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Abstract: Photoperiod regulates reproductive physiology in many fishes, but its sex-specific
molecular effects under artificial manipulation remain unclear, especially in cold-water
species. In this study, we investigated whether photoperiod manipulation during the
reproductive season could modulate the rate and efficiency of gonadal development in
the Amur minnow (Phoxinus lagowskii). High-throughput RNA sequencing was used to
analyze transcriptomic responses of gonadal tissues under three photoperiod regimes:
natural light (12L:12D), continuous light (24L:0D), and continuous darkness (0L:24D) over a
9-week experimental period. Our results revealed distinct sex-specific gonadal responses to
photoperiodic changes. In males, continuous light significantly promoted spermatogenesis
by upregulating meiosis-related genes (REC114 and syp3) and steroid biosynthesis. In
females, prolonged light exposure induced ovarian stress, evidenced by vitellogenin (Vtg3)
upregulation and retinoic acid suppression, whereas continuous darkness promoted lipid
storage via downregulation of gluconeogenesis (PC and Fbp2) and fatty acid oxidation
(ACSL1a). Additionally, immune activation, marked by ILIRAPLI-A upregulation, was
observed in all groups except continuous-light males, with females exhibiting broader
immune pathway engagement. These findings provide novel insights into the regula-
tory mechanisms of photoperiod-induced gonadal development and highlight potential
strategies for optimising photoperiod management in cold-water fish aquaculture.

Keywords: Phoxinus lagowskii; photoperiod; transcriptomics; gonadal development;
sex-specific response

Key Contribution: The present study constitutes an analysis of the regulatory mechanisms
governing gonadal development in male and female P. lagowskii, with a particular focus on
prolonged photoperiod induction during winter gonadal development. The findings of this
study serve to elucidate the impact of photoperiod on the male—female differences observed
in fish, thereby establishing a biological foundation for subsequent research and providing
a significant basis for the scientific regulation of P. lagowskii reproductive management.

1. Introduction

Photoperiod is a crucial environmental cue that regulates the hypothalamic—pituitary—
gonadal (HPG) axis, controlling gonadal development and reproductive timing in fish [1-3].
In natural environments, seasonal changes in photoperiod synchronise gonadal develop-
ment to optimise reproductive success. Artificial photoperiod manipulation is increasingly
used in aquaculture to regulate spawning, growth, and reproductive timing [4]. For exam-
ple, only females of rabbit fish (Siganus guttatus) after 24 h of continuous light were able
to spawn successfully after human chorionic gonadotropin (hCG) injection [5]. Providing
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light at night significantly improved sperm quality in dominant males of Japanese medaka
(Oryzias latipes), altering inter-male competitiveness [6]. Despite its importance, the pre-
cise molecular mechanisms underlying photoperiod regulation of gonadal development,
especially sex-specific responses, remain inadequately understood.

Recent advances in high-throughput omics technologies, particularly RNA sequencing
(RNA-seq), have provided unprecedented insights into gene expression profiles during
gonadal development in fish. In combination with photoperiod manipulation, RNA-seq
has been used to investigate differential gene expression in gonadal tissues, revealing
key genes associated with reproductive processes such as meiosis, steroidogenesis, and
immune responses. In the study of half-smooth tongue sole (Cynoglossus semilaevis), the
time-dependent expression patterns of several sex-related genes, including Dmrt1, Amh,
FoxI2, aromatase-encoding gene, Esr, and the Sox gene family, during gonad differentiation
has been found [7]. In addition, the female sapphire devil (Chrysiptera cyanea) IGF3 plays
a role in reproductive development and metabolic shifts from growth mode to repro-
ductive mode in peripheral tissues under suitable photoperiod and water temperature
conditions [8]. However, most studies have focused on general physiological responses,
and sex-specific molecular mechanisms remain underexplored, especially in response to
artificial light cycles.

The Amur minnow (Phoxinus lagowskii) is an economically valuable species native to
northeastern China, characterised by its rapid sexual maturation, adaptability to cold water,
and omnivorous diet [9]. These features make it an ideal model for studying reproductive
physiology and photoperiodic regulation in cold-water fish. Notably, the fish attains sexual
maturity at an age of two and, during the annual period of May to June, when the water
temperature reaches between 20 and 26 °C, it becomes capable of engaging in oestrus and
spawning. The spawning process involves the laying of eggs in batches on sand, gravel,
or within aquatic grasses, and these eggs subsequently hatch within a period of two to
three days [10]. Additionally, the overfishing of wild populations and genetic decline in
Amur minnow populations highlight the importance of developing effective breeding and
aquaculture strategies [11]. Despite its potential in aquaculture, the molecular mechanisms
of gonadal development and the effects of photoperiod on this species remain poorly
understood, making it an ideal subject for further investigation.

2. Materials and Methods
2.1. Ethics Statement

All experiments were performed according to the guidelines for scientific purposes,
animal care, and use formulated by the Animal Ethics Committee of Shenyang Agricultural
University (approval code: 2023090802 and Approval Date: 10 September 2023). The
research team underwent comprehensive training to ensure appropriate handling and care
of animals.

2.2. Experimental Animals

A total of 360 healthy P. lagowskii (mean weight: 11.42 4= 1.01 g) were obtained from a
local fish farm and transported to the Aquatic Animal Physiology Laboratory at Shenyang
Agricultural University. The fish underwent a 2-week acclimation period in blue plastic
buckets equipped with a water circulation system, maintained at 9.73 £ 0.93 °C. During
this period, they were fed commercial feed once daily at 16:00 at a rate of 3% of their total
body weight. The feeding practices and environmental conditions were standardised across
all groups. To prevent any potential effects on metabolism, the final feeding was performed
24 h before the start of the experiment.
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Before the experiment, 1-year-old P. lagowskii, acclimated for 2 weeks, were sexed and
separately allocated to 18 circular blue plastic buckets (diameter: 1 m, height: 1 m, water
depth: 0.5 m) at 20 fish per bucket density to simulate the actual aquaculture environ-
ment. The buckets were exposed to three photoperiods: natural light (12L:12D; control),
continuous light (24L:0D; experimental), and continuous darkness (0L:24D; experimental).
Light intensity was 608.67 £ 161.59 Ix at the surface and 66.69 & 21.15 Ix at the bottom.
Incandescent lamps provided lighting with timers that regulated natural light conditions
(6:00-18:00). All buckets were fully enclosed in a double-layer blackout cloth to prevent
light interference, and each treatment included three replicates. Feeding was conducted
daily at 16:00 with lights off, and the buckets were resealed immediately after feeding to
minimise light exposure. The duration of the light treatment was 9 weeks.

2.3. Sample Collection

At 6:00 a.m. on day 7, three females and three males were randomly selected from
each light treatment group. The fish were anaesthetised using a 100 mg/L MS-222 solution
for 3 min. The gonads were dissected using sterilised scissors and forceps, with collection
into 1.5 mL centrifuge tubes. Liquid nitrogen flash freezing was used and they were stored
at —80 °C prior to analysis. The sampling was conducted on the ice. The continuous
darkness group was sampled under dim red light to minimise stress from sudden light
exposure. Samples were coded as N1 (natural light males), N2 (natural light females), L1
(continuous light males), L2 (continuous light females), D1 (continuous darkness males),
and D2 (continuous darkness females).

2.4. RNA Isolation and RNA-Seq Library Preparation

Gonads were frozen with liquid nitrogen and pulverised in a grinding bowl, and
total RNA was isolated using the Trizol Reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA). Three replicates were performed for each treatment group. The integrity of the
extracted RNA was monitored using 1% agarose gels. The purity and concentration of RNA
samples were assessed using a NanoDrop spectrophotometer (Thermo Scientific, Shanghai,
China). Transcriptome sequencing was performed by next-generation sequencing (NGS)
technology using the Illumina Truseq 2000 sequencing platform from Shanghai Personal
Biotechnology Co., Ltd. Shanghai Biotechnology Corporation (Shanghai, China) performed
the transcriptome sequencing of the target samples.

2.5. De Novo Assembly and Gene Annotation

The original FASTQ data were filtered to remove reads with connectors, lengths less
than 50 bp, and average sequence quality less than Q20. The high-quality sequences
were then spliced from scratch to obtain transcripts. The transcripts were clustered, and
the longest transcripts were selected as unigenes. The gene function of each unigene
was then annotated. The databases utilised for gene function annotation included the
Non-Redundant Protein Sequence Database (NR), the Gene Ontology (GO), the Kyoto
Encyclopedia of Genes and Genomes (KEGG), the evolutionary genealogy of genes: Non-
supervised Orthologous Groups (eggNOG), Swiss-Prot, and Pfam.

2.6. Expression Analysis

Expression analysis was conducted utilising the transcription group expression quan-
titative software, RSEM version 1.3.3, and a comparison was made between the clean reads
of each sample and the reference sequence, with the transcriptional sequence serving as
the reference. Principal components analysis (PCA) was employed with the R language
software package (version 4.0.3) to analyse the main components of each sample according
to the expression quantity.
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2.7. Differential Gene Expression and Enrichment Analysis

In this study, we employed the DESeq software version 2.12 to integrate RNA-seq data
from three biological replicates per group and analyse gene expression disparities. We then
proceeded to screen the condition of differentially expressed genes (DEGs) with multiple
expression differences (|log2FoldChange!| > 1, significant p-value < 0.05). Statistical
significance was calculated using one-way analysis of variance (ANOVA), followed by
Bonferroni’s post hoc test to determine significant peak—nadir differences in the means
of the expression levels. The R language Pheatmap software package version 1.0.12 was
used to cluster the union of different genes and samples for all groups being compared.
The distance between these samples was calculated using the Euclidean method, and the
hierarchical clustering method was used for the clustering process. Differentially expressed
genes (DEGs) were then subjected to Kyoto Encyclopedia of Genes and Genomes (KEGG)
and Gene Ontology (GO) analyses. The enrichment results were manually checked using
public databases and literature searches based on Non-Redundant Protein Database (NR)
annotation. All KEGG and GO enrichment results were obtained from the combined data
of three biological replicates.

2.8. qRT-PCR Validation

Six genes were selected for validation using qRT-PCR. 33-HSD, 173-HSD, CYP19A1a,
and CYP17A1la are key enzymes in steroid hormone synthesis, belonging to the oxidore-
ductase, short-chain dehydrogenase/reductase (SDR), and cytochrome P450 families, re-
spectively. STS and EBP regulate sulphated steroid metabolism and cholesterol transport,
directly influencing the function of steroidogenic acute regulatory (StAR) protein. For each
photoperiod treatment group, three male and three female individuals were euthanised,
and gonadal tissues were immediately dissected for RNA extraction. Gene-specific primers
(Table 1) were designed using Primer Premier 6.0. 3-actin served as the internal control.
PCR was performed using Hiscript® I RT SuperMix for qPCR (+gDNA wiper) (Nanjing
Vazyme Biotech Co., Ltd., Nanjing, China) in a 20 uL reaction system, following standard
cycling conditions. Relative expression levels were calculated using the 2~24Ct method,
which was employed to determine relative changes in gene expression levels.

Table 1. The primer sequences for real-time PCR.

Target Gene Forward (5'-3') Reverse (5'-3')
B-actin CGGTATCCATGAGACCACCT CTTCTGCATCCTGTCAGCAA
3B-Hsd TACCACATCACGAACGACGA AGCCACAGAAGCAGAGATAACAC
17B-Hsd AGGTCACTTTGGCAGATGGG GGACACTTCTCGGATGGTATTCA
19A1a-Cyp ACATTCTCAACTTACTGCGGTG ATACTGTCTGCCAGGTGTCAAA
17 Ala -Cyp GCCTCACAGAGCCATACGAAAC CAGCAGATAAGCCGTGAATAGAA
STS GTGACCATTTCCCCCCTGAT CTGCGAGATGCTCCTCCTTT
EBP GCCACGCAACCTGTCTATTC TAACCTTCTCCCTCCGCTAA

2.9. Statistical Analysis

All data were analysed by one-way analysis of variance (ANOVA) using SPSS
22.0. The significance level for all analyses was set at p-value < 0.05 to indicate statis-
tically significant and significant differences between groups. The data are expressed as
mean =+ standard error.
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3. Results
3.1. Transcriptome Sequence Assessment and Annotation

A total of 836,424,322 raw sequencing reads were obtained from the gonad of
P. lagowskii (Table S1). After raw reads were filtered and cleaned, 822,156,896 (98.29%)
high-quality reads were used for assembly (Table S2). As shown in Table 2, those sequence
numbers resulted in 486,908 and 191,205 transcripts and unigenes, respectively. Annota-
tions against major databases revealed 749,523, 27,263, 19,363, 27,275, and 43,584 unigenes
mapped to NR, GO, KEGG, SwissProt, and eggNOG, respectively (Table S3). The top five
species that contributed the most significant number of gene annotations from BLASTx
were Pimephales promelas (46.83%), Anabarilius grahami (10.77%), Cyprinus carpio (5.4%),
Carassius auratu (3.62%), and Labeo rohita (2.76%) (Figure 1).

Table 2. Transcriptome assembly statistics and quality evaluation.

Transcript Unigene
Total Length (bp) 626,836,460 180,623,777
Sequence Number 486,908 191,205
Max. Length (bp) 28,486 28,486
Mean Length (bp) 1287.38 944.66
N50 (bp) 2249 1372
N50 Sequence No. 75,160 29,436
N90 (bp) 486 394
N90 Sequence No. 322,523 138,570
GC% 424 40.64
46.83%
25.88%
species

others

Sinocyclocheilus rhinocerous

Onychostoma macrolepis

Labeo rohita

2.25% Carassius auratus
2.48% Cyprinus carpio
Anabarilius grahami
2.76% Pimephales promelas
3.62%
5.4%

10.77%

Figure 1. The NR annotation of assembled genes.

3.2. Differential Expression Analysis

DESeq analysis of gonads at different photoperiods differentially expressed genes
(DEGs). The results showed that there were more DEGs in the male group than in the female
group. Among the comparisons, N1vsL1 had the most DEGs (2727), with 1585 upregulated
and 1142 downregulated. The number of upregulated genes and downregulated genes in
N1vsD1 were close to each other, 704 and 714, respectively, whereas the number of DEGs
in N2vsL2 and N2vsD2 was lower, 738 and 700, respectively (Figure 2).
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Figure 2. Bar graph of gene expression between groups. The abscissa indicates the comparison group

for difference analysis. The ordinate indicates the number of differential genes. Pink and light blue

represent upregulated and downregulated genes, respectively.

DEGs related to reproduction, metabolism, and immunity were selectively screened.

Reproductive-related DEGs include meiotic recombination protein REC114 (REC114), synap-

tonemal complex protein 3 (syp3), meiotic nuclear division protein 1 homolog (mnd1), outer dense

fibre protein 2 (odf2), etc. Immune-related DEGs included interleukin-1 receptor accessory
protein-like 1-A (ILIRAPL1-A), etc. (Table 3). Reproduction-related DEGs were most abun-
dant in the continuous light group of males, while a large number of immune-related genes

were found in females.

Table 3. Up- and downregulation of DEG in P. lagowskii.

Sample Up/Down p-Value Gene
0.029474453 17-beta-hydroxysteroid dehydrogenase type
0.000291249 3beta-hydroxysteroid-dehydrogenase/decarboxylase
0.000999736 3-beta-hydroxysteroid-Delta (8), Delta (7)-isomerase
L1vsN1 up 0.000722967 synaptonemal complex protein
0.000003104 synaptonemal complex protein 3
0.002363752 meiotic nuclear division protein 1 homolog
0.007767200 meiotic recombination protein REC114
0.013167094 outer dense fiber protein 2
0.010584677 steryl-sulfatase
0.003844435 IgGFc-binding protein
up 0.011899415 interleukin-1 receptor accessory protein-like 2
D1vsN1 0.045882465 interleukin-1 receptor accessory protein-like 1-A, partial
0.000040235 interleukin-1 receptor accessory protein-like 1-A
d 0.045486438 cytochrome P450 26B1
own 0.025096338 steroidogenic acute regulatory protein, mitochondrial
0.021603321 interleukin-1 receptor accessory protein-like 1-A
0.041204660 Vitellogenin
up 0.011875355 gonud-ty;?e aromatase
0.006767053 Stanniocalcin-1
L2vsN2 0.020644057 progressive ankylosis protein homolog B
0.029653844 parathyroid hormone-like hormone a isoform X1
0.043634470 retinoid-binding protein 7
down 0.017177363 retinoid isomerohydrolase
0.032199842 oocyte zinc finger protein XICOF15-like
up 0.007083353 interleukin-1 receptor accessory protein-like 1-A
0.011621115 phosphatidate phosphatase LPIN1
D2vsN2 0.014829061 long-chain-fatty-acid-CoA ligase 1a isoform X2
down 0.015619958 pyruvate carboxylase, mitochondrial
0.045357704 fructose-1,6-bisphosphatase isozyme 2 isoform X1
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cell cycle phase

adrenomedullin binding B antigen processing and presentation of peptide ant .

3.3. GO Functional Classification of Differentially Expressed Genes

GO enrichment analysis revealed sex-specific responses to photoperiod (Figure S1). In
males, the continuous light group (24L:0D) exhibited significant enrichment in cell cycle
processes (e.g., mitotic and meiotic cycles), indicating enhanced spermatogenesis. Con-
versely, the continuous darkness group (0L:24D) showed membrane-related enrichment,
suggesting a shift in gonadal metabolic processes. In females, continuous light primarily
affected bile acid metabolism and asparagine metabolism, whereas continuous darkness led
to enrichment in MHC protein and interleukin-related immune pathways, implying a de-
layed reproductive state (Figure 3). Meanwhile, the continuous darkness group DEGs were
mainly enriched in MHC protein (MHC protein complex, MHC class I receptor activity,
and MHC class I protein complex) with interleukin (interleukin-1 production, interleukin-1
beta production, and interleukin-17 production) (Figure 4).

GO Enrichment of N1_vs_L1 B GO Enrichment of N1_vs_D1
[} t
Y .
° .
L] RNA N1-mef thy
[ ] .
Numb
© umber FDR
® 50 100
) B
® 100 075
L] 150
. 0.50
° @ 200
@ 025
L]
0.00
FDR
° ] 1.00 Number
075 ® 1w
L]
@ =0
050
L] @ 20
° 025 @
0.00
°
[ ]
[ J
n L]
cell eyele { @) basemen .

010 015 020 0.00 025 050 075 1.00

Figure 3. T Gene Ontology (GO) classification showing DEGs for P. lagowskii gonads in N1vsL1 (A)
and N1vsD1 (B).
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Figure 4. Gene Ontology (GO) classification showing DEGs for P. lagowskii gonads in N2vsL2 (A) and
N2vsD2 (B).

3.4. Significant Enrichment Analysis of KEGG Pathway

To elucidate the effect of light exposure on these pathways, we conducted a KEGG
pathway analysis of the DEGs (Figure S2). In male fish, DEGs were significantly enriched
in cellular processes in the continuous light group, especially in the cell cycle and p53 sig-
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nalling pathway, and most genes were significantly upregulated in reproduction-associated
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Figure 5. Classification statistics of KEGG metabolic pathways showing DEGs for P. lagowskii gonads
In the continuous light group of females, steroid hormone biosynthesis was the main

in N1vsL1 (A) and N1vsD1 (B).
only in the continuous light group. In the continuous darkness group, DEGs acted mainly

through graft-versus-host disease and protein digestion and absorption, which was only
found in the female group, and were significantly downregulated in both light and dark

pathway in which metabolism was most abundant, and mineral absorption was found

oocyte meiosis, progesterone-mediated oocyte maturation, and steroid biosynthesis. Steroid
biosynthesis was significantly upregulated. Steroid biosynthesis was only found in the

male group and was also significantly upregulated in the darkness group (Figure 5).

groups (Figure 6).
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Figure 6. Classification statistics of KEGG metabolic pathways showing DEGs for P. lagowskii gonads

in N2vsL2 (A) and N2vsD2 (B).
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3.5. gRT-PCR Verification

To validate the RNA-Seq data, six DEGs with significant differences in expression—
3beta-hydroxysteroid-dehydrogenase/decarboxylase (hsd3B), 17-beta-hydroxysteroid dehydroge-
nase type (hsd17p), gonad-type aromatase (cyp19A1la), steroid 17-alpha-hydroxylase/17,20 lyase
(cyp17A1la), steryl-sulfatase (STS), and 3-beta-hydroxysteroid-Delta (8), Delta (7)-isomeras (EBP)—
were selected for qRT-PCR analysis. The expression levels of these DEGs were significantly
correlated with the RN A-seq results (Figure 7).

hsd3p hsd17p
3 1.6
§ " g 12
4 508
&1 =
s =04

(=]
=]

N1 D1 N1 L1
cypliAla cypl94ia
1.6 4
g 12 g3
S 0.8 o2
= =
g 04 1
0 0
N2 D2 N2 L2
STS EBP
1.6 2
§12 g8 5
£os g
& &
o 0.4 o 0.5
0 0
N1 D1 N1 L1

g1

Figure 7. qRT-PCR verification of differentially expressed genes. “*” represents significant differences

at p-value < 0.

4. Discussion

Photoperiod plays a critical role in the reproductive cycle of aquatic species, influenc-
ing gonadal development via the HPG axis [12]. Our study demonstrates that photoperiod
manipulation during the reproductive season can differentially regulate gonadal matura-
tion in P. lagowskii, with continuous light accelerating spermatogenesis and continuous
darkness delaying ovarian development. These findings suggest that optimising photope-
riod regimes could serve as a practical strategy in cold-water fish aquaculture.

4.1. Male Responses to Photoperiod

Oocyte meiosis, progesterone-mediated oocyte maturation, and steroid biosynthesis
were found to be enriched and mostly upregulated in the three gonadal-development-
related genes in the continuous light group of males (N1 vs. L1). Notably, the validated
genes 35-HSD, 17B3-HSD, and EBP are core components of steroid biosynthesis, suggesting
that continuous light may promote steroid hormone secretion in male fish. Concurrently,
it was ascertained that genes associated with meiosis exhibited substantial upregulation,
including meiotic recombination protein REC114 (REC114), synaptonemal complex protein 3
(syp3), and meiotic nuclear division protein 1 homolog (mndl). REC114 regulates the formation
and positioning of DNA double-strand breaks during meiosis and promotes homologous
recombination and chromosome segregation [13]. Syp3 promotes association complex
assembly and chromosome association and is required for fertility in males [14]. Recent
research in zebrafish has revealed the function of outer dense fibre protein 2 (odf2), a
microtubule-associated protein. This protein has been found to form fibrous structures
connected to the microtubule network, which is the maintenance cytoskeleton in sperm tails
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and centrosomes. This network is important for the structure and function of the sperm
tail [15-17]. This finding suggests that prolonged exposure to light enhances the process
of meiosis in the male spermatheca and that spermatozoa function is thereby enhanced,
providing further evidence of enhanced gonadal function downstream.

Steroidogenic acute regulatory protein (StaR) was found to be significantly downregu-
lated with cytochrome P450 26B1 (cyp26B1) in continuous darkness group males (N1 vs. D1I).
The protein known as steroidogenic acute regulatory protein (StAR) has been identified
as a rate-limiting regulatory protein during the process of steroid hormone synthesis. The
primary function of this protein is to promote the transport of cholesterol from the outer
mitochondrial membrane to the inner mitochondrial membrane. This process marks the
initiation point of steroid hormone synthesis [18]. A decline in the expression of StAR in
the gonads may be indicative of a reduction in the synthesis of sex hormones, including
testosterone. In the male Nile tilapia (Oreochromis niloticus), it was determined that StAR
was closely related to syp3 and, when StAR2 was knocked down, it prevented meiotic initi-
ation and downregulated expression of meiosis-related genes retinoic acid vasa, syp3, and
deleted in azoospermia-like (dazl) expression was down-regulated and affected spermatogonia
development and spermatogenesis [19]. Retinoic acid (RA) has been demonstrated to play
a pivotal role in the processes of germ cell proliferation and sex determination [20]. In the
male spermary, RA signalling assumes a more pivotal role during the differentiation of
spermatogonia (spg) and the initial stages of meiosis in spermatocytes (spc) [21]. All-trans
retinoic acid (at-RA) is the active metabolite of vitamin A. Cyp26B1 is responsible for the
conversion of at-RA into inactive metabolites (e.g., 4-hydroxy retinoic acid), thus regulating
intracellular RA levels and ensuring that retinoic acid levels do not become excessive [22]. A
study of mouse testes revealed that the aberrant development of germ cells was attributable
to excess retinoic acid (RA) rather than to a deficiency in RA metabolites produced by
cyp26B1 [23]. It has been established that constant darkness leads to disruption of retinoic
acid metabolism, which, in turn, disrupts the development of germ cells. Concurrently, the
synthesis of steroid hormones is inhibited, which further inhibits sperm production.

4.2. Female Responses to Photoperiod

In the ovary, the RA signalling pathway plays a pivotal role in folliculogenesis and
steroidogenesis. This pathway exerts a significant influence on oocyte maturation and
follicular degeneration [24,25]. Retinol binding protein 7 (rbp?7) is subject to the regulatory
influence of peroxisome proliferator-activated receptor gamma (PPARYy), the principal
regulator of adipogenesis. The interaction between these two factors governs the metabolic
processes associated with retinol in adipocytes [26]. Retinoid isomerohydrolase (RPE65)
converts all-trans retinyl ester to 11-cis retinol in the visual cycle [27]. Vtg3 was significantly
upregulated in continuous light-exposed females (N2 and L2), while rbp7 and RPE65 were
significantly downregulated. Vitellogenin (Vtg) is a precursor of vitellogenin, which is
synthesised by the liver and transported through the bloodstream to the ovaries, where
it provides nutrients to the oocytes and is extremely oestrogen-sensitive [28-30]. This
finding indicates that fish may demonstrate a preference for utilising resources for yolk
protein synthesis under conditions of continuous light, suggesting a potential benefit of
lower levels of RA in maintaining ovarian health. Concurrently, it was determined that
both light and environmental stress induce the activation of Vtg3 in gonadal tissue [31,32].
It is hypothesised that the upregulation of Vtg may be attributable to the necessity for
greater nutrient reserves in the ovary in order to respond to injury or to repair cells.
Concurrently, genes associated with calcium homeostasis and cellular repair were found to
be significantly upregulated by activation, including Progressive Ankylosis Protein Homolog
B (ANKH), Parathyroid Hormone-like Hormone a (PTHa), and Stanniocalcin-1 (STC1) [33-36].
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This finding lends further support to our hypothesis that continuous light exposure may
have stimulated ovarian development in females but concomitantly induced stress and
ovarian damage, resulting in reproductive abnormalities.

We found many differential genes related to metabolism in the continuous darkness
group females (N2 vs. D2). Phosphatidate phosphatase LPIN1(Lipin-1) functions as
a phosphatidate phosphatase (PAP) enzyme in the glycerol 3-phosphate pathway for
triglyceride storage and as a transcriptional coactivator/corepressor for metabolic nuclear
receptors, for which modulation of phosphatidic acid levels is required for early steps
in adipogenesis [37]. Meanwhile, long-chain-fatty-acid—CoA ligase 1a isoform X2 (ACSL1a)
was significantly downregulated, which plays a crucial role in directing fatty acids toward
beta-oxidation in adipocytes and regulating fatty acid oxidation [38]. Furthermore, the
level of expression of pyruvate carboxylase, mitochondrial (PC) and fructose-1,6-bisphosphatase
isozyme 2 isoform X1 (Fbp2) was found to be significantly reduced, with these enzymes
being associated with gluconeogenesis [39,40]. It is hypothesised that the absence of light
signalling results in females in dark environments preferentially storing lipids as the main
source of energy in low light and low temperature conditions during winter, rather than
allocating energy to reproductive development. This may be considered an adaptive
resource allocation strategy.

4.3. Aquaculture Applications of Photoperiod Regulation

Diametrically different results were observed after photoperiod treatment of P. lagowskii
males and females, suggesting a biphasic effect of photoperiod on gonadal development
in P. lagowskii. Males tend to be “opportunistic”, responding quickly to environmental
signals (such as light) to maximise sperm production. For example, higher temperatures
significantly increase the body size and sperm swimming speed of male mosquitofish
(Gambusia holbrooki) [41]. Females, on the other hand, favour a “conservative” strategy;,
ensuring offspring quality through energy storage and ovarian repair. It is evident that
such findings are of significant importance with regard to the management of P. lagowskii
culture. For instance, the photoperiodic stimulation of males with extended periods of
light (long photoperiods) can facilitate rapid sperm acquisition and augmented sperm
production, which is conducive to both parenting and artificial insemination. Dynamic pho-
toperiods (e.g., alternating “long-short”) can be employed to regulate yolk synthesis and
maintain ovarian health, while short photoperiods can be utilised to delay the reproductive
window. In the present study, interleukin-1 receptor accessory protein-like 1-A (ILIRAPLI-A)
was significantly upregulated in all groups except males in the continuous light group. The
IL1RAPL1-A is a member of the interleukin-1 receptor family and functions as an impor-
tant cofactor of the interleukin-1 signalling pathway. Similar to the classical interleukin-1
(IL-1) receptor accessory protein (IL-IRAP), ILIRAPL1-A may promote proinflammatory
cytokine production by modulating inflammation-related signalling pathways (e.g., NF-xB
and MAPK pathways), thus contributing to immune regulation [42,43]. In the future,
further optimisation of the photoperiodic scheme is required to reduce the stimulation of
light to fish and weaken the stress response. Concurrently, it has the potential to substitute,
at least in part, for exogenous hormones (e.g., hCG and LHRH) in the reproduction of
P. lagowskii. This approach would reduce the cost and ecological risk of culture, whilst also
enabling more precise control of the energy distribution of females (e.g., fat storage and
vitellogenesis) through the regulation of photoperiods. The result would be improved
reproductive efficiency and fish health and an increase in the benefits of culture.
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5. Conclusions

In this study, we performed comparative transcriptome analyses of the gonads of male
and female P. lagowskii under different photoperiods, providing comprehensive insights
into the molecular adaptations of P. lagowskii to different photoperiods and revealing the
complex pathways and genes involved in these processes. We found that continuous
photoperiod promotes gonadal development only in males and impairs ovarian devel-
opment in females. In contrast, continuous darkness resulted in unfavourable gonadal
development in both females and males. All immune-related genes were upregulated in
all groups except males in the continuous light group, suggesting that the photoperiod
treatment was stressful for P. lagowskii.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fishes10030137/s1, Figure S1: The GO annotation of assembled
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annotation statistics results.
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