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The bigfin reef squid, Sepioteuthis lessoniana, are a valuable commercial

species in East Asian regions such as Taiwan and Japan. A lack of genomic

information limits the application of potential aquaculture techniques,

especially in breeding when considering the hatching rate of offspring. In

some squids and cuttlefishes, symbiotic bacteria are transmitted from the

accessory nidamental gland (ANG) to the jelly coat of eggs. In Hawaiian

bobtail squid, these parent-delivered mutualistic bacteria play an important

role in preventing lethal biofouling of the eggs and accelerating the hatch rate

of offspring. The bacterial consortium, which is housed in the female squids

ANG, are governed by host selection during female maturation. Immune

functions are typically used to explain the regulatory mechanism of

symbioses by host selection. In this study, we evaluated the transcripts

featured in bacterial selection and maintenance during ANG development

using RNA-seq. Different developmental stages of ANGs (stages 1–4) were

sequenced. The de novo transcriptome assembly resulted in 524,918 unigenes.

Two groups, non-pigmentation group (stage 1 and stage 3) and pigmentation

group (stage 4), were clustered by transcriptome-wide expression profile

analysis. The gene expression analyses indicated that 9,475 differential

expression genes (DEGs) in three different phases and 1,363 (14.3%) DEGs

were matched in the Gene Ontology (GO) and Kyoto Encyclopedia of Genes

and Genomes (KEGG) databases. Furthermore, KEGG-enriched analysis results

suggested that immune responses are a dominant pathway in the non-

pigmentation group (stage 1 and stage 3) whereas lipid metabolism and

metabolism of flora fermentation are dominant in the pigmentation group

(stage 4). Although the host immunity plays an important role during bacterial
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colonization of the ANG in bigfin reef squid, our results showed that most

immune-related genes had a reduced transcriptomic level in the pigmentation

group compared with the non-pigmentation group. Therefore, our results

provide new insight to understand the regulatory mechanisms of initial

bacterial colonization and later bacterial pigmentation in the bigfin reef squid.
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Introduction

Several cephalopods have two specialized-organs, known as

light organ and accessory nidamental gland (ANG), which house

symbionts. The light organ is a bacteriogenic photophore, which

is found in both sexes of certain Sepiolidae and Myopsida species

(Lindgren et al., 2012). Unlike the light organ, the ANG is found

only in females of some squid (Sepiolidae, Myopsida) and

cuttlefish (Sepiida) species and is absent in other cephalopods

(Oegopsida, Octopodiformes, Nautiloidea) (Lindgren et al.,

2012). In Hawaiian bobtail squid (Euprymna scolopes), it was

found that the ANG houses many types of bacteria and it

delivers a bacteria-laden coating from the parent to the egg

capsule which protects the eggs from fungal fouling (Kerwin

et al., 2019). This bacterial consortium within the ANG is

populated via horizontal transmission from the marine

environment (Kaufman et al., 1998; Li et al., 2019). Although

the bacterial consortia of ANGs show variety in different species

(Collins et al., 2012; Kerwin and Nyholm, 2017; Yang et al.,

2021), its composition shifts gradually during female maturation

(Kerwin et al., 2021; Yang et al., 2021). The dynamics of the

bacterial consortium in the ANG appear to comprise an intricate

process governed by host selection during female maturation.

For the light organ, comprehensive mechanisms have been

described for bacterial selection and maintenance of the

symbiotic luminescent bacterium, Vibrio fischeri (V. fischeri),

in Hawaiian bobtail squid (reviewed in Nyholm and McFall-

Ngai, 2021). However, symbiont shuffling and regulation in the

ANG are not well understood. In order to understand the

regulation of cephalopod ANG to the symbiotic bacterial

consortium during female maturation, transcriptome analysis

was used in this study, especially focused on genes involved in

the immune defensive functions of bigfin reef squid ANG during

female maturation.

The animal immune system not only defends against

microbial infection but also assists in the colonization of

symbiotic microorganisms to maintain microbiota–host

homeostasis (Cerf-Bensussan and Gaboriau-Routhiau, 2010).

In invertebrates, innate immune functions are based on the
02
recognition of non-self patterns and the presence of cellular

danger signals (Rosenstiel et al., 2009). Pattern recognition

receptors (also called pattern recognition molecules, PRRs/

PRMs) are sensor molecules that recognize motifs uniquely

present in bacterial cell walls (pathogen/microbe-associated

molecular patterns, PAMPs/MAMPs) such as peptidoglycans

(most bacteria), lipoteichoic acid (gram-positive bacteria), and

lipopolysaccharides (gram-negative bacteria) (Dziarski, 2004;

Royet et al., 2011). After receptors bind with PRR/PRM–

PAMP/MAMP complexes at the interface of epithelial barriers,

they destroy foreign material by induction of defense effectors

(Rosenstiel et al., 2009; Royet et al., 2011; Castillo et al., 2015).

This innate immune system is known to be involved in the

maintenance of commensal bacteria–host homeostasis in

different tissues such as gut microbiota in animals (reviewed in

Gómez and Balcázar, 2008; Royet et al., 2011), gill symbionts in

vent mussel, Bathymodiolus septemdierum (Ikuta et al., 2019),

light organ luminescent bacteria, V. fischeri, in Hawaiian bobtail

squid (McAnulty and Nyholm, 2017; Nyholm and Graf, 2012),

and ANG microbiota in bigfin reef squid (Li et al., 2022).

Therefore, the innate immune system serves important

biological roles in controlling bacterial assemblages in the

ANG of cephalopods.

A single symbiotic bacterial species (V. fischeri) produces

bioluminescence in the light organ of the Hawaiian bobtail squid

which is controlled by a daily biological rhythm through the

quorum-sensing system (Boettcher et al., 1996; Lupp et al.,

2003). On the contrary, a complex consortium of microbes

synthesizes carotenoids (pigments) which accumulate in the

ANG at the time of female maturation (Lum-Kong and

Hastings, 1992; Kerwin et al., 2021; Yang et al., 2021). As a

result, the color of the ANG changes from white to yellow,

orange, and red during sexual maturation in female squids

(Bloodgood, 1977; Li et al., 2019; Li et al., 2022). Stressful

environments can also lead to carotenoid accumulation as a

defense in response to harmful conditions (Asker et al., 2007;

Dieser et al., 2010; Mohammadi et al., 2012). Variations in light,

temperature, salinity and pH have been reported to trigger

carotenogenesis in some bacterial species (reviewed in Ram
frontiersin.org
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et al., 2020). Carotenoids also play a role in overall fitness (Johler

et al., 2010) and virulence within the host for some pathogenic

bacteria (Liu et al., 2005; Mohammadi et al., 2012). Furthermore,

carotenoid accumulation (pigment formation) is regulated by a

quorum-sensing system in certain bacteria, with high bacterial

densities triggering the expression of specific genes (Rutherford

and Bassler, 2012). Therefore, the protective antioxidant effects

of carotenoids are important during the late phase of bacterial

colonization with high bacterial densities. These data also

demonstrate that the establishment and maintenance of the

complex bacterial consortium in the ANG is an intricate

process governed by host selection during initial bacterial

colonization and later bacterial pigmentation.

The bigfin reef squid belongs to Myopsida, which possess

only the ANG organ; the light organ is absent in this species

(Lindgren et al., 2012). The development of the ANGs has been

previously studied in female bigfin reef squid (Li et al., 2019) and

other coleoid cephalopods (Lum-Kong, 1992; Kaufman et al.,

1998; Kerwin et al., 2021). During ANG development, the

bacteria are gradually transferred from the outer epithelial cells

layers by environmental microbiota; these cell layers are deeply

invaginated and form tubule structures in the inner epithelial cell

layers for bacterial flora (Lum-Kong, 1992; Kaufman et al., 1998;

Li et al., 2019; Kerwin et al., 2021). Four developmental stages of

the ANG have been categorized in bigfin reef squid by gonadal

and ANG characteristics (Figure 1): juvenile squid (primary
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oocyte stage) with a colorless ANG without visible bacterial flora

(s tage 1 , bacter ia l transmiss ion) , immature squid

(previtellogenic oocyte stage) with a colorless ANG with

bacterial flora (stage 2, early phase of bacterial colonization),

maturing squid (early vitellogenic oocyte stage) with a white/

light-orange ANG and large numbers of bacterial flora (stage 3,

late phase of bacterial colonization), and mature squid (mature

eggs observe in oviduct) with a pigmented ANG and large

numbers of bacterial flora (stage 4, bacterial pigmentation) (Li

et al., 2019). Furthermore, our recent study shows that

transcripts of one of the PPRs, peptidoglycan recognition

protein 2 (Pgrp2), are highly correlated with ANG

development and bacterial colonization in bigfin reef squid (Li

et al., 2022). Bigfin reef squid Pgrp2 is mainly expressed in the

epithelial cells of certain secondary tubules of ANG (Li et al.,

2022). Therefore, these data suggest that the host innate immune

system may participate in the maintenance of the complex

consortium in the ANG of bigfin reef squids.

During the last two decades, RNA sequencing has been

applied in fundamental research for transcriptome analysis. The

transcriptome has been used to study the innate immune system

in different tissues of cephalopods as follows: white body

(hematopoietic tissue) of the southern bobtail squid Euprymna

tasmanica (Salazar et al., 2015), hemocytes of the common

octopus Octopus vulgaris (Castellanos-Martıńez et al., 2014)

and Hawaiian bobtail squid (Collins et al., 2012), light organ
FIGURE 1

Schematic diagram representing the ANG developmental statues during female maturation in bigfin reef squid. Initially, the bacterial consortium
of the ANG is populated by horizontal transmission from the environment. Four developmental stages of the ANG can be identified through
gonadal and ANG characteristics. Bacterial transmission (stage 1), juvenile squid with primary oocytes, a colorless ANG, and no visible bacterial
flora; early phase of bacterial colonization (stage 2), immature squid with previtellogenic oocytes, a colorless ANG, and bacterial flora; late phase
of bacterial colonization (stage 3), maturing squid with early vitellogenic oocyte, a white/light-orange ANG, and a large number of bacterial
flora; bacterial pigmentation (stage 4), mature squid with mature eggs observed in oviduct, a pigmented ANG, and large numbers of bacterial
flora (stage 4). Finally, these symbiotic bacteria are transmitted to the jelly coat of the egg. Pink, yellow, and green colors indicate the female
phases and ANG stages, respectively. Blue color indicates the marine environment. Dash lines indicate the horizontal transmission of bacteria
from the marine environment to ANG or bacteria releasing from ANG to egg capsule.
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of the Hawaiian bobtail squid (Goodson et al., 2005; Belcaid

et al., 2019), and ANG of the European cuttlefish Sepia officinalis

(Cornet et al., 2015). However, a comprehensive study on the

mechanisms of bacterial selection and maintenance in the ANG

during female maturation has not yet been completed. In order

to understand the regulation of the symbiotic bacterial

consortium in the cephalopod ANG during female maturation,

transcriptome analysis was used in this study. We presented the

first comprehensive ANG transcriptome analysis of the bigfin

reef squid by de novo sequencing and annotation of the data

generated by Illumina platform. Our data can provide insight

into the regulatory mechanism of the ANG to the bacterial

consortium during female maturation, especially on genes

involved in immune defensive during the sexual development

of female bigfin reef squid.
Materials and methods

Squid collection

Bigfin reef squids were purchased from a fisherman on

Heping Island (Keelung city, Taiwan) from the autumn of

2016 to the spring of 2017. The squids were collected by hand

jigging from a boat off the near region of Heping Island (off the

northeastern coast of Taiwan). The squid were anesthetized with

5% ethanol/seawater at room temperature and then decapitated

after tissue sampling. The reproductive phase of females was

determined based on ovarian stage by oocyte size and

morphological characteristics (mature eggs in oviduct), as

described previously (Chen et al., 2018). The ANG stage was

determined based on morphological characteristics and

confirmed by histology, in accordance with our previous study

(Li et al., 2019). The stage of samples in this study was presented

in our recent study (Li et al., 2022), including juvenile squid

(stage 1, n = 3), immature squid (stage 2, n = 1), maturing squid

(stage 3, n = 4), and mature squid (stage 4, n = 5). The ANGs

were further divided into three groups and used for RNA

analysis in this study (Figure 2): early transmission phase

(stage 1), middle colonization phase (stage 3), and late

pigmentation phase (stage 4). The biological characteristics of

the sampled squid are shown in Table 1. All procedures and

investigations were approved by the National Taiwan Ocean

University Institutional Animal Care and Use Committee and

were performed in accordance with standard guidelines.
Tissue histology

Tissue histology was performed according as described in

our previous study (Chen et al., 2018). The ANGs and ovaries

were fixed with 4% paraformaldehyde in PBS at 4°C for 16 h,
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dehydrated in methanol, and stored at -20°C. The dehydrated

ANGs were serially transferred to ethanol and xylene and then

embedded in paraffin. The ANG sections (5-µm thickness) were

rehydrated with PBS and subjected to hematoxylin and

eosin staining.
Total RNA extraction and quantification

Tissues were homogenized in TRIzol reagent (Invitrogen).

Extraction of nucleic acids was performed according to the

manufacturer’s protocol. The RNA degradation of isolated

total RNA was assessed by gel electrophoresis. The quantity of

isolated total RNA was determined using a NanoDrop™ 1000

spectrophotometer (Thermo Fisher Scientific).
Illumina library construction and
sequencing

RNA qualification, cDNA library construction, and Illumina

sequencing were conducted by Genomics, Inc. (New Taipei City,

Taiwan). The concentration and integrity of RNA samples were

determined using a Qubit® 2.0 Fluorometer (Life Technologies)

and Agilent 2100 Bioanalyzer (Agilent Technologies),

respectively. RNA-seq libraries were constructed using the

Illumina TruSeq Stranded mRNA Library Prep Kit (Illumina).

Paired-end (150-bp) transcriptome sequencing was performed

on the Illumina NextSeq 500 platform.
De novo transcriptome assembly

Data processing was modified as described in our previous

study (Tseng et al., 2022). The raw reads were deposited in the

NCBI Sequence Read Archive database (BioProject ID

PRJNA814067). Raw reads were processed using the Galaxy

platform (http://usegalaxy.org) to analyze the data. Clean

reads were gener a t ed f rom raw reads us ing the

Trimmomatic trimming tool (ILLUMINACLIP = TruSeq3-

PE.fa:2:30:10:8, SLIDINGWINDOW = 4:5, LEADING = 5,

TRAILING = 5, MINLEN = 25) by removing adapters and

low-quality reads. The clean reads of all samples were pooled

together for de novo assembly with Trinity v2.9.1. Quality

assessment of the de novo assembled transcriptome was

performed by computing the ExN50 statistic and BUSCO.

To identify the contaminants from holobionts, a DIAMOND

tool (Buchfink et al., 2021) analysis of all sequences against the

NCBI NR database was used to identify bacterial sequences.

Through the above data processing procedure, accurate

transcripts were generated as the reference transcripts/genes

for subsequent analysis.
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Identification of immune-related genes

To identify putative genes involved in the immune response,

the sequences obtained in this study were screened using the GO

terms (innate + immune) after annotation of all the sequences.

The putative immune-related transcripts were identified by

looking for these specific keywords in the hit descriptions of

proteins of the present de novo transcriptome database.

Furthermore, genes important in the cephalopod immune

response, according to the literature (reviewed in Castillo

et al., 2015), were searched in the reference bigfin reef squid

ANG transcriptome. Full-length cDNA sequences of these

immune-related genes in mollusk were retrieved from NCBI

GenBank, and local BLAST searches were conducted (BLASTP,

cutoff e-value 1e-5) against translated sequences from the

reference bigfin reef squid ANG transcriptome.
Frontiers in Marine Science 05
Analysis of differentially expressed genes

The clean reads for each sample were mapped to the

reference transcripts using the Salmon in the Galaxy platform.

The TPM (transcripts per million) values were used to represent

the expression level of each sample’s transcripts. Statistically

significant differentially expressed genes (DEGs) between the

different groups were identified using DESeq2 software, and the

filter parameters were | log2 Fold Change| > 1 and adjusted p

value < 0.001. These DEGs were clustered using hierarchical

clustering of Pearson correlation with the Trimmed Means of M

values (TMM). TransDecoder was used to identify putative open

reading frames (ORFs) from the DEGs. For functional

annotation, predicted peptides of DEGs were annotated using

the public database eggNOG v5.0 with eggNOG-mapper v2

(Cantalapiedra et al., 2021). This tool can be used to find
FIGURE 2

Morphological and histological changes during ANG growth. Relationship between morphology (A–D) and histology (E–J) of ANG during
female maturation. Morphological changes in ANG stages are shown as follows: (A) juvenile squid with a colorless ANG (stage 1); (B) immature
squid with a colorless ANG with several white spots (stage 2); (C) maturing squid with a white/yellow ANG (stage 3); (D) mature squid with a
pigmentary ANG (stage 4). Histological changes in ANG stages are shown as follows:(E, F) juvenile squid without visible bacterial colony in the
ANG (stage 1); (G, H) immature squid with several bacterial colonies in the ANG (stage 2); (I, J) bacterial colonies widely spread in the ANG
(stage 3 and stage 4). Based on the process of ANG development, three phases are divided in this study, namely, early transmission phase,
middle colonization phase, and late pigmentation phase. ANG, accessory nidamental gland; B, bacteria; BH, branchial heart; CT, connective
tissue; Gi, gills; In, intestine; IS, ink sac; NG, nidamental gland; OG, oviductal gland; PT, primary tubule; ST, secondary tubule.
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clusters of orthologous groups in the eggNOG database and

annotate them using Gene Ontology (GO) and the Kyoto

Encyclopedia of Genes and Genomes (KEGG). The functional

properties of genes and gene products in organisms can be

annotated by GO. KEGG pathway analysis was performed to

identify pathways for intracellular molecular interactions and

their organism-specific variations, not including human

disease pathways.
Quantitative real-time PCR

Quantitative real-time PCR (qPCR) was carried out using

CFX Connect™ Real-Time PCR Detection System (Bio-Rad

Laboratories) with SYBR Green Master Mix (Bio-Rad

Laboratories). Elongation factor 1 alpha (Ef1a; GenBank

accession no. MG924746) was used as an internal standard

to normalize the gene expression levels. Specific qPCR primers

for target genes are listed in Table 2. The qPCR specificity was

confirmed by a single melting curve in samples and template-

containing controls. No signal was detected by qPCR in non-

template controls. The reaction efficiency of different genes

was evaluated using serially diluted standards. The relative

gene expression levels were determined according to the 2-

DDCt method, and the highest value of the target genes was

defined as 1. Using the same ANGs used for qPCR analysis in
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our recent studies (Li et al., 2022), the transcript levels of

Pgrp2 were analyzed by qPCR in our recent studies (Li

et al., 2022).
Data analysis

Data are shown as the mean ± standard deviation (SD). One-

way ANOVA followed by a Games–Howell test (homogeneity of

variance <0.05) was used to determine the significance of

differences among three groups. Statistical Package for the

Social Sciences (SPSS) software was used. In all cases, P < 0.05

indicated a significant difference.
Results

RNA sequencing and de novo assembly
of squid ANG transcriptomes

To study the regulation of the bacterial consortium by the

squid ANG, 13 cDNA libraries were constructed from the

different stages of the ANG during female maturation,

including stage 1 (3 libraries), stage 2 (1 library), stage 3 (4

libraries), and stage 4 (5 libraries). A total of 213.1 million
TABLE 1 Characteristics of sampled squids.

Sample
no.

Sampling
date

ML
(cm)

BW
(g)

GW
(g)

GSI
(%)

Gonadal
stage

ANG
stage

Reproductive
phase

T1 Sep. 2016 15.5 205 <0.1 N.A. PO Stage 1 Juvenile female

T2 Sep. 2016 15.5 196 <0.1 N.A. PO Stage 1 Juvenile female

T3 Sep. 2016 14.5 211 <0.1 N.A. PO Stage 1 Juvenile female

C1 Oct. 2016 18 308 0.3 0.1 PVO Stage 2 Immature female

C2 Nov. 2016 23 717 0.8 0.1 EVO Stage 3 Maturing female

C3 Dec. 2016 N.D. N.D. N.D. N.A. EVO Stage 3 Maturing female

C4 Dec. 2016 21 542 N.D. N.A. EVO Stage 3 Maturing female

C5 Feb. 2017 26 856 N.D. N.A. EVO Stage 3 Maturing female

P1 Feb. 2017 25.5 991 10.5 1.1 RO Stage 4 Mature female

P2 Mar. 2017 25 744 9.0 1.2 LVO Stage 4 Mature female

P3 Mar. 2017 29 1159 16.5 1.4 LVO Stage 4 Mature female

P4 Mar. 2017 33 1787 27.5 1.5 RO Stage 4 Mature female

P5 Mar. 2017 32 1650 20.2 1.2 RO Stage 4 Mature female

T, transmission phase; C, colonization phase; P, pigmentation phase; ML, mantle length; BW, body weight; GW, gonad weight; GSI, gonadosomatic index; PO, primary oocyte stage;
PVO, previtellogenic oocyte stage; EVO, early vitellogenic oocyte stage; LVO, late vitellogenic oocyte stage; RO, ripe oocyte stage (mature egg). N.D. and N.A. indicate no data and no
analysis, respectively.
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(64.6 Gb) raw reads was obtained from the 13 libraries that

contained 53.3 million reads (16.2 Gb), 81.1 million reads

(24.6 Gb), and 78.8 million reads (23.8 Gb) in the early

transmission phase, middle colonization phase, and late

pigmentation phase, respectively (Table 3). After filtering

out the low-quality and ambiguous reads, a total of 60.8-Gb

reads (94.1%) was obtained from the early transmission phase

(15 Gb, 92.6%), middle colonization phase (23.2 Gb, 94.3%),

and late pigmentation phase (22.6 Gb, 95%) (Table 3). These

clean reads were used for the subsequent analysis. The de novo

assembly generated 524,918 unigenes containing 747,982

transcripts, and the N50 value was 454 bp involving all the

contigs (E100) (Table 4). The ExN50 statistic showed that the

maximum N50 value was 1,838 bp (E84) (Figure S1). These

data only represent the top most highly expressed genes

(16,073 unigenes out of the total of 524,918 unigenes) that

represent 84% of the total normalized expression data. In total,

2.1% of the transcripts (16,979 transcripts) in the

transcriptome were clustered in the non-eukaryotic group,

representing only 0.6~1.9% of the total expression data in each

library. These data revealed that a small amount of

contaminat ing genes was due to microorganisms .

Benchmarking Universal Single-Copy Orthologs (BUSCOs)

analysis showed that these unigenes contained 4,592 (86.7%)

complete BUSCOs and 148 (2.8%) fragmented BUSCOs,

whereas 555 (10.5%) BUSCOs were missing out of 5,295

single-copy orthologs of Mollusca (Table 4).
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Global gene expression in ANGs altered
at the later pigmentation phase

A threshold of TPM >1 in at least one ANG sample was used

to define genes as expressed. In total, 209,719 genes were used

for transcriptome-wide expression analysis. The global gene

expression patterns of ANGs at different stages were

hierarchically clustered in a heatmap using the Pearson

correlation coefficient as a distance measure (Figure 3). Two

different groups were clearly separated. One consisted of ANGs

at the early transmission phase and middle colonization phase

(branch 1: stage 1 and stage 3), and the other consisted of ANGs

at the later pigmentation phase (branch 2: stage 4). In branch 1

(non-pigmentation group), stage 1 and stage 3 ANGs are

clustered together. Global gene expression of ANGs started to

change at the later pigmentation phase (stage 4), the period

when mature squid have a pigmented ANGwith a large numbers

of bacterial flora.

Pairwise comparisons of ANGs from three different stages

(stages 1, 3, and 4) identified a total of 9,475 DEGs. Subsequently,

expression profiling was performed on these DEGs at three

different ANG stages (Figure 4A). Furthermore, according to the

temporal characteristics of gene expression across the three ANG

stages, these DEGs were divided into five clusters (Figure 4B). In

total, 3,162, 1,492, 922, 2,648, and 1,251 unigenes clustered into

groups 1, 2, 3, 4, and 5, respectively (Figure 4B). It is worth noting

that the gene expression profiles in group 1 and group 4 showed
TABLE 2 The quantitative real-time PCR primers used in the present study.

Gene Orientation Sequence

Alkaline phosphatase 1 Sense 5′-TCACTGTAAGGTCAGCGAAAC-3′

(Alp1) Antisense 5′-CAACGAAATAGCGAGCGAAAC-3′

Carbonic anhydrase 4 Sense 5′-TTCCAATTACCGACCAATCCA-3′

(Ca4) Antisense 5′-GAACACCAGCACCGAGATAG-3′

Cluster of differentiation 109 Sense 5′-GTTCGCTGCTCAAGTCAAATC-3′

(Cd109) Antisense 5′-TGGGACAATTTCTGGGAAGG-3′

GTP cyclohydrolase 1 Sense 5′-CAGACGATTTACCGCACTGA-3′

(Gch1) Antisense 5′-CGTGGTCATTGTTCTGGATACT-3′

Nuclear receptor coactivator 7 Sense 5′-CCTATGGATGGTGAAGGAGAAC-3′

(Ncoa7) Antisense 5′-CCAGCAGCGTAGTTGTAGATT-3′

Peptidoglycan recognition Sense 5′-GGCACTATCTGCTGTTCAGAAT-3′

protein 2 (Pgrp2) Antisense 5′-GCACATCCCTGTGTCCAAATA-3′

Peptidoglycan recognition Sense 5′-GTCCAATGCGTGTTCCAGTAT-3′

Protein 3-like (Pgrp3l) Antisense 5′-TTGCTGTGTGGTGGATGAAG-3′

Solute carrier family 26 member 6 Sense 5′-CAACACACCTCACATATTCCT-3′

(Slc26a6) Antisense 5′-CCTCCACTTCCAATTTGAACA-3′
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that there were significant changes as the ANGs shifted from the

non-pigmentation group (stage 1 and stage 3) to the pigmentation

group (stage 4). Furthermore, over half of the DEGs (61.3%) were

clustered in these two groups (groups 1 and 4). Combined with

global gene expression patterns in ANGs, our results suggested that
Frontiers in Marine Science 08
host physiological characteristics are dramatically altered from the

middle colonization phase (stage 3) to the later pigmentation phase

(stage 4).
GO and KEGG enrichment analyses of
differentially expressed genes

Among the 9,545 DEGs, 1,223 DEGs (12.8%) and 1,165

DEGs (12.2%) had matches in the GO and KEGG databases,

respectively. In total, 8,182 (85.7%) DEGs did not have matches

in any databases. GO annotation (level 2) categorized these

DEGs into 26 biological processes, two cellular components, and

17 molecular functions (Figure S2). Cellular, metabolic, and

biological regulation processes were the most dominant

categories of biological processes, whereas cellular anatomical

entities and protein-containing complexes were the two cellular

component categories. Binding and catalytic activity were the

most dominant categories of molecular functions. Furthermore,

these DEGs were classified into 32 KEGG subcategories,

including 11 metabolism, four genetic information processing,

three environmental information processing, four cellular

processes, and 10 organismal systems (Figure S3).

Furthermore, the GO term-enriched profiles (p value <

0.05) and KEGG pathway-enriched profiles (p value < 0.05

with five genes in a pathway) in the five main expression

profiles (groups) are shown in Figures 5, 6, respectively.

According to the GO term-enriched profiles and KEGG-

enriched profiles, our data showed temporal characteristics in
TABLE 3 Summary of transcriptome data of ANG during female maturation.

Sample Raw reads Raw bases
(Gb)

>Q20%
(raw) Clean reads Clean bases

(Gb)
CG content

(%)
Mapped reads

(%)

T1 19,116,250 5.8 91.1 19,099,984 5.4 38.8 95.1

T2 17,741,517 5.4 91.4 17,726,198 5.0 39.0 95.0

T3 16,405,470 5.0 91.1 16,391,181 4.6 39.9 94.9

C1 17,363,348 5.2 90.9 17,348,302 5.0 39.4 94.8

C2 15,789,104 4.8 89.4 15,775,607 4.6 40.0 93.4

C3 15,590,795 4.8 89.6 15,577,492 4.4 39.4 93.7

C4 16,104,796 4.8 89.7 16,091,144 4.6 39.8 93.0

C5 16,241,598 5.0 89.4 16,227,618 4.6 39.0 93.5

P1 15,108,576 4.6 90.5 15,095,713 4.4 41.1 94.8

P2 15,833,568 4.8 90.0 15,819,942 4.6 41.2 93.6

P3 16,731,420 5.0 90.6 16,717,045 4.8 39.4 94.3

P4 15,488,776 4.6 89.8 15,475,576 4.4 42.1 94.6

P5 15,593,652 4.8 90.2 15,580,189 4.4 39.8 94.0

T, transmission phase; C, colonization phase; P, pigmentation phase.
TABLE 4 Summary statistics of transcriptome assembly.

Feature Value

Number of genes (n) 524,918

Number of transcripts (n) 747,982

Total size of transcripts (bp) 427,010,075

Assembly GC content (%) 35.8

N50 (bp) 454

Putative ORFs (TransDecoder) (n) 130,234

Complete BUSCOs (n) 4,592 (86.7%)

Single-copy (n) 1,616 (30.5%)

Duplicated (n) 2,976 (56.%)

Fragmented BUSCOs (n) 148 (2.8%)

Missing BUSCOs (n) 555 (10.5%)

Lineage dataset Mollusca

Number of genomes 7

Number of BUSCOs 5,295

BUSCOs, Benchmarking Universal Single-Copy Orthologs.
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these five main expression profiles. We suggest that the

immune response may be important in the ear ly

transmission phase and middle colonization phase (stage 1

and stage 3), whereas lipid metabolism (fatty acid degradation

and elongation) and metabolism of flora fermentation

(propanate and butanoate metabolism) may be important in

the late pigmentation phase (stage 4) (Figure 6). The genes of

these dominant pathways in both groups are listed in Table S1.

Interestingly, the KEGG pathway map results indicated that

immune functions are not the dominant regulatory mechanism

for homeostasis in the late pigmentation phase of the ANG

during female maturation.
Identification of immune-related genes
and their transcriptomic profiles in ANGs

A screening of the GO terms “innate + immune” allowed us

to identify genes with a possible immune function in the present

ANG transcriptome database. Furthermore, potential immune-

related genes were selected from the present ANG transcriptome

database, based on the literature (reviewed in Castillo et al.,

2015). Among the transcripts identified, a total of 365 potentially

immune-related genes were obtained from the reference bigfin
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reef squid ANG transcriptome database in this study. We further

analyzed the transcriptomic levels of these immune-related

genes in different stages. The global immune-related gene

expression patterns of ANGs at different stages were

hierarchically clustered in a heatmap using the Pearson

correlation coefficient as a distance measure (Figure 7). Two

different groups were clearly separated. One consisted of ANGs

in all samples of the early transmission phase (stage 1, n = 3) and

most samples of the middle colonization phase (stage 3, n = 3)

(branch 1), and the other consisted of ANGs in a sample of the

middle colonization phase and all samples in the later

pigmentation phase (stage 4, n = 5) (branch 2). In branch 2

(non-pigmentation group), stage 3 (C5) and stage 4 ANGs (P1–

P5) were clustered together. Expression profiling was performed

on these immune-related genes at three different ANG stages

(Figure 7). According to the temporal characteristics of gene

expression across three ANG stages, these genes were divided

into five clusters (Figure 7). In total, 27, 75, 42, 12, and 209 genes

were clustered into groups 1, 2, 3, 4, and 5, respectively

(Figure 7). Global immune-related gene expression of ANGs

in group 5 showed that most genes (57.3%) were reduced at the

later pigmentation phase (stage 4), the period when mature

squid have a pigmented ANG with large numbers of bacterial

flora. The DEGs of these immune-related genes in different
FIGURE 3

Global gene expression patterns in different ANG stages. Correlation heatmap using the Pearson correlation coefficient as distance measure
result. Heatmap indicates that the early transmission phase (stage 1) and middle colonization phase (stage 3) were grouped in branch 1, and the
late pigmentation phase (stage 4) was alone in branch 2. The expression patterns are depicted according to the color scale. St, stage; T,
transmission phase; C, colonization phase; P, pigmentation phase.
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groups (Figure 4) are listed in Table S2. Thus, our results

indicated that innate immunity is also involved in the

regulation of the bacterial consortium during ANG growth.
Validation of differentially expressed
genes by quantitative real-time PCR

In our transcriptome, we showed that the transcriptomic

levels of Pgrp2 (group 2 in Figure 7) were similar to our qPCR

results (Figure 8). Furthermore, according to the transcriptomic

profile, there are several other genes that are changed during

bacterial colonization and have similar expression profiles to

Pgrp2 transcripts, including the cluster of differentiation 109

(Cd109), nuclear receptor coactivator 7 (Ncoa7), and Pgrp3-like

(Pgrp3l) genes. Several genes were randomly selected for

comparison of the expression profiles in the non-pigmentation

group and pigmentation group, including alkaline phosphatase 1

(Alp1), solute carrier family 26 member 6 (Slc26a6), GTP

cyclohydrolase I (Gch1), and carbonic anhydrase 4 (Ca4). The

expression of these eight genes was confirmed by qPCR

(Figure 8). These results demonstrate that our transcriptomic
Frontiers in Marine Science 10
analysis is reliable and highly correlated with the qPCR

analysis results.
Discussion

The bigfin reef squid, Sepioteuthis lessoniana, is a

commercially valuable species in some East Asian regions such

as Taiwan and Japan. Although knowledge of cephalopod

culture methods is advanced, commercialization is still

constrained by the highly selective feeding habits of

cephalopods (Vidal et al., 2014). Aquaculture techniques for

this species have been established at the laboratory and

aquarium scales but still need to be improved to reach market

volumes. The lack of genomic information about bigfin reef

squid hinders the application of potential aquaculture

techniques, especially those focused on breeding related to the

hatching rate of offspring. In Hawaiian bobtail squid, female

ANG-delivered commensal bacteria play an important role in

preventing lethal biofouling on the egg and accelerating the

hatching rate of offspring (Kerwin et al., 2019). Therefore, in the

present work, we attempted to understand the immune-related
A B

FIGURE 4

Expression profiles of the DEGs during the ANG growth. (A) Heatmap for cluster analysis of the differentially expressed genes (DEGs) by
hierarchical clustering of Pearson correlation with the Trimmed Means of M values. Green and red indicate downregulated and upregulated
genes, respectively. (B) MeV cluster analysis of DEGs from the expression profiles during the ANG growth. according to the temporal gene
expression across three ANG stages (stage 1, stage 3, and stage 4); these DEGs were divided into five groups. St, stage; G, group.
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genes involved in bacterial selection and maintenance during

ANG development using an RNA-seq approach. This is the first

transcriptome analysis of the ANGs in Teuthida cephalopods

and the first comprehensive transcriptomic study of the ANG

during female maturation in cephalopods. Based on

comparisons of the transcriptomic profiles of the different
Frontiers in Marine Science 11
ANG stages during female maturation, the present study

provides a potential host regulatory mechanism initial

bacterial colonization and late bacterial pigmentation in bigfin

reef squid. Similar to a study of Hawaiian bobtail squid, in which

the ANG had a high number of ANG-specific transcripts

(Belcaid et al., 2019), most DEGs (87.9%) in the ANG of
FIGURE 5

GO enrichment analysis of DEGs. The dominant GO (Gene Ontology) categories of differentially expressed genes (DEGs) in five groups.
Temporal expression profiles of these five groups shows in Figure 4 G, group.
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bigfin reef squid were not annotated in any reference database.

We further characterized the transcriptomic profiles of innate

immune-related genes in the ANG during female maturation.

Our data suggest that the immune response is important during

bacterial transmission and colonization, whereas lipid

metabolism (fatty acids) and metabolism of flora fermentation

are important during bacterial pigmentation.
Control of mutualistic microbiota in
squid by innate immunity

The ANG houses a bacterial consortium that is horizontally

transmitted from the environmental community in bigfin reef

squid (Li et al., 2019; Li et al., 2022) and other coleoid

cephalopods (Kaufman et al., 1998; Kerwin et al., 2021).
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Furthermore, the microbiota of the ANG undergoes a shift

during female maturation of the bigfin reef squid (Yang et al.,

2021) and Hawaiian bobtail squid (Kerwin et al., 2021). Our

previous study further suggested that the environment affects the

microbial compositions of individuals, whereas maturity levels

exert progressive effects on microbial dynamics over time (Yang

et al., 2021). These host-selected bacteria are transmitted to the

egg jelly coat in some squid and cuttlefish (Kerwin and Nyholm,

2017; Huang et al., 2018). Suppression of the bacteria deposited

on the eggs by antibiotic treatment led to susceptibility to heavy

biofouling and very low hatching rates compared with untreated

eggs in Hawaiian bobtail squid (Kerwin et al., 2019). Therefore,

such changes in bacterial diversity in the ANG during

maturation stages are strongly selected by the host. These

host-selected bacteria may have the same role in Hawaiian

bobtail squid that maternal-delivery bacteria play an important
FIGURE 6

KEGG enrichment analysis of DEGs. A) The functionally enriched KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways found in the
analysis of differentially expressed genes (DEGs) in five groups. Temporal expression profiles of these five groups shows in Figure 4. G, group.
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role in promoting embryo survival by preventing biofouling of

the egg capsule.

Host immunity is widely thought to underlie the regulatory

mechanism of host–microorganism interactions. Innate

immune reactions have been studied in several cephalopod

species and comprise two parts: 1) cellular defenses, which

refers to the activation of hemocytes that circulate the body

and phagocytize encapsulated microbes, and 2) humoral

defenses, which refers to the recognition of PAMPs/MAMPs

by PPRs/PRMs that activate conserved signaling pathways to

release effectors that kill microorganisms (reviewed in Castillo

et al., 2015). Furthermore, when host immunity is used to

regulate symbiont populations, targeted immune responses

that recognize symbionts and suppress but do not eliminate
Frontiers in Marine Science 13
symbiont populations should evolve and be maintained. Unlike

the single bacterial population hosted in the light organ of the

bobtail squid (Ruby and Asato, 1993; Nyholm et al., 2002), a

complex microbial consortium is hosted in the ANG of some

squid and cuttlefish (Pichon et al., 2005; Collins et al., 2012;

Kerwin and Nyholm, 2017; Yang et al., 2021). PPRs/PRMs are

detected in light organs and hemocytes of the Hawaiian bobtail

squid, including five peptidoglycan recognition proteins (Pgrps,

Pgrp1–5), a lipopolysaccharide-binding protein (Lbps, Lbp1),

and three bactericidal permeability-increasing proteins (Bpis,

Bpi2–4) (Kremer et al., 2013; Krasity et al., 2015). In the present

study, five Pgrps (Pgrp2–5 and Pgrp3l) and two Bpis (Bpi3 and

Bpi3l) were identified in the ANG transcriptome of bigfin reef

squid. Furthermore, we found that only two Pgrps (Pgrp2 and
FIGURE 7

Transcriptomic levels of immune-related genes in different ANG stages. Heatmap for cluster analysis of the immune-related genes by
hierarchical clustering of Pearson correlation with the Trimmed Means of M values. According to the gene expression, these DEGs were divided
into five groups. Green and red indicate downregulated and upregulated genes, respectively. G, group; T, transmission; C, colonization; P,
pigmentation.
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FIGURE 8

Validation of eight DEGs obtained from the transcriptomic results by qPCR. Comparison of transcriptomic levels, and gene transcripts calculated
from qPCR during ANG growth in female squids, including Pgrp2 (A), Cd109 (B), Ncoa7 (C), Pgrp3l (D), Slc26a6 (E), Alp1 (F), Gch1 (G), and Ca4
(H). Data are expressed as the mean ± SD. Different letters indicate significant differences between stages of ANGs (P < 0.05). St, stage; Alp1,
alkaline phosphatase 1; Cd109, cluster of Differentiation 109; Gch1, GTP cyclohydrolase 1; Ncoa7, nuclear receptor coactivator 7; Pgrp2,
peptidoglycan recognition protein 2; Pgrp3l, peptidoglycan recognition protein 3-like, peptidoglycan recognition protein 3-like; Slc26a6, solute
carrier family 26 member 6.
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Pgrp3l) and two Bpis (Bpi3 and Bpi3-like) were correlated with

ANG growth and they may be involved in bacterial selection and

maintenance during female maturation.

PGRP family
The functions of PGRPs can include both direct bactericidal

effects and indirect effects, such as the induction of antimicrobial

compound production and the modulation of inflammation and

immune responses (Royet et al., 2011). PGRPs are conserved

from insects to mammals, and no members of the PGRP family

have been found in nematodes (Dziarski and Gupta, 2006;

Montaño et al., 2011) or crustaceans (Liu et al., 2011; Bai

et al., 2020). Based on their structural characteristics and

cellular functions, PGRPs have been divided into three forms:

secreted proteins (with a signal peptide), transmembrane

receptors, and intracellular proteins (Royet et al., 2011). Unlike

insects, which have many Pgrp genes, only a few Pgrp genes have

been found in cephalopods (reviewed in Castillo et al., 2015). In

our previous study, four Pgrp genes were found in the ANG of

bigfin reef squid after construction of a draft transcriptome

database (Li et al., 2022). Moreover, a new GPI-anchored Pgrp

gene (Pgrp3l) was found in the present study. Taken together,

five Pgrp genes have been found in the ANG of bigfin reef squid,

including secreted Pgrp2 and Pgrp5, GPI-anchored Pgrp3 and

Pgrp3l, and the Pgrp4 surface receptor. In the present study, only

the Pgrp2 transcript levels were correlated with ANG growth

(Figure 8). Our previous study in bigfin reef squid also showed

that Pgrp2 mRNA is predominantly expressed in the ovary and

the ANG whereas Pgrp4 and Pgrp5 mRNA are predominantly

expressed in hemocytes. In Hawaiian bobtail squid, PGRPs

participate in bacterial selection and maintenance of the

symbiotic bacterium within the light organ (Nyholm and Graf,

2012; McAnulty and Nyholm, 2016; Nyholm and McFall-Ngai,

2021). Secreted PGRP1 and PGRP2 play an integral role in the

recognition of symbiotic bacteria during V. fischeri colonization

of the Hawaiian bobtail squid light organ (Troll et al., 2009; Troll

et al., 2010). After V. fischeri colonize the crypts of light organs,

PGRP2 is secreted into the lumen of the crypts to degrade toxic

peptidoglycans secreted by the bacteria, whereas the PGRP1

level decreases dramatically (Troll et al., 2009; Troll et al., 2010).

The expression of secreted Pgrp5 transcripts is decreased in

hemocytes of Hawaiian bobtail squid upon removal of symbiotic

bacteria (Collins et al., 2012). Thus, colonization of the light

organ by V. fischeri influences Pgrp gene expression in the

Hawaiian bobtail squid (Collins et al., 2012; Nyholm and

McFall-Ngai, 2021). Furthermore, PGRP2 showed bactericidal

activity in bigfin reef squid (Li et al., 2022) and Hawaiian bobtail

squid (Troll et al., 2010). Other secreted PGRPs also showed

bactericidal activity in different species, including some bivalves

(Kong et al., 2018; Huang et al., 2019; Yang et al., 2019), teleosts

(Li et al., 2007; Kim et al., 2010; Li et al., 2020), and mammals

(Lu et al., 2006). Taken together, our data suggest that ANG-
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expressed Pgrp2 and Pgrp3l may participate in bacterial

colonization and pigmentation during ANG growth in female

bigfin reef squid. The potential roles of hemocyte-expressed

Pgrp4 and Pgrp5 should be further examined with regard to

bacterial colonization of the ANG.

LBP/BPI family
Like PGRPs, the functions of the LBP/BPI family are diverse.

LBPs typically bind to lipopolysaccharide (produced by gram-

negative bacteria) to mediate the activation of immune cells

triggering the production of inflammatory mediators (Fenton

and Golenbock, 1998). In contrast, BPIs are bactericidal

(Elsbach, 1998) in mammals. LBPs/BPIs are not conserved in

invertebrates since no members of the LBP/BPI family have been

found in some animals, such as arthropods and platyhelminths

(Irazoqui et al., 2010; Baron et al., 2016). In the present study,

two Lbp/Bpi genes were found in the ANG of bigfin reef squid,

including secreted Bpi3 and Bpi3-like. Furthermore, these two

genes had high transcriptomic levels in the bacterial colonization

period, which gradually decreased during final ANG maturation

(bacterial pigmentation) (Figure 7). In Hawaiian bobtail squid, a

low expression of Lbp1 mRNA was observed in squid without

bacterial colonization by the symbiont V. fischeri compared with

squid with bacterial colonization (Chun et al., 2006).

Furthermore, immunofluorescence has shown that strong

signals of LBP1 proteins are present within the crypts that

house the colonizing symbionts (Chun et al., 2008). In

contrast, both BPI2 and BPI4 are expressed in the epithelia of

different tissues facing environmental microbes in Hawaiian

bobtail squid (Chen et al., 2017). Other secreted LBPs/BPIs

also show bactericidal activity and sensitivity to bacterial/

lipopolysaccharide challenge in different species, including sea

cucumber (Shao et al., 2015), some bivalves (Mao et al., 2013),

and teleosts (Tang et al., 2015; Liu et al., 2021). Taken together,

these data suggest that LBP/BPIs may be involved in protecting

the surface from biofouling by different microbes but that their

roles are not restricted to symbiont homeostasis in cephalopods.

In light organ of Hawaiian bobtail squid, once symbioses are

established, the host must regulate symbiotic V. fischeri to

prevent excessive replication and overutilization of host

resources (Nyholm and McFall-Ngai, 2021). In contrast, the

maintenance of the bacterial consortium in the ANGmay be not

only regulated by host selection but also coordinated by bacterial

consortium competition. Therefore, the reduced number of

genes encoding PPRs/PRMs and their receptors that

participate in the host (ANG) regulatory mechanism may be

associated with the high complexity of the bacterial consortium

in the ANG compared with the single population of bacteria in

the light organ.

Although the host immunity plays an important role during

bacterial colonization of the ANG in bigfin reef squid, our results

showed that most immune-related genes had a reduced
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transcriptomic level in the bacterial pigmentation compared

with the bacterial colonization (Figures 6, 7). According to the

KEGG enrichment results, most of the genes found such as those

involved in apoptosis, pattern recognition receptors (Toll and

Imd signaling pathway, Toll-like receptor signaling pathway,

and RIG-I-like receptor signaling pathway), cytokines (TNF

signaling pathway and IL-17 signaling pathway), and immune-

mediated transcription factor (NF-kB signaling pathway)

(Figure 6). These pathways also play roles in the cephalopod

ANG, as exemplified by the immune-related pfam domains in

Hawaiian bobtail squid (Belcaid et al., 2019) and the Toll/NF-kB

family in cuttlefish (Sepia officinalis) (Cornet et al., 2015). In

contrast, the low transcriptomic levels of some immune-related

genes during ANG growth may be due to the reduced proportion

of the outer layer of the ANG in the whole organ as its

development processes. A similar expression pattern is also

found in our previous study in transferrin (Tf) (Li et al., 2019).

Tf is mainly expressed in the outer layer of ANG during ANG

growth, and qPCR analysis showed that Tf expression levels

decreased during ANG growth (Li et al., 2019). Thus, these

immune-related genes who had reduced expression levels during

ANG growth may be localized in the outer layer of ANG. Further

studies of distribution of these genes are required for a better

understanding of the host–bacteria interaction in bigfin

reef squid.
Potential mechanism for regulation of
the symbiotic bacterial consortium by
the ANG during pigmentation

The most dominant KEGG pathway results indicated that

lipid metabolism and metabolism of flora fermentation are

important for the regulation of bacterial pigmentation in

bigfin reef squid (Figure 6). Studies on host control

mechanisms in mammals that shape the intestinal (colonic)

microbiota to be beneficial suggest that colonic epithelial cells

play a central role in the process (reviewed in Litvak et al., 2018).

In Hawaiian bobtail squid, acidic pH in symbiotic light organs is

a cue that stimulates an anticipatory defensive response during

the initiation of symbiosis (Schwartzman et al., 2019). These data

are of some interest because immune functions have typically

been used to explain symbioses in most previous studies

(Gerardo et al., 2020). In these cases, microorganism–host cell

and microorganism–microorganism communications are also

involved in the regulatory mechanism of homeostasis through

non-immune pathways. In mammals, obligate anaerobic

bacteria convert food fiber into fermentation products,

including the short-chain fatty acids butyrate, propionate, and

acetate, to maintain differentiated colonocytes (intestinal

epithelial cells) in a certain metabolic state (Alex et al., 2013;

Byndloss et al., 2017). The metabolism of these colonocytes is

characterized by high oxygen consumption, which maintains
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epithelial hypoxia to limit the amount of oxygen diffusing from

the host into the gut lumen (Byndloss et al., 2017). In contrast,

pathogens use their virulence factors to ablate a homeostatic

surface of colonocytes and alter colonocyte metabolism to obtain

critical resources from host cells to allow them to compete

against the resident gut microbiota (reviewed in Litvak et al.,

2018). These results suggest that metabolism functions as a

control switch for epithelial cells, mediating a shift between

homeostatic and dysbiotic communities.

In bigfin reef squid, based on the structural characteristics,

several types of epithelial cells are found in the secondary tubules

of the ANG during ANG pigmentation (Li et al., 2019). Our

recent study (Li et al., 2022) and preliminary data (unpublished

data) showed that the mRNA expression of some genes is

variable in different color regions of the ANG. Furthermore,

our present results indicate that the metabolism of flora

fermentation is the dominant KEGG pathway in bacterial

pigmentation (Figure 6). Therefore, we suggest that the

metabolism of epithelial cells may shape the ANG microbiota

in bigfin reef squid. Alternatively, the symbionts could be

considered the nutrient source of the host under starvation in

some symbioses, such as those involving the deep-sea tubeworm,

Riftia pachyptila (Hinzke et al., 2019), and several bivalve species

(Caro et al., 2009; König et al., 2015; Ponnudurai et al., 2017).

This metabolic interaction includes substrate transfer to the

symbiont by abundant host protein degradation-related

proteins and nutrient allocation from symbiont to host by

symbiont digestion (Ponnudurai et al., 2017; Hinzke et al.,

2019). Thus, these protein degradation-related proteins may

also be involved in bacterial digestion and further regulate the

homeostasis of ANG and its symbiotic microbiota during

bacterial pigmentation.
Conclusions

In this study, we examined the transcriptomic profiles of the

ANG during female maturation in bigfin reef squid. Although

host immunity plays an important role during bacterial

colonization of the ANG, our results showed that most

immune-related genes had a reduced transcriptomic level in

bacterial pigmentation compared with bacterial colonization.

Furthermore, our results indicated that lipid (fatty acid)

metabolism and metabolism of flora fermentation are

important for the regulation of bacterial pigmentation. These

data are interesting because immune functions have typically

been used to explain the symbioses in most previous studies

(Gerardo et al., 2020).

This transcriptomic study provides new data to increase our

knowledge of the mechanisms of bacterial selection and

maintenance in the ANG association of bigfin reef squid.

Additionally, as the non-annotated transcripts correspond to

unknown novel transcripts or to unreviewed transcripts, the
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unannotated DEGs deserve attention in future functional

analyses in bigfin reef squid. Future studies are needed to

determine the full-length transcriptome of bigfin reef squid to

generate a better reference database of the ANG transcripts.
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