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Abstract 

Background In cold and temperate zones, seasonal reproduction plays a crucial role in the survival and reproductive 
success of species. The photoperiod influences reproductive processes in seasonal breeders through the hypotha-
lamic-pituitary-gonadal (HPG) axis, in which the mediobasal hypothalamus (MBH) serves as the central region respon-
sible for transmitting light information to the endocrine system. However, the cis-regulatory elements and the tran-
scriptional activation mechanisms related to seasonal activation of the reproductive axis in MBH remain largely 
unclear. In this study, an artificial photoperiod program was used to induce the HPG axis activation in male quails, 
and we compared changes in chromatin accessibility changes during the seasonal activation of the HPG axis.

Results Alterations in chromatin accessibility occurred in the mediobasal hypothalamus (MBH) and stabilized at LD7 
during the activation of the HPG axis. Most open chromatin regions (OCRs) are enriched mainly in introns and distal 
intergenic regions. The differentially accessible regions (DARs) showed enrichment of binding motifs of the RFX, NKX, 
and MEF family of transcription factors that gained-loss accessibility under long-day conditions, while the binding 
motifs of the nuclear receptor (NR) superfamily and BZIP family gained-open accessibility. Retinoic acid signaling 
and GTPase-mediated signal transduction are involved in adaptation to long days and maintenance of the HPG 
axis activation. According to our footprint analysis, three clock-output genes (TEF, DBP, and HLF) and the THRA were 
the first responders to long days in LD3. THRB, NR3C2, AR, and NR3C1 are the key players associated with the initia-
tion and maintenance of the activation of the HPG axis, which appeared at LD7 and tended to be stable under long-
day conditions. By integrating chromatin and the transcriptome, three genes (DIO2, SLC16A2, and PDE6H) involved 
in thyroid hormone signaling showed differential chromatin accessibility and expression levels during the seasonal 
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Introduction
The reproductive cycle of birds is strictly controlled by 
day length (photoperiod), which results in profound sea-
sonal differences in reproductive behavior when birds 
are maintained under long- and short-day photoperi-
ods [1]. In short-daybred Magang geese, initial exposure 
to long days leads to gonadal inactivity, but switching 
to short-day conditions drives gonadal activity [2]; 
however, in long-daybred quail, maintaining short day 
inhibits gonadal activity, but changing to long-day con-
ditions activates the reproductive axis and promotes the 
secretion of testosterone [3]. The underlying molecular 
mechanism governing seasonal reproduction in birds 
is markedly different from that in mammals. In mam-
mals, photoperiodic information is transduced to mela-
tonin production by the pineal gland. It is the primary 
driver of the cascade of molecular signals involved in 
the neuroendocrine control of seasonal rhythms [4]. In 
birds, melatonin is not necessary to provide the internal 
physiological code for photoperiod regulation of sea-
sonal rhythms. Light information directly acts on the 
deep brain photoreceptors of the hypothalamus [5–8]. 
However, how light activates these photoreceptors and 
subsequently affects GnRH secretion in the Mediobasal 
hypothalamus (MBH) is still poorly understood.

The genetic mechanism underlying the seasonal activa-
tion of the hypothalamic-pituitary-gonadal axis (HPG) 
axis is one of the most challenging scientific questions 
in seasonal reproduction. Previous reports on quail and 
sheep showed that triiodothyronine (T3) synthesized by 
Tanycytes from the MBH, is the dominant signal con-
trolling the activation of the reproductive axis [9, 10]. 
T3 plays an essential role in seasonal activation of the 
HPG axis. Previous studies have analyzed in detail the 
photoperiod-driven neuroendocrine mechanism of T3 
driven by the photoperiod: the light input path of poultry 
is different from that of mammals, and the photoperiod 
information is sensed through the deep brain photore-
ceptors [5, 6, 11]. Light signals are is transmitted to the 
pars tuberalis (PT) of the pituitary gland and regulate the 
seasonal secretion of thyroid stimulating hormone (TSH) 
by the thyrotropes cells [12, 13]. TSH retrogradely acts 
on tanycytes in the third ventricle, promoting the expres-
sion of DIO2 and regulating the Thyroid Hormone (TH) 

metabolism by controlling the gene expression of DIO2. 
DIO2 regulates the conversion of thyroxine (T4) to the 
more bioactive T3, while DIO3 degrades T4 and T3 to 
the inactive reverse triiodothyronine (rT3) [9, 14]. T3 can 
activate gonads that are dormant under short-day condi-
tions and restore them to a reproductive state [9, 15].

The most notable feature of reproductive axis initia-
tion is the timely production and secretion of gonado-
tropin-releasing hormone (GnRH) in the hypothalamus. 
However, increased T3 synthesis in the MBH can lead 
to reproductive inactivity in short-day breeding. Moreo-
ver, T3 can induce reproductive activity during long-day 
breeding [9, 12, 16–18], which suggests that the activa-
tion and regulation of T3 on the reproductive axis in 
long-day and short-day breeding animals exhibit func-
tional differentiation. Long days trigger an increase in the 
concentration of local T3; Hypothalamic GnRH-I mRNA 
expression varies in response to photoperiodic condi-
tions [19], and secretion of GnRH follows a circadian pat-
tern; however, how T3 impacts GnRH secretion is still 
unclear, and the related neuroendocrine pathways, acting 
cells, and molecular targets involved remain controver-
sial [20, 21].

Seasonal secretion of GnRH is the most significant fea-
ture of reproductive axis activation in the hypothalamus. 
Tanycytes, the most common type of glial cell in the cen-
tral nervous system of vertebrates [22], are the primary 
source of T3 in the hypothalamus and are widely believed 
to be critical for controlling GnRH secretion and repro-
ductive initiation [23]. Tanycytes act as sensors and neu-
roendocrine output modulators of the HPG axis [24]. 
Cytological evidence suggests that tanycytes participate 
in the seasonal release of GnRH through a plastic spa-
tial reconstruction between tanycytes and GnRH neuron 
terminals [16, 25–28]. This process is highly dependent 
on reversible intracellular dynamic changes in chromatin 
structure, chromatin accessibility, and modification [29–
32]. Numerous studies have shown that photoperiodic 
adaptation produces phenotypes (such as rhythm, metab-
olism, feeding, dormancy, and reproduction) associated 
with changes in epigenetic markers [30, 31, 33–35].

We speculate that the diversity of the reproductive phe-
notype is more likely to affect gene expression regulation 
than to alter protein function. Epigenetic modifications 

activation of the HPG axis. TRPA1, a target of THRB identified by DAP-seq, was sensitive to photoactivation and exhib-
ited differential expression levels between short- and long-day conditions.

Conclusion Our data suggest that trans effects were the main factors affecting gene expression during the seasonal 
activation of the HPG axis. This study could lead to further research on the seasonal reproductive behavior of birds, 
particularly the role of MBH in controlling seasonal reproductive behavior.

Keywords Chromatin accessibility, Transcription factor, Seasonal reproduction, Coturnix japonica
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are vital for shaping seasonal reproductive phenotypes. 
Recent comparative genomic studies on Atlantic herring 
have shown that a noncoding variant at the TSHR locus 
may contribute to regulating seasonal reproduction [36]. 
Resequencing results of the chicken genome revealed 
that missense mutation of TSHR led to a decrease in the 
seasonal breeding characteristics of domestic chickens 
[37, 38]. These findings suggest that epigenetic modifi-
cation and chromatin remodeling are necessary for the 
occurrence of correct seasonal reproductive behaviors.

Regulatory elements within accessible chromatin con-
trol gene expression. Accumulating evidence has shown 
that changes in chromatin accessibility are related to sea-
sonal reproduction [16, 32]. To comprehensively eluci-
date the regulatory mechanisms of seasonal reproduction 
in birds, we induced the process of reproductive axis acti-
vation by modulating the photoperiod in quail. ATAC-
seq is a powerful method for identifying functional 
elements throughout the genome, and it can provide 
insights into the regulatory mechanisms that underlie 
changes in the seasonal reproductive activation of the 
HPG axis.

Materials and methods
Artificial photoperiodism and sample collection
The experimental animals and the design of the artificial 
photoperiodism program have been previously described 
[3]. Briefly, the artificial photoperiod used to  induce the 
seasonal activation of quails is performed.

A total of 240 male quails, aged 7 weeks, underwent a 
4-week prefeeding period with unrestricted access to 
standard food and water. This process was conducted 
under controlled conditions at a constant room tem-
perature of 21 °C, with a light intensity of 245 lux, fol-
lowing a light–dark cycle consisting of 16 hours of light 
and 8 hours of darkness. Four weeks later, the quails were 
initially exposed to short-day conditions [(6 light (L):18 
dark (D)] (6 L:18D) for a duration of 28 days (SD28) and 
then subjected to long-day conditions (20 L:4D) for the 
subsequent 28 days to stimulate testis recovery. The inac-
tivation phenotype of the reproductive axis in quail is 
associated with the testicular morphological and func-
tional alterations. Long days promote the reproductive 
activity of the quail population, and MBH samples were 
collected from SD28 plants under long-day conditions 
at days 3 (LD3), days 7 (LD7), and days 28 (LD28) days 
(n = 6 biologically independent samples). The quails were 
euthanized by inhalation of carbon dioxide and cervi-
cal dislocation, performed by a laboratory technician 
with extensive experience in applying the techniques. 
Mediobasal hypothalamus samples were collected and 
dissected to explore the changes in open chromatin 
accessibility during the transition from long to short light 

in quail. All mediobasal hypothalamus tissues were col-
lected at 8 h after lights-on zeitgeber time 8 (ZT8).

Histological and TEM examination of the mediobasal 
hypothalamus
The mediobasal hypothalamus was excised rapidly after 
the bird was euthanized. The brain tissues were initially 
trimmed to a small 1  mm3 size and immediately fixed in 
glutaraldehyde for 12 h at room temperature. The fixed 
tissues were embedded in resin. The specimens were 
dehydrated in graded concentrations of ethanol and 
acetone. An ultrathin microtome was used to cut the 
resin blocks into 60–80 nm ultrathin slices. The sections 
were stained with 150 mesh copper mesh in 2% ura-
nium acetate saturated alcohol solution in the dark for 
8 min; Wash with 70% alcohol three times, cleaned with 
ultrapure water three times, stained with 2.6% lead cit-
rate solution and carbon dioxide for 8 min, cleaned with 
ultrapure water three times and blotted slightly with fil-
ter paper. The copper mesh slices were placed in a cop-
per mesh box and allowed to dry overnight at room 
temperature.

Measurement of the local concentration of T3 
in the hypothalamus by UPLC–MS//MS
After whole mediobasal hypothalamus homogeniza-
tion, samples from both SD28 and LD28 were processed 
for liquid chromatography–mass spectrometry (LS-
MS) detection within 24 h. Local T3 was measured via 
the Acquity-I Xevo UPLC–MS/MS detection platform 
(Waters Corp., Milford, MA, USA). A Waters ACQUITY 
UPLC system was used (Waters, USA). Chromatography 
was performed on an ACQUITY UPLC BEH C18 1.7 μM 
analytical column (2.1 × 100 mm, Waters, USA). A total 
of 7.5 μL of each sample was loaded with the autosa-
mpler, and the column temperature was 40 °C. Under 
mass spectrometry conditions, a positive ion model was 
used with the following parameters: ion source tem-
perature = 500 °C; ion spray voltage = 5000 V; curtain gas 
(nitrogen) = 30 psi; and both the atomizing gas and auxil-
iary gas = 60 psi.

ATAC‑seq library preparation and data analysis
Nuclei were isolated from the frozen mediobasal hypo-
thalamus according to the protocol of Ryan Corces 
[39]. The frozen pituitary was placed into a prechilled 
2 mL Dounce tissue grinder set (Cat. No. D8938-1SET) 
(Sigma–Aldrich, Darmstadt, Germany) containing 2 mL 
cold 1x HB and then thawed for 5 min. The tissue was fil-
tered during transfer using a 70 μm cell strainer (Cat. No. 
431751) (Corning, New York, USA), and the homogen-
ate was transferred to a prechilled Eppendorf 2 mL Lo-
Bind tube (Cat. No. Z666556-250EA) (Sigma–Aldrich, 
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Darmstadt, Germany). Pellet nuclei were generated by 
spinning the homogenate for 5 min at 4 °C at 350 RCF 
in a fixed-angle centrifuge. Iodixanol (Cat. No. D1556–
250 mL) (Sigma-Aldrich, Darmstadt, Germany) was used 
for collecting the nuclei. The isolated were counted via 
trypan blue staining on a cell counter, and 30 K high-
quality nuclei were used to prepare an ATAC-seq library.

This ATAC-seq library was prepared following the 
instructions of the TruePrep DNA Library Prep Kit V2 
for Illumina (Vazyme, Nanjing, China). Nuclei pellets 
were incubated in a 50 μL of transposition mix (10 μL of 
5x TTBL buffer, 5 μL of TTE Mix, and 35 μL of  ddH2O) 
for 30 min at 37 °C. The transposed DNA was then puri-
fied with VAHTS DNA cleaning beads (Vazyme, Nan-
jing, China) and amplified for 12 ~ 15 cycles via PCR. 
Libraries were purified and assessed for fragment length 
distribution with a Bioanalyzer Qseq 100 Bio-Fragment 
Analyzer (Bioptic Inc.) and subjected to paired-end 
150 bp sequencing on the NextSeq platform.

Fastp [40] software was used to remove adapter 
sequences, poly-X at the 3′ end and reads with a phred-
scaled quality score of less than 15 for more than 15% of 
the bases. The trimmed fastq files were mapped to the 
Coturnix japonica 2.1 genome obtained from the NCBI 
database (Coturnix japonica 2.1, GCA_001577835.2) 
using Bowtie2 [41] with the name ‘--very-sensitive -X 
2000’. The resultant sequence alignment map (SAM) files 
were compressed to the binary alignment map (BAM) 
version, on which SAMtools [42] was used to filter reads 
that were unmapped, mate unmapped, not primary align-
ment, or failed platform quality checks. The read pairs 
mapped to mitochondrial DNA were discarded using 
SAMtools. Redundant read pairs from PCR amplification 
were removed afterward using Picard MarkDuplicates 
[43]. The filtered bam files were subsequently converted 
into normalized bigwig files using bedtools [44] to visu-
alize the peaks. The deepTools package [45] was used to 
move the positive chain of the BAM file forward by 4 bp 
and the negative chain negative by 5 bp with the param-
eter ‘--ATACshift’. Then, open accessible regions for 
each shifted bam file were defined by the peaks identi-
fied by MACS2 [46] with the parameters “-g ‘genome 
size’ -f BAMPE –q 0.05 --keep-dup all”. Specifically, the 
commonly shared peaks according to multiple biologi-
cal replicates for each time point were first obtained by 
bedops [47]. The four pints’ shared peaks were merged 
and retained for the following analysis. Bedtools was also 
used to calculate the read coverage of the above peak 
regions. All the statistical analyses were performed by 
pairwise comparisons across every time point. Analysis 
of ATAC-seq data for differential accessibility was carried 
out using negative binomial regression with normaliza-
tion based on the size factors in the DESEQ2 package 

[48] with the thresholds of | log2FC| > = 0.8 and P < = 
0.05. The K-means algorithm was subsequently used 
cluster all differential peaks in R. The Gene Ontology 
(GO) enrichment analysis of genes annotated by differ-
ential peaks was subsequently performed using Metas-
cape (https:// metas cape. org/) [49]. The HOMER Field 
102 function findMotifsGenome.pl was used to perform 
motif analysis of the peak regions. Computational foot-
print analysis was conducted across each merged bam file 
using TOBIAS [50], default parameter settings, and the 
Coturnix japonica 2.1 genome. The annotations of the 
peaks were achieved using ChIPseeker [51] in R. ATAC-
seq peak visualization was generated using IGV [52].

RNA‑seq library preparation and data analysis
Total RNA from the frozen mediobasal hypothalamus 
was subjected to transcriptome sequencing on an Illu-
mina HiSeq 4000 platform (Guangzhou, China) to gener-
ate 150 bp paired-end reads. The RNA-seq raw fastq data 
were quality controlled, and the reads were trimmed by 
filtering with Fastp. The clean reads were subsequently 
aligned to the Coturnix japonica 2.1 reference genome 
using the STAR [53] with the default parameters. Fea-
tureCounts [54] and the corresponding genome anno-
tation file (GTF file) from NCBI were used to estimate 
transcript abundance and generate FPKM values. The 
DEGs were analyzed by the DESEQ2 package in R under 
the criteria of a |log2- fold change (FC)| > = 1 and a false 
discovery rate (FDR) < = 0.05. The Gene Ontology (GO) 
enrichment analysis of the differentially expressed genes 
was performed using Metascape. For published tran-
scriptome online data, we used the same analysis pipeline 
as that used for our data.

DAP‑seq library preparation and data analysis
After extracting the DAP DNA, the enriched DNAs 
were fragmented into short fragments by ultrasonic. 
Next, the DNA fragments were end-repaired, 3’A was 
added, and the sequencing adapters was ligated to 
the Illumina platform. DNA fragments of the proper 
size were selected for PCR amplification. Finally, we 
obtained a qualified library for sequencing. The sam-
ples were PCR amplified and sequenced using an Illu-
minaHiSeqTM 4000 by Gene Denovo Biotechnology 
Co. (Guangzhou, China). The reads obtained from the 
sequencing machines included raw reads containing 
adapters or low-quality bases, which affected the sub-
sequent assembly and analysis. The raw reads were 
processed to obtain high-quality clean reads accord-
ing to three stringent filtering standards: (1) reads 
containing adapters were removed; (2) reads contain-
ing more than 10% of unknown nucleotides (N) were 
removed; (3) low-quality reads containing more than 

https://metascape.org/
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40% of low- quality (Q value≤10) bases were removed. 
Bowtie 2 was used to align the clean reads from each 
sample against the reference genome. All reads from 
the transcriptional initiation site (TSS) to the transcrip-
tional termination site (TES) interval and upstream and 
downstream 2 k interval were counted by deepTools 
software. MACS2 software was used to identify read-
enriched regions from the DAP-seq data. The dynamic 
Poisson distribution was used to calculate the p value of 
the specific region based on the unique mapped reads. 
A region was defined as a peak when the q value < 0.05. 
Peak-related genes were annotated by the ChIPseeker 
R package. All the DAP-seq peak-related genes were 
mapped to GO terms in the Gene Ontology database 
(http:// www. geneo ntolo gy. org/), gene numbers were 
calculated for every term, and significantly enriched 
GO terms in peak-related genes compared to the 
genome background were defined by hypergeometric 
tests. The MEME suite [22] (http:// meme- suite. org/) 
was used to detect the motifs. MEME (http:// meme- 
suite. org/ tools/ meme) and DREME (http:// memes uite. 
org/ tools/ dreme) were used to detect the sequence 
motif, which was determined to detect long and short 
consensus sequences.

Results
Changes in ultrastructural and local thyroid hormone 
levels in the mediobasal hypothalamus during seasonal 
activation of the HPG axis
An artificial photoperiod program was used to induce 
seasonal activation of the HPG axis in male quail 
(Fig.  1A). Local T3 concentrations in the medioba-
sal hypothalamic were detected in quails under short-
day and long-day conditions by using UPLC-MS/MS. 
Compared to that in samples maintained under short-
day conditions, a high level of T3 in the mediobasal 
hypothalamus was observed in the LD28 population 
(P < 0.01) (Fig. 1B). These finding suggested the success-
ful activation of the HPG axis in male quails. Transmis-
sion electron microscopy (TEM) was used to reveal the 
ultrastructural organization of cells in the medioba-
sal hypothalamus of male quail during the four stages 
of HPG axis activity (Fig.  1C). The typical autophagic 
structure of cells can be observed in both SD28 and 
LD3. The nuclear chromatin patterns of SD28 and 
LD28 cells differed. The cell’s nuclear membrane in 
SD28 appeared completely intact and smooth, with a 
heterochromatin formation. LD3, LD7, and LD28 cells 
had slightly dented nuclei, fuzzy nuclear membranes, 
and uniform chromatin. Cells in the LD28 group had 
transparent nuclear membranes and homogeneous 
chromatin.

Mapping the landscape of the chromatin in the mediobasal 
hypothalamus of quail
Each ATAC-seq library generated more than 59 million 
sequencing reads; the Q20, Q30, and GC contents were 
93.5 to 98.3%, 86.7 to 94.5%, and 46.26 to 51.99%, respec-
tively. A total of 94.6 to 96.2% of the reads were aligned 
to the Japanese quail genome from the NBCI. Insert 
fragment length distributions of mediobasal hypotha-
lamic ATAC-seq data revealed clear nucleosome patterns 
(Fig. 2A). The distribution and heatmaps of the transcrip-
tion start site (TSS) enrichment scores for the ATAC-seq 
sequencing data across the four-time points indicated 
that the signal around the TSS was more robust (Fig. 2B), 
indicating that the majority of the identified accessible 
areas were enriched within 2 kb of the TSS. In addition, 
a small number of reads were distributed around the 
transcription termination site (TTS). Heatmap show-
ing the genome-wide distribution of the signal intensity 
of the differential open chromatin peaks and clustering 
of the peaks into three clusters, hyperaccessible regions, 
median accessible regions, and hypoaccessible regions 
in the mediobasal hypothalamus of quail (Fig.  2C). The 
expression and secretion of GnRH are recognized as the 
key marker of the seasonal activation of the HPG axis in 
birds. It has been reported that the release of GnRH at 
the GnRH terminal may be regulated by glial cells [55]. 
Therefore, we examined the chromatin accessibility of the 
GFAP gene, a signature gene of astrocytes (Fig. 2E), and 
found an open chromatin region of approximately 600 bp 
before the TSS of this gene. This result indicated that the 
gene’s promoter was regulated, suggesting the authentic-
ity of our data. Moreover, we found that technical repli-
cates had a greater Pearson correlation coefficient than 
did biological replicates .

Genome‑wide chromatin accessibility landscape 
during seasonal activation of the HPG axis
To explore the accessibility of chromatin across the whole 
genome, peaks from different replicates of the same 
experimental treatment were combined, and the regions 
with high overlap of open chromatin regions (OCRs) 
were selected for downstream analysis in each treat-
ment group. We detected an average of 34,770, 40,552, 
40,280, and 45,167 OCRs at SD28, LD3, LD7, and LD28 
respectively, which were used for downstream analysis 
(Fig.  2D). By visualizing OCRs within the genome, we 
found that OCRs with higher gene density always have 
significantly higher chromatin accessibility, consist-
ent with the finding of previous studies. To predict the 
genomic features of functional regulatory elements, the 
merged OCRs were annotated, and most of the identi-
fied peaks were distributed throughout the genome in the 

http://www.geneontology.org/
http://meme-suite.org/
http://meme-suite.org/tools/meme
http://meme-suite.org/tools/meme
http://memesuite.org/tools/dreme
http://memesuite.org/tools/dreme


Page 6 of 21Chang et al. BMC Genomics          (2024) 25:197 

Fig. 1 Schematic experimental design of an artificial photoperiod program performed to induce the activation of the HPG axis in male quails. The 
mediobasal hypothalamic tissues of male Japanese quail were collected under SD28, LD3, LD7, and LD28 conditions, and accessible chromatin 
was detected by high throughput sequencing (ATAC-seq). Tissues were collected on SD28 and LD7 conditions for RNA sequencing (RNA-seq). SD28, 
feed for 28 days under short-day conditions (6 h light, 18 h dark); LD3, continued providing for 3 days after conversion to long light conditions (20 h 
light, 4 h dark); LD7, continued feeding for 7 days after conversion to long light conditions; LD28, continued feeding for 28 days after conversion 
to long-day conditions. A Induction of the seasonal activation of the HPG axis by artificial photoperiod in quails. B Local T3 concentration 
of mediobasal hypothalamic between quails maintains underlying SD28 and LD28. C Transmission Electron microscopic images of the median 
hypothalamic eminence of male quail during four stages of HPG axis activity. (SD28 corresponds to 28 days under short-day conditions. LD3, LD7, 
and LD28 correspond to different days of conversion to long-day  conditions, respectively)
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distal intergenic, intronic, and promoter regions (within 
±2 kb of the TSS at the transcription start site). The distri-
bution did not change significantly during seasonal acti-
vation of the HPG axis (Fig. 2D). Among the four groups, 
the smallest number of OCRs was observed at SD28, and 
the total number of peaks increased during the seasonal 
activation of the HPG axis, which implied that the tran-
scription events increased during this process.

By integrating known TF motifs with our data on repro-
ducible peaks within each group, we obtained the criti-
cal transcription factors (P value calculated by HOMER 
<=  10−90) that play an important regulatory roles in the 
process of HPG axis activation. Therefore, we statistically 
analyzed the sequence within all reproducible peaks at 
each treatment using HOMER software. The RFX fam-
ily, CTCF, BORIS, and X-BOX transcription factors were 
highly enriched. These transcription factors may play an 
essential roles in maintaining the physical activity of the 
mediobasal hypothalamus, but there were no significant 
difference in transcription factors level among the four 
groups.

Changes in chromatin accessibility patterns in the MBH 
during seasonal activation of the HPG axis
To determine how chromatin accessibility changes dur-
ing seasonal activation of the HPG axis, we accessed 
the quantitative differences among the four stages. A 
total of 833 significant DARs were identified by pair-
wise comparison between the peaks in each group (log-
2FoldChange > = 0.8, q value <= 0.05). DAR regions were 
assigned to 693 genes based on the TSS distance to the 
nearest gene. Compared to those in SD28, we identi-
fied 32 DARs in LD3, 210 DARs in LD7, and 509 DARs 
in LD28 were identified. To evaluate whether chromatin 
accessibility changes are sustained over time following a 
long light stimulation, we compared the DARs between 
two comparison groups: LD3 and LD7 and between LD7 
and LD28. Twenty-two DARs were identified between 
LD3 and LD7. Notably, only 2 DARs were present 
between LD7 and LD28. These finding suggested that 
chromatin accessibility status in the mediobasal hypo-
thalamus stabilized in the MBH after 7 days of long light 
exposure during seasonal activation of the HPG axis.

To reveal the time-dependent module of chromatin 
accessibility in the MBH during the HPG axis seasonal 
activation, we divided all the differentially accessible 
regions into four clusters by using the k-means method 
(Fig.  3A). During the process of photoperiodic trans-
formation, different accessibility statutes were present 
in the mediobasal hypothalamus. Cluster K1 consisted 
of 246 DARs that exhibited higher accessibility at SD28 
and became loss-accessible after prolonged light expo-
sure. Similarly, Cluster K2 included 83 DARs, which 
presented relatively more accessible chromatin under 
short-day and turned to gain a loss-accessibility state 
under long-day conditions. Although both the K1 and 
K2 clusters were highly open in the short-day stage, 
Cluster K2 lost accessibility at LD7, while Cluster K1 
lost the accessibility at LD28. A greater proportion of 
DARs in Cluster K1 were mostly located in the pro-
moter region (Fig. 3B-E), which indicated that DARs in 
Cluster K1 have a tendency to regulate gene transcrip-
tion. Compared to the loss of chromatin accessibility in 
SD28, Cluster K3, which comprised 269 DARs, gained 
chromatin accessibility at LD28, while Cluster K4, 
which contained 92 DARs, gained chromatin accessibil-
ity at the LD7.

To explore the transcription factors that may inter-
act with the peaks of each cluster, we performed motif 
enrichment analysis of DARs (Fig.  3A). Altered acces-
sibility of transcription factors was observed during 
the activation of the HPG axis. The motifs of the RFX, 
NKX, MEF, SOX families, and X-box were enriched in 
open DARs under short-day conditions, in Cluster K1 
and Cluster K2. However, significant enrichment of the 
binding motifs of both the NR family (GRE, PGR, ARE, 
THRA, THRB, PR, and AR-Halfsite) and the BZIP fam-
ily (Jun-AP1, HLF, and NFIL3) was detected in the open 
DARs under long-day conditions in cluster K3; at the 
same time, the transcription factors in the NR family 
were also noted in Cluster K4, including LXRE, RORGT, 
THRA, and THRB. Among the motifs enriched in open 
DARs under long-day conditions, motifs of two thyroid 
hormone receptors, THRA and THRB, were significantly 
enriched in LD7 and LD28. The enrichment of these 
motifs may imply their important role in the initiation 

Fig. 2 ATAC-seq quality control and genome-wide chromatin accessibility landscape during the activation of the HPG axis. A The insert 
fragments length distribution of ATAC-seq data showed a typical pattern. B The fragment size distribution plot indicated that reads were enriched 
near the transcription start site (TSS). C Heatmaps showed the distribution of reads near TSS and TES (2.5 kb before TSS, 1.5 kb after TES), indicating 
high enrichment near TSS and slight enrichment in TES, and the clustering of open activity of genome-wide genes at different time points 
(Hyper-accessible region, Medium-accessible region, Hypo-accessible region). D statistics of the number of repeatable peaks and genomic location 
annotation at different time points. E The genetic structure of GFAP (green) and chromatin accessibility track at different time points (black), the 2 kb 
before and after the TSS are marked with red and gray dotted lines. NC_029542.1:786090–793,575 represents the range of visualized tracks

(See figure on next page.)
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and maintenance of HPG axis activation induced by long 
light exposure.

To predict the potential function of each cluster, we 
further annotated the regions within each cluster to the 
nearest TSS and performed Gene Ontology (GO) analy-
sis on the annotated genes. The genes near DARs in 
Cluster K1 were highly enriched in the chromatin bind-
ing, regulation of ion transmembrane transport, gated 
channel activity, axon, and brain development terms. The 
genes in Cluster K2 were significantly enriched in neuron 
projection development, glutamatergic synapses, neu-
ron-to-neuron synapses, and GPI-linked ephrin recep-
tor activity. All these biological processes were highly 
relevant to the functionality of neuron and synapse com-
munication in the MBH under short-day conditions. 
However, genes in Cluster K3 were significantly enriched 
in the regulation of small GTPase-mediated signal trans-
duction, regulation of GTPase activity, GTPase activator 
activity, and GTPase regulator activity. The results for 
Cluster K3 suggest that there may be a GTPase cascade 
reaction in response to photoperiod changes at the early 
stage of the photoperiod transition. In addition, terms 
related to the cellular response to retinoic acid, sensory 
organ morphogenesis, inorganic ion homeostasis, G pro-
tein-coupled receptor binding, signaling receptor acti-
vator activity, and DNA-binding transcription activator 
activity were highly enriched in Cluster K4. These results 
imply that retinoic acid signaling and GTPase-mediated 
signal transduction are involved in adaptation to long 
days and maintenance of HPG axis activation under 
long-day conditions.

Footprint analysis of DARs revealed the critical 
cis‑elements and relevant TFs involved in the activation 
of the HPG axis
The enrichment of TF binding motifs in DARs that 
gained and lost accessibility during the activation of the 
HPG axis was investigated. We combined DARs between 
differential ATAC-seq analyses and performed motif 
difference-binding analyses based on library timelines 
across the four time points. By combining these find-
ings with the differences observed via footprint analysis, 
TFs with a top 5% score and a -log10 (P-value) greater 

than the 95% quantile are highlighted in the volcano plot 
(Fig. 4A-F).

Compared to those in all the stages under long light 
stimulation, the footprint of the KLF family of transcrip-
tion factors was significantly higher in DARs under the 
short-day conditions. Notably, we identified the bind-
ing motifs of many important thyroid hormone signal-
ing TFs during the activation of the HPG axis. Three 
clock-output genes, thyrotroph embryonic factor (TEF), 
D element-binding protein (DBP), and hepatic leukemia 
factor (HLF), exhibited a significantly higher footprint 
in DARs under the long days. However, these three cir-
cadian rhythm-related transcription factors significantly 
differed between LD3 and LD28. However, there were 
no differences in binding scores between the LD3 and 
LD7 comparison groups or between the LD7 and LD28 
comparison groups. These results suggest that TEF, DBP, 
and HLF are the first responders to long -light stimula-
tion and play a sustained regulatory role in the long-day 
signaling.

Among the long-day response transcription factors, 
THRA was highly active at the LD3, while the THRB 
was strongly expressed at LD7. This pattern confirmed 
that the chromatin accessibility of THR target sites is 
increased during long-day photoperiods, suggesting that 
the THRs play a critical role in initial and maintenance 
of the activation of the HPG axis. Additionally, compared 
with those under short-day conditions, the footprints of 
AR, NR3C1, and NR3C2 were significantly increased in 
DARs, suggesting that these transcription factors may be 
activated after clock-output genes respond to photoperi-
odic changes and tend to stabilize their regulatory func-
tion under long-day conditions.

Changes in the transcriptome of mediobasal 
hypothalamus during seasonal activation of the HPG axis
We performed transcriptome sequencing of the 
mediobasal hypothalamus regions at SD28 and LD7 
because the chromatin accessibility status of LD7 was 
stable after 7 days of long-light exposure according to the 
ATAC-seq data. For Each library, more than 8.2 billion 
clean bases and 27.4 million clean reads were obtained. 
The Q20 ratio, Q30 ratio, and GC content were 97.46–98, 

(See figure on next page.)
Fig. 3 Cluster analysis revealed different patterns of chromatin accessibility and corresponding transcription factors in the hypothalamus 
during the activation of the HPG axis. A In the heat map on the left, each row represents a differential open area, and each column represents 
an ATAC-seq library sample. Libraries from the same treatment are divided by gaps. Z-scores are normalized area coverage counts, with blue 
indicating low openness and red indicating high openness. In the bubble diagram on the right, the motif corresponding to each cluster 
enrichment corresponds to transcription factors, where the bubble size represents enrichment degree (target/background), and the color 
represents enrichment significance -log (P-value). B The genomic location annotation of the peak in Cluster 1. C The genomic location annotation 
of the peak in Cluster 2. D The genomic location annotation of the peak in Cluster 3. E The genomic location annotation of the peak in Cluster 4
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98, 93.27–94.62, and 50.26–51.23%, respectively. A total 
of 95.2–95.9% of each library was mapped to the refer-
ence Japanese quail genome. PCA of the transcriptome 
showed a significant difference in the expression patterns 
between SD28 and LD7 (Fig. 5A). We identified 125 sig-
nificantly differentially expressed genes (DEGs) (log2fold 
change> = 1, FDR < =0.05), 41 of which were upregu-
lated and 84 of which were downregulated. These genes 
may play a critical role in the cascade that activates the 
photoperiodic responses, including DIO3 and GPR20 
downregulation and DIO2 upregulation (Fig.  5B). GO 
enrichment analysis was used to analyze the upregulated 
and downregulated genes to reveal the potential bio-
logical functions of the DEGs during early photoperiod 
changes. The GO terms associated with the upregulated 
genes were mainly enriched in photoperiodic phenom-
ena, circadian regulation of gene expression, and neuro-
peptide receptor binding. In contrast, the downregulated 
GO terms were enriched in the thyroid hormone meta-
bolic process (Fig.  5C-D). The KEGG pathway annota-
tion analysis results for all the DEGs were consistent with 

the GO results, and the term neuroactive ligand recep-
tor interaction was highly enriched, these genes included 
including TSHB, UCN3, PTGFR, NMU, DRD3, CGA, 
and HRH1 (Fig.  5E-F). These results suggest that a cel-
lular response or cell communication-mediated cascade 
might occur at LD7 in the mediobasal hypothalamus.

To further identify the early photoperiod-depend-
ent gene candidates, we downloaded published tran-
scriptome expression data for the male Japanese quail 
hypothalamus at SD28 and LD28 [56] (Fig. 6A). Among 
the DEGs, 89 genes were unique to our transcriptome 
sequencing data; these gene included 23 upregulated 
DEGs (such as PER2, PER3, AGRP, and PTGFR) and 69 
downregulated DEGs (such as CGA, RAX, and PITX3) 
(Fig.  6C). Thirty-six genes, including DIO2, DIO3, 
TSHB, and GHRH, were shared by two compared 
group, SD28 vs. LD7 and SD28 vs. LD28. A total of 133 
genes, including PGR, RGR, RFX6, RXRG, were stage 
specific in SD28 vs. LD28. Interestingly, the expres-
sion of NMU (neuromedin U), a member of the neu-
ropeptide neuromedin family, was upregulated at LD7 

Fig. 4 Footprint analysis of ATAC-seq data at different time points. Pairwise comparison of TF activity between different stages. The volcano plots 
show the differential binding activity against the -log10(P-value) (both provided by TOBIAS) of all investigated TF motifs; each dot represents 
one motif. A Pairwise comparison of TF activity between SD28 and LD3. B Pairwise comparison of TF activity between SD28 and LD7. C Pairwise 
comparison of TF activity between SD28 and LD28. D Pairwise comparison of TF activity between LD3 and LD7. E Pairwise comparison of TF activity 
between LD3 and LD28. F Pairwise comparison of TF activity between LD7 and LD28 
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relative to SD28 (Fig. 6B). Moreover, LD28 was down-
regulated relative to SD28, suggesting that the gene was 
strongly regulated during the LD7-to-LD28 transition. 
In contrast to the NMU gene, LOC107306877 (inositol 

1,4, 5-trisphosphate receptor-like 1) was deactivated at 
LD7 relative to SD28 (Fig.  6B). In summary, we iden-
tified several time-specific genes that may play regula-
tory and complex functions in response to photoperiod 
changes.

Fig. 5 Analysis of differential genes between SD28 and LD7. A Principal component analysis of five transcriptome libraries in two states. B 
Visualization of gene expression changes; the ordinate using -log10 p-adj displays the p-adjust value, and the abscissa using log2FoldChange 
(log2FC) shows the gene expression level. Blue dots indicate the distribution of downregulated DEGs, red dots indicate the distribution 
of upregulated DEGs, and green dots represent no significant change. C-D GO function analysis of up-regulated and down-regulated genes, 
respectively. E KEGG pathway analysis of all differential genes. F Expression heatmap of the term ‘Neuroactive ligand−receptor interaction’ 
- associated genes
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Chromatin accessibility regulates gene expression 
in thyroid hormone signaling
Photoperiod-response TFs might be activated prior to 
their downstream target genes through their interact-
ing cis-regulatory elements. To determine the regula-
tory effect of chromatin accessibility on the expression 
of nearby genes during the seasonal activation of the 
HPG axis. We analyzed the correlation between DARs 
and DEGs in two comparison groups (SD28 vs. LD7 
and SD28 vs. LD28) based on the genomic annotation 
of peaks present in the nine-quadrant plots. Our results 
showed that chromatin accessibility changes were signifi-
cantly correlated with changes in expression in the SD28 
vs. LD28 comparisons (Pearson correlation, r = 0.041, 
P = 3.302e-06) (Fig. 7B). However, no significant correla-
tion was detected between SD28 and LD7 (Pearson cor-
relation, r = − 0.006, P = 0.48) (Fig. 7A).

Gene Ontology analysis of 8 DEGs associated with 
the gained-loss chromatin accessibility region revealed 
enrichment of pathways related to thyroid hormone sign-
aling, including PDE6H and DIO2 in LD7, and SLC6A2, 
and DIO2 in LD28. PDE6 is involved in visual transduc-
tion in photoreceptor cells and can be activated by a cas-
cade of photons and opsins, and PDE6H plays a critical 

role in controlling the physiological adaptation of the 
photosensitive system to changes in the light environ-
ment. DIO2 was more highly expressed in LD7 and LD28 
due to the loss of the binding site of seven transcription 
factors (Table 1). SLC16A2 encodes the high-affinity thy-
roid hormone T3- and T4- transporter (MCT8), which 
plays a decisive role in the transport of T3 into neurons. 
The expression of SLC16A2 was downregulated in LD28, 
possibly due to the involvement of transcriptional repres-
sors in regulating gene expression. In brief, we summa-
rized the changes in the MBH under long- and short-day 
conditions during the activation of the HPG axis and 
combined these finding with previous findings that 
reported the dynamic interaction of glial interfaces and 
neurons in quail (Fig. 8).

Identification of THRB binding sites and their regulatory 
effects on gene expression
THRB is a crucial transcription factor involved in sea-
sonal activation of the HPG axis. To gain further insight 
into how THRB regulates the expression of down-
stream HPG axis seasonal activation-response genes, 
we performed DNA affinity purification and sequencing 
(DAP-seq) using the THRB protein. After analyzing the 

Fig. 6 Identification of early light response genes combined with published transcriptome data. A The distribution of up-regulated 
and down-regulated genes in the two groups of difference analysis. B The overlap analysis of DEGs, in which LOC107306877 and NMU were 
marked. C The heatmap shows the expression of 89 early photoresponse genes between SD28 and LD7 
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sequenced reads, we identified 1665 and 2548 potential 
THRB binding sites from two biological replications, 
with an overlap of 1118 binding sites. The binding sites 
were annotated according to the genome annotation files 
and assigned to 728 genes. Approximately 8.41% (n = 94) 
of the identified consensus peaks were located in pro-
moter regions, within 2 kb upstream and downstream 
of the TSSs. Approximately 5.73% of the identified con-
sensus peaks were found in exons. Peaks were highly 
enriched in genome intronic regions.

To further examine whether THRB binding affects 
gene expression, we calculated the overlap between high-
confidence binding sites and differentially expressed 
genes in the transcriptome. We found that the TRPA1 
gene overlapped between the LD7 and SD28 at the early 
photoperiod transition and that THRB binds to the 
intron of TRPA1. We hypothesized that THRB promotes 
the expression of TRPA1 by binding to the enhancer 

sequence associated with it. With the same treatment but 
different, for genes that differed from LD28 and SD28, we 
found that the binding site affected more genes, includ-
ing RASD2, PGR, TRPA1, SHROOM1, TRPM6FRMPD1, 
and LOC107307440.

Using meme software, we identified significantly dis-
tinct THRB binding motifs [T/C/A][G/A/C][A/G]
GG[T/A]CA, the top 5 of which are shown in the Addi-
tional  file  1. According to our DAP-seq data, THRB 
transcription factors were significantly enriched, and 
the binding distribution was highly concentrated, which 
further confirmed the ability of THRB to bind to the 
genome. GO term enrichment of the potential THRB 
targets indicated that they were associated mainly with 
protein binding (MF), signaling (BP), cell communication 
(BP), and membrane (CC). Furthermore, several KEGG 
pathways essential for signaling in the hypothalamus 
were also enriched, including the calcium signaling path-
way and, phototransduction.  Ca2+ concentration-medi-
ated light adaptation mechanisms in the photoreceptor. 
Taken together, these findings imply that THRB plays an 
important role in regulating long-light stimulation mech-
anisms at various levels.

Discussion
The photoperiod affects reproduction in seasonal breed-
ers through the hypothalamic-pituitary-gonadal (HPG) 
axis, in which the mediobasal hypothalamus (MBH) is 
the central region that transmits light information to the 
endocrine system in birds. The gene expression land-
scape of the MBH is highly dynamic during reproductive 

Fig. 7 The nine-quadrant plots show the correlation of open chromatin and gene expression in the hypothalamus of male Japanese quail 
between SD28 and LD7, and between SD28 and LD28. The meaning of each quadrant is indicated by the label in the figure. All scatter points are 
assigned to seven types by definition, and the meaning of each type is represented by a label in the diagram

Table 1 | Loss of chromatin accessibility in long-day influence TF 
interaction in DIO2 gene

Transcription 
factors

Motif sequence Enrichment 
Score

Strands Location

Nkx2.5 TGA AGT GCAT 6.512154 – Intron

Nkx2.1 TTG AAG TGCA 6.530204 – Intron

Nkx2.2 TTG AAG TGCA 6.855058 + Intron

Mef2c GCT AAA ATT AAC 8.212733 + Intron

Mef2d GCT AAA ATT AAC 9.079877 – Intron

Nkx3.2 TGA AGT GCAT 6.477036 + Intron

Mef2b GCT AAA ATT AAC 7.830211 – Intron
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inactivation under short-day condition and plays a fun-
damental role in regulating reproductive activation under 
long-day condition in quail [56]; however, the cis-regula-
tory elements and transcriptional activation mechanisms 
in MBH related to seasonal activation of the reproduc-
tive axis in the MBH remain largely unclear. The atlas of 
open chromatin enabled the exploration of gene regula-
tion during the activation of the HPG axis in quail. In this 
study, we comprehensively profiled the change in chro-
matin accessibility in the MBH during the initiation of 
the reproductive axis activation in quail. The dynamic of 
chromatin accessibility was observed from the inactiva-
tion of the HPG axis to the initiation of the reproductive 
axis, and the active chromatin accessible region in the 
MBH region increased gradually in the enhancer region 
(intron and intergenic region) from the SD to the LD.

The alteration in chromatin accessibility status in the 
MBH was stabilized at LD7 during the activation of the 
HPG axis. In addition to genes associated with clas-
sic retinoic acid signaling, genes associated with gained 
chromatin opening were significantly enriched in path-
ways related to GTPase-mediated signal transduction. 
Small GTPases usually act as a molecular switches in 
regulating signal transduction [58] In the visual system, 

cGMP is the main intracellular messenger that converts 
light stimuli into electrical responses, and the balance of 
cGMP is regulated by the photoreceptor phosphodies-
terase PDE6 [59], Activated PDE6 can mediate the clo-
sure of cyclic nucleotide-gated channels (CNG channels) 
by hydrolyzing cGMP, thus enabling the transmission of 
optical signals [60]. In addition, the transcriptional activ-
ity of PDE6H is regulated by T3 by binding to the TRs 
[7, 61, 62]. In vertebrate photoreceptors, a light-activated 
GTPase shows remarkable sensitivity to light, and plays a 
key role in the regulation of light-sensitive phosphodies-
terase in vivo [63].

Motif analysis of DARs revealed a broad decrease in 
chromatin accessibility, in which the RFX, NKX, SOX, 
and MEF transcription factors families exhibited high 
chromatin accessibility under short-day conditions and 
gain-loss accessibility under long-day conditions. The 
members of the NKX families were significantly enriched 
in open DARs under short-day conditions. Nkx2.2 is a 
target of the sonic hedgehog pathway and a key regulator 
of the differentiation and maturation of oligodendrocytes 
in chicken brains [64]. NKX2.1, known as thyroid-spe-
cific-enhancer-binding protein (TTF-1), is involved in 
activating thyroid-specific gene expression [65]. NKX2.1 

Fig. 8 Summary of the chromatin changes in the MBH under short-day and long-day in quail. The model proposes changes in chromatin 
accessibility in the MBH region under the long- and short-day. DBP, TEF, HLF, and THRA were the first responders to long days. Chromatin 
accessibility shapes the different expression patterns of the DIO2 gene between the long- and the short-day. This model, in combination 
with previous studies [16, 57], showed the underlying genetic mechanism involved in the remodeling of the hypothalamic interface 
under the long- and the short-day 
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was initially found to regulate the transcription of the 
thyroid. Excessive retinoic acid (RA) overload is associ-
ated with brain abnormalities. Moreover, Nkx2.1 Knock-
out lead to a drastic loss of astrocytes [66] and a dramatic 
reduction in the size and severe malformation of the 
basal hypothalamus [67]. NKX2.5 is an essential car-
diac development transcription factor, and mutations in 
NKX2.5 lead to impaired cardiac circulation and defects 
in gene expression associated with the myocardium [68]. 
These factors might contribute to fine-tuning the circa-
dian clockwork in peripheral tissues [69]. NKX2.5 was 
the candidate gene for thyroid dysgenesis [70]. During 
the activation of the HPG axis, NKX2.1, NKX2.2, and 
NKX2.5 were identified as highly active under short-day 
condition and lost their binding site with a significant 
reduction in chromatin accessibility under long light 
exposure, suggesting that the NKX2 transcription factors 
family is likely involved in inhibiting the activation of the 
HPG axis.

After long-light exposure, binding motifs of both thy-
roid hormone-related and retinoid X receptor-related NR 
transcription factors families were significantly enriched 
in DARs which exhibited high chromatin accessibility 
under long-day conditions, with gain-loss of accessibil-
ity under short-day conditions. The binding motifs of 
Retinoic acid-related orphan receptor-γ (RORγt), Liver 
X receptor (LXRE), THRB, and THRA exhibited signifi-
cantly high chromatin accessibility in LD7. Retinoic acid-
related orphan receptors (RORs) have been implicated in 
controlling circadian rhythm [71, 72], and RORγt plays 
a regulatory role in Npas2-dependent physiological pro-
cesses such as circadian behavior disorders [73]. Local 
T3 in the MBH of the hypothalamus controls the balance 
of reproduction and energy metabolism in the central 
nervous system [74]. An increase in T3 synthesis in the 
MBH leads to the synthesis and release of gonadotropin-
releasing hormone (GnRH) and stimulates reproductive 
activity in long-day breeders [5]. Thyroid hormone (T3, 
T4) regulates gene expression predominantly mediated 
via the thyroid hormone receptors THRA and THRB; 
whether or not the THRs are bound to T3 can alter the 
transcription rates of target genes [75]. Previous stud-
ies have suggested the divergent physiological roles of 
THRA and THRB in physiology, and THRB is the master 
regulator of the negative feedback loop of the HPT axis 
that maintains circulating thyroid hormone levels [75].

The binding motifs of the steroid hormone-related NR 
superfamily (GRE, PGR, and ARE) were significantly 
enriched at the active chromatin regions in LD28, which 
functions as transcription factors and binds to chromatin 
to affect the expression level of downstream genes at the 
molecular level [76]. Steroid hormones can act as chemi-
cal messengers to produce both slow genomic responses 

and rapid nongenomic responses in target tissues [77]. 
Glucocorticoids induce lasting epigenetic modifications 
in many target tissues [78] and regulate the transcrip-
tion of the glucocorticoid-responsive genes by binding to 
GREs [79, 80]. In addition, GR-regulated gene network 
transcription can be easily altered by ligands [81]. Pro-
gesterone is an obligatory transcriptional regulator that 
mediates ovulation signaling through the progesterone 
receptor (PGR) [82]. The PGR plays diverse role in repro-
ductive traits and mediates the induction of essential 
ovulatory genes by chromatin remodeling in reproduc-
tive tissues [83, 84]. Androgen receptor (AR) dimers bind 
to androgen response elements (AREs) in the promoter 
regions of target genes in the nucleus and play a pivotal 
role in generating the male reproductive phenotype [85].

Further footprint analysis revealed that THRA had 
the most significant promoting effect on the initiation 
of the reproductive axis in LD3, and several circadian 
clock-output genes TEF, DBP, and HLF, were identified 
[86]. DBP, HLF, and TEF are three PAR bZip (proline and 
alkaline leucine zipper rich in acidic amino acids) tran-
scription factors. All three transcriptional regulatory 
proteins accumulate with a robust circadian rhythm in 
tissues where clock genes are highly expressed [87]. Both 
the transcription factors DBP and TEF are essential ele-
ments of the “cell clock” [88]. Photoperiodic sensitivity 
is reduced by the TEF-dependent pathway [89]. The cir-
cadian accumulation of DBP and TEF in brain tissues is 
thought to be involved in controlling the circadian regu-
lation of downstream genes. A high mRNA level of TEF 
was rapidly induced in hyperthyroidism [90]. Triiodo-
thyronine plays a vital role in regulating pituitary gland 
homeostasis and can ultimately influence the rhythmic 
synthesis and/or secretion of hormones in the anterior 
pituitary. The TEF is considered a molecular switch for 
photoperiod responsiveness in mammals [86]. In the PT 
of mammals, long-day exposure rapidly induces expres-
sion of the coactivator eyes absent 3 (EYA3), which syn-
ergizes with TEF to maximize TSHβ transcription [32, 
86]. In birds and other vertebrates, the TEF/Six1/Eya3-
dependent mechanism will be the conserved driver of 
photoperiod induced changes in reproduction [86]. Cir-
cadian transcription of the clock-control gene DBP is 
driven by the transcription factors BMAL1 and CLOCK 
[91] and activates transcription of the Per1 gene by bind-
ing to the promoter region [92].

Considering the central control of thyroid function on 
the seasonal activation of the HPG axis, the transcription 
factors THRA and THRB may be the master regulators 
of reproductive initiation and maintenance processes 
when transitioning to long light exposure. However, the 
molecular interactome of THRs and the mechanism 
through which THRs induce genes in the MBH that are 
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essential for the seasonal activation of the HPG axis are 
unknown—thyroid signaling cross-talk with retinoic acid 
pathways to stimulate SLC16A2 expression and thyroid 
transport in the brain [93]. At the molecular level, when 
modulating the expression of target genes, THRs bind to 
thyroid hormone response elements (TREs) located in 
regulatory regions of thyroid hormone response genes. 
When T3 bind to the THRs, THRs undergo chromatin 
conformational modification, which leads to activation or 
inhibition of the gene transcription machinery [94].

Chromatin accessibility is a critical regulatory factor 
influencing gene expression. The bioavailability of T3 in 
the MBH plays a crucial role in regulating the seasonal 
reproduction [95]. The correlation between differential 
chromatin accessibility and differentially expressed genes 
in our study further support the functional relevance 
of the thyroid hormone metabolism genes. DIO2 and 
SLC16A2 likely play significant roles in regulating the 
seasonal activation of the HPG axis in the MBH in quail. 
The photoperiodic control of the metabolism of tanycytes 
mainly depends on the expression of deiodinase (Dio2 
and Dio3) to regulate the bioavailability of thyroid hor-
mone in the local hypothalamus [96].SLC16A2 encodes a 
highly active and selective thyroid hormone transporter, 
MCT8, that facilitates the cellular uptake of thyroid hor-
mones in different tissues. MCT8 deficiency disrupts the 
transfer of thyroid hormones across the blood brain bar-
rier and can also lead to hypothyroidism [97].

We aimed to elucidate how chromatin accessibility 
shapes the expression pattern of the DIO2 gene dur-
ing the seasonal activation of the HPG axis. Accord-
ing to our footprint analysis, NKX2.1, NKX2.2, and 
NKX2.5 lacked the binding site in the intron region 
of the DIO2 gene, which affected its expression under 
long-day conditions. It was suggested that the gene 
expression of DIO2 is generally regulated by both TFs 
in the NKX family and the Myocyte enhancer factor 2 
(MEF2) family, which interact with cis-regulatory DNA 
elements. In humans, the DIO2 gene is stimulated by 
NKX2.1, and the NKX2.1 knockout mice were born 
dead without a thyroid or pituitary gland or defects in 
thyroid function [98]. MEF2 transcription factors are 
importance in the nervous system [99] and are consid-
ered effector of neurogenesis in the brain [100]. In the 
nervous system, MEF2 plays a central regulatory role 
in neuronal survival and axonal growth by controlling 
the expression of its target genes [101]. The MEF2C 
limits excessive synapse formation and regulates basal 
synaptic transmission, which is essential for facilitat-
ing learning and memory formation [102]. In the retina, 
MEF2D binds to retina-specific enhancers and controls 
photoreceptor cell development (cells Field 84). MEF2B 
and MEF2C are required for adhesion-related kinases 

to inhibit GnRH gene expression in GnRH neurons 
[103]. It was suggested that cis-acting elements in DIO2 
and their relevant TFs are were the key players associ-
ated with HPG axis activation in long-light stimulation.

Thyroid hormones are essential for seasonal repro-
duction in vertebrates because of their apparent impor-
tance in GnRH release [26]. THRB mediates most of the 
actions of T3; however, the molecular regulatory mecha-
nism through which THRB is regulated at the molecular 
level remains to be determined. Identifying the biosyn-
thetic pathways and the target genes of THRB is essential 
for understanding the molecular regulatory mechanism 
involved in the seasonal activation of the HPG axis in 
quail. In our study, enrichment of the THRB motif in 
accessible chromatin occurred during the reproductive 
activation of the HPG axis. Eight THRB target genes 
exhibited differential expressions between short days and 
long days.

In LD7, the THRB-target gene transient receptor 
potential ankyrin 1 (TRPA1) exhibited differential expres-
sion. Transient receptor potential (TRP) ion channels 
are crucial for many senses, including touch, vision, and 
olfaction [104, 105]. The TRP gene is essential for a light-
activated  Ca2+ channels in photoreceptors of Drosaphila 
[106]. TRPA1 is a member of the TRP channel family and 
has the chemo-optogenetic property of high conductiv-
ity; TRPA1 exhibits higher conductance than does chan-
nelrhodopsin [107]. Optovin, a photochemical ligand of 
TRPA1, enables optical control of endogenous channels 
and neuronal signaling. Photodetection is performed by 
sensory neurons expressing the cation channel TRPA1 
[108]. In zebrafish, the biological response to Trpa1b 
photo-activation was highly sensitive and was very rapid, 
with a delay in the production of motion on a millisec-
ond scale from the introduction of light [109]. It was sug-
gested that THRB-regulated TRPA1 plays an essential 
role in the seasonal activation of the HPG axis.

 In this study, we aimed to offer novel insights into 
the mechanisms underlying seasonal reproductive acti-
vation from the perspectives of chromatin accessibility 
and transcription factors. However, our study was car-
ried out at the bulk level, and the MBH is a complex and 
heterogeneous area. This limitation made it impossible 
to establish the exact association between open chroma-
tin and gene expression or to identify cell type-specific 
transcription factors. To gain deeper insights into the 
intricate regulatory mechanisms underlying seasonal 
reproduction, future investigations employing higher 
resolution omics techniques will be invaluable. These 
advanced approaches will enable us to unravel the role 
of epigenetic regulation in this process and shed light on 
the complex interplay between chromatin dynamics and 
gene expression.
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Conclusions
In summary, we investigated the changes in chroma-
tin accessibility and gene expression in the MBH dur-
ing the seasonal activation of male quails by combining 
ATAC-seq and RNA-seq We identified the active regu-
latory elements and transcription factors involved in 
regulating the photoperiodic response. Retinoic acid 
signaling and GTPase-mediated signal transduction are 
involved in adaptation to long days and maintenance 
of HPG axis activation. In addition, we analyzed the 
potential targets of the key transcription factor THRB 
during the seasonal activation by Dap-seq. Further 
analysis suggested that the trans effects were the main 
factor affecting gene expression. Our findings shed 
light on the molecular mechanism underlying seasonal 
reproductive activation and highlight the importance of 
chromatin accessibility and transcription factor regula-
tion in this process.
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