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Abstract
Background  In certain cephalopod species, two distinct symbiotic organs host large populations of microorganisms: 
the light organ, regulated by the daily cycle, and the accessory nidamental gland (ANG), regulated by the female 
reproductive cycle. While host-microbiota interactions in the light organ of the bobtail squid are well understood, the 
dynamics within the ANG remain largely unexplored. This study uses the bigfin reef squid, Sepioteuthis lessoniana, as a 
model to investigate the microbiomes associated with specific regions of the ANG, capitalizing on its relatively large 
gland size compared to the bobtail squid. Our goal was to characterize species-specific microbiomes in the ANG and 
explore how pigmented region-dependent microbes contribute to reproductive fitness in bigfin reef squid.

Results  Histological results indicate that four types of epithelial cells were observed in the secondary tubules of inner 
ANG layer. Using an amplicon-based approach, we found that Alphaproteobacteria were highly abundant in different 
cephalopod species. Beta diversity analyses revealed significant interspecies differences in microbiomes, while 
alpha diversity showed that the bigfin reef squid harbored a richer bacterial community than the other two species. 
Notably, pigmented regions of the ANG exhibited lower microbial diversity compared to whole ANG tissues, with 
Alphaproteobacteria significantly enriched in these regions. Hyphomicrobiaceae (Alphaproteobacteria) were unique to 
the orange regions, while Fodinicurvataceae (Alphaproteobacteria) and Flavobacteriaceae (Bacteroidia) were exclusive 
to the white regions. qPCR results showed higher transcription levels of immune response-associated genes in the 
orange region compared to other pigmented regions, suggesting localized immune interactions.

Conclusions  These findings suggest that Alphaproteobacteria, particularly the Hyphomicrobiaceae clade, may 
correlated to the synthesis orange pigmentation in the ANG of the bigfin reef squid. The roles of Hyphomicrobiaceae 
in ANG symbiosis and reproductive fitness still needs further investigation. With this knowledge, we propose further 
investigations using in situ hybridization to detect host-expressed genes and pigmented region-dependent bacteria 
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Background
In some cephalopods, large populations of microorgan-
isms are often found in specialized organs, such as the 
light organ and the female reproductive organ known 
as the accessory nidamental gland (ANG) [1]. While 
mechanisms for the selection and maintenance of sym-
biotic luminescent Vibrio fischeri in the light organ of 
the Hawaiian bobtail squid (Euprymna scolopes) are well 
described (reviewed in [2]), comprehensive studies on 
the bacterial selection and maintenance mechanisms in 
the ANG during female maturation are still lacking.

In female cephalopods, the glandular system, includ-
ing oviduct glands and nidamental glands, is involved 
in forming various egg membranes, known as egg cap-
sules [3]. Microbiota in the ANG is transferred from the 
mother to the egg capsule via jelly-like secretions from 
the nidamental gland during egg capsule formation [4]. 
These ANG-derived bacteria are crucial for embryonic 
survival, as they prevent fungal fouling on the egg cap-
sule surface, as observed in the Hawaiian bobtail squid 
[5, 6]. This microbiota is acquired through horizontal 
transmission from environmental bacterial communities 
[7–9], and its composition changes during female matu-
ration [8, 10]. Thus, microbiota composition is critical for 
ensuring embryonic survival in some cephalopods.

The ANG is present in most Decapodiformes (exclud-
ing Oegopsidae) but is absent in Octopodiformes [11]. 
Most cephalopods exhibit a similar ANG structure, com-
posed of tubules lined with epithelial cells that house 
extracellular bacteria [4, 7–9]. Despite the presence of 
distinct microbial communities in the ANGs of differ-
ent cephalopod species, the microbiomes of abundant 
bacterial species may drive phylosymbiosis [12]. More-
over, the ANG microbiota composition is relatively stable 
and unaffected by environmental factors such as loca-
tion and collection time for the same cephalopod spe-
cies [6, 12]. In the Hawaiian bobtail squid, ANGs were 
either absent or underdeveloped when squid were raised 
in environments with low microbial exposure, highlight-
ing the influence of early-life microbial encounters and 
host genetics on ANG development, rather than environ-
mental conditions alone [13]. However, the mechanisms 
underlying symbiont regulation and microbiota changes 
in the ANG during female maturation remain unclear.

In the Hawaiian bobtail squid, V. fischeri produces 
bioluminescence in the light organ, regulated by a daily 
biological rhythm through quorum sensing [14, 15]. 
Additionally, in some cephalopods, a consortium of 
microbes synthesizes carotenoids that accumulate in the 

ANG during female maturation [4, 8, 9, 16, 17]. In cuttle-
fish (Sepia officinalis), the main carotenoid produced by 
ANG-isolated bacteria is the keto carotenoid, adonixan-
thin (C40H54O3) [18]. Carotenoid accumulation (pigment 
formation) is often observed under stressful conditions 
as a response to harmful environments [19–21]. High 
bacterial density can also lead to carotenoid accumu-
lation, regulated by quorum sensing [22]. In Hawai-
ian bobtail squid, the pigment indigoidine produced by 
ANG-isolated bacteria exhibited antimicrobial activity 
against several marine Vibrio species [23]. Therefore, pig-
ment accumulation may not only serve as an indicator of 
female maturation in some cephalopods but also be an 
important selection factor for antimicrobials produced 
by ANG bacteria.

In bigfin reef squid, mature squid (with mature eggs 
observed in the oviduct) have a pigmented ANG (mostly 
white, yellow, and orange, with few red) and large num-
bers of bacterial community [9]. Our research aims to 
move beyond merely correlating microbial compositions 
with host genetics (e.g., different cephalopod species; 
[12]) and phenotypes (e.g., different ANG stages; [8, 10]). 
Indeed, we seek to elucidate the mechanism by which 
color-dependent microbes enhance reproductive fitness 
(final maturation) using an amplicon-based approach. 
We first employed 16S rRNA gene community analysis to 
characterize both the conserved ANG microbiome across 
different cephalopod species and the unique ANG micro-
biome in the bigfin reef squid. Subsequently, we collected 
different microbiota (distinguished by color differences) 
to identify the abundant microbiota in each pigmented 
region of the female bigfin reef squid. We also used qPCR 
analysis to study the host responses (mRNA expression 
of some immune-related genes) in mainly pigmented 
regions of ANG in mature female (spatial response). The 
results of this study are expected to illustrate microbial 
heterogeneity across different ANG regions (microbiota) 
within the same individual and provide valuable insights 
into functional interactions between bigfin reef squid and 
their associated microbiomes.

Methods
Field sampling
Golden cuttlefish (Sepia esculenta), swordtip squid (Uro-
teuthis edulis), and bigfin reef squid samples were pur-
chased from a fisherman on Heping Island, Keelung, 
Taiwan. These cephalopods were collected using hand 
jigging from a boat off the near region of Heping Island, 
the northeastern coast of Taiwan. Cephalopods were 

as markers. This approach will facilitate the study of localized host-microbiota interactions in distinct pigmented 
regions of the ANG, providing deeper insights into the mechanism of host-microbe communication.
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captured at night and were kept in the flowing seawater 
system on boat, and then were transported to the tank 
on next morning. After checking sex and reproductive 
stage, mature females were determined based on mature 
eggs in oviduct [24], cephalopods were transported to the 
laboratory at the National Taiwan Ocean University for 
further processing within 12 h of collection. Cephalopods 
were anesthetized with 5% ethanol in seawater at room 
temperature and then decapitated after tissue sampling. 
ANGs were carefully dissected using sterilized scissors. 
ANG from three cephalopod species were used to infer 
potential genetics differences in the microbiome (Fig. 1A-
C). The relative size of the ANG (ANG-somatic index, 
ASI) differed significantly among the three species, with 
the golden cuttlefish having the highest ASI (Fig.  1D). 
Due to the distinct size of ANG in different cephalopod 
species, the collected ANG (left one of pair) was homoge-
nized, centrifuged at low speed (200 × g) to remove tissue 
debris, and then centrifuged at high speed (10,000 × g) to 
collect microorganisms for total DNA extraction. In the 
bigfin reef squid, the ANG (right one of pair) was used to 
collect distinct pigmented regions. Based on the distribu-
tion of distinct colors (white, yellow, and orange) in the 
ventral part of the ANG, larger pigmented regions were 
selected for sample collection under a stereomicroscope. 
To prevent contamination from other regions, only the 
upper half of each selected region was collected. The 
sample collecting procedure was halted when another 
pigment appeared. After samples collection, the ANG 
was cleaned by rinsing with squid saline to remove cell 

debris and pigment (potential microbiota). The collected 
samples from different pigmented regions were then used 
for total DNA extraction and total RNA extraction. Col-
lected samples were stored at -80℃. A total of 3 golden 
cuttlefishes, 6 swordtip squids, and 8 bigfin reef squids 
were collected for downstream analysis. The biological 
information of these cephalopods was listed in Table 1.

Genotyping
Although cephalopod species were identified by mor-
phological characteristics, we further identified species 
through genetics (cytochrome oxidase c subunit I, COI, 
sequences). Total DNA was extracted using the Wizard 
Genomic DNA purification kit (Promega) from muscle 
samples according to the manufacture’s protocol. The 
COI gene was amplified from DNA extracts using an 
invertebrate-based PCR primers [25] (Table 2). The COI 
sequence alignment was performed with the cephalopods 
database on NCBI to determine the genetic (species).

Nucleic acid extraction
Total DNA and total RNA extraction from ANG sam-
ples using the Trizol reagent (Thermo Fisher Scientific) 
according to the manufacture’s protocol. Trizol reagent-
homogenized nucleoprotein complexes were mixed with 
chloroform to separate the DNA and RNA in lower phe-
nol-chloroform phase and upper aqueous phase, respec-
tively. DNA and RNA were precipitated by ethanol and 
isopropanol, respectively. Isolated DNA and RNA were 
quantified using the Nanodrop 2000 spectrophotometer 

Fig. 1  Morphology and relative size of ANGs across different cephalopod species. The ANG is shown attached to the ink sac in females of the golden 
cuttlefish (A), swordtip squid (B), and bigfin reef squid (C). The relative size of the ANG is quantified as the ANG-somatic index (D). Lowercase letters 
denote significant differences as determined by one-way ANOVA followed by Tukey’s multiple comparison test (P < 0.05). ANG, accessory nidamental 
gland; Gi, gill; IS, ink sac; LO, light organ; NG, nidamental gland; OG, oviductal gland; Ov, ovary, Se, golden cuttlefish; Ue, swordtip squid; Sl, bigfin reef squid
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(Thermo Fisher Scientific) and stored at -20℃ until fur-
ther analysis.

PCR amplification, library preparation, and amplicon 
sequencing
Amplicon sequencing was performed according as 
described in our previous study [10]. PCR was per-
formed using bacterial universal primers 361F and 806R 
(Table  2), which were designed for the bacterial V3-V4 
hypervariable region of the 16S rRNA gene [26]. Thirty 
cycles of PCR were performed as follows: an initial step 
of 94℃ for 3‍ ‍min, 94℃ for 15‍ ‍s, 55℃ for 15‍ ‍s, and 68℃ 

for 1 ‍ ‍min, with 2 ‍ ‍min at 72℃ as the final extension after 
the last cycle. PCR amplicons were checked by DNA 
agarose gel electrophoresis. PCR-amplified 350–450  bp 
fragments were purified using the QIAquick Gel Extrac-
tion Kit (Qiagen). DNA library construction and Illu-
mina sequencing were conducted by Biotools, Inc. (New 
Taipei, Taiwan). TruSeq DNA Sample Preparation Kits 
(Illumina) were used for DNA library construction, and 
prepared libraries were quantified using a GeneRead 
Library Quant Kit (Qiagen). The amplicon libraries were 
sequenced on the Illumina MiSeq platform (Illumina) 
with 300 bp paired-end reads.

Table 1  Biological characteristics of collected cephalopods in this study
Sample
name

Species
(common name)

ML
(cm)

BW
(g)

GW
(g)

ANGW
(g)

GSI
(%)

ASI
(%)

Gonad stage

Se1 Sepia esculenta
(Golden cuttlefish)

15 307.4 7.7 3.6 2.50 1.17 Mature
Se2 14.6 336.9 9.6 4.4 2.85 1.31 Mature
Se3 14 317.4 8.8 6.1 2.77 1.92 Mature
Ue1 Uroteuthis edulis

(Swordtip squid)
18 141.5 4 0.4 2.83 0.28 Mature

Ue2 20 167.8 7 0.6 4.17 0.36 Mature
Ue3 20.5 203.9 9.2 0.4 4.51 0.20 Mature
Ue4 17 126.7 7.6 0.2 6.00 0.16 Mature
Ue5 19.5 147.6 9.9 0.5 6.71 0.34 Mature
Ue6 21.3 202.6 9.1 0.3 4.49 0.15 Mature
Sl1 Sepioteuthis lessoniana (Bigfin reef squid) 30.5 1227 4.3 0.7 0.35 0.06 Mature
Sl2 27.5 841.9 4.6 0.7 0.55 0.08 Maturing
Sl3 30 1087.6 12.8 1.3 1.18 0.12 Mature
Sl4 19.8 405.2 0.9 0.4 0.22 0.10 Maturing
Sl5 30 1154.7 20.6 1.7 1.78 0.15 Mature
Sl6 29 1167.3 18.2 1.9 1.56 0.16 Mature
Sl7 26.5 784.7 32.2 2.3 4.10 0.29 Mature
Sl8 25.9 734.8 11.9 0.9 1.62 0.12 Mature
BL, Mantle length; BW, body weight; GW, gonad weight; ANGW, accessory nidamental gland weight; GSI, gonadosomatic index; ASI, ANG-somatic index

Table 2  Oligonucleotides of primers used in this study
Gene name Oreintation Sequence Analysis
CO1 Sense 5’-GGTCAACAAATCATAAAGATATTGG-3’ Genotyping

Antisense 5’-TAAACTTCAGGGTGACCAAAAAATCA-3’ Genotyping
16S rRNA
(V3-V4 region)

Sense 5’-CCTACGGGNGGCWGCAG-3’ Amplicon
Antisense 5’-GACTACHVGGGTATCTAATCC-3’ Amplicon

EF1A Sense 5’-CCAGGTGACAATGTTGGTTTC-3’ qPCR
Antisense 5’-GTCTCTTTGGGTGGGTTATTCT-3’ qPCR

ACSL Sense 5’-CGTCGGAACAGACTTGAGATT-3’ qPCR
Antisense 5’-ATGTGTGGATGGAAAGGATAGG-3’ qPCR

UGT Sense 5’-CGTCTCTAGCTGTTGTTGATG-3’ qPCR
Antisense 5’-CCTGAAGGATGAAAGGAATCTG-3’ qPCR

ACL Sense 5’-TTAGGCTGGTGTGTGTCATTAG-3’ qPCR
Antisense 5’-CGACTCTTGTCCGCATGTAA-3’ qPCR

NOS Sense 5’-GTTCTGGATAGACCACAGGATTT-3’ qPCR
Antisense 5’-GTCAAGGAGGTTCGCAAGTTA-3’ qPCR

TGM1 Sense 5’-ACAGCAGCGTAACCATTGA-3’ qPCR
Antisense 5’-GCAGGTCAGAACGAGACATATAA-3’ qPCR

PGRP2 Sense 5’-GGCACTATCTGCTGTTCAGAAT-3’ qPCR
Antisense 5’-GCACATCCCTGTGTCCAAATA-3’ qPCR
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Amplicon analysis
Raw sequencing data (FASTQ files) were imported and 
analyzed using the CLC Genomic Workbench 24.0.1 
(CLC Bio, QIAGEN, Aarhus, Denmark). The Illumina 
adapter sequences were trimmed, and the tool “QC for 
Sequencing Reads” was performed. “Detect Amplicon 
Sequence Variants (ASVs)” was used to obtain ASVs, with 
the first/second read lengths set as 291/268 according to 
the base-quality distribution from QC reports, the max-
imum expected errors per read set as 2.0, and detected 
chimeric reads were removed. Taxonomies (SILVA SSU 
138.1 database) were then assigned to the ASV tables 
with a minimum similarity of 85%, and relative abun-
dance tables were generated. Raising the cutoff to 90% 
will reduce the assigned taxonomy by approximately 
12.8% (from 88.3 to 75.5%). Moreover, the proportion of 
uncultured/empty genus within the assigned taxonomy 
will increase by about 20% (from 70.3 to 50.7%). There-
fore, we selected 85% and family as the level for analysis. 
Rarefaction curves were used retrospectively to assess 
sampling depth (Fig. S1). Relative abundance was cal-
culated as the number of reads assigned to each taxon 
divided by the total number of quantified reads for each 
sample. For the data from different cephalopod species, 
the observed classes were applied to estimate alpha diver-
sity, with the Shannon and Simpson indices calculated. 
To compute beta diversity, principal coordinate analysis 
(PCoA) was performed based on distance matrices gen-
erated from weighted UniFrac for ASVs and Bray-Curtis 
distance for bacterial classes. For the data from differ-
ent ANG pigmented regions of bigfin reef squid, PCoA 
(Bray-Crutis distance) and alpha diversity analysis were 

performed for class, order, and family levels. PCoA was 
visualized using the R package ggplot2 in RStudio (ver-
sion 2023.12.1.402). Relative abundances of bacteria were 
visualized as stacked bar charts using GraphPad Prism 
9.0 (GraphPad, CA, USA) and bubble plots using the R 
packages ggplot2 and reshape2. Dot charts were created 
using GraphPad Prism 9.0 (GraphPad).

Quantitative real-time PCR
First-strand cDNA was synthesized from 1  µg qualified 
total RNA with Oligo(dT) 12–18 primers (Promega) 
using Superscript III (Thermo Fisher Scientific). The 
cDNA was used for RNA analysis. Quantitative real-time 
PCR (qPCR) analysis was performed as described in our 
previous study [24]. Gene transcription levels were quan-
tified by qPCR system (CFX Connect™ Real-Time PCR 
Detection System; Bio-Rad Laboratories) with the SYBR 
Green Master Mix (Bio-Rad Laboratories). The PCR 
specificity was confirmed by a single melting curve in 
unknown samples and template-contained controls. No 
signal was detected by qPCR in non-template controls. 
The reaction efficiency of different genes was evaluated 
by serially diluted standards. The data were analyzed 
according to the 2−ΔΔCt method. Elongation factor 1 
alpha (EF1A) was used as an internal control to normal-
ize the mRNA expression levels. Specific qPCR primers 
for target genes and its GeneBank accession numbers are 
listed in Table 2.

Data analysis
The data are presented as the mean ± standard deviation 
(SD). The values were first tested using F-test to assess 
variance homogeneity. For comparisons between two 
groups, Student’s t-test was conducted, with Levene’s 
test used to determine whether equal variances could be 
assumed. For comparisons among multiple groups, one-
way ANOVA was performed, followed by a Tukey test for 
post hoc analysis. A significance level of P < 0.05 was used 
to indicate statistical significance.

Results
Bacterial community composition of the ANG in three 
cephalopod species
A total of 2,490 ASVs were obtained from 17 ANG 
samples of three cephalopod species (a total of 661,964 
pair reads) for analysis. Of these, 347 ASVs (13.9%) 
were observed in golden cuttlefish, 720 ASVs (28.9%) 
in swordtip squid, and 1,452 ASVs (58.3%) in bigfin reef 
squid (Table S1). Additionally, the average number of 
ASVs per sample was 139 for golden cuttlefish, 142 for 
swordtip squid, and 222 for bigfin reef squid (Table  3). 
The bigfin reef squid might have higher diversity of 
microbiome in the ANG compared to the other two spe-
cies. When comparing species-specific ASVs (present 

Table 3  ASV numbers of different cephalopod species collected 
in this study
Sample name Species (common name) ASVs Average of ASVs
Se1 Sepia esculenta

(Golden cuttlefish)
114 139

Se2 146
Se3 157
Ue1 Uroteuthis edulis

(Swordtip squid)
130 142

Ue2 129
Ue3 133
Ue4 127
Ue5 168
Ue6 166
Sl1 Sepioteuthis lessoniana

(Bigfin reef squid)
229 222

Sl2 187
Sl3 367
Sl4 248
Sl5 178
Sl6 196
Sl7 163
Sl8 207
ASV, amplicon sequence variant; Se, Sepia esculenta; Ue, Uroteuthis edilus; Sl, 
Sepioteuthis lessoniana
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in over 60% samples of each species), 70 ASVs (20.2% of 
ASVs observed in this species) were conserved in golden 
cuttlefish, 15 ASVs (2.1%) in swordtip squid, and 12 ASVs 
(0.8%) in bigfin reef squid (Table S2). Notably, none of the 
ASVs were shared among the three species.

Given this lack of shared ASVs, we further analyzed 
the relative abundances and taxonomy at different lev-
els. In evaluating all samples, 2,211 ASVs (88.8%) were 
assigned to bacterial taxa belonging to 9 phyla, 13 classes, 
30 orders, and 56 families. In terms of abundance, shared 
classes comprised with relative proportion higher than 
1% in at least one species and were present in over 60% 
samples for each species. Among these samples, 8 classes 
showed abundance in ANG (Fig.  2A and B). Of these, 
samples from golden cuttlefish largely consisted of Alp-
haproteobacteria (62.4%) and Bacteroidia (34.6%). In 
swordtip squid, the bacterial community was dominated 
by Alphaproteobacteria (47.2%), Gammaproteobacte-
ria (36.6%), Bacteroidia (10.9%), and to a lesser extent, 

Acidimicrobiia (5.3%). In bigfin reef squid, the commu-
nity was dominated by Bacteroidia (42.6%), Alphapro-
teobacteria (27.3%), Gammaproteobacteria (19.4%), with 
lesser contributions from Holophagae (7.2%) and Verru-
comicrobiae (2.7%). Altogether, Alphaproteobacteria and 
Bacteroidia were shared in all ANG samples, while Gam-
maproteobacteria were greatly shared in swordtip squid 
and bigfin reef squid. Moreover, Acidimicrobiia was 
exclusively associated with swordtip squid, while Holoph-
agae and Verrucomicrobiae were mainly associated with 
bigfin reef squid. These findings revealed that bacterial 
composition of ANG at class levels may vary depending 
on the cephalopod species.

Principal coordinates analysis (PCoA) revealed that 
the microbial community structure (beta diversity) of 
ANGs clustered distinctly by species (Fig.  2C and D). 
This was further confirmed by PERMANOVA of beta 
diversity metric using weighted UniFrac (ASV level, 
pseido-F = 11.235, p-value < 0.001) and Bray-Curtis 

Fig. 2  Microbiomes and bacterial diversity of ANGs across different cephalopod species. Bacterial community composition (A) and the mean relative 
abundance (B) of bacterial classes associated with ANGs in golden cuttlefish, swordtip squid, and bigfin reef squid. Bacterial classes with global relative 
abundances of < 1% are grouped as “Other”. Principal coordinate analysis (beta diversity) of bacterial ASVs (C) and classes (D) across different cephalopod 
species as assessed by weighted UniFrac using Bray-Curtis distance. Alpha diversity (E) indices of bacterial class between different cephalopod species. 
Observed indices of richness and Shannon’s and Simpson’s indices of diversity. Se, golden cuttlefish; Ue, swordtip squid; Sl, bigfin reef squid
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distance (class level, pseudo-F = 8.546, p-value < 0.001). 
Broadly, alpha diversity analysis showed significant dif-
ferences between the bigfin reef squid, golden cuttlefish 
and swordtip squid (Fig. 2E), although no significant dif-
ferences in bacterial richness or evenness (Observed and 
Shannon indices) were observed between the golden 
cuttlefish and swordtip squid (Fig. 2E). Altogether, these 
results indicate that the bigfin reef squid exhibited the 
highest richness and evenness in the ANG microbiome, 
while the golden cuttlefish and swordtip squid had lower 
diversity.

The characteristics of the ANG in mature female of bigfin 
reef squid
Based on the size of pigmented regions, numerous small 
pigmented regions were observed in the dorsal part of 
the ANG (Fig. 3A). In contrast, several large pigmented 

regions were noted in the ventral part of ANG, adjacent 
to the ink sac (Fig.  3B). Histological analysis of sagit-
tal ANG sections revealed two distinct layers: an outer 
epithelial cell layer composed of primary tubules and an 
inner epithelial cell layer composed of secondary tubules 
(Fig.  3C). Regarding the epithelial cell types in the sec-
ondary tubules, sections showed that secondary tubules 
with similar epithelial cell types were commonly found 
across a broad region of the ventral part of the ANG, 
likely originating from the same microbiota (Fig.  3C 
and D). Histological analysis of a transverse section of 
the ANG demonstrated secondary tubules with differ-
ent epithelial cell types were randomly distributed in the 
dorsal part of ANG, possibly housing various microbiota 
(Fig. 3E). Furthermore, the transverse section confirmed 
that secondary tubules with identical epithelial cell types 
were present in a wide region of the ventral part of the 

Fig. 3  Histological characteristics and bacterial distributions in the ANG of female bigfin reef squid. Dorsal (A) and ventral (B) views of the ANG in an 
adult female. Sagittal dissection of the ANG (C) and bacterial distribution (D). Tubular size and microbiota distribution in the dorsal (E) and ventral (F) 
regions. The arrows in the dorsal region (D) indicate the direction of the plan shown in the ventral regions (E and F). The distinct regions (yellow color) are 
characterized by morphology of epithelial cells and the staining color of the microbiota. Types of epithelial cells observed in secondary tubules include 
columnar epithelial cells (type 1; G and G’), cuboidal epithelial cells (type 2; H), squamous epithelial cells (type 3; 3 I), and transparent epithelial cells (type 
4; J). The dash line denotes separate layers or regions based on their morphological differences. ANG, accessory nidamental gland; B, bacteria; Ci, cilia; 
CoEC, columnar epithelial cells; CuEC, cuboidal epithelial cells; Gi, gill; IEL, inner epithelial layer; IS, ink sac; NG, nidamental gland; Od, oviduct; OEL; outer 
epithelial layer; OG, oviductal gland; Ov, ovary; SEC, squamous epithelial cells; TEC, transparent epithelial cells
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ANG (Fig.  3F). Therefore, these findings indicate that 
each cluster of secondary tubules can be distinguished by 
color.

Additionally, four types of epithelial cells were observed 
in the secondary tubules of inner ANG layer: columnar 
epithelial cells (type 1; Fig. 3G and G’), cuboidal epithelial 
cells (type 2; Fig. 3H), squamous epithelial cells (type 3; 
Fig.  3I), and transparent epithelial cells (type 4; Fig. 3J). 
Transparent epithelial cells (type 4) were rarely observed 
(< 1% of total area of ANG), while columnar (type 1), 
cuboidal (type 2), and squamous (type 3) epithelial cells 
were more prevalent.

Bacterial community composition in pigmented regions of 
ANG of bigfin reef squid
Pigmented regions of ANG (right one of pair) from six 
bigfin reef squid (Sl1, 3, 5–8) were further used to infer 
potential selection for reproduction in the ANG micro-
biome compared to the whole ANG (left one of pair) of 
each individual, including Sl1 (left ANG and 5 pigmented 
regions from right ANG), Sl3 (left ANG and 5 pigmented 
regions from right ANG), Sl5 (left ANG and 4 pigmented 
regions from right ANG), Sl6 (left ANG and 6 pigmented 
regions from right ANG), Sl7 (left ANG and 7 pigmented 
regions from right ANG) and Sl8 (left ANG and 4 pig-
mented regions from right ANG) (Fig. 4A-F). A total of 
350, 426, 251, 306, 273, and 408 ASVs were obtained 
from 6 individuals for analysis, respectively (Table  4). 
Of these, the average number of ASVs per ANG sample 
was 223 ASVs and per pigmented region sample was 127 
ASVs. The pigmented region of the ANG might have 
lower diversity of microbiome compared to the whole 
ANG tissue.

First, when comparing ASVs from the pigmentated 
region (present in over 60% samples of each pigmented 
color), 24 ASVs were conserved in the orange-pigmented 
regions, 17 in the white-pigmented regions, and 3 in the 
yellow pigmented regions. Notably, none of these ASVs 
were identified as core ASVs, as their relative abundance 
was low (present in less than 1% of over 40% of the sam-
ples) within each pigmented region. We further analyzed 
the relative abundances and taxonomy at different levels. 
ASVs represented bacterial taxa belonging to 9 phyla, 13 
classes, 27 orders, and 52 families (Table S3). In terms of 
abundance, shared classes comprised with relative pro-
portion higher than 1% in at least one class and present 
in over 60% samples. Unlike whole ANG tissue, which 
was composed of several classes, including Bacteroidia 
(43.7%), Alphaproteobacteria (26.9%), Gammaproteobac-
teria (16.8%), Holophagae (8.2%) and Verrucomicrobiae 
(3.9%), pigmented regions largely consisted of Bacte-
roidia (45%) and Alphaproteobacteria (44.6%), with a 
lesser extent Holophagae (6.6%; Fig.  4G and H). Gam-
maproteobacteria were less associated with pigmented 

region samples, accounting for ~ 3% and were not con-
sistently present, being found in less than 60% of the 
samples (Fig. 4G and H). Thus, our data suggests that the 
bacterial composition was selected in pigmented region 
(large microbiota), with an increased abundance of Alp-
haproteobacteria potentially playing a primary role in 
this association.

PCoA revealed that the microbial community structure 
(beta diversity) of pigmented regions clustered distinctly 
between the orange regions and whole ANG tissues 
(Fig. 4I). This was further confirmed by PERMANOVA of 
beta diversity metric using Bray-Curtis distance (pseudo-
F = 3.455, p-value = 0.0074) and pairwise comparison 
(R2 = 0.258, p = 0.0414). Alpha diversity analysis showed 
significant differences between the whole ANGs and 
each pigmented region (Fig.  4J), although no significant 
differences were observed between different pigmented 
regions (Fig.  4J). Furthermore, at different levels (from 
ASV to family), PCoA results showed significant differ-
ences between the whole ANGs and pigmented regions, 
particularly at the family level where differences were 
observed between almost all groups according to the 
pairwise comparison (Fig. S2). These analyses suggest 
that distinct microbial compositions were prominently 
observed at the family level, providing a suitable basis for 
further analysis.

Color-associated bacteria in ANG of the bigfin reef squid
To understand the relationship between pigmented 
regions (microbiota color) and bacterial communities, we 
further analyzed the relative abundances and taxonomy 
at the family level. In terms of abundance, shared fami-
lies comprised with relative proportion higher than 1% 
in at least one sample and present in over 60% samples 
for each color. Among the identified bacterial families 
(Fig. 5A), five were conserved in at least one pigmented 
region (present in > 60% samples of a given pigmented 
region). Three families were represented in the orange 
pigmented region, four families were represented in the 
white pigmented region, and two families were repre-
sented in the yellow pigmented region (Fig.  5A). Sam-
ples from orange pigmented regions largely consisted 
of Hyphomicrobiaceae (40.4%) and Cryomorphaceae 
(27.6%), and to a lesser extent, Rhodobacteraceae (10.9%) 
and Flavobacteriaceae (8.1%; Fig. 5B). White pigmented 
regions largely consisted of Cryomorphaceae (34.2%) and 
Fodinicurvataceae (24.7%), with smaller proportions of 
Rhodobacteraceae (17.5%) and Flavobacteriaceae (11.5%) 
(Fig.  5B). Yellow pigmented regions largely consisted of 
Cryomorphaceae (45.5%) and Rhodobacteraceae (10.6%) 
(Fig. 5B). Altogether, Rhodobacteraceae, Cryomorphaceae 
and Flavobacteriaceae were abundantly shared among 
the three colors of microbiota. Hyphomicrobiaceae were 
unique to orange microbiota, Fodinicurvataceae were 
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unique to white microbiota, and Acanthopleuribactera-
ceae were unique to yellow microbiota. The families with 
an average relative abundance greater than 1% in at least 
one pigmented group were shown in Fig. 5C. Our results 
showed significant differences in Fodinicurvataceae, 
Hyphomicrobiaceae and Acanthopleuribacteraceae. Some 
differences could still be observed in Crocinitomicaceae, 
Cellvibrionaceae and Rubritaleaceae, although they were 
not statistically significant.

Gene expression profiles in different pigmented regions of 
bigfin reef squid
The immune response is the dominant KEGG pathway in 
the early transmission and middle colonization phases, 
while lipid metabolism and the metabolism of bacterial 
flora fermentation are the dominant KEGG pathways in 
the late pigmentation phase [34]. Some of these differen-
tially expressed genes associated with female maturation 
were selected for analysis by qPCR, including lipid meta-
bolic process-associated genes (acyl-CoA synthetase long 
chain family, ACSL; UDP-glucuronosyltransferase, UGT; 

Fig. 4  Microbiomes and bacterial diversity of ANGs and their associated microbiota across different individuals. Microbiota distribution on the right 
side of the ANG collected from different individuals (A-F), with specific pigmented regions highlighted. Bacterial community composition (G) and mean 
relative abundance (H) of bacterial classes associated with whole ANGs (left side of ANG pair) and pigmented regions (right side of ANG pair) from differ-
ent individuals. Bacterial classes with < 1% global relative abundances are presented as “Other”. Principal coordinate analysis (beta diversity) of bacterial 
classes (I) across whole ANGs and their associated pigmented regions, assessed by weighted UniFrac (ASV level) and Bray-Curtis distance (class level). The 
results of principal coordinate analysis of bacterial order and family are shown in Figure S2. Alpha diversity (J) indices of bacterial classes between whole 
ANGs and isolated pigmented regions. Observed indices of richness and Shannon’s and Simpson’s indices of diversity. O, orange; Sl, bigfin reef squid; W, 
white; Y, yellow
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acid ceramidase-like, ACL) and immune response-associ-
ated genes (nitric oxide synthase, NOS; transglutaminase 
1, TGM1; peptidoglycan recognition protein 2, PGRP2) 
(Fig. 6). qPCR results revealed that lipid metabolic pro-
cess-associated genes (ACSL, UGT, and ACL) had simi-
lar transcription levels between the different pigmented 
regions. In contrast, despite the PGRP2, other immune 
response-associated genes (NOS and TGM1) showed 
higher transcription levels in orange region than in other 
regions (yellow and white).

Discussion
While the host-microbiota communication within the 
light organ of the bobtail squid is well studied, the inter-
action within the accessory nidamental gland (ANG) 
of cephalopods remains poorly understood. The bigfin 
reef squid, Sepioteuthis lessoniana, serves as an excel-
lent model for ANG research due to its larger ANG 
size compared to the bobtail squid. In this study, we 
aimed to investigate the composition of the pigmented 
region-associated microbiome using an amplicon-based 
approach. Based on our literature review, this is the first 
16 S bacterial community study of the ANG to examine 
spatial variations across different pigmented regions in 
cephalopods. We observed three main types of epithe-
lial cells in the secondary tubules of the ANG (Fig.  3), 
which were consistently present in the same tubules and 
adjacent regions. Using this characteristic, we collected 
ANG samples based on their pigmented and performed 
amplicon-based analyses (Fig.  4). When comparing the 
microbiome of whole ANG tissues to that of specific pig-
mented regions, we found that microbial richness and 
diversity were significantly reduced in the pigmented 
regions. Notably, the abundance of Alphaproteobacteria 
was significantly higher in these regions compared to the 
whole ANG. Furthermore, in mature females, we identi-
fied two distinct microbiomes corresponding to differ-
ent pigmented groups: orange and non-orange (yellow 
and white) regions (Fig.  5). Several pigmented region-
associated bacteria were observed in bigfin reef squid, 
suggesting a correlation between bacterial composition 
and tissue pigmentation. Collectively, our findings pro-
vide valuable insights into the interactions between bigfin 
reef squid and its associated microbiomes, highlighting 
potential roles of specific bacterial communities in differ-
ent pigmented regions of the ANG.

Species-specific and Reproductive-associated microbiome 
in the ANG of bigfin reef squid
High abundances of Alphaproteobacteria were detected 
in all cephalopod species analyzed in this study, includ-
ing the gold cuttlefish, swordtip squid, and bigfin reef 
squid, as reported in a previous study [12]. Compared 
to the Japan-collected bigfin reef squid in previously 
study [12], our data showed the higher abundances of 
Bacteroidia (with Flavobacteriia) and Gammaproteo-
bacteria in Taiwan-collected samples. Beta diversity 
analyses revealed significant microbiome differences 
between species, while alpha diversity varied significantly 
among cephalopod species but showed no correlation to 
their taxonomic families (Fig. 2). Notably, the bigfin reef 
squid exhibited a richer bacterial community compared 
to the golden cuttlefish and swordtip squid, with no sig-
nificant difference observed between the golden cuttle-
fish and swordtip squid. Despite the high abundances of 

Table 4  ASV numbers of whole ANG and pigmented region 
samples of Bigfin reef squid
Sample name Type ASVs Average of ASVs
Sl1 Whole ANG

(left one of pair)
229 223

Sl3 367
Sl5 178
Sl6 196
Sl7 163
Sl8 207
Sl1_O1 Pigmented region

(right one of pair)
195 127

Sl1_O2 165
Sl1_W1 109
Sl1_W2 149
Sl1_W3 221
Sl3_O1 142
Sl3_W1 87
Sl3_W2 155
Sl3_W3 122
Sl3_W4 116
Sl5_O1 136
Sl5_W1 98
Sl5_W2 139
Sl5_Y1 130
Sl6_O1 139
Sl6_O2 84
Sl6_O3 99
Sl6_O4 94
Sl6_O5 104
Sl6_W1 97
Sl7_O1 53
Sl7_O2 127
Sl7_O3 129
Sl7_W1 197
Sl7_W2 143
Sl7_Y1 124
Sl7_Y2 100
Sl8_O1 103
Sl8_O2 127
Sl8_W1 127
Sl8_Y1 112
ASV, amplicon sequence variant; ANG, accessory nidamental gland; O, orange; 
W, white; Y, yellow
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Fig. 5  Pigmented-associated bacterial families in ANGs. Bacterial community composition (A) and mean relative abundance (B) of bacterial families as-
sociated with pigmented regions from individuals. Bacterial families with global relative abundances of < 1% are grouped as “Other”. Circle size represents 
the relative abundance (%) of each bacterial family. Shared bacterial families, defined as those present in > 60% of samples within a given pigmented 
region, are compared to show the differences among pigmented regions (C). Lowercase letters denote significant differences as determined by one-way 
ANOVA followed by Tukey’s multiple comparison test (P < 0.05). O, orange; Sl, bigfin reef squid; W, white; Y, yellow
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Bacteroidia in Taiwan-collected bigfin reef squid (this 
study), we also observed substantial variability in Bacte-
roidia populations both within and across cephalopod 
species [12]. These findings suggest that Alphaproteo-
bacteria may play a crucial role in cephalopod symbiosis, 
while the abundance of Bacteroidia might be linked to 
differences in habitat microbiomes.

When comparing the whole ANG tissues to distinct 
pigmented regions, we observed a lower diversity of 

microbiomes in the pigmented regions, with a shift in 
bacterial composition from low Alphaproteobacteria and 
high Gammaproteobacteria to high Alphaproteobacteria 
and low Gammaproteobacteria. In the Hawaiian bobtail 
squid, Alphaproteobacteria abundance positively corre-
lates with squid size, which is itself positively correlated 
with reproductive stage [8]. This suggests that Alpha-
proteobacteria may play a significant role in the ANG 

Fig. 6  Genes expression profiles in pigmented regions of the ANG. Expression profiles of selected host genes were analyzed by qPCR, including lipid met-
abolic process-associated genes: acyl-CoA synthetase long chain family, ACSL (A); UDP-glucuronosyltransferase, UGT (B); acid ceramidase-like, ACL (C), and 
immune response-associated genes: nitric oxide synthase, NOS (D); transglutaminase 1, TGM1 (E); peptidoglycan recognition protein 2, PGRP2 (F). Differences 
between pigmented regions were normalized to Ef1a gene expression, with the highest relative value of gene transcript level set to 1. Lowercase letters 
denote significant differences as determined by one-way ANOVA followed by Tukey’s multiple comparison test (P < 0.05). O, orange; W, white; Y, yellow
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symbiosis of bigfin reef squid, particularly in relation to 
reproductive fitness.

In mature female bigfin reef squid, Cryomorpha-
ceae (a clade of Bacteroidia) and Rhodobacteraceae (a 
clade of Alphaproteobacteria) were common across the 
three pigmenteds regions, while Hyphomicrobiaceae (a 
clade of Alphaproteobacteria) was unique to the orange 
microbiota. Additionally, Fodinicurvataceae (a clade of 
Alphaproteobacteria) and Flavobacteriaceae (a clade of 
Bacteroidia) were unique to the white microbiota (Fig. 5). 
These shared bacterial taxa showed significant differ-
ences in abundances between the pigmented regions, 
demonstrating a strong correlation between specific bac-
terial communities and microbiota pigmentation. Pig-
mentation is a key morphological characteristic of the 
ANG during female maturation, with the ANG chang-
ing color from white to yellow and orange as female 
bigfin reef squid undergo sexual maturation. In bigfin 
reef squid, color of the ANG changes from white to yel-
low and orange during sexual maturation [9, 16]. These 
ANG-associated bacteria, particularly Alphaproteobac-
teria and Bacteroidia (including Flavobacteriia), are vital 
for embryonic survival, as they prevent fungal fouling on 
egg capsule surface, as previously observed in the Hawai-
ian bobtail squid [5, 6]. Altogether, our findings suggest 
that Hyphomicrobiaceae (Alphaproteobacteria) may be 
selected by the host and play a critical role in enhancing 
reproductive fitness in the bigfin reef squid.

ANG pigmentation caused by accumulation of microbially-
synthesized carotenoids
In this study, our data reveal that the richness and diver-
sity of the microbiome were significantly decreased with 
increased abundance of Alphaproteobacteria in the pig-
mented regions compared to the whole ANG (Figs.  4 
and 5). Additionally, our data also reveal that the micro-
biome of different ANG regions are associated with the 
microbiota color of regions (Fig. 5). The color of the ANG 
changes from white to yellow and orange during sexual 
maturation in female bigfin reef squids [9, 16]. These 
colors are due to the accumulation of carotenoids in the 
ANG tubules, synthesized by commensal microbes in 
female squid [17]. Carotenoid synthesis occurs in some 
bacterial species under stressful environmental condi-
tions such as variable light, salinity, and temperature 
(reviewed in [27]). Furthermore, carotenoid synthe-
sis is regulated by high bacterial density through the 
quorum-sensing system in certain bacteria [22]. Thus, 
pigmentation may be due to different stress conditions 
[19–21], but antimicrobial production can also be linked 
to pigment production and thus may be part of the sym-
biotic function in the ANG. Altogether, the association of 
microbes with a given color may be causal.

Several members of marine Flavobacteriales (clade of 
Bacteroidia), including Flavobacteriaceae and Cryomor-
phaceae, are known to produce carotenoids, Flexirubin-
type pigments, or both [20, 28, 29]. In Hawaiian bobtail 
squid, pigmentation change in ANG has previously been 
attributed to Alphaproteobacteria, particularly members 
of the Rhodobacteraceae family [30]. Additionally, based 
on the present data in our studies (this study; [10]), we 
suggest that both Bacteroidia and Alphaproteobacteria 
contribute to the pigmentation observed in the mature 
ANG of bigfin reef squid. Flavobacteriales through their 
production of carotenoids and Flexirubin-type pigments, 
likely play a crucial role alongside Alphaproteobacteria in 
shaping the distinct coloration of the ANG during cepha-
lopod maturation.

The phenotypes of epithelial cells-formed barrier may be 
shaped by microbiota
The ANG tubules of bigfin reef squid have a multi-
branched, blind-end structure lined with a single layer 
of epithelial cells that house microbiota [9]. In this study, 
three main types of epithelial cells were observed in the 
ANG tubules: columnar epithelial cells, cuboidal epithe-
lial cells, and squamous epithelial cells (Fig. 3). The host 
typically provides both physical and chemical barriers to 
segregate symbiotic microorganisms. The physical bar-
rier consists of epithelial cells and associated immune 
cells tailored for each location. However, epithelial func-
tion can be modulated by microbes (reviewed in [31]). 
For instance, in the mammalian intestine, gut micro-
biota converts dietary fiber into fermentation products 
like short-chain fatty acids, which promote barrier func-
tion [32]. In lung diseases such as asthma, perturbations 
of barriers associated with compositional changes to 
microbial communities are loosely linked [33]. Therefore, 
microbial communities are often associated with a given 
phenotype.

In cephalopods, ANG tubules are densely colonized 
with a variety of microbes, and the bacterial com-
positions shift during female maturation [8, 10]. The 
microbiota of the ANG is not affected by environmen-
tal conditions, location, or collection time of the same 
cephalopod species [6, 12]. Moreover, ANGs were either 
absent or poorly developed when Hawaiian bobtail squid 
were raised without habitat-associated bacteria [13]. 
Therefore, our data suggest that different epithelial cell 
types of ANG tubules may be associated with the compo-
sitions of microbiota.

Potential host-selected regulatory mechanisms during 
pigmentation in cephalopod
Our recent study showed that the immune response is 
the dominant KEGG pathway in the early transmission 
and middle colonization phase, while lipid metabolism 
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and the metabolism of bacterial floral fermentation are 
the dominant KEGG pathways in the late pigmenta-
tion phase [34]. In the present study, some differentially 
expressed genes associated with female maturation were 
selected for analysis by qPCR, including metabolic pro-
cess-associated (ACSL, UGT, and ACL) and immune-
associated genes (NOS, TGM1, and PGRP2). Although 
most of selected genes showed that transcript levels are 
not associated with the pigmented regions of ANG, but 
some immune-related genes (NOS and TGM1) showed 
strong correlation with the color of region and higher 
transcription levels in orange region (Fig. 6).

In mammalian intestine, anaerobic bacteria produce 
metabolites such as butyrate, acetate, and propionate, 
which help adjust epithelial metabolism and homeostasis 
[35, 36]. Similarly, bi-directional metabolic interactions 
between hosts and microbes have been found in animals, 
involving nutrient allocation and substrate transfer [37, 
38]. Therefore, our data suggest that the metabolic states 
of epithelial cells in the ANG may not only contribute to 
maintaining ANG homeostasis but also regulating the 
composition of the commensal microbs at a global level 
(ANG stage) rather than at the local level (pigmented 
region) in bigfin reef squid.

Host immunity plays a significant role in regulat-
ing host-microbiota interactions. The innate immune 
responses have been studied in several cephalopod spe-
cies [39]. Although our recent data indicate a reduction 
in transcriptomic levels of most immune-related genes 
in ANGs during female maturation-such as pattern rec-
ognition receptors, cytokines, and immune-mediated 
transcription factor [34]. Our recent study also shows 
that the transcription of some immune-related genes, 
such as PGRP2, alkaline phosphatase (ALP), and CD109, 
significantly increase during female maturation in the 
bigfin reef squid [16, 34]. Furthermore, bigfin reef squid 
PGRP2 and CD109 are mainly expressed in the epithe-
lial cells of certain ANG tubules (present study; [16]). In 
Hawaiian bobtail squid, secreted PGRP2 play an integral 
role in recognizing symbiotic bacteria during the colo-
nization of the crypts of the light organ by Vibrio fisch-
eri [40]. PGRP2 exhibits bactericidal activity in both 
the bigfin reef squid [16] and Hawaiian bobtail squid 
[40]. Therefore, our data suggest that the expression of 
immune-related genes in certain ANG regions may help 
maintain the density or composition of the total com-
mensal microbes in mature squid.

Conclusions
The bigfin reef squid is a valuable commercial cephalo-
pod species in East Asia, though its farming has yet to 
reach a commercial scale. Key challenges include issues 
such as cannibalism, feed supply, and particularly low 
hatching rates in breeding programs. In some squid 

species, parent-delivered microbes play a crucial role in 
preventing lethal biofouling on eggs and enhancing off-
spring hatching rates. Thus, understanding the regula-
tory mechanisms behind host-microbiota interactions is 
essential for improving aquaculture success.

In this study, we identified two distinct microbi-
ome groups within specific regions of the ANG, dis-
tinguished by their microbiota colors. We found that 
certain bacterial families are closely associated with spe-
cific pigmented regions, identifying both orange region-
dependent and orange region-independent bacteria. 
Building on this discovery, we propose developing in situ 
hybridization techniques to detect host-expressed genes 
and study the local communication between the epi-
thelial cell types of secondary tubules. Using pigmented 
region-associated bacteria as markers, this approach will 
enable us to investigate gene expression profiles within 
different ANG pigmented regions. This advancement 
provides a pathway to better understand the regulatory 
mechanisms of host-microbiota interactions at tissue-
specific and region-specific levels in the bigfin reef squid.
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