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ABSTRACT

The  hypothalamic-pituitary-ovarian  (HPO)  axis  represents
a  central  neuroendocrine  network  essential  for
reproductive  function.  Despite  its  critical  role,  the  intrinsic
heterogeneity within the HPO axis across vertebrates and
the  complex  intercellular  interactions  remain  poorly
defined.  This  study  provides  the  first  comprehensive,
unbiased,  cell  type-specific  molecular  profiling  of  all  three
components of the HPO axis in adult Lohmann layers and
Liangshan  Yanying  chickens.  Within  the  hypothalamus,
pituitary,  and  ovary,  seven,  12,  and  13  distinct  cell  types
were  identified,  respectively.  Results  indicated  that  the
pituitary  adenylate  cyclase  activating  polypeptide
(PACAP), follicle-stimulating hormone (FSH), and prolactin
(PRL) signaling pathways may modulate the synthesis and
secretion  of  gonadotropin-releasing  hormone  (GnRH),
FSH,  and  luteinizing  hormone  (LH)  within  the
hypothalamus  and  pituitary.  In  the  ovary,  interactions
between  granulosa  cells  and  oocytes  involved  the  KIT,
CD99, LIFR, FN1, and ANGPTL signaling pathways, which
collectively  regulate  follicular  maturation.  The  SEMA4
signaling pathway emerged as a critical mediator across all
three  tissues  of  the  HPO  axis.  Additionally,  gene
expression  analysis  revealed  that  relaxin  3  (RLN3),
gastrin-releasing  peptide  (GRP),  and  cocaine-  and
amphetamine regulated transcripts (CART, also known as
CARTPT)  may  function  as  novel  endocrine  hormones,
influencing the HPO axis through autocrine, paracrine, and
endocrine  pathways.  Comparative  analyses  between
Lohmann  layers  and  Liangshan  Yanying  chickens
demonstrated  higher  expression  levels  of  GRP,  RLN3,
CARTPT,  LHCGR,  FSHR,  and  GRPR  in  the  ovaries  of

Lohmann  layers,  potentially  contributing  to  their  superior
reproductive  performance.  In  conclusion,  this  study
provides a detailed molecular characterization of the HPO
axis,  offering  novel  insights  into  the  regulatory
mechanisms underlying reproductive biology.
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INTRODUCTION

The  hypothalamic-pituitary-ovarian  (HPO)  axis  in  vertebrates
functions  as  an  integrated  neuroendocrine  system,  precisely
modulating reproductive signals through positive and negative
feedback  mechanisms  (Mikhael  et al.,  2019;  Zhao  et al.,
2023).  This  axis  is  fundamental  in  the  regulation  of  ovarian
development  and  reproductive  function.  Gonadotropin-
releasing  hormone  (GnRH)  was  among  the  earliest
hypothalamic-releasing  hormones  to  be  sequenced  and
characterized (Conn & Crowley, 1994; Millar, 2005). It  is now
widely  acknowledged  that  GnRH  is  synthesized  by  a
specialized subset of hypothalamic neurons, which release the
hormone  in  a  pulsatile  manner  into  the  hypophyseal  portal
circulation,  directing  it  to  the  anterior  pituitary  (Maggi  et al.,
2016).  The  pituitary  gland,  a  pivotal  component  of  the
endocrine  system,  governs  various  physiological  processes,
including  stress  responses,  growth,  reproduction,  and
metabolism.  Within  the  pituitary,  GnRH,  originating  from
hypothalamic neurons, regulates the synthesis and release of
the  gonadotropins  follicle-stimulating  hormone  (FSH)  and
luteinizing  hormone  (LH)  by  gonadotrophs  (Gona).  These
hormones share a common glycoprotein α-subunit (CGA) and
hormone-specific  β-subunit  (FSHB  and  LHB)  (Edwards  &
Raetzman, 2018; Zhu et al., 2007).
Signals  from  the  hypothalamus  and  pituitary  act  upon  the
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theca  and  granulosa  cells  (GC)  of  the  ovary,  precisely
regulating their secretion of hormones, including progesterone
(P4) and estradiol (E2) (Hsueh et al., 2015; Zhao et al., 2023).
These ovarian hormones, in turn, influence the synthesis and
release  of  hormones  in  the  hypothalamus  and  pituitary
(Devillers et al., 2022). As a crucial aspect of ovarian function,
follicular  maturation  relies  on  close  interactions  between  the
oocyte  and  surrounding  somatic  cells  for  normal  maturation
and  function  (Li  &  Albertini,  2013;  Zhang  et al.,  2018).
Hormonal signaling within the HPO axis plays a pivotal role in
regulating  these  cellular  interactions  (Li  et al.,  2021;  Ludwig
et al., 2023).
To unravel the regulatory mechanisms of the HPO axis, it is

crucial  to  identify  the  specific  cell  types  and  their  gene
transcription  profiles.  The  advent  of  single-cell  RNA
sequencing  (scRNA-seq)  has  revolutionized  the  study  of
complex biological  systems, enabling high-resolution analysis
at  the  single-cell  level.  For  instance,  Kim  et al.  (2022)
identified  distinct  markers  for  major  subdivisions  of  the
developing  chick  hypothalamus,  providing  a  valuable
framework  for  understanding  the  organization  of  this  nascent
brain region. However, the precise cellular composition of the
chicken  (Gallus  gallus)  hypothalamus  remains  largely
unknown.  Zhang  et al.  (2021)  constructed  a  comprehensive
cellular  transcriptomic  atlas  of  the  adult  chicken  anterior
pituitary,  identifying  four  distinct  endocrine  cell  clusters.
Nonetheless, research in humans and mice has demonstrated
the  presence  of  additional  cell  populations,  including
proliferating  (Pro)  and  stem  cells,  within  the  pituitary  (Lopez
et al.,  2021;  Zhang  et al.,  2020).  Estermann  et al.  (2020)
further  detailed  cell-lineage  specification  during  gonadal  sex
differentiation  in  the  chicken embryo.  Despite  this,  the  extent
to which specific cell types in the adult chicken ovary undergo
differentiation  and  development  and  whether  these  cellular
compositions and functions exhibit significant variation remain
unclear.
Cells  in  the hypothalamus and pituitary  that  exceed 50 μm

in  diameter  present  considerable  challenges  for  capture  via
microfluidic  droplet  generators,  impeding  gene  transcription
profiling of tissue-derived neurons using scRNA-seq methods.
To overcome this limitation, single-nucleus RNA-seq (snRNA-
seq)  has  emerged  as  a  tool  for  probing  oversized  cells  or
complex tissues that cannot be easily isolated. This approach
enables  the  comprehensive  transcriptional  profiling  of  both
neuronal and non-neuronal cells within the hypothalamus and
pituitary,  serving as a powerful  tool  for  investigating neuronal
functions  and  interactions  in  complex  tissues,  as  well  as
elucidating  the  regulatory  mechanisms  governing  the  HPO
axis.
The Lohmann layer (LM) is widely recognized as a superior

egg-laying  breed,  known  for  its  high  egg  production  and
consistent  performance.  In  contrast,  the  Liangshan  Yanying
chicken (YY), a well-regarded dual purpose breed in China, is
characterized  by  rapid  growth,  good  stress  resistance,  and
excellent  meat  quality.  However,  there  is  considerable  room
for  improvement  in  egg  production,  with  Liangshan  Yanying
chickens  producing  110–140  eggs  annually,  about  half  the
output of Lohmann layers (295–305 eggs). Chen et al. (2021)
identified  various  genes  (GPR65,  PLPP4,  and  RORB)
potentially  linked  to  oviposition  by  comparing  the
transcriptional  profiles  of  follicles  at  different  developmental
stages in Lohmann layers and Jilin Black chickens and found
that  the  neuroactive  ligand-receptor  interaction  and  cAMP

signaling pathways may affect ovarian follicular development.
Similarly,  Sun  et al.  (2023)  highlighted  the  critical  roles  of
ROBO2  and  PRKG2  in  follicular  selection  and  preovulatory
hierarchy  in  hens.  Wang  et al.  (2023)  performed  whole
transcriptome  sequencing  of  ovarian  tissues  from  Lohmann
layers  and  Chengkou  Mountain  chickens  and  identified  three
long non-coding RNAs (lncRNAs) targeting HSD3B1, NR5A2,
and  INHBA,  respectively,  which  may  be  involved  in  gonadal
development and hormone regulation.
In the current study, we focused on commercial laying hens

(Lohmann  layers)  and  local  chicken  breeds  (Liangshan
Yanying  chickens).  We  assembled  the  most  extensive
transcriptome dataset  of  the  adult  chicken HPO axis  to  date,
covering all three primary components. Based on this dataset,
we  revealed  a  previously  underappreciated  level  of  cellular
complexity  within  the  HPO  axis.  Notably,  we  identified  17
neuronal  subtypes,  four  Gona  subtypes,  and  seven  GC
subtypes  within  the  hypothalamus,  pituitary,  and  ovary,
respectively,  each  displaying  distinct  transcriptional  profiles.
Furthermore,  we  mapped  the  gene  transcription  patterns  of
these  subtypes,  constructing  a  comprehensive  network  of
interactions  among  them  and  with  other  cellular  clusters.
Overall, these findings provide a deeper understanding of the
cellular  complexity  and  gene  regulatory  networks  involved  in
reproduction.  Understanding  these  regulatory  mechanisms  in
avian  ovarian  development  is  conducive  to  enhancing  the
reproductive  performance  of  birds  and  further  improving  the
egg-laying performance of poultry. 

MATERIALS AND METHODS
 

Ethics statement
The Institutional Animal Care and Use Committee of Sichuan
Agricultural  University  reviewed  and  approved  this  animal
study (permit No. 2021202046). 

Tissue dissociation and preparation
In the autumn of 2022, 200-day-old hens were purchased and
transported  to  Sichuan  Agricultural  University  for  dissection
and  sample  collection.  The  Lohmann  layers  and  Liangshan
Yanying  chickens  were  purchased  from  Xichang  Huaning
Agricultural  and  Animal  Husbandry  Science  and  Technology
Co.  Ltd.,  Liangshan  Yi  Autonomous  Prefecture,  Sichuan
Province,  China.  Healthy  hens  were  euthanized  by  cervical
dislocation  and  perfused  with  ice-cold  phosphate-buffered
saline  (1×PBS)  (HyClone,  USA)  to  eliminate  undesired  blood
cells in target tissues.
Whole  brains  and  ovaries  were  swiftly  dissected  and

transferred to  ice-cold  PBS.  Subsequently,  the hypothalamus
and  pituitary  were  manually  dissected  under  a  dissecting
microscope,  snap-frozen  in  liquid  nitrogen,  and  stored  at
−80°C  for  further  nuclear  isolation.  When  ovarian  samples
were  collected,  yellow  and  white  follicles  less  than  8  mm  in
diameter  were  retained,  and  larger  hierarchical  follicles
containing  more  yolk  were  removed.  Fresh  tissue  was  then
placed  in  ice-cold  Hanks’  Balanced  Salt  Solution  (HBSS)
(HyClone,  USA)  and  washed  three  times.  Ovarian  tissues
were then cut into 1–2 mm pieces and digested with 2 mL of
sCelLiveTM  tissue  dissociation  solution  (Singleron  PythoNTM

Automated Tissue Dissociation System, Singleron,  China)  for
15  min  at  37℃.  Following  digestion,  samples  were  filtered
through a 40 μm sterile filter, and the filtrate was centrifuged at
1 000 r/min for 5 min at 37°C. The resulting supernatant was
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discarded,  and  the  cells  were  resuspended  in  1  mL  of  PBS.
Subsequently, 2 mL of red blood cell lysis solution (Singleron,
China) was added at 25°C for 10 min. The solution was then
centrifuged  at  500  ×g  for  5  min  at  37°C,  and  the  cells  were
resuspended  with  1  mL  of  PBS.  Finally,  cells  were  stained
with 0.4% Trypan Blue Solution (Sigma, USA), and cell activity
and concentration were assessed under a microscope. 

Isolation  and  sorting  of  nuclei  from  hypothalamic  and
pituitary tissues
Hypothalamic  and  pituitary  tissues  from  chickens  stored  at
−80°C,  were  initially  washed  with  pre-cooled  PBSE  (PBS
buffer with 2 mmol/L EGTA). Nuclei were then isolated utilizing
GEXSCOPE®  Nucleus  Separation  Solution  (Singleron
Biotechnologies, China) in accordance with the manufacturer’s
guidelines. The isolated nuclei were resuspended in PBSE to
a  concentration  of  1×106  nuclei  per  400  μL,  then  filtered
through  a  40  μm  cell  strainer  and  enumerated  using  Trypan
blue.  4’,6-Diamidino-2-phenylindole  (DAPI)  staining  (1:1  000)
(Thermo  Fisher  Scientific,  USA)  was  applied  to  PBSE-
enriched  nuclei,  with  DAPI-positive  nuclei  identified  as
singlets. 

Construction  and  sequencing  of  single  nucleus/cell
libraries
Transcriptional  profiles  for  the  hypothalamus  and  pituitary
were  generated  using  snRNA-seq,  while  scRNA-seq  was
employed  for  the  ovary.  The  single-nucleus  and  single-cell
suspensions were first adjusted to 3×105–4×105 nuclei/mL and
1×105  cells/mL  in  PBS,  respectively.  Subsequently,  these
suspensions  were  loaded  onto  a  microfluidic  chip
(GEXSCOPE®  Single  Nucleus  RNA-seq  Kit/GEXSCOPETM

Single-Cell  RNA  Library  Kit,  Singleron,  China).  Library
construction  for  snRNA-seq/scRNA-seq  followed  the
manufacturer’s  instructions  (Singleron,  China).  The  resulting
libraries were sequenced on an Illumina HiSeq×10 instrument
(Illumina, USA), generating 150 bp paired-end reads. 

Processing of single nucleus/cell RNA sequencing data
Raw  sequencing  data  were  processed  using  the  CeleScope
v.1.14.0 pipeline (https://github.com/singleron-RD/CeleScope).
Reads  were  aligned  to  a  reference  genome  (Ensemble
assembly: bGalGal1. mat. broker. GRCg7b) to generate count
matrices.  These  matrices  and  associated  metadata  were
imported  into  the  Seurat  package  v.4.4.0  in  R  for  further
analysis,  with  default  parameters  applied  unless  specified
otherwise  (Butler  et al.,  2018).  To  ensure  data  quality,  nuclei
or cells expressing fewer than 200 genes and genes detected
in  fewer  than 100 nuclei  or  cells  were  excluded.  The aligned
reads  were  filtered  to  obtain  cell  barcodes  and  unique
molecular  identifiers  (UMI)  for  gene-cell  matrices.  Gene
expression  values  were  normalized  and  scaled  using  the
NormalizeData and ScaleData functions. Principal component
analysis  (PCA)  was  performed  on  the  top  2  000  variable
genes identified by the FindVariableFeatures function. The top
30  principal  components  were  selected  for  subsequent
analyses,  determined  by  the  JackStraw  and  ElbowPlot
functions.  Finally,  integration  of  the  Lohmann  layer  and
Liangshan Yanying chicken datasets  was achieved using the
FindIntegrationAnchors and IntegrateData functions. 

Identification of cell clustering and cell type
Cell  clusters  were  identified  using  the  Louvain  algorithm,
implemented  through  the  FindClusters  function  in  Seurat.  To
ensure  accurate  clustering  resolution,  the  relationship

between clusters  was  visualized  at  multiple  resolutions  using
the clustree package v.0.5.0 (Zappia & Oshlack, 2018). Based
on  these  results,  the  resolutions  for  the  hypothalamus,
pituitary,  and  ovary  were  determined  to  be  0.4,  0.5,  and  0.5,
respectively.  The  Unified  Manifold  Approximation  and
Projection for Downscaling Reduction (UMAP) (McInnes et al.,
2018)  approach  was  used  to  calculate  2D  dimensionality
reduction  for  all  sequencing  libraries.  The  resulting  clusters
were  classified  into  distinct  cell  types  and  annotated  using
numerous  typical  cell  type  markers  reported  in  the  literature.
Cell  type-specific  gene  expression  profiles  were  identified
using the FindAllMarkers function, with criteria for identification
set at an absolute log2 fold change (FC)≥0.25 and a minimum
cell population fraction of 0.25 in either of the two populations.
Finally,  Seurat  was employed to generate feature,  violin,  and
dot plots. 

Identification  of  differentially  expressed  genes  (DEGs)
and gene function analysis
DEGs  in  the  hypothalamus,  pituitary,  and  ovary  of  Lohmann
layers and Liangshan Yanying chickens were identified using
the  FindMarkers  function  in  Seurat.  DEG  sets  meeting  the
thresholds (|log2FC|>0.25, P<0.05, and P-adjusted<0.01) were
subjected to Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) functional  enrichment  analysis
using  the  clusterProfiler  package  v.4.9.2  in  R,  based  on  the
hypergeometric  distribution  principle  (Wu  et al.,  2021).  The
results were visualized using bar and dot plots. 

Pseudotime analysis
Pseudotime trajectories for all GC subtypes in the ovary were
constructed  using  Monocle3  v.1.3.1  (Cao  et al.,  2019).  This
approach  sorts  single  cells  along  a  trajectory  based  on  the
similarity  of  their  gene  expression  patterns,  effectively
modeling  cellular  dynamics  over  time.  The  spatial  co-
expression  of  genes  was  assessed  by  calculating  Moran’s
Index  (Moran’s  I)  to  construct  pseudotime  trends  in  gene
expression. 

Cell-cell communication inference
To  comprehend  the  global  patterns  of  cell-to-cell
communication within the chicken hypothalamus, pituitary, and
ovary,  and  to  uncover  the  signaling  events  associated  with
successive cell lineages, the R package CellChat v.1.6.1 was
utilized, with ligand-receptor interactions for visual intercellular
communications  from snRNA-seq/scRNA-seq  data  (Jin  et al.,
2021).  As  the  database  primarily  covers  human  genes,
homologous  chicken  genes  were  selected  based  on  their
relationships with human counterparts. 

Gene expression analysis by in situ hybridization
Brains, pituitary glands, and ovaries (with follicles larger than 8
mm  in  diameter  removed)  were  collected  from  200-day-old
Lohmann  layers  and  Liangshan  Yanying  chickens  and  fixed
overnight in 4% paraformaldehyde in DEPC-PBS (Servicebio,
China).  Following  fixation,  tissue  blocks  were  cut  to  a
thickness of approximately 3 mm in a fume hood, dehydrated
through an alcohol gradient, rendered transparent with xylene,
and embedded in wax. Paraffin block slices (4 μm thick) were
prepared  using  a  microtome,  processed  through  BioDewax
and  Clear  solutions  (Servicebio,  China),  dehydrated  in
ethanol,  soaked  in  alcohol,  and  rinsed  in  DEPC  water.
Protease  K  digestion  was  performed  at  37°C,  followed  by
natural cooling. Pre-hybridization at 37°C was conducted prior
to  overnight  hybridization  with  probes  (Supplementary  Table
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S1).  After  hybridization,  the  slices  were  washed  in  SSC
buffers and blocked with serum, then incubated with anti-DIG-
APBCIP/NBT solution  (Servicebio,  China)  at  4°C for  12  h  for
microscopic  observation,  counterstained  with  DAPI,  air-dried,
and sealed with Glycerol Jelly Mounting Medium. 

Production data collection
Production  data  for  Lohmann  layers  were  obtained  from
Xichang Huaning Agricultural  and Animal Husbandry Science
and  Technology  Co.  Ltd.,  Liangshan  Yi  Autonomous
Prefecture,  Sichuan  Province,  China.  Production  data  for
Liangshan Yanying chickens were obtained from Meigu Flying
Eagle  Yanying  Chicken  Breeding  Family  Farm,  Liangshan  Yi
Autonomous  Prefecture,  Sichuan  Province,  China.  Each
chicken  was  individually  caged,  and  data  were  recorded
according to its unique wing tag. 

Statistical analysis
Statistical analysis of egg-laying traits for Lohmann layers and
Liangshan  Yanying  chickens  was  performed  using  the
Wilcoxon  test  with  the  ggpubr  package  v.0.6.0  in  R  (https://
CRAN.R-project.org/package=ggpubr).  Differences  were
considered significant at P<0.05. 

RESULTS
 

Transcriptional  clustering  of  cell  populations  in  all  three
HPO axis tissues
To  explore  the  regulatory  functions  of  the  HPO  axis  at  the
cellular  level,  tissues  from  the  hypothalamus,  pituitary,  and
ovary  were  collected  from  adult  Lohmann  layers  and
Liangshan  Yanying  chickens.  Subsequently,  snRNA-seq  was
performed  on  two  isolated  hypothalamus  and  two  pituitary
samples,  while  scRNA-seq  was  performed  on  two  isolated
ovary samples (Figure 1A; Supplementary Figure S1A). High-
quality nuclei or cells were selected based on the total number
of expressed genes and UMIs in each nucleus or cell, and the
percentage of UMIs mapped to mitochondrial genes relative to
total  genes  (Supplementary  Figure  S1B–G).  This  approach
yielded  26  975  nuclei  from  the  hypothalamus,  25  664  nuclei
from  the  pituitary,  and  17  408  cells  from  the  ovary  for
subsequent  analyses.  To  classify  major  cell  clusters,
canonical  correlation  analysis  was  conducted  on  the  gene
expression  matrix,  followed  by  integration  of  both  chicken
datasets  using  UMAP.  This  analysis  identified  23  major  cell
clusters  in  the  hypothalamus  (Figure  1B),  19  in  the  pituitary
(Figure 1C),  and 27 in the ovary (Figure 1D),  each exhibiting
distinct transcriptional profiles. 

Identification of cell types in all three HPO axis tissues
To  delineate  the  cellular  populations  present  in  the
hypothalamus,  pituitary,  and  ovary,  DEG  analysis  was
performed for all clusters in each tissue separately. The top 10
marker  genes  for  each  cluster  were  visualized  in  a  heatmap
(Supplementary  Figure  S2A–C).  Hierarchical  clustering  was
applied  using  the  50  most  variably  expressed  genes  per
cluster  (Figure  2A–C)  and  Spearman  correlation  coefficients
were calculated based on the expression matrices of the 1 000
genes  with  the  largest  standard  deviation  in  each  tissue
(Supplementary Figure S2D, E).
Based on the expression patterns of pan-neuronal markers

SNAP25 and SYT1, 23 cell clusters in the hypothalamus were
categorized  into  seven  cell  types,  including  17  neuronal  and
six  non-neuronal  clusters  (Chen  et al.,  2017)  (Figure  2D;

Supplementary Figure S3A). Among the neuronal clusters, 10
were  classified  as  glutamatergic  subtypes  (nGlut1–nGlut10,
clusters  4,  6,  8,  10,  11,  13,  16,  17,  21,  and  22)  and  five  as
GABAergic  subtypes  (nGABA1–nGABA5,  clusters  2,  3,  12,
14,  and  18)  based  on  their  distinct  expression  of  SLC17A6
and  SLC32A1  (Chen  et al.,  2017).  The  two  remaining
neuronal  clusters  exhibited  low  expression  of  both SLC17A6
and SLC32A1. Hierarchical clustering and correlation analysis
designated  one  of  the  clusters  as  mixed  neurons  (nMixed,
cluster  0)  (Figure  2A;  Supplementary  Figure  S2D)  and  the
other  cluster  as  histaminergic  neuron-like  cells  (Hista-like,
cluster 20), the latter characterized by elevated expression of
SLC18A2  (Zhou  et al.,  2022).  The  six  non-neuronal  clusters
were  further  classified  into  distinct  cell  types  based  on  their
gene  expression  profiles,  including  oligodendrocytes  (cluster
1, characterized by PLP1), astrocytes (cluster 5, characterized
by  AGT),  oligodendrocyte  progenitor  cells  (OPCs,  cluster  7,
marked  by  PDGFRA),  microglia  (cluster  9,  characterized  by
SALL1),  ependymal  cells  (cluster  15,  labeled  by  DNAH10),
and endothelial cells (cluster 19, identified by VWF). Neuronal
cells  were  notably  predominant  in  the  hypothalamus,
constituting 71.66% of the cellular population (Supplementary
Figure  S3B).  Enriched  GO  functional  terms  associated  with
these neuronal cells included “axon guidance” and “regulation
of  trans-synaptic  signaling”  (Supplementary  Figure  S3C),
while enriched KEGG pathways included “axon guidance” and
“neuroactive  ligand-receptor  interaction”  (Supplementary
Figure S3D).
In  the  pituitary,  12  distinct  cell  types  were  identified,

including five classical pituitary endocrine cell populations and
seven other  cell  populations.  Based on  known marker  genes
for  pituitary  endocrine  cell  lineages,  clusters  0,  2,  and  17
corresponded  to  lactotrophs  (Lac,  characterized  by  high
prolactin  (PRL)  expression);  cluster  1  corresponded  to
corticotrophs (Cort, characterized by high POMC expression);
clusters  3  and  6  corresponded  to  somatotrophs  (Soma,
characterized  by  high GH  expression);  clusters  4,  5,  10,  and
11  corresponded  to  Gona  (characterized  by  high  PGR  and
FSHB expression); and cluster 8 corresponded to thyrotrophs
(Thy,  characterized  by  high  TSHB  expression)  (Figure  2E;
Supplementary  Figure  S4A).  Among  the  seven  other  cell
populations,  cluster  7  was  defined  as  stem  cells  (exhibiting
high  LHX3  expression  and  low  SOX2  expression;  cluster  9
was  classified  as  endothelial  cells  (with  high  EMCN
expression;  clusters  12  and  16  were  identified  as  Pro  cells
(with high expression of GATA2 and ISL1 markers); cluster 13
was  classified  as  macrophages  (with  higher  PTPRC
expression compared to cluster 14); cluster 14 was defined as
microglia  (with  higher  DOCK2  expression);  cluster  15  was
classified  as  fibroblasts  (with  high  expression  of  CFD);  and
cluster  18  was  identified  as  posterior  pituitary  cells  (PPCs,
with high COL25A1 expression). In this analysis, Lac emerged
as  the  most  prevalent  cell  population  in  the  pituitary,
constituting  28.11%  of  the  total,  followed  by  Gona  (20.5%),
Cort  (16.12%),  and  Soma  (14.27%)  cells  (Supplementary
Figure S4B). Identification of these cell types through specific
marker  genes  revealed  distinct  enrichment  in  GO  terms  and
KEGG  pathways  that  align  with  their  biological  functions
(Supplementary Figure S4C, D).
The  27  clusters  identified  in  the  ovary  were  further

categorized into 13 distinct cell types. Cluster 0 was identified
as  early  theca  cells  (characterized  by  elevated  OGN
expression);  cluster  1  was  identified  as  stromal  cells
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(characterized by high POSTN and DCN expression); clusters
2  and  19  represented  macrophages  (marked  by  CD74
expression);  cluster  3  denoted  B  cells  (with  high  JCHAIN
expression);  clusters  4,  10,  24,  and  25  corresponded  to
T/natural killer (NK) cells (characterized by CD3D expression);
clusters  5  and  16  were  classified  as  smooth  muscle  cells
(expressing TAGLN); clusters 6, 7, 8, 11, 15, 18, and 22 were
identified  as  GCs  (with  high  anti-Mullerian  hormone  (AMH)
expression);  cluster 9 was classified as fibroblast-like stromal
cells (expressing both stromal cell  markers POSTN and DCN
and  fibroblast  marker  COL1A1);  clusters  12,  13,  and  26
represented endothelial cells (characterized by elevated VWF
expression);  cluster  14  comprised  erythroblasts  (marked  by
HBAD  expression);  clusters  17  and  23  were  identified  as
secretory-theca  cells  (characterized  by  OGN  and  hormone-
related genes like gastrin-releasing peptide (GRP);  cluster 20
represented oocytes (characterized by high ZP3 expression);
and  cluster  21  was  identified  as  pre-GCs  (characterized  by
elevated  CYP19A1  expression)  (Figure  2F;  Supplementary
Figure S5A). As expected, GCs constituted the most prevalent
cell  type  in  the  ovary,  representing  19.85%  of  the  total  cell
population, followed by early theca cells (18.45%) and stromal
cells  (11.2%)  (Supplementary  Figure  S5B).  Each  cell  type
demonstrated  specific  enrichment  in  GO  terms  and  KEGG
pathways  corresponding  to  their  respective  biological
functions (Supplementary Figure S5C, D). 

Molecular  and  cellular  signatures  of  different  neuronal
subtypes  and  cellular  crosstalk  with  glial  cells  in  the
hypothalamus
To elucidate the subtypes of hypothalamic neurons involved in

regulating the HPO axis and the mechanisms governing their
interactions,  neuronal  clusters  identified  through  cluster
analysis were further analyzed. The initial cellular annotations
did not conclusively identify specific neuronal types within the
nMixed  and  Hista-like  clusters,  and  the  nGlut10  cluster
potentially  represented  a  non-hypothalamic  cell  cluster
(Figure 2A; Supplementary Figure S2D). Consequently, these
three neuronal clusters were excluded, and the remaining nine
glutamatergic  and  five  GABAergic  neuronal  subtypes  were
visualized using UMAP (Figure 3A). Potential subtype-specific
marker  genes  were  identified  for  each  of  the  14  neuronal
clusters.  Notably,  most  clusters  exhibited  subtype-specific
genes  unique  to  their  respective  clusters,  with  some clusters
defined  by  the  combinatorial  expression  of  multiple  marker
genes (Figure 3B). The expression of particular neuropeptides
and  receptors  distinguished  several  neuronal  subtypes.  For
instance, luteinizing hormone receptor (LHCGR) and oxytocin
(OXT) were identified as potential markers for the nGlut3 and
nGlut6 cell clusters, respectively.
The  distinct  expression  of  neuropeptides  in  specific

neuronal  subtypes  determines  the  signals  transmitted  by
these  cells,  while  the  expression  of  specific  neuropeptide
receptors  indicates  the  ability  of  these  cells  to  receive
particular  signals.  Evaluation  of  the  expression  profiles  of
various  neuropeptides  and  receptors  across  different
hypothalamic  neuronal  subtypes  revealed  a  highly  diverse
expression  pattern  (Supplementary  Figure  S6).  Most
neuropeptide  and  receptor  genes  implicated  in  HPO  axis
regulation were predominantly expressed in only one or a few
neuronal  subtypes,  consistent  with  observations  in  humans
and mice (Chen et al.,  2017; Zhou et al.,  2022). Furthermore,

 

Figure 1  Transcriptional clustering of cell populations in all three HPO axis tissues

A: Flowchart overview of snRNA-seq of the hypothalamus and pituitary and scRNA-seq of the ovary in Lohmann and Liangshan Yanying chickens.
Specific  steps  included  sample  collection,  single-cell  nucleus  extraction/single-cell  suspension  preparation,  library  construction,  sequencing,  and
data analysis. B–D: UMAP visualization of all cells after quality control in the hypothalamus, pituitary, and ovary.
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Figure 2  Identification of cell types in all HPO axis tissues

A–C: Heatmap and hierarchical clustering based on expression of the top 50 most variable genes in the hypothalamus, pituitary, and ovary. D–F:
UMAP plot showing gene expression characterizing all cell types in the hypothalamus, pituitary, and ovary.
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our  analysis  revealed  that  co-expression  of  multiple
neuropeptides  and  receptors  was  a  common  feature  among
many  hypothalamic  neurons,  suggesting  their  involvement  in
complex  feedback  regulation  within  the  HPO  axis.  For
instance,  the  nGlut2  cluster  showed  high  expression  of
ADCYAP1  and  ESR2;  the  nGlut3  cluster  showed  high
expression  of  GHRH,  FSHR,  GRPR,  and  LHCGR;  and  the
nGlut8 cluster showed high expression of CRH, TRH, CRHR2,
ESR1,  and GHR.  These  findings  indicate  complex  crosstalk
among  diverse  peptide  signaling  pathways,  with  hormones
from  the  pituitary  and  ovary  influencing  the  synthesis  and
release of various neuropeptides in the hypothalamus through
feedback regulation.
To  further  explore  this  crosstalk  between  neuronal

subtypes,  we  focused  on  the  nGABA1  cluster  with  high
GNRH1  expression  (Supplementary  Figure  S6A).  In  this
analysis,  a  total  of  143  ligand-receptor  pairs  were  identified
across  14  neuronal  clusters,  which  were  further  categorized
into 48 signaling pathways. The nGABA1 cluster emerged as
a key communication “hub” within these networks (Figure 3C;
Supplementary  Figure  S7A,  B  and  Table  S2).  Through
communication  pattern  analysis,  four  patterns  were  identified
in  outgoing  secretory  cells  and  two  in  incoming  target  cells
(Figure 3D, E). The 48 signaling pathways were also grouped
into  four  categories  based  on  functional  or  structural
similarities (Figure 3F; Supplementary Figure S7C). Based on
network centrality analysis, the nGABA1 cluster was identified
as a major ligand source in the SEMA4 pathway, prominently
expressing  the  SEMA4D  ligand  gene.  The  nGlut3  cluster,
which  also  expressed  a  variety  of  receptor  genes  related  to
negative  feedback  regulation  between the  hypothalamus and
pituitary, was also identified as a major target, expressing the
PLXNB2  receptor  gene  (Figure  3G;  Supplementary  Figure
S7D, E) (Giacobini et al., 2008; Saha et al., 2012). In addition,
the  nGABA1  cluster  was  found  to  be  a  primary  target  in  the
pituitary  adenylate  cyclase  activating  polypeptide  (PACAP)
signaling  pathway  (Figure  3H;  Supplementary  Figure  S7F)
(Halvorson, 2014), indicating a complex regulatory relationship
among hypothalamic neurons.
To  explore  the  signaling  interactions  between  GnRH

neurons  and  glial  cells,  the  expression  profiles  of
neuropeptides  and  receptors  were  analyzed  in  the  nGABA1
cluster and various glial cells. Most neuropeptides were either
absent  or  poorly  expressed  in  glial  cells  (Supplementary
Figure  S8A).  However,  GRPR  and  RXFP1  were  highly
expressed  in  astrocytes,  GHR  and  LHCGR  were  highly
expressed  in  OPCs,  and  FSHR  was  highly  expressed  in
microglia.  These  findings  suggest  that  the  activities  of  these
glial  cells  are  also  regulated  by  multiple  pituitary  hormones
(Supplementary Figure S8B). Crosstalk analysis demonstrated
that the nGABA1 cluster had the most active interactions with
astrocytes  and  OPCs  (Supplementary  Figure  S8C).
Specifically,  astrocytes  and  OPCs  targeted  the  nGABA1
cluster  through  the  VTN,  AGT,  and  SEMA3  pathways,  while
the  nGABA1  cluster  targeted  both  through  the  SEMA4
pathway (Supplementary Figure S8D).  These results  suggest
a tightly coordinated interaction between glial cells, especially
astrocytes, and neuronal populations in the hypothalamus that
synthesize and release GnRH. 

Molecular  and  cellular  signatures  of  different  Gona
subtypes  and  cellular  crosstalk  with  other  cell  types  in
the pituitary
Distinct  Gona  subtypes  within  the  pituitary  exhibit  notable

differences  in  hormone  synthesis  and  secretion,  likely  driven
by  subtype-specific  gene  expression  and  regulatory
mechanisms.  Our  analysis  identified  four  Gona  subtypes,
which were visualized through UMAP (Figure 4A). Subsequent
DEG analysis further revealed unique marker genes for each
subtype,  with  relaxin  3  (RLN3),  PLXDC2,  HPGDS,  and
tyrosine  kinase  ligand  (KITLG)  exhibiting  particularly  high
expression  levels  in  Gona1–Gona4  (Figure  4B).  The
expression  profiles  of  critical  transcription  factors,  hormone-
related  genes,  and  receptor  genes  in  these  subtypes  were
further  explored.  While  certain  genes  were  uniformly
expressed  across  all  subtypes,  others  showed  elevated
expression  in  specific  subtypes  only  (Figure  4C).  These
findings suggest that the regulatory role of the HPO axis in the
pituitary  is  both  broad  and  specific.  Notably,  luteinizing
hormone  β-subunit  (LHB)  expression  was  absent  in  all  four
Gona  subtypes,  while  GnRH  receptor  (GNRHR)  was
predominantly  expressed  in  Gona1  and  to  a  lesser  extent  in
Gona3 (Supplementary Figure S10A). Interestingly, ESR1 and
PGR were also highly expressed in these two Gona subtypes,
suggesting a potential link to the negative feedback regulation
between the ovary and pituitary.
To  further  elucidate  the  gene  expression  and  functional

distinctions  among  the  Gona  subtypes,  143,  189,  120,  and
223  unique  DEGs  were  identified  in  the  Gona1–Gona4
clusters, respectively (Figure 4D). GO analysis of these DEGs
highlighted  enrichments  in  functional  terms  consistent  with
canonical  gene  expression  patterns,  as  previously  described
(Figure  4E).  These  results  suggest  that  the  pituitary  harbors
multiple  functionally  distinct  Gona  subtypes,  each  potentially
playing different roles in the overall regulation of the HPO axis.
Previous  studies  have  highlighted  the  significant  interplay

between diverse cell  types in the pituitary, directly influencing
the  hormone-secreting  activity  of  various  hormone-secreting
cells (Perez-Castro et al., 2012; Santiago-Andres et al., 2021).
Specifically, hormones secreted by one cell type can modulate
the activity and hormone secretion of other cell types, thereby
playing  a  crucial  role  in  overall  HPO  axis  regulation  and  the
maintenance  of  hormonal  homeostasis  and  normal
physiological  functions.  To  further  explore  the  signaling
crosstalk  between  different  cell  types  in  the  pituitary,  the
expression  levels  of  ligand-receptor  interaction  pairs  in  12
pituitary cell  types were analyzed.  In  total,  96 ligand-receptor
pairs were identified and further categorized into 33 signaling
pathways. Among these, the Gona cluster was identified as a
key  communication  “hub”  (Figure  5A;  Supplementary  Figure
S9A, B and Table S3).
Following communication pattern analysis, two outgoing and

three  incoming  signaling  patterns  were  identified  in  secretory
and target  cells,  respectively  (Figure 5B,  C).  Additionally,  the
33  signaling  pathways  were  grouped  into  four  categories
based  on  functional  or  structural  similarities  (Figure  5D;
Supplementary  Figure  S9C).  Our  analysis  primarily  focused
on  the  SEMA4  pathway,  previously  identified  in  the
hypothalamus,  as  well  as  two  endocrine  signaling  pathways
related to FSH and PRL. Network centrality analysis revealed
that  the  Gona  cluster  was  involved  in  the  SEMA4  pathway
through  both  autocrine  and  paracrine  secretion,  expressing
both  the  ligand  gene  SEMA4D  and  receptor  gene  PLXNB2
(Figure  5E;  Supplementary  Figure  S9D,  E).  The  signaling
crosstalk  of  Gona  in  the  FSH  and  PRL  pathways  mainly
involved  autocrine  and  paracrine  secretion,  respectively
(Figure  5F,  G;  Supplementary  Figure  S9F,  G).  Interestingly,
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Figure 3  Molecular and cellular signatures of different neuronal subtypes in the hypothalamus

A: UMAP plot showing 14 major neuronal clusters in the hypothalamus. B: Violin plots showing expression of subtype markers in the 14 neuronal
clusters.  Neuropeptide-  (red)  and  receptor-  (blue)  related  genes  are  marked  with  relevant  colors.  C:  Circle  plot  representing  cell  communication
among neuronal subtypes. Arrows originate from ligand-expressing cells and point toward receptor-expressing cells. Circle sizes represent number
of cells, and edge widths represent number of ligand-receptor pairs. D, E: Inferred outgoing and incoming communication patterns in hypothalamic
neurons. F: Distribution of signaling pathways with their functional similarities. G, H: Hierarchical plot showing intercellular communication network
for SEMA4 and PACAP signaling pathways. Circle sizes represent number of cells, and edge widths represent communication probability.
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the  four  Gona  subtypes  demonstrated  distinct  roles  within
each  of  these  three  pathways  (Figure  4F–H;  Supplementary
Figure  S10B–D).  These  findings  support  the  presence  of
ultrashort  communication  between  pituitary  cell  populations
(Denef,  2008;  Le  Tissier  et al.,  2012),  suggesting  that
gonadotropin synthesis and release in the pituitary are jointly
regulated  by  multiple  signals,  adding  a  further  layer  of
complexity to the regulatory functions of the HPO axis. 

Molecular  and  cellular  signatures  of  different  GC
subtypes in the ovary and signal crosstalk with oocytes
GCs  play  a  pivotal  role  in  follicular  development  and

maturation  within  the  ovary,  constituting  a  crucial  component
of  the  HPO  axis  regulatory  system.  Unlike  mammals,  avian
species  are  capable  of  continuous  follicular  development,
maturation,  and  smooth  ovulation  after  reaching  a  specific
growth  stage  (Johnson,  2015).  Consequently,  the  ovaries  of
breeding  birds  contain  follicles  at  varying  developmental
stages,  with  the  GCs  within  these  follicles  exhibiting  distinct
molecular and cellular signatures.
Our  analysis  identified  seven  GC  subtypes  within  the

ovarian  dataset,  which  were  visualized  using  UMAP
(Figure  6A).  Subsequently,  DEG  analysis  was  performed  to

 

Figure 4  Molecular and cellular signatures of different Gona subtypes in the pituitary

A: UMAP plot  showing four  Gona subtypes in the pituitary.  B:  UMAP plot  showing expression of  representative DEGs for  each cluster.  C:  Violin
plots  showing  expression  of  important  genes  in  four  Gona  subtypes.  Transcription  factor-  (red),  hormone-  (purple),  and  receptor-  (blue)  related
genes are marked with corresponding colors. D: Venn diagram showing intersection of DEGs between four Gona subtypes and number of unique
DEGs for each. E: Dot plots showing GO enrichment analysis of unique DEGs for each Gona subtype. Color indicates P-value and circle indicates
gene  counts.  F–H:  Heatmap showing  intercellular  communication  networks  for  SEMA4,  FSH,  and  PRL signaling  pathways.  Sender  cells  (ligand
sources)  are  shown  on  y-axis  and  receiving  cells  (receptor  expression)  are  shown  on  x-axis.  Darker  colors  indicate  greater  communication
probability between two subtypes. Upper and right-hand column bar plots show accumulation of x-axis and y-axis intensities.
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Figure 5  Signal crosstalk between different cell types in the pituitary

A: Circle plot representing cell communication among pituitary cell types. Arrows originate from ligand-expressing cells and point toward receptor-
expressing cells.  Circle sizes represent number of  cells,  and edge widths represent number of  ligand-receptor pairs.  B,  C: Inferred outgoing and
incoming communication patterns between different cell  types in the pituitary. D: Distribution of signaling pathways with their  functional similarity.
E–G: Hierarchical plot showing intercellular communication networks for SEMA4, FSH, and PRL signaling pathways. Circle sizes represent number
of cells, and edge widths represent communication probability.
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Figure 6  Molecular and cellular signatures of different GC subtypes in the ovary

A: UMAP plot showing seven GC subtypes in the ovary. B: Violin plot showing expression of representative DEGs for each cluster. C: Upset plots of
DEGs for seven GC subtypes. Different colored columns at the top (except gray) represent number of unique DEGs for each subtype, respectively.
Bottom left histogram shows total number of DEGs in each subtype. D: Dot plots showing GO enrichment analysis of unique DEGs for each GC
subtype. Color indicates P-value and circle indicates gene counts. E: Monocle trajectory inference tracing a pseudotime path of GC subtypes. F:
Visualization  of  transition  of  highly  expressed  genes  in  pseudotime  ordering  of  GC  subtypes.  G:  Heatmap  showing  expression  of  ovarian
development-related  genes  in  seven  GC  subtypes.  Transcription  factor-  (red),  enzyme-  (green),  hormone-  (purple),  and  receptor-  (blue)  related
genes are marked with corresponding colors. H: Circle plot representing cell communication between GC subtypes and oocytes. Arrows originate
from ligand-expressing cells and point toward receptor-expressing cells. Circle sizes represent number of cells, and edge widths represent number
of ligand-receptor pairs.
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select  a  representative  DEG  for  each  subtype  (Figure  6B).
The  count  of  unique  DEGs  varied  across  the  GC1–GC7
clusters,  ranging  from  20  to  171  (Figure  6C).  To  further
explore the functional distinctions among these subtypes, GO
enrichment  analysis  was  conducted  for  these  unique  DEGs
(Figure 6D),  revealing that  several  functional  terms related to
DNA  replication  and  mitosis  were  enriched  in  the  GC4–GC6
cluster,  suggesting  that  these  subtypes  may  originate  from
follicles at different developmental stages.
To  investigate  this  hypothesis,  pseudotime  trajectory

analysis of the seven GC subtypes was performed, using the
GC7 cluster as the starting point due to its highest expression
of  AMH  (Figure  6E).  The  results  revealed  a  specific
developmental progression, starting from the GC7 cluster and
progressing  towards  the  GC3  cluster.  This  developmental
trajectory  was  further  visualized  by  mapping  the  sequential
dynamics of  gene expression (Figure 6F).  Intriguingly, RLN3,
highly expressed in the nGABA3 cluster of  the hypothalamus
and  Gona1  cluster  of  the  pituitary,  exhibited  a  gradual  up-
regulation along the GC pseudotime trajectory, reaching peak
expression  in  the  GC3  cluster  (Figure  4B;  Supplementary
Figure S6A).
Given  the  molecular  and  functional  diversity  among  the

seven  GC subtypes,  variations  in  gene  expression  related  to
ovarian  development  were  examined  (Figure  6G).
Interestingly,  LHCGR  and  FSHR  showed  high  expression
exclusively in the GC7 and GC4 clusters at the early stages of
the  pseudotime  trajectory,  while  hormones  such  as  GRP,
RLN3,  and  cocaine  and  amphetamine  regulated  transcript
(CARTPT, also named CART) were predominantly expressed
in  GC1  and  GC3  at  the  later  stages  of  the  trajectory.
Additionally,  transcription  factors  influencing  GC proliferation,
differentiation,  and  hormone  synthesis,  such  as NR3C1  and
NR5A1, exhibited elevated expression primarily in GC3 at the
end  stage  of  the  trajectory.  These  findings  suggest  that  the
regulation  of  ovarian  development  by  the  HPO  axis  is  both
directed  and  staged,  with  distinct  transcriptional  regulatory
mechanisms  active  at  different  developmental  stages,
potentially  linked  to  variations  in  hormone  levels  and
regulatory factors within the HPO axis.
Further  analysis  of  intercellular  communication  among  the

13  cell  types  in  the  ovary  indicated  that  the  GC  and  oocyte
clusters  served  as  primary  communication  “hubs”
(Supplementary  Figure  S11A).  Network  centrality  analysis  of
the SEMA4 pathway, also identified in the hypothalamus and
pituitary, highlighted GCs as both primary ligand sources and
target  cells  (Supplementary  Figure  S11B).  To  gain  deeper
insights  into  the  interaction  between  GCs  and  oocytes,  the
expression  levels  of  ligand-receptor  interaction  pairs  in  the
seven  GC  subtypes  and  oocyte  clusters  were  examined
(Figure  6H;  Supplementary  Figure  S11C,  D  and  Table  S4).
This analysis revealed that the GC2 and GC3 clusters, which
appeared  later  in  the  pseudotime  trajectory,  engaged  in  a
broad  range  of  autocrine  and  paracrine  interactions
(Figure  7A;  Supplementary  Figure  S11E).  The  primary
mediators  of  the  SEMA4  pathway,  SEMA4G-PLXNB2  and
SEMA4D-PLXNB2,  play  a  significant  role  in  these  processes
(Supplementary Figure S11F).
Through  pattern  recognition  analysis,  detailed  signaling

patterns  were  further  investigated,  focusing  on  outgoing
(ligand)  and  incoming  (receptor)  signals  across  these
pathways  (Figure  7B).  Results  indicated  that  the  GC2,  GC3,
and  GC6  clusters,  located  at  the  later  stages  of  the

pseudotime  trajectory,  coordinated  both  outgoing  and
incoming  signals  across  most  pathways.  These  findings
suggest  a  dynamic  process  of  GC  self-regulation  and
interaction,  with  signaling  activity  gradually  intensifying  as
follicular  development  progresses.  Additionally,  oocytes
coordinated  outgoing  and  incoming  signals  within  the  CD99
and  LIFR  pathways,  significantly  influencing  these  signaling
networks (Figure 7C).  Moreover,  the FN1,  ANGPTL,  and KIT
signaling pathways, primarily driven by oocytes, predominantly
affected  the  GC2  and  GC3  clusters  (Figure  7D),  highlighting
the  complex  signaling  crosstalk  between  oocytes  and  GCs
during ovarian development. 

Comparative analysis of pituitary and ovarian differences
between  Lohmann  layers  and  Liangshan  Yanying
chickens
The  HPO  axis  plays  a  crucial  role  in  regulating  reproduction
and egg-laying in  chickens.  Investigating whether  the cellular
heterogeneity within this axis differs between Lohmann layers
and  Liangshan  Yanying  chickens  could  provide  valuable
insights  into  variations  in  their  reproductive  performance  and
egg  production.  UMAP  analysis  revealed  that  cellular
heterogeneity  between  these  two  chicken  populations  was
most pronounced in the pituitary and ovary, with no significant
differences  observed  in  the  hypothalamus  (Figure  8A–C).
Comparative  assessment  of  cell  numbers  and  cluster
distribution further confirmed these differences in the pituitary
and ovary,  with  minimal  hypothalamic  variations between the
two  populations  (Figure  8D–F;  Supplementary  Figure
S12A–C).
In  the  hypothalamus  of  both  chicken  populations,  neurons

were  the  predominant  cell  type,  although  some  variations
were  noted  in  the  number  of  cells  within  specific  neuronal
subtypes  (Figure  8D;  Supplementary  Figure  S12A).  In  the
pituitary,  distinct  distribution  patterns  were  observed  across
different  clusters  of  Lac,  Soma,  Gona,  and  Pro  populations,
with  differences  in  cell  proportions  between  the  two
populations  (Figure  8E;  Supplementary  Figure  S12B).
Specifically, the Lohmann layers displayed a higher proportion
of  Gona  (23.60%),  while  the  Liangshan  Yanying  chickens
exhibited  a  higher  proportion  of  Lac  (30.99%).  In  the  ovary,
the  primary  differences  between  the  two  populations  were  in
the  proportions  of  various  cell  types,  with  Lohmann  layers
showing  a  higher  proportion  of  theca  cells  (22.59%),  stromal
cells  (12.79%),  pre-GCs  (1.37%),  and  GCs  (21.10%),  and
Liangshan  Yanying  chickens  showing  a  higher  proportion  of
immune cells (Figure 8F; Supplementary Figure S12C). These
differences  in  the  distribution  of  cell  types  may  significantly
contribute  to  the  variations  in  reproductive  performance
between the two chicken populations.
A comparative analysis of DEGs in the hypothalamus of the

two  chicken  populations  revealed  only  a  small  number  of
DEGs  in  neuronal  cells  (Supplementary  Figure  S12D,  E  and
Table  S5).  In  the  pituitary,  KITLG,  known  for  its  pleiotropic
effects  on  cell  proliferation  and  differentiation,  exhibited
differential  overexpression  in  the  Gona  cells  of  Lohmann
layers  (Supplementary  Figure  S12F,  G  and  Table  S6).  GO
and  KEGG  analyses  of  these  DEGs  showed  enrichment  in
terms  related  to  “development  of  female  primary  sexual
characteristics”  and  “female  sex  differentiation”
(Supplementary  Figure  S12H,  I  and  Tables  S8,  S9).  In
contrast,  significant  differences  were  observed  in  the  ovary,
particularly within the four functional cell types (Figure 8G, H;
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Supplementary  Table  S7).  Notably,  RLN3,  SMAD2,  INHBB,
and  INHA  were  differentially  highly  expressed  in  the  GCs  of
Lohmann  layers  (Figure  8H).  GO  and  KEGG  analyses  of
DEGs  in  GCs  of  Lohmann  layers  highlighted  enrichment  in
terms  and  pathways  associated  with  hormone  synthesis  and
metabolism,  whereas  Liangshan  Yanying  chickens  showed
stronger enrichment in terms and pathways related to mitosis
and  the  cell  cycle  (Figure  8I,  J;  Supplementary  Tables  S10,
S11).
Further analysis of expression variations in genes related to

ovarian  development  and  function  in  Lohmann  layers  and
Liangshan  Yanying  chickens  was  conducted  (Figure  8K),
revealing  that  most  genes  were  more  highly  expressed  in
Lohmann layers. In situ hybridization of GRP and GRPR in the
hypothalamus,  pituitary,  and  ovary  of  Lohmann  layers  and
Liangshan  Yanying  chickens  was  conducted  (Supplementary
Figure  S13).  Consistent  with  the  sequencing  data, GRP was
mainly  expressed  in  the  anterior  pituitary  and  partially  in

ovarian theca cells, while GRPR was mainly expressed in the
hypothalamus  and  GCs.  These  findings  suggest  that  GRP,
primarily  secreted  by  the  pituitary  Gona,  may  act  on
hypothalamic  neurons through short-loop communication and
on GCs of  early ovarian follicles through endocrine signaling.
The  differential  expression  of  GRP  and  GRPR  in  different
tissues between the two chicken populations provides further
evidence  that GRP  affects  ovarian  development  in  chickens.
Overall,  these  transcript-level  distinctions  between  Lohmann
layers and Liangshan Yanying chickens across all three HPO
axis tissues, particularly in the pituitary and ovary, underscore
the  genetic  and  functional  divergences  underlying  their
reproductive performance (Figure 9). Furthermore, production
data  collected  from  100  Lohmann  layers  and  128  Liangshan
Yanying  chickens  demonstrated  significant  differences  in  key
reproductive  traits,  including  body  weight  at  the  onset  of
laying,  age at  the onset  of  laying,  and egg production at  300
days of age (Figure 8L–N). 

 

Figure 7  Signaling crosstalk between different GC subtypes and oocytes in the ovary

A: Hierarchical plot showing intercellular communication network for SEMA4 signaling pathway. Circle sizes represent number of cells, and edge
widths  represent  communication  probability.  B:  Dot  plots  showing  alterations  in  outgoing  (ligand)  and  incoming  (receptor)  signaling  pathways  in
seven  GC subtypes  and  oocytes.  Dot  size  is  proportional  to  contribution  score,  calculated  from pattern  recognition  analysis.  Higher  contribution
scores suggest that the signaling pathway is more enriched in the corresponding cell subset. C, D: Heatmap showing relative importance of each
cell  group  based  on  four  network  centrality  measures  computed  for  CD99,  LIFR,  FN1,  ANGPTL,  and  KIT  signaling  networks,  respectively.
Mediators  are  cells  that  control  communication  flow  between  any  two  cell  groups,  with  higher  values  indicating  greater  capability  to  control
communication flow. Influencers are cells that control  information flow within a signaling network, with higher values indicating greater control  on
information  flow.  Importance is  the  magnitude of  the  possibility  of  the  four  roles  (sender,  receiver,  mediator,  and influencer)  that  cell  types play.
Darker colors indicate a greater role played by that cell.
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Figure 8  Differences between Lohmann layers and Liangshan Yanying chickens primarily manifested in the pituitary and ovary

A–C: UMAP plots showing distribution of all cells in the hypothalamus (HY), pituitary (PI), and ovary (OV) in different populations: Lohmann layers
(LM, red) and Liangshan Yanying chickens (YY, blue). D–F: Distribution of cell numbers by cluster in the hypothalamus, pituitary, and ovary in LM
and YY. Bars represent percentage of cells from LM and YY groups per cluster (0% to 100%). G: Heatmap showing DEGs in LM and YY groups in
different cell types. Red and blue indicates genes up-regulated in LM and YY, respectively. Number of DEGs is indicated. H: Multiple volcano maps
showing DEGs in LM and YY groups in different cell types. Representative genes are indicated. I, J: Bidirectional bar plots showing GO and KEGG
enrichment analysis of DEG in GCs of LM and YY. X-axis represents P-value. K: Gene expression signature dividing four functional cell types of LM
and YY by unsupervised hierarchical clustering. Transcription factor- (red), hormone- (purple), and receptor- (blue) related genes are marked with
corresponding colors. L–N: Violin plot showing differences in weight at onset of laying, age at onset of laying, and egg production at 300 days of age
between LM and YY. Box plot: median (center black line), interquartile range (dark box), and minimum-maximum range (whiskers). Wilcoxon test
was used to analyze differences, with P<0.05 indicating a significant difference.
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DISCUSSION

The introduction of high-resolution single-cell  sequencing has
revolutionized  the  ability  to  delineate  the  atlas  of  diverse  cell
types  and  determine  the  molecular  basis  underlying  the
cellular  heterogeneity  across  various  complex  biological
processes  associated  with  physiology  and  pathology
(Svensson et al., 2018). Despite considerable progress in this
field, a comprehensive transcriptome profile encompassing all
three  components  of  the  HPO  axis  within  a  single  individual
has  not  yet  been  fully  documented.  Consequently,  many
aspects  of  the  intricate  and  highly  coordinated  processes
within  the  HPO  axis  remain  unexplored  (Kaprara  &
Huhtaniemi,  2018;  Zhao  et al.,  2023).  In  this  study,  we
employed  scRNA-seq and  snRNA-seq techniques  to  achieve
an  unprecedented  resolution  in  identifying  cell  type-specific
molecular features in the hypothalamus, pituitary, and ovary of
adult chickens. Chickens serve as a crucial model organism in
biological research (Brown et al., 2003; Cogburn et al., 2007),
and  our  investigation  into  the  chicken  HPO  axis  not  only
deepens our understanding of  reproductive physiology in this
species  but  also  provides  valuable  insights  to  other  species,
contributing  to  a  broader  understanding  of  the  universal
mechanisms  regulating  the  HPO  axis  and  reproductive
physiology.
Previous  studies  have  characterized  distinct  cell  types

within the hypothalamus, pituitary, and ovarian tissues of both
humans  and  mice.  In  the  current  investigation,  we  identified

two prominent neuronal subtypes (nGlut and nGABA) and four
glial  cell  subtypes  in  the  hypothalamus  of  adult  chickens,
mirroring  findings  in  humans  and  mice  (Chen  et al.,  2017;
Zhou et al.,  2022).  In  the pituitary,  we identified  five  classical
endocrine  cell  populations,  alongside  non-endocrine  cells
such  as  stem  cells  and  Pros.  Notably,  folliculostellate  cells,
which  express  the  S100  protein  marker  and  have  been
documented  in  numerous  studies,  were  not  detected  in  our
dataset  (Botermann  et al.,  2021;  Higashi  et al.,  2021;  Zhang
et al.,  2021).  Additionally,  while  melanocyte-stimulating
hormone (MSH) is typically secreted by the intermediate lobe
of the pituitary in mammals, birds and other lower vertebrates
lacking  an  intermediate  lobe  still  contain  MSH  (Cal  et al.,
2017; El  Sayed  et al.,  2023;  Takeuchi  et al.,  2003; Xu  et al.,
2022).  Nonetheless,  melanotrophs  were  not  detected  in  our
analysis of the anterior lobe of the adult chicken pituitary, nor
in  previously  published  datasets.  This  absence  may  be
attributed  to  the  high  expression  of POMC  in  melanotrophs,
which  may  prevent  the  formation  of  distinct  clusters  during
analysis, similar to Cort (Zhang et al., 2021). In the ovary, we
identified  four  primary  cell  types,  including  immune  cells
(macrophages, T/NK cells, and B cells), GCs, theca cells, and
stromal cells, consistent with findings in mammals (Fan et al.,
2019;  Morris  et al.,  2022;  Wang  et al.,  2020).  However,
oocytes  were  less  abundant  in  our  dataset.  These
discrepancies  in  captured  cell  types  and  proportions  may  be
attributed  to  the  heterogeneity  of  species,  developmental
processes,  tissue  conditions,  and  different  sequencing

 

Figure 9  Schematic of HPO axis molecular network differences between Lohmann layers and Liangshan Yanying chickens
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platform limitations.
The HPO axis represents a comprehensive and coordinated

neuroendocrine  system,  essential  for  regulating  reproductive
function.  The  hypothalamus  orchestrates  the  release  of  LH
and FSH from the pituitary via the secretion of GnRH into the
pituitary  portal  system,  thereby  governing  ovarian
development  and  sex  hormone  secretion  (Spaziani  et al.,
2021).  The  synthesis  and  release  of  GnRH  are  affected  by
complex  neuroregulatory  mechanisms  and  vascular  supply.
Among  the  various  ligands  interacting  with  GnRH  in  the
regulation  of  reproduction,  PACAP  (or  ADCYAP1)  plays  a
crucial  role.  Notably,  PACAP modulates  the  effects  of  GnRH
on  gonadotropin  gene  expression,  not  only  by  altering
hypothalamic GnRH release but also by facilitating substantial
cross-talk  within  the  pituitary,  affecting  receptor  expression,
intracellular  signaling,  and  transcriptional  regulation
(Halvorson, 2014). Studies have demonstrated that the GnRH
neuronal cell line, GT1-7, expresses multiple PACAP receptor
splice  variants  and  responds  to  PACAP  stimulation  by
increasing  cAMP  production  and  GnRH  receptor  (GnRH-R)
expression  (Kanasaki  et al.,  2013;  Olcese  et al.,  1997).
Moreover,  recent  research  has  suggested  a  novel  role  for
PACAP-expressing neurons in the hypothalamus, highlighting
their  involvement  in  relaying  nutritional  state  information  to
regulate  GnRH  release,  ultimately  influencing  reproductive
function  in  female  mice  (Ross  et al.,  2018).  In  our  study,  the
nGABA1  neuronal  cluster,  which  predominantly  expressed
GNRH1,  emerged  as  a  major  target  of  the  PACAP signaling
pathway.  Conversely,  the  nGlut2  cluster,  identified  as  the
primary  source  of  ligands,  exhibited  high  expression  of
ADCYAP1  and  ESR2.  These  findings  suggest  that  ovarian
estrogen,  acting  on  the  hypothalamus  through  feedback
mechanisms,  may  influence  GnRH  synthesis  and  release  by
modulating  ligand  production  within  the  PACAP  pathway,
rather  than  directly  acting  on  GnRH  neurons.  This  insight
offers  potential  resolution  to  the  ongoing  debate  about
estrogen  receptor  expression  in  GnRH  neurons,  suggesting
new  possibilities  for  the  indirect  effect  of  estrogen  on  GnRH
release (Herbison & Pape, 2001; Petersen et al., 2003).
In  addition,  glial  cells  are  integral  to  neuroendocrine

regulation, participating in the transient remodeling of neuronal
connections  within  the  hypothalamus  (Garcia-Segura  et al.,
2008).  Gonadal  hormones  exert  both  direct  and  indirect
effects  on  glial  plasticity,  modulating  various  signaling
pathways  that  influence  glial  function  and  the  interactions
between  glial  cells,  particularly  astrocytes,  and  neurons
(Mahesh  et al.,  2006;  Sharif  et al.,  2013).  The  expression
profiles obtained in our study revealed that different glial cells
expressed distinct pituitary hormone receptors, indicating that
these  cells  receive  a  variety  of  regulatory  signals.  Current
research  has  established  that  glial  cells  interact  with  GnRH
neurons  through  neurotransmitter  release,  endocrine
regulation,  signaling  pathways,  and  environmental  regulation
(Clasadonte  &  Prevot,  2018).  Our  analysis  identified  three
primary  interaction  pathways,  including  the  AGT,  VTN,  and
SEMA3  pathways.  AGT  is  a  key  molecule  in  the  renin-
angiotensin  system,  which  plays  an  important  role  in
regulating  blood  pressure  and  electrolyte  balance  (Kahlon
et al.,  2022).  VTN,  as  an  extracellular  matrix  protein,  is
involved  in  cell  adhesion  and  blood  coagulation  (Schvartz
et al.,  1999).  SEMA3  is  an  important  regulator  involved  in
angiogenesis (Jiao et al.,  2021).  These findings suggest  that,
in addition to their established roles, glial cells may affect the

hypothalamic  environment  by  regulating  angiogenesis  and
microcirculation,  thereby  affecting  GnRH  synthesis  and
release.
Our analysis of the pituitary dataset revealed the absence of

LHB  expression  and  minimal  GNRHR expression,  consistent
with  previous  research  on  turkeys  showing  changes  in  HPO
axis  gene  expression  during  the  preovulatory  surge  (Brady
et al.,  2019,  2023).  Research  has  demonstrated  that  FSH
secreted  in  the  pituitary  can  regulate  its  own  secretion  via  a
negative feedback mechanism acting on Gona (Padmanabhan
&  Cardoso,  2020;  Ulloa-Aguirre  et al.,  2018).  Additionally,
PRL,  another  pituitary  hormone,  has  been  shown  in  many
mammals  to  inhibit  GnRH  secretion  from  the  hypothalamus.
PRL  can  also  suppress  the  sensitivity  of  pituitary  Gona  to
GnRH under specific  physiological  or  pathological  conditions,
leading  to  a  decrease  in  LH  secretion  (Barad  et al.,  2020;
Freeman  et al.,  2000;  Grattan  et al.,  2007).  Our  analysis  of
pituitary  signaling  crosstalk  identified  Gona  cells  as  a
significant  source  of  ligands  and  target  cells  in  the  FSH  and
PRL  pathways.  Furthermore,  the  co-expression  patterns  of
neuropeptides and receptors in the hypothalamus suggest that
growth  hormone-releasing  hormone  (GHRH)  synthesis  and
release  in  the  pituitary  are  regulated  by  gonadotropins,
whereas  corticotropin-releasing  hormone  (CRH)  and
thyrotropin-releasing hormone (TRH) are regulated by growth
hormone  and  estrogen,  respectively.  This  hierarchical
feedback  pattern  may  influence  the  synthesis  and  release  of
GnRH  and  LH  by  regulating  the  secretion  of  PRL.  We
hypothesize  that  these  regulatory  mechanisms  contribute  to
the  observed  alterations  in  gene  expression  within  the  HPO
axis during the preovulatory surge. However, further research
is  required  to  determine  whether  these  mechanisms  are
specific to birds or extend to other vertebrates.
Prior  research  has  shown  that  AMH  is  predominantly

synthesized and secreted by early follicular  GCs in the ovary
(Li et al., 2022; Wang et al., 2020; Zhang et al., 2018), playing
a crucial role in inhibiting early follicular growth and regulating
follicle number and development in the ovary (Dewailly  et al.,
2016;  Di  Clemente  et al.,  2021).  The  two  primary  pituitary
gonadotropins,  FSH  and  LH,  stimulate  AMH  expression  in
small  growing  follicles  (Dewailly  et al.,  2016;  Di  Clemente
et al., 2021). In mammals, LHCGR is moderately expressed in
the smallest follicles, and its presence is thought to be linked
to  the  positive  effects  of  LH  on  follicle  survival  and
development  (Jeppesen  et al.,  2012;  La  Marca  et al.,  2023).
Our findings substantiate the idea that FSHR and LHCGR are
highly  expressed  in  the  GC7  subtype,  correlating  with  the
highest AMH  expression.  Ovarian  follicular  development  is  a
complex process involving endocrine, paracrine, and autocrine
signaling  within  the  HPO  axis  (Li  et al.,  2021).  The  function
and gene expression profiles of GCs vary considerably during
this  process,  facilitating  follicular  maturation  through  direct
contact  and  adhesion  to  oocytes  (Abbassi  et al.,  2021;  Li
et al.,  2022).  This  complex process involves the exchange of
multiple  regulatory  signals.  Beyond  the  well-established  KIT
signaling pathway, other pathways, such as CD99, LIFR, FN1,
and ANGPTL,  may also participate  in  oocyte-GC interactions
(Zhang et al.,  2018).  However,  further  experimental  evidence
is required to validate these potential associations.
Recent research has highlighted the significant role of RLN3

in  various  physiological  functions,  including  pregnancy
response,  metabolism,  stress regulation,  and energy balance
(Bathgate et al., 2013; Patil et al., 2017). RLN3 is increasingly
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recognized as a novel  endocrine hormone involved in female
reproduction, with abundant expression in pituitary Gona cells
and  ovarian  GCs  of  adult  female  chickens  (Li  et al.,  2022;
Zhang  et al.,  2021).  It  is  also  highly  expressed  in  the
hypothalamus of  newly  hatched chicks  (Higgins  et al.,  2010).
In  this  study,  RLN3  demonstrated  elevated  expression  in
hypothalamic neurons, pituitary Gona cells, and ovarian GCs.
Furthermore,  its  receptor,  RXFP1,  co-localized  with  FSHR,
LHCGR, and GRPR in neuronal clusters in the hypothalamus,
suggesting  complex  interactions  within  the  HPO  axis.  GRP
and  its  receptor  GRPR,  which  are  conserved  in  vertebrates,
are  involved  in  various  autonomic-related  functions,  such  as
cell  growth/proliferation,  circadian  rhythms,  emotional
responses,  memory,  and male reproductive function (Hirooka
et al., 2021; Roesler & Schwartsmann, 2012; Sakamoto et al.,
2008).  In  chickens, GRP  is  highly  expressed  in  the  pituitary
Gona  cells,  while  GRPR  is  widely  expressed  in  the
hypothalamus  and  ovaries  (Mo  et al.,  2017;  Zhang  et al.,
2021).  Consistent  with  these  findings,  our  data  showed  high
GRP expression in all four pituitary Gona subtypes, as well as
ovarian  theca  cells  and  GCs.  Conversely,  GRPR  was
predominantly  detected in  hypothalamic  neurons and ovarian
GCs.  CART  has  been  detected  in  various  tissues,  including
the hypothalamus, pituitary, and ovaries (Koylu et al., 1997; Li
et al.,  2017,  2018;  Zhang  et al.,  2021).  CART  expression  is
tightly regulated by hypothalamic GnRH (Mo et al., 2019; True
et al.,  2013)  and  is  involved  in  feeding  regulation,  ovarian
follicular  development,  and  steroidogenesis  (Li  et al.,  2017,
2018;  Venancio  et al.,  2017).  In  this  study,  CARTPT  was
highly  expressed  in  hypothalamic  neurons,  pituitary  Gona
cells,  and  ovarian  GCs.  However,  further  research  is
warranted  to  discern  the  physiological  implications  of  these
findings  and  to  explore  whether  RLN3,  GRP,  and  CART
function  as  novel  endocrine  hormones,  contributing  to  the
regulatory  activities  of  the  HPO  axis  through  autocrine,
paracrine, and endocrine pathways.
Semaphorin  and  plexins  constitute  a  major  family  of

guidance molecules and receptors,  pivotal  in  processes such
as  cell  migration,  neurodevelopment,  and  angiogenesis
(Conrotto  et al.,  2005;  Limoni  &  Niquille,  2021).  Within  this
family,  semaphorin  4D  (SEMA4D  or  CD100)  serves  as  a
crucial mediator of migration and differentiation across various
cell types (Fisher et al., 2016). SEMA4D is presumed to act as
both a receptor, signaling through its cytoplasmic domain, and
a ligand (Hall et al., 1996). Notably, SEMA4D  is expressed in
mouse ovarian GCs, where it influences follicular development
and steroid hormone secretion (Regev et al., 2007). SEMA4D
knockout  mice  exhibit  reduced  Gnrh1  expression  in  the
hypothalamus  and  a  diminished  number  of  ovarian  follicles
(Dacquin et al., 2011). SEMA4D interacts with several cellular
receptors,  including  PLXNB1,  PLXNB2,  and  CD72  (Fisher
et al.,  2016).  Among  these,  PLXNB2,  implicated  in  the
regulation  of  adult  cell  proliferation  through  SEMA4D
signaling,  promotes  the  chemomigration  of  immortalized
GnRH  neurons  (Giacobini  et al.,  2008;  Saha  et al.,  2012).
Another  member of  the semaphorin protein family,  SEMA4G,
is  expressed  in  the  mouse  hypothalamus  and  pituitary  (Li
et al., 1999). Recent studies have also indicated that SEMA4G
is highly expressed in the ovarian tissue of highly fertile goats,
significantly  promoting  the  proliferation  of  GCs  (Chen  et al.,
2024). Our analysis supports the hypothesis that hypothalamic
neurons,  pituitary  Gona  cells,  and  ovarian  GCs  are  the
primary  sources  of  ligands  and  target  cells  in  the  SEMA4

pathway,  as  revealed  by  CellChat  analysis.  Among  the  most
prominent  ligand-receptor  pairs  identified, SEMA4D-PLXNB2
was  also  present  in  the  ovary.  Further  research  in  this  area
should further elucidate the crucial role of the SEMA4 pathway
in the regulation of the HPO axis.
In  addition  to  cell  type  classification,  scRNA-seq  and

snRNA-seq enable detailed analysis of differences in cell type
proportions  and  gene  expression  within  complex  tissues
across  breeds  (Verma  et al.,  2023).  In  this  study,  we
conducted  a  comparative  transcriptional  analysis  of  the
hypothalamus,  pituitary,  and  ovary  between  Lohmann  layer
and  Liangshan  Yanying  chicken  populations.  Overall,  the
primary differences between the two chicken populations were
observed  in  the  pituitary  and  ovary,  aligning  with  previous
transcriptome-level  studies  (Brady  et al.,  2023; Wang  &  Ma,
2019). Notably, the ovaries of the Lohmann layers, known for
superior  reproductive  performance,  exhibited  elevated
expression  of  three  novel  peptide  hormones — GRP,  RLN3,
and  CARTPT — along  with  several  receptors,  including
LHCGR,  FSHR,  and  GRPR.  These  findings  support  the
hypothesis  that  these  molecules  play  crucial  roles  in  female
reproduction,  influencing  ovarian  function,  follicular
development,  and  ovulation  processes.  Future  research  on
these  genes  in  avian  species  and  other  vertebrates  will  not
only  clarify  their  impact  on  ovarian  development  and
reproductive health in females but also their associations with
diverse  phenotypic  traits  in  poultry,  including  egg-laying
performance,  reproductive  strategies,  body  composition,  and
behavior. 
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