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In most animals, excess dietary energy is stored as lipids in specialized tissues,
such as the liver in vertebrates or the hepatopancreas and fat body in
invertebrates, which function as energy reservoirs for reproduction. In
cephalopods, however, dietary energy is rapidly mobilized from the digestive
gland for growth rather than stored for reproduction. How excess energy is
allocated for reproduction activity in cephalopods remains largely unclear.
Lipogenesis is initiated by acetyl-CoA carboxylase (ACC), which converts
acetyl-CoA derived from dietary carbon sources into malonyl-CoA;
subsequent synthesis of saturated fatty acids is catalyzed by fatty acid synthase
(FAS). Using the big�n reef squid as a model, we investigate the role of fas in
female development. fas mRNA was highly expressed in ovaries but weak in other
tissues, including the lipid-rich digestive gland. fas showed female-biased
expression in gonads, with level highest in juvenile ovaries and progressively
decreasing to their lowest in mature ovaries. Expression was also high in primary
and multiple follicular oocytes but declined in later stages. In situ hybridization
and immunohistochemistry con�rmed fas mRNA and protein localization in
oocytes, particularly in primary and multiple follicular oocytes. In vitro ovarian
culture further showed that inhibiting FAS activity enhanced somatic cell
proliferation. Together, these �ndings suggest that squid ovary is a primary site
of fatty acid synthesis, supporting early oocyte growth and membrane biogenesis
in the absence of dedicated lipid storage tissues. The decline of FAS activity
during oogenesis, and the associated reproduction in fatty acid synthesis, may
act as a regulatory signal to promote somatic cell proliferation.
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1 Introduction

Coastal cephalopods are promising candidates for aquaculture
due to their rapid growth rates, and several species, including big�n
reef squid (Sepioteuthis lessoniana), cuttle�sh (Sepia of� cinalis and
S. pharaonis) and octopus (Octopus maya and O. vulgaris), are
already being cultured at small to large scales (Jiang et al., 2021;
Vidal et al., 2014). Among them, the big�n reef squid is a
commercially valuable species in the Indo-Paci�c region,
particularly in East Asian countries such as Japan and Taiwan,
where the market price for live squid can reach approximately 35
USD per kilogram. Despite its potential, large-scale aquaculture of
this species is hindered by low reproductive success in captive
populations. In particular, later generations often exhibit structural
abnormalities in the egg case, resulting in poor embryonic
development and signi�cantly reduced offspring production
(Ikeda et al., 2009). Consequently, achieving full-life-cycle
aquaculture of the big�n reef squid remains a major challenging
due to the unreliable production of viable offspring in captivity. In
most cephalopods, the egg case consists of multiple layers, including
an inner jelly-like matrix and outer egg capsule, which are secreted
by the oviductal gland and nidamental gland, respectively (Huang
et al., 2018; Lum-Kong, 1992). The development of these glands is
closely linked to the female reproductive cycle (Huang et al., 2018;
Li et al., 2019; Lum-Kong, 1992) and is likely regulated by female-
derived signals, particularly ovary-secreted factors. Thus, the
abnormal egg case structures observed in captive big�n reef squid
may result asynchronous development between the ovary and it
associated reproductive glands, particularly in captivity-induced
precocious females.

Nutritional status plays a critical role in reproductive processes
such as gametogenesis, gonadal maturation, and overall fertility in
animals. Inadequate nutrient intake has been widely associated with
reduced reproductive activity in many adult species (Dunn and
Moss, 1992). In cephalopods, high proteolytic activity in the
digestive gland re�ects their carnivorous feeding habits (Boucaud-
Camou and Boucher-Rodoni, 1983). Notably, loliginid squids do
not store signi�cant amounts of dietary lipids in the digestive gland
for later use in reproduction or as an energy source for oocytes
(Semmens, 1998). Additionally, digestion in big�n reef squid is
extremely rapid, often completed within just 4 hours (Semmens,
2002). These �nding suggest that inter-feeding intervals longer than
4 hours may induce a nutritional de�cit or “hungry state” in captive
squid, potentially forcing them to mobilize stored lipids for energy.
This metabolic stress could impair reproductive development,
especially in females, by depleting energy reserves stored in lipid-
rich oocytes. Therefore, cephalopod may have evolved unique
strategies for female reproduction, particularly to support the
development and maintenance of oocytes.

The �rst committed step of lipogenesis is catalyzed by acetyl-
CoA carboxylase (ACC), which converts acetyl-CoA derived from
carbon sources derived from carbohydrates and amino acids into
malonyl-CoA (Tong, 2013; Bianchi et al., 1990). Subsequently, the
de novo synthesis of saturated fatty acids from malonyl-CoA is
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carried out by fatty acid synthase (FAS) (Smith et al., 2003). In
addition to its role in fatty acid biosynthesis, malonyl-CoA can also
serve as a precursor for polyketide synthesis in secondary
metabolism (Günenc et al., 2022). Molluscan-speci�c animal
FAS-like polyketide synthases have been reported in cephalopods
(Lin et al., 2024). Therefore, fas expression can be used as a proxy
for sustained lipogenic capacity in cephalopod.

In vertebrates, FAS/fas mRNA is highly expressed in lipid-rich
tissues such as the liver and adipose tissue, including in mammals
(Mildner and Clarke, 1991), birds (Cui et al., 2012), and �sh (Peng
et al., 2017; Sakae et al., 2020). Similarly, studies in invertebrates
have shown high fas expression in lipid-rich tissues, such as the
hepatopancreas of bivalves (Nie et al., 2023) and the fat body of
insects (Song et al., 2022). However, in crustacean, fas expression is
relatively low in the hepatopancreas compared to other tissues such
as the stomach, pyloric cecum, and muscle (Zuo et al., 2017).
Together, these �ndings suggest that the primary site of de novo
fatty acid synthesis appears to be conserved among vertebrates but
is more variable across invertebrate species. Additionally, FAS/fas
transcripts exhibit sexually dimorphic expression patterns, with
higher expression levels in the ovaries of �sh (Baron et al., 2008;
Sakae et al., 2020) and bivalves (Li et al., 2022b; Teaniniuraitemoana
et al., 2014). Furthermore, fas-de�cient mosquitoes produced fewer
eggs than controls (Alabaster et al., 2011). These �ndings suggest
that de novo fatty acid synthesis in the ovary may play a crucial role
in reproduction of female squid.

Although gonadal transcriptomic data indicate enrichment of
fatty acid biosynthesis pathway in the ovary but not the testis of the
Asian common octopus (Octopus sinensis) (Li et al., 2024), the
functional role of de novo fatty acid synthesis in cephalopod
reproduction remains largely unexplored. In this study, we used
the big�n reef squid as a model to address following questions: 1)
whether de novo fatty acid synthesis is sexually dimorphic and
preferentially associated with ovarian development; 2) how the
spatial and temporal expression of fas/FAS during oocyte
development; and 3) whether FAS activity is required for normal
ovarian development. We hypothesized that ovary-speci�c
lipogenesis supports oocyte growth under nutritionally dynamic
conditions and that disruption of this pathway impairs female
reproductive development. To test this hypothesis, we examined
the expression and localization of fas mRNA across gonadal stages
using quantitative PCR (qPCR), in situ hybridization (ISH), and
immunohistochemistry (IHC), and functional evaluated FAS
activity using the speci�c inhibitor TVB-3166 in an in vivo organ
culture system. Our results demonstrate fas transcripts were
exclusively expressed in the ovary, with minimal expression in
other tissues. Both fas mRNA and protein were exclusively localized
in oocytes, especially in primary oocyte stage. Additionally, FAS
inhibition disrupts the proliferation of oocyte-surrounding cells.
Collectively, these �ndings suggest that de novo fatty acid synthesis
may play a critical role in ovarian development in cephalopods and
provide new mechanistic insight into reproductive failure under
captive conditions, with potential implications for full life-
cycle aquaculture.
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2 Materials and methods

2.1 Squid sampling

Big�n reef squid were purchased from a �sherman on Heping
Island, Keelung. These squids were collected using hand jigging
from a boat near Heping Island, located along the northeastern
coast of Taiwan. Additionally, juvenile big�n reef squids were
provided as a gift by the Marine Research Station of the Institute
of Cellular and Organismic Biology, Academia Sinica.

Sex identi�cation was based on gonadal morphology and the
presence of accessory reproductive organs, such as the nidamental
gland in females and spematophoric gland in males, as previously
described (Lee et al., 2025). When external morphology was
insuf�cient to determine sex, gonadal histology was further used
for con�rmation. The gonadal status of females, as well as the
relationship between oocyte size and developmental stage, was
assessed using gross morphological characteristics and ovarian
histology, respectively, as described in our previous work (Chen
et al., 2018). Male gonadal status was classi�ed as either immature
or mature based on the presence of spermatophores. Squids were
anesthetized with 5% ethanol in seawater at room temperature, and
tissue samples were collected prior to decapitation. All experimental
procedures were approved by the National Taiwan Ocean
University International Animal Care and Use Committee and
conducted in accordance with standard ethical guidelines.
2.2 Experimental designs

2.2.1 Experiment 1: analysis of gene expression in
different tissues and reproductive stages of male
and female squid

For tissue distribution analysis, tissues from a mature female
were collected to assess relative expression across organs. Tissues
were further collected from immature and mature males (n = 3 in
each stage), including the digestive gland and testis. For females,
tissues were collected from immature (n = 4) and mature
individuals (n = 3), including the digestive gland, ovary,
nidamental gland, and accessory nidamental gland. Additionally,
the oviductal gland was collected only from mature females. The
biological characteristics of the squids were described in our
previous study (Chen et al., 2018).

2.2.2 Experiment 2: gene expression pro�ling and
enzymatic activity across various stages of
ovarian development

Ovaries at different developmental stages were collected, including
juvenile females containing primary oocytes (n = 4), immature females
with previtellogenic oocytes (n = 14), maturing females with early
vitellogenic oocytes (n = 12), and mature females with late vitellogenic
oocytes (n = 9) (Figure 1A). Although multiple oocyte stages can
coexist within a single ovary, the developmental stage of each ovary
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was determined based on the most advanced oocytes present. The
histological characteristics of key oocyte stages are shown, including
primary oocytes (Figure 1B), multiple follicular oocytes (Figure 1B),
previtellogeneic oocytes (Figure 1C), and early vitellogenic oocytes
(Figure 1D). For RNA extraction, we carefully dissected ovarian
regions enriched in these dominant oocytes to minimize
contamination from less-developed oocytes, ensuring that
transcriptomic pro�les primarily re�ect the intended developmental
stage. To further examine the gene expression pro�le and FAS activity,
oocytes ranging in sizes from 0.5 to 6 mm were collected from mature
females. The relationship between the oocyte size and developmental
stage is shown in Figure 1A. The biological characteristics of the squids
were described in our previous study (Chen et al., 2018).

2.2.3 Experiment 3: localization of target genes
and their proteins within the ovary

To further determine the location of de novo fatty acid
synthesis, in situ hybridization and immunohistochemical
staining of were performed to detect fas mRNA and protein
expression levels in the gonads, with a particular focus on the ovary.

2.2.4 Experiment 4: functional characterization of
FAS in the ovary

Based on literature reviews and our laboratory observations,
chemicals injection techniques have not yet been successfully
applied in squid due to the high mortality rate following
administration. To investigate the role of FAS, we established an
in vitro organ culture system using juvenile female ovaries (30 days
post-hatching), treated with a FAS inhibitor. The samples were then
subjected to immunohistochemical analysis to evaluate the effect,
particularly on cell proliferation activity.
2.3 Gonad histology

Tissue histology was performed as described in our previous
study (Chen et al . , 2018). Gonads were �xed in 4%
paraformaldehyde for 16 hours, dehydrated in methanol, and
stored at -20°C. The tissues were then processed through an
ethanol-xylene series and embedded in paraf�n. Sections were
dissected at 5-µm thickness, rehydrated, and stained with
hematoxylin and eosin (H&E).
2.4 Nucleic acid extraction

Nucleic acids were extracted using Trizol reagent (ThermoFisher
Scienti�c), following the manufacture’s protocol. Trizol-
homogenized tissues were mixed with chloroform to separate total
RNA into the upper aqueous phase. RNA was then precipitated using
a high-salt solution and isopropanol. The isolated RNA was
quanti�ed using a Nanodrop 2000 spectrophotometer
(ThermoFisher Scienti�c) and used for subsequent cDNA synthesis.
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2.5 RNA analysis

cDNA was synthesized from 1 µg of total RNA using Oligo(dT)
12-18 primers (Company) and Superscript III (Company), following
the manufacture’s protocol. The synthesized cDNA was then used
for qPCR analysis, performed as previously described (Chen et al.,
2018). Gene expression levels were quanti�ed using the CFX
Connect™ Real-Time PCR Detection System (Bio-Rad) with
SYBR Green Master Mix (Bio-Rad). PCR speci�city for each gene
was con�rmed by the presence of a single melting curve in both
experimental samples and template-containing (positive) controls.
No signal was detected in the non-templet (blank) controls.
Reaction ef�ciency for each gene was initially assessed using
serially diluted standards. The qPCR ampli�cation ef�ciencies of
fas and ef1a were 70.8% and 73.2%, respectively. Because the
difference in ampli�cation ef�ciency between fas and ef1a were
lower than 2.5%, the relative expression levels of the fas gene
(GeneBank accession no. PX526114) were calculated using the 2-

DDCt method. Elongation factor 1 alpha (ef1a; GeneBank accession
no. MG924746) was selected as the internal reference gene for
Frontiers in Marine Science 04
qPCR normalization based on its narrow Ct distribution across all
tissues (16.2 ± 0.75). The speci�c qPCR primers are listed in Table 1.
2.6 In situ hybridization

Digoxigenin-11-UTP (DIG)-labeled antisense and sense probes
were synthesized from target fragments of the fas genes (Table 1).
The DIG-labeled antisense probe was used to detect target mRNA
localization, while the sense probe served as a negative control to
assess non-speci�c signal. Wholemount in situ hybridization
(WISH) was performed as our previous description (Li et al.,
2022a). Fixed samples were rehydrated and sectioned into 0.1
mm slices using a vibratome (microslicer DTK-1000, Dosaka),
followed by standard ISH procedures. Samples were incubated
overnight at 50-60°C with DIG-labeled probes. mRNA expression
was detected using an ovary-pre-adsorbed, alkaline phosphatase-
conjugated sheep anti-DIG antibody (11093274910, Merck), and
visualized using the NBT/BCIP Detection System (11681451001,
Roche). Following color development, samples were post-�xed in
FIGURE 1

Relationship between the oocyte size, oocyte stages, and female reproductive stages. (A) Seven oocyte stages classi�ed by size: primary oocyte
(<300 µm), multiple follicular oocyte stage (0.3-1.2 mm), previtellogenic oocyte (1.2-1.8 mm), early vitellogenic oocyte (1.8-3 mm), late vitellogenic
oocyte (3-5 mm), ripe oocyte (5-5.5 mm), and egg (>5.5 mm). Four female reproductive stages were de�ned according to oocyte development:
juvenile female (up to the primary oocyte stage), immature female (up to the previtellogenic oocyte stage), maturing female (up to the early
vitellogenic oocyte stage), and mature female (containing eggs in the oviduct). (B-D) H&E staining of representative oocyte stages. PO, primary
oocyte; MFO, multiple follicular oocyte stage; PVO, previtellogenic oocyte; EVO, early vitellogenic oocyte.
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4% paraformaldehyde, dehydrated in ethanol, and embedded in
Technovit 3040 plastic resin. Sections were dissected at 5-µm
thickness, rehydrated, and counterstained with Nuclear Fast Red
(H-3403-500, Vector Laboratories) to visualize cell nuclei.
2.7 Antiserum generation

Polyclonal antiserum was generated by immunizing rabbit with
a synthetic peptide (H2N-CNKPLKIEVIDGNHESFIQGEYAQK-
COOH) corresponding to the C-terminal region of big�n reef
squid FAS, conjugated to ovalbumin. The immunization and
antiserum collection were performed by Yao-Hong Biotechnology
Inc. The speci�city of the antiserum was further con�rmed by
Western blot (WB) analysis using tissue samples expressing the
target protein.
2.8 Antiserum speci�city analysis

Protein analysis was performed as described in our previous
study (Chen et al., 2018). Samples were homogenized in cell lysis
buffer containing 25 µM Phenylmethanesulfonyl �uoride (PMSF)
and cOmplete™ Mini protease inhibitor cocktail (4693124001,
Roche) and centrifuged, and the supernatant was used for
subsequent analysis. Protein concentrations were determined
using a Pierce™ bicinchoninic acid (BCA) protein assay kit
(A65453, ThermoFisher Scienti�c). Equal amounts of protein (up
to 20 µg per sample) were separated on a 5% SDS-PAGE gel. For
WB analysis, the separated proteins were transferred onto a 0.45 µm
nitrocellulose membrane. After washing, membranes were blocked
with 5% nonfat milk powder for 1 hour and then incubated
overnight at 4°C with primary antibody, anti-FAS antiserum (1:
2000 dilutions in 1.5% nonfat milk). The membranes were
subsequently incubated with an alkaline phosphate-conjugated
goat anti-rabbit IgG secondary antibody (31340, ThermoFisher
Scienti�c; 1: 10,000 dilutions in 1.5% nonfat milk) at room
temperature for 1 hour. Protein expression was visualized using
the 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium
chloride solution (BCIP/NBT) Detection System (B1911, Merck).
Frontiers in Marine Science 05
As a speci�city control, the anti-FAS antiserum was preabsorbed
with 1 µg/ml of the peptide antigen and used in place of the
primary antibody.
2.9 Immunohistochemical staining

Immunohistochemical (IHC) staining was performed as
previously described (Chen et al., 2018). Section preparation
performed the methods described in this study. For IHC staining,
sections were treated with HistoVT One (Nacalai Tesque) to expose
the antigens and then incubated with 3% H2O2 to block the
endogenous peroxidase activity. To detect nucleus-incorporated
bromodeoxyuridine (BrdU), sections were further treated with 2N
HCl to dissociate proteins bound to chromatin. After blocking with
5% nonfat milk powder for 1 hour, sections were incubated
overnight at 4°C with primary antibody: anti-FAS antiserum (1:
2,000 dilutions with 1.5% nonfat milk powder) or anti-BrdU
(MAB4072, Sigma-Aldrich; 1:1,000 dilution with 1.5% nonfat
milk powder). The next day, sections were incubated with a
biotinylated secondary antibody (1:1,000 dilution with 1.5%
nonfat milk powder) at room temperature for 1 hour. Protein
localization was visualized using the Avidin-Biotin Complex
(ABC) kit (Vector Laboratories) and 3,3’-diaminobenzidine
(DAB, Sigma-Aldrich), followed by hematoxylin counterstaining.
As a speci�city control, the anti-FAS antiserum was preabsorbed
with 1 µg/ml of the peptide antigen and used in place of the
primary antibody.
2.10 Fatty acid synthase activity

The FAS activity assay was performed as previously described
with minor modi�cation (Ross et al., 2008). Oocytes of various sizes
with associated follicle cells were independently isolated and
stocked at -80°C. Samples were homogenized in lysis buffer,
centrifuged (16,000 x g, 15 minutes), and the resulting
supernatant was used for analysis. Protein concentrations were
determined using a BCA kit. For the assay, supernatant was
added to a reaction mixture containing 200 mM potassium
TABLE 1 Oligonucleotides for speci� c primers used for the RNA analysis.

Gene (GeneBank
accession no.) Orientation Sequence Analysis (Amplicon

size, bp)
PCR ampli�cation

ef�ciency

ef1a
(PX526114)

Sense 5’-CCAGGTGACAATGTTGGTTTC-3’ qPCR
(101)

70.8%
Antisense 5’-GTCTCTTTGGGTGGGTTATTCT-3’

fas
(MG924746)

Sense 5’-GCCATTGGTGATGTTGGTATTG-3’ qPCR
(128)

73.2%
Antisense 5’-GGGCTGTCCTGGTTTAAGAA-3’

fas

Sense
5’-AATTAACCCTCACTAAAGGGG-

GGGAATGAAGACTGGAAAGGAGT-3’ ISH
(1, 649)

Antisense
5’-TAATACGACTCACTATAGGG-
GTGACTGGATGTGTGGGCT-3’
The bottom line indicates the T3 and T7 sequences used for synthesizing the sense and antisense probes, respectively.
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phosphate buffer (pH 7.0), 400 mM EDTA, 240 µM NADPH, and
30 µM acetyl-CoA, and incubated at 30°C for 10 minutes.
Background NADPH oxidation was measured prior to the
addition of malonyl-CoA. The enzymatic reaction was initiated
by adding 100 µM of malonyl-CoA, and the decrease in optical
density (OD) was recorded at 5 minutes intervals over 30 minutes
using a microplate reader at 340 nm.
2.11 In vitro organ culture

Due to limitations in surgical techniques and the need for
accurate identi�cation of sexual characteristics, one-month-old
squids were used for organ culture. Sex determination was based
on relative gonadal size, with females exhibiting larger gonads than
males. Specimens with large gonads (presumed ovaries) were
selected for organ culture (n = 9 per group). Three ovarian
samples were placed in each well of a 6-well plate. Ovaries were
maintained in M199 medium supplemented with 3% (w/v) sea salt,
5% fetal bovine serum, 100 IU penicillin, and 100 ug/ml
streptomycin. Notably, ovarian tissue exhibited widespread
structural degradation after one week in culture (Supplementary
Figure S1).
2.12 Cell proliferation assay

Cell proliferation in the ovary was assessed by the incorporation
of BrdU. Ovaries were incubated with BrdU (60 µg/ml) for 24 hours
prior to sampling under two different conditions: control and FAS
function inhibition groups. To evaluate the inhibiting ef�ciency of
the FAS inhibitor TVB-3166 (SML1694, Sigma-Aldrich), different
concentrations ranging from 200 nM to 1.6 µM were tested using
juvenile female ovaries containing primary oocytes. The FAS
activity assay revealed that enzymatic activity was reduced by
approximately 50% in the 200 nM treated group compared with
the control. Increasing the concentration beyond 200 nM produced
no further signi�cant suppression of FAS activity. Therefore, in the
FAS inhibition group, ovarian tissues were incubated with the FAS
inhibitor TVB-3166 (1 µM) to inhibit FAS activity. Treatments were
administrated for two-day intervals, and ovaries were collected on
day 5 for analysis. Cell proliferation was evaluated using IHC
staining as described in this study. The number of BrdU-
incorporated cells was quanti�ed to assess proliferative activity.
Ovarian cell proliferation was represented as the relative number of
BrdU-positive germline and somatic cells, respectively. For each
group, three tissue samples were analyzed, with triplicate stained (4-
6 serial sections on each slide) per sample.
2.13 Data analysis

The data are presented as the mean ± standard deviation (SD).
Prior to conducting parametric tests, all datasets were evaluated for
normality using the Shapiro-Wilk test and for homogeneity of
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variance using Levene’s test. Values that met these assumptions
were analyzed by one-way ANOVA, followed by a Tukey post hoc
test, with P < 0.05 considered statistically signi�cant. For
comparisons between two groups, Student’s t-test was applied (P
< 0.05), provided that normality and equal variance assumptions
were satis�ed. When assumptions were not met, appropriate non-
parametric test, such as the Kruskal-Wallis test, were used.
3 Results

3.1 fas expression across different tissues

The sequence of fas gene was identi�ed from the genome-
annotated gene database (In preparation) of the big�n reef squid.
To con�rm the sequence, the full-length cDNA was obtained by
cloning. The gene contains an open reading frame encoding 3,043
amino acid residues. The deduced amino acid sequence includes
conserved functional domains, including the ketosynthase (KS; 556-
1026 aa), acyltransferase (AT; 1047-1362 aa), dehydratase (DH;
1450-1651), enoylreductase (ER; 2089-2405 aa), ketoreductase (KR;
2434-2613 aa), acyl carrier protein (ACP; 2676-2744 aa), and
thioesterase (TE; 2784-3038 aa) (Figure 2A), which are
structurally similar to those found in other species (Lin et al, 2024).

Tissue distribution of the fas gene in a mature female showed
predominant expression in the ovary, with weak expression in other
tissues, including the lipid-rich digestive gland (Figure 2B). To
investigate the reproductive-associated expression pattern of fas,
qPCR analysis was performed on gonads and digestive glands from
both sexes at immature and mature stages. The result showed that fas
expression was female-biased in the gonads, with the highest
expression observed immature ovaries (Figure 2C). In contrast, fas
expression in the digestive gland remained unchanged across
reproductive stages in females (Figure 2C). These �ndings indicate
that fas mRNA is speci�cally expressed in the ovary and not in lipid-
rich tissues such as the digestive gland, which functions similarly to
the hepatopancreas in invertebrates and liver in vertebrates.
3.2 fas expression during oocyte
development

To investigate the expression pro�le of fas during the
reproductive cycle, ovaries at different development stages of
ovaries were analyzed for fas mRNA levels. Based to the
histological characteristics described in a previous study (Chen
et al., 2018), four ovarian stages were de�ned in this study:
juvenile females containing primary oocytes, immature females
with previtellogenic oocytes, maturing females with early
vitellogenic oocytes, and mature females with late vitellogenic
oocytes. qPCR analysis revealed that fas mRNA expression was
highest in juvenile females, decreased gradually during ovarian
growth, and reached its lowest level in mature females (Figure 3A).

We next examined the fas mRNA expression pro�le across
different oocyte size classes, which correspond to speci�c
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developmental stages as described previously (Chen et al., 2018).
qPCR results showed that fas expression was high in oocytes smaller
than 1 mm, including oogonia, primary oocytes, and multiple
follicular oocytes (Figure 3B). Expression levels declined
signi�cantly in oocytes ranging from 1.5 - 4 mm, which include
previtellogenic (1.5-2 mm), early vitellogenic oocytes (2.5-3 mm,
and some late vitellogenic oocytes (3.5-4 mm) (Figure 3B). The
lowest expression levels were observed in oocytes larger than 4.5
mm, corresponding to late vitellogenic oocytes (4.5-5 mm) and fully
mature (ripe) oocytes (>5 mm) (Figure 3B). Consistently, FAS
protein exhibited the lowest fatty acid synthesis activity in oocytes
larger than 3 mm, including late vitellogenic oocytes and ripe
oocytes (Figure 3C). Together, these �ndings suggest that fas
mRNA expression and its enzymatic activity are not positively
corre lated with de novo fa tty acid synthes is during
oocyte vitellogenesis.
3.3 Localization of fas mRNA

To examine fas mRNA expression in speci�c gonadal cell types,
WISH was performed on juvenile individuals, including ovaries at
the primary oocytes stage, when fas transcript levels at high, and
testes at the spermatogonia stage. In the ovary, WISH results
showed strong fas mRNA expression in primary oocytes, with
slight to no expression detected in surrounding somatic cells
(Figure 4A). In the testis, fas mRNA expression was weak or
nondetectable in both somatic and germline cells (Figure 4B). No
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signal was detected in testis and ovary with sense probe, respectively
(Figures 4C, D). These results indicate that fas mRNA is speci�cally
localized on oocytes.
3.4 Speci�city of the anti-FAS antiserum

Based on analysis using the ExPASy compute pI/Mw tool
(https://web.expasy.org/compute_pi/), theoretical molecular
weight of the FAS protein was estimated to be approximately
337-kDa. The speci�city of the anti-FAS antiserum was validated
by WB analysis using oocyte extracts containing follicle cells from
oocytes ranging in size from 1 to 2 mm. Immunoblotting revealed a
single band larger than 240-D, corresponding to the predicted size
of the FAS protein (Figure 5A). Notably, our protein ladder does
not contain markers above 240-kDa, suggesting the detected band
represents a high molecular weight protein. Furthermore, the FAS
immunoblot signal was greatly reduced or absent when the
antiserum was preadsorbed with its antigenic peptide (Figure 5B),
con�rming the speci�city of the antibody. This result indicates that
the anti-FAS antiserum speci�cally recognizes the FAS protein.
3.5 Distribution of FAS protein

To examine the cellular localization of FAS protein, IHC
staining was performed using a speci�c anti-FAS antiserum. In
ovaries from juvenile females, FAS signals were strongly detected in
FIGURE 2

Domain structure of FAS and its mRNA expression pro�les in tissues and reproductive stages. (A) Predicted domain structure of FAS, including
ketosynthase (KS), acyltransferase (AT), dehydratase (DH), enoylreductase (ER), ketoreductase (KR), acyl carrier protein (ACP), and thioesterase (TE).
(B) qPCR analysis of fas mRNA expression in various tissues of mature female. (C) qPCR analysis of fas mRNA expression in gonads and digestive
gland of immature and mature individuals of both sexes. Expression levels were normalized to ef1a, and the highest expression was set to 100%.
Statistical signi�cance was determined by Student’s t-test: P < 0.05 (*), P < 0.01 (**), P < 0.001 (***). Ma, mantle; Te, tentacle; Br, brain; Ol, optic
lobe; Gi, gill; He, heart; DG, digestive gland; St, stomach; Ov, ovary; Od, oviduct; Og, oviductal gland; NG, nidamental gland; ANG, accessory
nidamental gland; Hm, hemocytes.
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primary oocytes, with weaker or nondetectable staining observed in
oogonia (Figure 5C). In maturing females, strong FAS signals were
observed in primary oocytes and multiple follicular oocytes, while
weaker expression was detected in previtellogenic oocytes and
oocytes at later stages (Figure 5D). No signal was detected when
using the antigen-preabsorbed anti-FAS antiserum, con�rming
antiserum speci�city (Figures 5E, F). Unexpectedly, IHC results
show very weak FAS signals in previtellogenic oocytes, despite
qPCR and enzymatic activity assay indicating a decrease in fas
mRNA and FAS activity during later oocyte stages. This
discrepancy may be due to the substantial increases in oocyte
size, which could dilute the protein signal and reduce
detection sensitivity.
3.6 Inhibition of ovarian FAS activity

To further investigate the potential role of FAS in ovarian
development, juvenile female ovaries were treated with TVB-
3166. After incubation, histological analysis results revealed signs
of tissue degradation in approximately 50% of ovaries across all
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groups. Only samples (n = 3 per group) that retained the most intact
structures were selected for subsequent analyses. Cell proliferation
was examined by BrdU incorporation using IHC staining. IHC
revealed that BrdU-positive signals were mainly localized to somatic
cells, with minimal labeling in germline cells across all groups
(Figures 6A, B). The number of BrdU-positive somatic cells
signi�cantly increased in the FAS inhibition group (TVB-3166
treatment) compared to the control (Figure 6C). No signi�cant
difference in BrdU-positive germline cells were observed among the
groups (Figure 6C). Altogether, these results suggest that de novo
fatty acid synthesis in oocytes may regulate the proliferation of
surrounding somatic cells.
4 Discussion

In this study, we used the big�n reef squid as a model to
investigate the potential role of de novo fatty acid synthesis during
gonadal development. We analyzed fas mRNA expression pro�les
in various tissues of both sexes and found that high fas expression
was observed in the ovaries, with only weak expression in other
FIGURE 3

fas mRNA expression pro�les and enzymatic activity across ovarian and oocyte stages. (A) qPCR analysis of fas mRNA expression in ovarian
stages: juvenile (up to the primary oocyte), immature (up to the previtellogenic oocyte), maturing (up to the early vitellogenic oocyte), and mature
(eggs in the oviductal gland). (B) qPCR analysis of fas mRNA expression. (C) FAS enzymatic activity in different oocyte stages. The relationship
between oocyte size and stage is shown in Figure 1. Expression levels were normalized to ef1a, and the highest expression was set to 100%.
Statistical signi�cance was determined by one-way ANOVA followed by Tukey’s multiple comparison test (P < 0.05), indicated by different letters.
NS, no sample.
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FIGURE 4

Distribution of fas mRNA in juvenile gonads. In situ hybridization (ISH) with an antisense probe detected fas mRNA in the ovary (A) and testis (B) of
juvenile individuals. Sense probes were used as negative control in the ovary (C) and testis (D). Black arrowheads indicate ISH signals. Fc, follicle cell;
PO, primary oocyte; Sc, Sertoli cell; Sg, spermatogonia.
FIGURE 5

Speci�city of anti-FAS antiserum and distribution of FAS protein in the ovary. (A) Western blotting (WB) with anti-FAS antiserum in ovarian protein
extracts. (B) WB with preadsorbed anti-FAS antiserum (preincubated with immunizing peptides) as negative control. (C, E) Immunohistochemical
(IHC) staining with anti-FAS antiserum in juvenile (C) and mature (E) female squid. (D, F) Negative control IHC with preadsorbed anti-FAS antiserum
in juvenile (D) and mature (F) females. Black arrowheads indicate FAS protein signals in WB and IHC. Fc, follicle cell; PO, primary oocyte; MFO,
multiple follicular oocyte; PVO, previtellogenic oocyte; EVO, early vitellogenic oocyte; LVO, late vitellogenic oocyte.
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