photobacterium —0.098 0.647
Lactobacillus —0.038 0.859
Mesorhizobium —0.441* 0.031
Bacteroidales S24-7 group —0.056 0.795
Vibrio —0.249 0.241
Muycoplasma —0.332 0.113
Bacteroides —0.083 0.699
Pannonibacter —0.109 0.611
BD1-7 clade 0.547 ** 0.006
Yersinia —0.072 0.742

* Indicates the significant correlation (p < 0.05). ** Indicates the extremely significant correlation (p < 0.01).
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3.9. Redundancy Analysis

RDA ordination was performed to correlate the utilization of six types of carbon
sources with microbial communities (Figure 10). For the species data, the first axis explained
75.9% of the total variation, the first and the second axes explained 95.1%, and all four axes
explained 100%. The utilization of six carbon sources, including polymers, carboxylic acids,
amino acids, carbohydrates, amines, and others, positively correlated with the abundance
and distribution of the BD1-7 clade.

=
-
amines
others
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- amino acids
N BD147 clade
N
P pplymers
A —» carbohydrate
: carboxylic acids
"% | Mesorhizobium Photobacterium
< Bacteroides
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-1.0 Axis 1 (75.9%) 1.0

Figure 10. Redundancy analysis ordination of data.

4. Discussion
4.1. Microbial Community Characteristics in the Intestine and Gills

Mycoplasma was the most dominant group of bacteria in the intestinal samples of
FN, FY, and MY and showed the second-highest relative abundance in MN samples in
dwarf-form S. oualaniensis. Mycoplasma does not have a cell wall [20]. Different species
of Mycoplasma colonize different tissues, such as the intestinal tract [21] and gills [22].
Mycoplasma spp. are pathogens responsible for some human respiratory diseases and
seem to play a symbiotic role in the intestines of various fish [20,23,24]. Bano et al. [25]
found that Mycoplasma mobile could colonize the intestine of fish without causing disease.
Kang et al. [7] 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. In this study, Mycoplasma was the
most dominant group of bacteria in the intestinal samples of dwarf-form squids regardless
of sexes and gonadal maturities. In addition, the function of Mycoplasma in the intestine of
dwarf-form S. oualaniensis needs to be further studied.

Microbial community structure in the gills of dwarf-form squid was different from
that of the intestinal bacterial community. The gut will exchange substances with the
environment, especially food. While the gill tissue mainly exchanges water and gas with
the external environment. So the bacterial community structure of the gill was similar
to that of the aquatic environment [26]. 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 33.86-61.27% in gill samples of all groups. The BD1-7 clade belongs to the group of
oligotrophic marine Gammaproteobacteria (OMG) [27], which is one kind of dominant
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bacteria in marine environments associated with the gorgonians of the Gorgoniidae family.
These data suggest that BD1-7 is crucial for the health of these holobionts [28,29]. In
addition, we found that Lactobacillus and the S24-7 Bacteroidales group were present in
the microbial communities of the gills and intestines of squid. Zhang et al. [30] considered
these groups to be intestinal probiotics for fish and shrimp, which is also a part of the
normal intestinal bacterial community [31].

4.2. Metabolic Characteristics of Intestinal and Gill Bacterial Communities

Marine organisms in the South China Sea, such as cephalopod, crustaceans, fish and
so on, are not only the good fishery resources, but also the better source of microbial
strains. Su et al. [32] found that the abundances of Antibiotic resistance genes (ARGs) in
the offshore zone were 2.39-2.66-fold higher than those in the open sea and reef zones in
the South China Sea (p < 0.05). Taking deep and open sea and marine organisms as the
object, mining microbial resources is one of the future research directions. Therefore, we
not only pay attention to the composition of microbial communities in deep and far sea
environment and marine organism environment, but also pay attention to the metabolic
function of culturable microorganisms.

By analyzing the utilization pattern of the sole carbon source, the metabolic character-
istics of a cultured microbial community could be represented [19,33]. Additionally, the
differences in metabolic capacity could be derived from the amounts, the composition,
and the function of cultivated communities [17]. In this study, we find that the micro-
bial community activities in intestinal bacterial communities of dwarf-form S. oualaniensis
populations were lower than that in gill groups. Moreover, the predicted expression of
“metabolism” related genes also showed the same rule. This disparity may be related to the
short intestinal length of dwarf-form populations of S. oualaniensis [4]. Kang et al. [7] postu-
lated that the intestinal microbial community of cephalopods was composed of distinctive
microbes which differed from those of other mollusk groups or marine fish. This microbiota
was strongly associated with their phylogeny. The gills are essential organs for exchanging
material with the environment. In this study, the AWCD of FYG was significantly higher
than other samples after 72 h of incubation (p < 0.05). The mantle length and body mass
of FY were significantly (p < 0.05) higher than those of the other types. Furthermore, the
mantle length of the dwarf-form populations of S. oualaniensis was significantly (p < 0.01)
positively correlated with the AWCD in the intestinal and gill bacterial community. This
result indicates that the bacterial communities in the larger dwarf-form populations of S.
oualaniensis utilize carbon sources more robustly.

Among the carbon sources in the Biolog EcoPlates, carbohydrates and amino acids
were found in marine environment [34], which were the most abundant components of
organic matter in marine organisms, suspended and sinking particles, as well as DOM [35].
The utilization of carbohydrates, amino acids, carboxylic acids, and polymers in gill bac-
terial communities of dwarf-form populations was higher than that in intestinal groups.
These data suggest that the metabolic potential of the gill microbial community of dwarf-
form populations is higher than that of the intestinal microbial community. However,
compared with the carbon source utilization rate of culturable bacteria in water environ-
ment in South China Sea, the carbon source utilization rates of gill bacterial community of
dwarf-form S. oualaniensis is were lower than that of water [18].

According to the Correlation and Redundancy analysis, AWCD had a significant
(p < 0.01) positive correlation with the relative abundance of the BD1-7 clade. Moreover,
the utilization of six types of carbon sources, including polymers, carboxylic acids, amino
acids, carbohydrates, amines, and others, positively correlated with the abundance and
distribution of the BD1-7 clade. Cho and Giovannoni [27] considered that BD1-7 clade was a
dominant bacteria in marine environments crucial for the health of these holobionts [28,29].
Since BD1-7 clade is significantly related to microbial community activities and the utiliza-
tion rate of various carbon sources, how to obtain its cultivable microbial resource would
be the focus of subsequent strain utilization and function research.
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5. Conclusions

This study demonstrated the microbial community characteristics of the intestine and
gills of dwarf-form populations of S. oualaniensis. Mycoplasma, belonging to Tenericutes,
was the most dominant group of bacteria in the intestinal samples of FN, FY, and MY
and showed the second-highest relative abundance in MN samples of S. oualaniensis.
The microbial community structure in the squid gills differed from that of the intestinal
flora. BD1-7 clade was the dominant bacteria and metabolic function indicator of the gill
microbial community. The bacterial communities in the larger dwarf-form populations of
S. oualaniensis had a stronger utilization of carbon sources. This study provides insight into
the microbial community structure and metabolic characteristics of the intestinal and gill
tissues of dwarf-form populations of S. oualaniensis.
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