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Single-cell transcriptomic reveals a cell atlas
and diversity of chicken amygdala
responded to social hierarchy

Siyu Chen,1,3,4,* Limin Xing,1,3 Zhijiang Xie,1 Mengqiao Zhao,1 Hui Yu,1 Jiankang Gan,2 Haiquan Zhao,1

Zheng Ma,1,* and Hua Li1,2,*
SUMMARY

Amygdala serves as a highly cellular, heterogeneous brain region containing excitatory and inhibitory neu-
rons and is involved in the dopamine and serotoninergic neuron systems. An increasing number of studies
have revealed the underpinned mechanismmediating social hierarchy in mammal and vertebrate, howev-
er, there are rare studies conducted on how amygdala on social hierarchy in poultry. In this study, we con-
ducted food competition tests and determined the social hierarchy of the rooster. We performed cross-
species analysis with mammalian amygdala, and found that cell types of human and rhesus monkeys were
more closely related and that of chickens were more distant. We identified 26 clusters and divided them
into 10 main clusters, of which GABAergic and glutamatergic neurons were associated with social behav-
iors. In conclusion, our results provide to serve the developmental studies of the amygdala neuron system
and new insights into the underpinned mechanism of social hierarchy in roosters.

INTRODUCTION

The amygdala is a highly cellular, heterogeneous brain region that contains excitatory and inhibitory neurons and various nonneuronal cell

types as well.1 Neuronal transcription is closely related to changes in the structure and function of neurons.2 The amygdala is known for con-

trolling emotion and social behaviors, learning, and is involved in the dopamine and serotoninergic neuron systems and closely related to

social hierarchy of animals,1 and therefore as a targeted brain organ/used to identify the neuron diversity in response to social behaviors.

The highest ranking macaque has bilateral amygdala damage, which will reduce social status, while the competitiveness of low ranking in-

dividuals increases in the transition to authoritarian rule.3 In addition, the activation of GABAA receptors in the basolateral amygdala will pre-

vent hamsters from failing to acquire conditions, thereby affecting social hierarchy.4 In relation to social hierarchy, extensive knowledge is

accumulated on how social status influences brain function and health to understand the neural mechanisms that underlie dominance

behavior. In mice, the epigenetic regulation of winning experience was responsible for the ascendance in social status5 and, further, a novel

pathway of lncRNA AtLAS and its target syn2b were revealed in the regulation of social hierarchy by controlling postsynaptic AMPAR traf-

ficking.6 In macaques, social hierarchy was found to be associated with the immune function and was regulated by the toll-like receptor 4

pathway.7 In mammals, accelerated evolution of an Lhx2 enhancer PAS1-Lhx2 modulates social hierarchy and was essential for establishing

social stratification.8 Additionally, in ants, the Kr-h1 was known to maintain distinct caste-specific neurotranscriptomes in response to socially

regulated hormones.9 However, there are rare studies conducted on the interaction of amygdala function on social hierarchy in avians.

On the other hand, single-cell RNA sequencing (scRNA-seq) enables the identification of cell subtypes and elucidation of single-cell tran-

scriptomic dynamics.10 The scRNA-seq is a particularly powerful tool for locating target cells of neuronal neurons, as it allows effective analysis

of related mRNAs and host signature genes in a single cell,11 and can provide an unbiased characterization of behavior-host interactions in

individual cells, which are ignored at the population level.11 Recently, scRNA-seq has made significant research progress in different brain

tissues. For example, scRNA-seq revealed the diversity of mouse hypothalamic cells and found that food deprivation had different transcrip-

tional effects between different neuronal subtypes,12 as well as cell type and the transcriptional of mouse amygdala response to fear

conditioning.13

Significantly, scRNA-seq was also used to generate a cell atlas of the chick retina,14 limb,15 and skeletal muscles,16 develop an intricate

interplay between cellular differentiation and morphogenesis of chicken heart,17 and gonadal sex differentiation in the chicken embryo.18

However, the complete classification of cell types in amygdala of chicken has not been reported. Study the network of specialized neuronal
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Figure 1. Results of the social hierarchy for roosters

(A) Social hierarchy of roosters at different age. Each row represents a rooster, and different colors represent different social ranks.

(B‒G) Represent the social hierarchy results of groups 1 to 6, respectively. The horizontal axis represents the age of roosters, the vertical axis represents social

hierarchy, lines of the same color connected represent a rooster.
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and glial cell types of chicken brain, and how it plays a role in the establishment of social hierarchy, in order to better understand the under-

pinned mechanism by which brain neurons on social behaviors. In this study, we established social hierarchies by food competitive tests in

roosters, and profiled the deep transcriptomes of amygdala cells from highest and lowest social rank roosters. We determined the transcrip-

tional profiles of amygdala cells to figure out different subtypes of neurons at different social hierarchies exhibit different transcriptional ef-

fects. Our results will provide a cellular reference map of the amygdala and lead to discover new potential social behavior foundations for

future selection strategy for breeders.

RESULTS

Overview of the cell types in the amygdala identified by scRNA-seq

In order to explore the characteristics of cell transcriptome of amygdala, we used amygdala tissue of roosters for scRNA-seq.We ranked each

group of chickens in terms of the aggressive interactions determined by four food competition tests, and the results showed that the social

rank of chickens tended to stabilize along as they age (Figure 1). In order to evaluate the influence of social hierarchy on cell type of amygdala,

scRNA-seq was conducted in amygdala of chickens with high and low social ranks.
2 iScience 27, 109880, June 21, 2024
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Cells with less than 400 genes or more than 10% mitochondrial unique molecular identifier (UMI) counts were filtered out, and only genes

with at least one UMI count detected in at least one cell were used for further analysis. The sequencing data statistics and quality control were

shown in Table S1. After removing cells with minimum andmaximum thresholds for read numbers per cell (nUMI), number of genes detected

per cell (nGene), and mitochondrial RNA genes were determined. There were 14672 and 11753 estimated cells in the high social rank (HSR)

and the low social rank (LSR) roosters, respectively (Table S1). After removing low-quality cells, batch effect correction was calculated. First,

canonical correlation analysis (CCA) was performed on all samples and then themutual nearest neighbors (MNN) between cells was found to

construct the correspondence between cells. Finally, multiple samples used the correspondence between cells as anchors to complete data

integration and batch effect correction.19

Classification of cell types in amygdala

Cell types were classified based on t-distributed Stochastic Neighbor Embedding (tSNE) dimensionality reduction and unsupervised cell clus-

tering. Accordingly, 26 cell clusters were identified based on the expressed unique transcriptional profiles (Figure 2B). The information of

these cell types was shown in Table S2. We further divided them into eight main clusters including GABAergic neurons, glutaminergic neu-

rons, astrocytes, oligodendrocytes, oligodendrocytes precursor cells (OPCs), newly formed oligodendrocytes (NFO) ependymal cells, endo-

thelial cells, microglial cells, and fibroblasts (Figure 2C). We defined each cluster by the expression of specific marker genes (Figures 2D–2K).

The GABAergic neurons were marked by gad1, gad2, nrxn3, and slc32a1; the glutaminergic neurons were defined by slc17a6, lmo3 and gls2;

the oligodendrocyte was identified by cnp and ugt8; the OPC weremarked by pdgfra andmyt1; and the NFOwere defined by fyn. These cell

subtypes reflected various differentiation stages of oligodendrocytes. The astrocytes could also be distinguished from subtypemarkers gja1,

aqp4 and acsbg1. The endothelial were marked by flt1, egfl7 and eng. We identified microglial cells through four marker genes sall1, sncb,

tmsb4x and fth1. The expression of prdm6 and bnc2 represented fibroblasts. The ependymal cells were marked by spef2. The expression of

each gene in the subpopulation ia shown in Figure S1. Overall, the types of clusters in this study were similar to those in brain regions of other

species.20

The amygdala harbors multiple transcriptionally distinct neuron subtypes

We identified eight glutamatergic neuron subtypes, and six GABAergic neuron subtypes. After that, 5054 GABAergic neurons were divided

into 12 sub-clusters (Figure 3A), and 10475 glutamatergic neurons were into 13 sub-clusters (Figure 3B) by tSNE. Slc32a1 was the essential

marker genes of GABAergic neurons,21 which was highly expressed in all 12 neuronal sub-clusters (Figure S2A). Generally, slc17a6 (vglut2)

and slc17a7 (vglut1) were central marker genes for glutamatergic neuron.21 In this study, we found that slc17a6 was expressed in each

sub-cluster (Figure S2B), but slc17a7 was not detected. To further identify the differential genes of each cell sub-clusters, we generated tran-

scriptomeheatmaps of the top five up-regulated genes in each sub-cluster (Figures 3C and 3D). After that, we performed cell set up-regulated

gene analysis on glutamatergic andGABAergic neuron. In glutamatergic neuron, there were 520, 562 and 517 up-regulated genes in the sub-

clusters 5, 10 and 11, respectively (Figure S2C). GABAergic neuron had 595 genes up-regulated in sub-cluster 9 and 564 genes up-regulated in

sub-cluster 11 (Figure S2D).

Analysis classes of GABAergic neurons in amygdala

In order to further classify GABAergic neurons, medial ganglionic eminence (MGE-class neuron; cluster 1,5,6,9), caudal ganglionic eminence

(CGE-class neuron; cluster: 7,11), and lateral ganglionic eminence (LGE-class neuron; cluster: 0,2,3,4,8,10) were obtained according to a pre-

vious study22 (Figure 4A). MGE-class neuron significantly expressed SST cortical interneurons, including sst, sox6 and trps1. Moreover, the

typical interneuron genes lamp5 and maf were highly expressed in MGE-class neuron. The cell cluster in MGE-class neuron was similar to

that of SST cortical interneurons. CGE-class neuron significantly expressed genes prox1, adarb2, and cnr1, which were enriched in cortical

interneurons, indicating that these cells are similar to CGE-class neuron derived cortical interneurons in transcription.23 In contrast, LGE

was identified by marker genes tshzi1, pbx3,meis2, and zehx4, which were mainly expressed in olfactory bulb interneurons in mouse and hu-

man.24 The expression of each gene in the subpopulation was shown in Figure 4B.We usedmonocle analysis to reconstruct the differentiation

relationship of sub-clusters. A total of 12 sub-clusters showed three different developmental trajectories, indicating different origins and des-

tinations of GABAergic neurons in the amygdala (Figure 4C). We determined the development starting point according to the gene expres-

sion of lhx6 in GABAergic neurons progenitor cells (Figure 4D). It can be seen from the Figure 4D that GABAergic neurons mainly have two

different development tracks.

Glutamatergic neurons diversity in amygdala

We then described the known and newpopulations emerging from the classification. Based on unsupervised clusters and transcriptional anal-

ysis, we revealed four different glutamatergic neurons subgroups, which were called glu.1 (cluster 5,10,11), glu.2 (cluster 0,1,2,7,8,9,12), glu.3

(cluster 4,6), and glu.4 (cluster 3) (Figure S3A). Glu.1 cells were enriched the marker genes, xylt1, gabrg3, zbed1, nts and col12a1; glu.2 was

clustered by the expression of slit3, il1rapl2, grm1, sorcs2, and so on; snx9 and znf385b were co-expressed in glu.3 (sub-cluster 4 and 6); and

nkain3 was the top differential marker gene of glu.4 (Figure S3B). Similarly, for the monocle analysis of 13 glutamatergic neurons, the results

showed four differentiation directions (Figure S3C). However, the origin of the differentiation was not identified by the marker genes of the

glutamatergic progenitors.
iScience 27, 109880, June 21, 2024 3



Figure 2. Identification of 26 cell types in chicken amygdala by scRNA-seq

(A) Schematic showing the process of snRNA-seq. After the social hierarchy is established, the amygdala tissue of high and low social hierarchy animals was taken,

the frozen amygdala tissue was homogenized, and the 10x Genomics Chromium Controller Instrument was used to generate the scRNA-seq library.

(B) tSNE plot showing the 26 subtypes identified in amygdala. Different colors represent different cell subtypes.

(C) t-SNE plot showing the different cell types in the amygdala based on transcriptome data.

(D‒K) Expression of marker genes (highlighted with green color) in the cell types on the t-SNE plot.
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Oligodendrocyte differentiation correlates with dynamic transcriptional changes

Cell clusters at different stages provided insights into the transcriptional process of oligodendrocyte differentiation. We made an unsuper-

vised pseudo time analysis by PAGA, where OPC, NFO, and oligodendrocytes were connected on the basis of their gene expression profiles

(Figure 5A). Based on the known differentiation direction, we determined OPC as the starting point of differentiation, and the differentiation

path was fromOPC to NFO to oligodendrocytes (Figure 5A). The gene expression of pdgfra, fyn, and cnpmatched this direction (Figure 5C),

considering that the pseudo time axis simulated the differentiation process of oligodendrocyte. Analysis of transcriptome data showed that

different cell clusters expressed specific gene during cell differentiation. For example, pdgfra and cntfr were highly expressed in OPC, NFO

specifically expressed arsj and lims2, and oligodendrocytes expressed st18 and cdh19 (Figure 5B). Notably, genes (lims2, znf516, arsj and so
4 iScience 27, 109880, June 21, 2024



Figure 3. Molecular taxonomy of GABAergic neurons and glutaminergic neurons in the amygdala

(A) Visualization of 12 sub-clusters of GABAergic neurons using two-dimensional tSNE. Different colors represent different cell subtypes.

(B) Visualization of 13 sub-clusters of glutaminergic neurons using two-dimensional tSNE. Different colors represent different cell subtypes.

(C) Heatmap showing the distribution and expression level of significantly differentially expression genes for each sub-cluster of GABAergic neurons. The top 5

variation genes in each sub-cluster are listed on the left.

(D) Heatmap showing the distribution and expression level of significantly differentially expression genes for each sub-cluster of glutaminergic neurons. The top 5

variation genes in each sub-cluster are listed on the left.
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on) with high expression in NFO may be important for the transformation from OPC to oligodendrocytes. Gene ontology (GO) analysis

showed that the NFO were mainly enriched in biological processes (Figure 5D), while OPC was enriched in biological processes and cellular

component for the top 20GO terms (Figure 4E).These findings indicated that up-regulated gene groups were enriched in different transcripts

during different differentiation stages of cell.

Cell type specific transcriptional response to social hierarchy by scRNA-seq

We compared the single cell gene expression profiles between HSR and LSR to check the transcriptional response of amygdala neuron sub-

types to different social hierarchy. The results indicated that high and low social hierarchy chickens have different effects on gene expression

of neuron subtypes in amygdala, among them, the percentage of GABAergic neurons of HSR (23.07%) was higher than that of LSR (14.21%),

and the percentage of glutamatergic neurons of LSR (46.94%) was higher than that of HSR (33.80%) (Figure 6A). Then wemade an inter group

analysis on these two types of neurons. The sub-clusters of neurons showed that differentially expressed genes (DEGs) were mainly enriched

in LGE (Figure 6B) and glu.3 (Figure 7A), DEGs identified in different neuronal clusters are enriched for genes of distinct functions, suggesting

that these neuronal sub-clusters may be the main cells in response to social hierarchy.

Then, we carried out GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis on the DEGs in glu.3 and GABA_LGE. In

GABA_LGE, DEGs weremainly enriched in biological process and cellular component. For biological process, DEGs were involved in cellular

process, single-organism process, biological regulation, metabolic process, response to stimulus, etc (Figure 6C). Themain enrichment path-

ways were energy metabolism, carbohydrate metabolism, nervous system immune system, etc (Figure 6D). In glu.3, for biological process,

those DEGs were mainly enriched in cellular process, single-organism process, biological regulation, metabolic process, response to stim-

ulus, etc (Figure 7B). For molecular function, the DGEs were principally involved in binding, catalytic activity, molecular function regulator,

transporter activity, etc (Figure 7B). For cellular component, DEGs were significantly enriched in cell, cell part, organelle and etcs (Figure 7B).
iScience 27, 109880, June 21, 2024 5



Figure 4. Molecular taxonomy of GABAergic neurons in chicken amygdala

(A) The t-SNE map showed that GABAergic neurons in the amygdala could be further divided into 3 clusters, MGE,LGE,CGE, respectively.

(B) Bubble plots showing the expression of cell type-specific gene markers in different cell clusters.

(C) Pseudo-temporal trajectory maps of 12 subclusters of GABAergic neurons.

(D) Pseudo time showing the possible trajectory of GABAergic neurons depended on biomarkers.
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KEGG analysis suggested that the genes were mainly involved in glycan biosynthesis and metabolism, lipid metabolism, endocrine system,

nervous system, immune system, translation, folding, sorting and degradation, transport and catabolism, signal transduction and so on

(Figure 7C).

Network of potential different gene-gene interactions in response to social hierarchy

In order to explore how glutamatergic and GABAergic neurons regulate the social hierarchy, we identified DEGs through STRING databases

and constructed a possible interaction network. In theGABAergic neurons,MCODEplug-in was used to analyzemodules in Cytoscape.Mod-

ules 1 included 24 nodes and 448 edges with a score of 19.478 (Figure 8A). Modules 2 consisted of 33 nodes and 406 edges with a score of
6 iScience 27, 109880, June 21, 2024



Figure 5. Transcriptional Dynamics during Oligodendrocyte Maturation in chicken amygdala

(A) Unsupervised ordering of oligodendrocytes precursor cells (red), newly formed oligodendrocytes (blue), and oligodendrocytes (dark red) based on their gene

expression profiles. Arrows indicate the direction of differentiation.

(B) Heatmap showing the distribution and expression level of significantly differentially expressed top 5 genes for each subcluster.
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Figure 5. Continued

(C) Scatterplots showing the transcriptional dynamics of pdgfra, fyn, and cnp along the pseudotime. X axis represents the pseudotime axis, y axis shows gene

expression level on log scale. Blue, pink, and green dots represent oligodendrocytes precursor cells, newly formed oligodendrocytes, and oligodendrocytes,

respectively.

(D) Enrichment circle diagram represents GO analysis results of newly formed oligodendrocytes.

(E) Enrichment circle diagram represents GO analysis results of oligodendrocytes precursor cells.
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12.688 (Figure 8B). RPS6KA2 (ribosomal protein S6 kinase A2), YWHAH (3-monooxygenase/tryptophan 5-monooxygenase activation protein

eta), ACTB (actin, beta), CDK14 (cyclin dependent kinase 14), RHOB (ras homolog family member B) and PPP2CA (protein phosphatase 2

catalytic subunit alpha) were selected as hub genes, as these genes were ranked in the top 20 in term of the calculation by five algorithms

using fivemethods in Cytoscape (Table S3). Particularly, most of the top 20 genes were in Module 1, which wasmore significant in all modules

implying that those six genes may play an important role in social hierarchy. Functional and pathway enrichment analysis of this module were

conducted using Clue-GO in Cytoscape. GO terms enrichment analysis indicated that genes were mainly enriched in response to hydrogen

peroxide, cellular response to carbohydrate stimulus, cyclic-nucleotide phosphodiesterase activity and regulation of cell division (Figure 8E).

In the glutamatergic neurons, we obtained two important modules from the network using MCODE. Modules 1 included 46 nodes and

1696 edges with a score of 37.689 (Figure 8C). Modules 2 included 50 nodes and 1152 edges with a score of 23.510 (Figure 8D). The hub genes

were selected as mentioned above (Table S4). These genes were AKT1 (AKT serine/threonine kinase 1), SGK1 (serum/glucocorticoid regu-

lated kinase 1), RHOBTB1 (Rho related BTB domain containing 1), YES1 (YES proto-oncogene 1, Src family tyrosine kinase), PKN2 (protein

kinaseN2),CDK14 (cyclin dependent kinase 14), RHOB (ras homolog familymember B), LRRK1 (leucine rich repeat kinase 1), and FLT4 (related

tyrosine kinase 4). We found that those genes were in module1. Afterward, we conducted functional enrichment analysis on genes in module

1. GO analysis revealed that the pathway of positive regulation of stress-activated MAPK cascade. Besides, cellular response to reactive ox-

ygen species, regulation of epithelial cell migration, phosphatidylinositol phosphate kinase activity, autophagosome assembly and peptidyl-

serine phosphorylation pathways were mainly enriched (Figure 8F).

In particular, there are common hub genes RHOB and CDK14 in both the glutamatergic and GABAergic neurons. This implied that these

two genes may play an important role in regulating social hierarchy. Afterward, some hub gens were selected for qPCR. The relative fold-

change of these selected genes was consistent with scRNA-seq results, suggesting that the transcript identification and abundance estima-

tion were highly reliable (Figure S4).

Comparison of chicken and mammalian amygdala cell clusters

To investigate the conservation and heterogeneity of cell types between species, we integrated data from the amygdala of domestic chickens

with published single-cell datasets from the amygdala of human and rhesus monkeys, constructed homologous gene pairs, and submitted

the entire population for downscaling clustering, visualization, and other analyses.

Three species were clustered into 37 cell groups annotated into nine cell types, all of which contained cells from all species (Figures 9A and

9B). Each cell type can be identified with high confidence by the expression pf marker genes (Figures 9C–9K) and the results of cell annotation

when the reference chickens were analyzed individually (Figure 10A). The nine cell types were GABAergic neurons, glutaminergic neurons,

astrocytes, oligodendrocytes, OPC, ependymal cells, endothelial cells, microglial cells, and fibroblasts. To explore the conserved phenotypes

of the cell types in the three species, a dendrogramwas constructed based on the similarity matrix of cell types in all species (Figure 10B). The

most differentiated were the ependymal cells and astrocytes of human with other cell types. The second separated the oligodendrocytes of

chicken, human, and rhesus monkeys from other neurons, while the third separated OPC of human from other neurons. Then the OPC, glu-

taminergic neurons, and GABAergic neurons were on the same branch in chickens, glutaminergic neurons in humans and rhesus monkeys on

the same branch, and GABAergic neurons in humans and rhesus monkeys on the same branch. The ependymal cells, astrocytes, fibroblasts,

microglial cells, and endothelial cells of chickens were on the same branch; the astrocytes, ependymal cells, fibroblasts, endothelial cells,

OPC, and microglial cells of the rhesus monkey were on the same branch; most cell types in humans are not in the same branch as those

in chickens and rhesus monkeys. However, three cell types were conserved during evolution in humans and rhesus monkeys, namely oligo-

dendrocytes, glutaminergic neurons and GABAergic neurons, and all cell types were not conserved in humans and rhesus monkeys versus

chickens, suggesting that the mammalian cell types weremore closely related. When all cell types were combined and compared by species,

human and rhesus monkey amygdala cell types were more similar in transcriptome than they were to chicken (Figure 10C).

DISCUSSION

To our knowledge, it is the first study to reveal a cell atlas of chicken amygdala, which provides a foundation for anatomical, physiological, and

evolutionary analysis of how amygdala evolves to serve the very different avian amygdala neuron system. Accordingly, we analyzedmore than

14,500 single cell transcriptome and identified 25 different cell subtypes in the chicken amygdala. The chicken cell types could be compared

to types previously identified in similar studies of human and primate amygdala. Comparing the relationships among amygdala cells in

chickens, humans, and primates revealed strong similarities in the overall cell classes. We find that some of the cell types identified in this

study are similar to those in the amygdala of rhesusmonkeys21 andmice.25 However, the results also showedgreat differences among species

in the specific types within each class and the genes that were switched on within each cell type. In the present study, the cell types of human

and rhesus monkeys were more closely related and that of chickens were more distant from them. In agreement with the study regarding
8 iScience 27, 109880, June 21, 2024



Figure 6. Functional analysis of GABAergic neurons

(A) Graph of absolute value results for each cell type.

(B) The number of up- and downregulated genes in medial ganglionic eminence (MGE), caudal ganglionic eminence (CGE), and lateral ganglionic eminence

(LGE).

(C) Results of GO enrichment analysis of LGE.

(D) Results of KEGG enrichment analysis of LGE.
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retinal cell types in poultry, human and rhesus monkey cell types were on the same branch, while chicken was not on the same branch as

them.14 Human cell types were not clustered on the same branch, but interspersed between chicken and rhesus monkeys, suggesting

that during the evolutionary process, human cell types became more complex as a result of adaptation to the environment. Specifically,

for each cell type, oligodendrocytes, glutaminergic neurons, andGABAergic neurons aremore closely related in human and rhesusmonkeys,

and the chicken cell type is not on the same evolutionary branch as either rhesus monkey or human, further demonstrating the specificity of

chicken cell types from other species. In the current study, slc32a1 as a widely accepted marker for GABAergic neurons in vertebrates and
iScience 27, 109880, June 21, 2024 9



Figure 7. Functional analysis of glutaminergic neurons

(A) The number of up- and down-regulated genes in glu.1, glu.2, glu.3, and glu.4.

(B) Results of GO enrichment analysis of glu.3.

(C) Results of KEGG enrichment analysis of glu.3.
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mammals,26 is also useful to identify for all 12 neuronal sub-clusters of GABAergic neurons in the chicken amygdala. However, serving as cen-

tral marker genes for glutamatergic neuron in vertebrates and mammals,21 only slc17a6 (vglut2) but not slc17a7 (vglut1) is detected, suggest-

ing the cell type specific of chicken amygdala from other species. We also find that most non-neuron cells in the amygdala are similar to those

in the hypothalamus,12 hippocampus,20 and cerebral cortex20 of mice, which indicates that most non-neuron cells exist in various regions of

the brain.

In particular, oligodendrocytes are an important class of glial cells that participate in the formation of the myelin sheath. Myelin formation

and regeneration defects will cause transmission disorder and functional loss, leading to cognitive, behavioral, and motor dysfunction.27 We

identify OPC, NFO, and oligodendrocytes and determine the direction of differentiation, indicating that oligodendrocytes differentiation is

still taking place in adult chickens. We capture the differentiation process from OPC to oligodendrocytes by the PAGAmethod, but obtain a

different result when it was determined by monocle in mice.12 We are not clear if the difference is due to species specificity or the algorithm
10 iScience 27, 109880, June 21, 2024
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Figure 8. PPI network construction and analyses

(A) PPI network of module 1 in GABAergic neurons.

(B) PPI network of module 2 in GABAergic neurons.

(C) PPI network of module 1 in glutaminergic neurons.

(D) PPI network of module 2 in glutaminergic neurons.

(E) Functions and pathways of the module 1 were computed and visualized using ClueGO in GABAergic neurons.

(F) Functions and pathways of the module 1 were computed and visualized using ClueGO in glutaminergic neurons.
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itself. Importantly, the developmental trajectory in our study is similar to that in other studies,12 which further validates our analytical method.

Regardless of oligodendrocytes known to cause behavioral dysfunction, their association with social behavior is rare reported. We thus did

not conduct further analysis, but these results did contribute to a catalog of cell atlas for chicken amygdala worthy of further studies to un-

derstand the avian brain and neuron types. As is known, dopamine and serotonin system are important neurotransmitters in the brain, con-

trolling behavior, cognition, memory, and reward.28 The two systems are well demonstrated to be related with aggressive interactions and

social behaviors.29 However, both the dopamine and serotonin neurons in chicken amygdala were not identified by marker genes that were

already reported in the brain of mice and human.28,30 These findings did again prove the cell type specific among species, which provide new

insights to the cell atlas of chicken amygdala. As a result, we focus on the GABAergic and glutamatergic neurons, which are also known to be

related to social behaviors.31 GABAergic and glutamatergic neurons are the main neurons in the amygdala,1 which are connected to form a

network to perform various functions, such as mediating aggression, fear behavior and memory.32 During brain development, most interneu-

rons originate from ganglia protrusions (GEs), which can be divided into LGE, MGE, and CGE.33 In our study, we also further divide GABA

neurons into LGE, MGE, and CGE, referring to the reported marker genes.22,34 MGE-class neuron significantly expresses SST cortical inter-

neurons, which is consistent with human research that SST cortical interneurons derive primarily from theMGE-class neuron.34 Worth notably,

SST cortical interneurons are associated with circuit plasticity during reward tasks and motor learning in mice.35 We determined the starting

point of differentiation according to GABAergic progenitor cells, indicating that GABA neurons have a differentiation relationship in the

chicken amygdala. Glutamate neurons are the main excitatory neurons in the amygdala, which is associated with learning and memory func-

tion, promoting self-grooming and inhibiting social interaction in mice.36 Glutamatergic neurons, containing many subtypes cell, are more

complex than GABA neurons. Accordingly, the subtypes cell of glutamate neurons were divided in light of the layer and projection pattern37

and the co-expressed genes.26 In this study, we obtain four different glutamatergic neurons subgroups, called glu.1, glu.2, glu.3, and glu.4.

However, the branch results by pseudotime analysis are inconsistent with the four subgroups. Furthermore, we could not determine the start-

ing point and direction of differentiation of glutamate neurons according to the marker gene reported in mice.38 These results again provide

evidences to the cell-specific of amygdala among avian, vertebrate andmammals. Increased evidences show that social hierarchy affects tran-

scriptomic patterns of animals. In mice, dominant animals mainly participate in the specific gene expression related to urine production and

catabolism, while subdominant animals show higher gene expression that related to the promotion of the biosynthesis process, wound heal-

ing and inflammatory response,39 and oxidative phosphorylation and DNA repair.39 In this study, the GO terms are mainly focused on cellular

process, biological regulation, metabolic process, and response to stimulation. The KEGG pathways are mainly relative to energy meta-

bolism, nervous system and immune system, which is similar with a previous study investigated on the effect of social hierarchy on bees.40

Interestingly, the transcripts differentially expressed between animals with different social rank are related to GABA and glutamate.41 In

this study, the high rank chickens have more GABA neuron and less glutamate neurons than the low rank chickens, which suggests the essen-

tial role ofGABA andglutamate neurons on the social hierarchy of chickens.We find that LGEofGABAneuron has themost differential genes.

Besides, LGE-class neuron forms a disinhibitory circuit that is strongly regulated by dopamine in the amygdala of mammalian cerebral cor-

tex,42 which suggests that the LGE cells may play an important role in regulating social hierarchy. Marker genes for cortical interneurons and

olfactory bulb interneurons have not been clearly distinguished in poultry. However, of the marker genes, we findMGE-class neuron is similar

to the SST cortical interneurons, LGE-class neuron similar to the olfactory bulb interneurons, and CGE-class neuron similar to CGE generated

cortical interneurons according to themammals and songbird studies.22,34 The increase of GABA neurotransmission in the amygdala will lead

to the behavioral changes induced by social stressor, and provide protection in dominant animals when suffer stress.41 Additionally, the

GABAergic neuron is found to promote aggressive behaviors, while glutamatergic neurons promote self-grooming behavior and inhibit so-

cial interaction in a mouse amygdala study.36 Notably, aggression may also be mediated by glutamate neurons, and that is a possibility that

the promotion of aggression by GABAergic neurons is via inhibiting glutamatergic neurons.43 After brain trauma, the expression of Decorin

(dcn) in the excitatory neurons of the amygdala (glutamatergic neurons) increases significantly. Furthermore, knocking out the dcn in the

amygdala can alleviate the fear, which is due to the decrease in the dcn expression mediated perineural networks (PNNs).25 That is possible

that behaviors are involved with various neurons.

Until now, there are increased studies regarding on the underpinned mechanism of social hierarchy in vertebrate and mammalian. In this

study, we find out that the social rank of roosters tends to be stable along as the age, which is consistent with a previous rhesusmonkey study.

Likewise, the mRNA expression of glucocorticoid receptor, CRH, GNRH1, and BDNF of amygdala in dominant mice was higher than those in

subdominant mice.44 In this study, we also find some genes that may related to social hierarchy, suh as AKT1, SGK1, RHOBTB1, YES1, PKN2,

CDK14, RHOB, LRRK1, and FLT4 in glutamate neurons, and RPS6KA, YWHAH, ACTB, CDK14, RHOB, and PPP2CA in GABA neuron. Of these,

the genes CDK14 and RHOB are candidate genes both in GABAergic and glutamatergic neurons. RHOB plays an important role in the pro-

cess of chicken neural development, which is induced by the transcription factor SOX5 in the chicken head neural crest before migration.45

Besides, RHOB is related to inflammatory reaction.46 We find that the high-rank chickens have higher expression of RHOB than low-rank
12 iScience 27, 109880, June 21, 2024
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Figure 9. t-SNE plot showing the different cell types in the amygdala of chicken, human and rhesus monkey based on transcriptome data

(A) t-SNE visualization of pooled cells from chicken, human, rhesus monkey, following unsupervised clustering. Colors indicate species.

(B) The same as A, but colors distinguish different cell types.

(C‒K) Feature plot showing the canonical markers of each retina cell class.
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individuals, whichmay suggest better immune functions in dominant than subdominant animals. This is in line with a previous study indicated

that high ranking rhesus macaques have stronger abilities in response to immune challenges.7 CDK14, a Wnt signal molecule, is related to

neural plasticity in the amygdala. In mice, the expression of CDK14 in amygdala is related to fear.47 In the current study, low-rank chickens

show upregulated CDK14 expression than high-rank chickens. In a stable group, mice with low social hierarchy would avoid conflicts from

high social hierarchy individuals by observing and abiding rules, so as to maintain the long-term interests, and is probably associated with

fear.48 The fear is mediated by certain neurons in the amygdala. For example, GABAergic neurons are crucial for the acquisition and expres-

sion of rodent conditioned fear and conditioned social failure.4 When exposed to long-term fear, the cerebrospinal oxytocin concentration in

dominant monkeys was higher49 while the expression of brain-derived neurotrophic factor (BDNF) in the amygdala of dominant mice50 was

significantly increased as compared to subdominant animals. Notably, SGK1 is obviously expressed under stress, while plays a protective role

responding to the stressor.51 Our result of higher SGK1 expression in individuals with low social rank suggested that low rank individuals are

subjected tomore stress during the establishment of social rank. However, we did have limitations on the network of potential genes and their

possible functions and interactions in response to social hierarchy due to the lack of biological duplication of the amygdala samplings. A

comprehensive study should be further conducted to figure out the underpinned mechanism of the interaction of amygdala neurons with

social hierarchy in chickens.
Conclusions

In summary, we performed cross-species analysis of mammalian amygdala single-cell atlases with poultry, and found out that cell types of

human and rhesus monkeys were more closely related and that of chickens were more distant from them. We identified 26 clusters and

divided it into 10 main clusters including GABAergic neurons, glutaminergic neurons, astrocytes, oligodendrocytes, OPCs, newly formed ol-

igodendrocytes ependymal cells, endothelial cells, microglial cells, and fibroblasts. Of which, the GABAergic and glutamatergic neurons are

known to be associated with social behaviors, and their sub-neurons of GABA_LEG and Glu3 are considered as main neurons mediating the

establishment of social hierarchy in chickens. By the analysis of MCODE plug-in, the common hub genes RHOB andCDK14 are found in both

the glutamatergic andGABAergic neurons.Our results provide to serve the developmental studies of the avian amygdala neuron system, and

new insights into the underpinned mechanism of social hierarchy in poultry.
Limitations of the study

Several questions remain unanswered in this study: How do GABAergic and glutamatergic neurons regulate the social hierarchy of chickens?

Does the genes RHOB and CDK14 play roles in the formation of social hierarchy in roosters? These questions will require further

investigations.
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Figure 10. The evolutionary relationship between chickens, humans, and rhesus monkeys

(A) Correlation analysis of cell annotation results between chicken and cross species analysis. The horizontal axis represents the annotation results of the chicken,

and the vertical axis represents the annotation results of three species.

(B) Dendrogram based on overall amygdala cell transcriptomic similarity among the three species.

(C) Dendrogram based on the transcriptomic similarity of cell classes from each species.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Qingyuan Braised Chicken Guangdong Tiannong Food Co., Ltd N/A

Chemicals, peptides, and recombinant proteins

Total RNA Extraction Reagent Vazyme Biotech Co.,Ltd Cat# 401

0.5M EDTA Thermo Fisher Scientific N/A

HiScript� III RT SuperMix for qPCR Vazyme Biotech Co.,Ltd Cat# R323

ChamQ Universal SYBR qPCR Master Mix Vazyme Biotech Co.,Ltd Cat# Q711

Software and algorithms

Human amygdala single-cell data Tran et al.52 https://libd-snrnaseq-pilot.s3.us-east-2.

amazonaws.com/SCE_AMY-n5_tran-etal.rda

Monkey amygdala single-cell data Zhang et al.21 https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE145765

Chicken amygdala single-cell data This paper the BioProject ID is PRJNA967858
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Siyu Chen

(chensiyu@fosu.edu.cn)).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession number are

listed in the key resources table.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Method details

Animals and ethics

All animal experimentation was approved and performed according to procedures determined by the Laboratory AnimalWelfare and Animal

Experimental Ethical Inspection Committee of Foshan University. The guidelines of the experimental animal management of Foshan Univer-

sity were followed throughout the study, and the experimental protocols were approved by the Experimental Animal Care and Use Commit-

tee of Foshan University (Approval number: #Fosu202108). The experimental animals in this study were provided by Guangdong Tinoon’s

food company ltd.co. After the brooding period (at the age of 28 days), five Qingyuan partridge roosters in a group with six replicates, totally

30 individuals were entered into the experiment. They were reared under a conventional cage rearing system with the floor space allowance

about 0.041 m2 per chicken at day 70. The cages were located on the top tier of a three-tier battery cage building. For the convenience of

individual identification, the two feet of each rooster were marked with different color rings.

Dominance hierarchy

Birds were deprived of food from 18:00 the day before the food competition test. At the age of 40, 50, 60 and 70 days, food competition test

for ten minutes was conducted at 8:00 a.m., and the feeder was set to only allow one bird at a time to feed. The aggressive interactions

(aggressive pecking, displacing, chasing and threatening), and both the winner and loser were recorded. From the record of the aggressive

interactions, the dominance value of individual roosters was calculated by using the index of Clutton-Brock (ICB).53 The formula was as follow:
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Dominant value =
ðB+

P
b+1Þ

ðL+
P

l+1Þ . Where B = number of individuals that a rooster beat;
P

b = total numbers that all rooters beat excluding the

number of the subject itself; L = number of individuals that the rooster lost to;
P

l = total number that all roosters lost to excluding the subject

itself. Accordingly, rank 1 (R1), R2, R3, R4, and R5 roosters with the descending order of the social rank were calculated.

Sample collection and preparation of single cell nucleus suspension

Amygdala tissue was isolated from the brain of 71 days old rooster and stored in liquid nitrogen for subsequent scRNA-seq. The preparation of

single cell nucleus suspension, library construction, RNA sequencing and data analysis were completed by Guangzhou Genovo Biotechnology

Co., Ltd. (Guangzhou, China). Wemixed the amygdala tissues of high- and low social class (n = 6, in each) into a sample respectively to make a

single nucleus suspension. To put it simply, the tissue homogenate was filtered with a 70 mm cell sieve, and a white nuclear layer would appear

after adding Iohexol. After repeatedcleaning, the tissuewasfiltered againwith a 40mmcell sieve.After centrifugation, 100mLof nuclear cleaning

solution was added to the supernatant to suspend the nucleus for precipitation. Then, a proper amount of single cell nucleus suspension was

taken andmixed with 0.4% trypan blue dye solution at a ratio of 9:1, and thenCountess� II Automated Cell Counter counts cells was used, and

theproportionof livingcellswascalculated.Ensure theproportionof livingcellsR90%,andadjust thecell concentration to700-1200nucleus/mL.

Single cell RNA sequencing

10X Genomics 5’ transcriptome uses short read long sequencing andmicrofluidic technology to achieve simultaneous transcriptome expres-

sion profile analysis of 500-10000 cells in each sample. The gel beads containing barcode information were combined with themixture of cells

and enzymes, and then wrapped by oil surfactant droplets located in the microfluidic "double cross" system to form GEMs (Gel Beads-In-

Emulations). GEMswere flowed into the reservoir and collected. The gel beads dissolved and releasedbarcode sequences, and then barcode

sequence reversed transcribe cDNA fragments and labeled the samples. The gel beads and the oil drops were broken, and the cDNA was

used as the template for PCR amplification. The products of all GEMs were mixed to construct a standard sequencing library. Then using the

dual terminal sequencing mode of Illumina sequencing platform to conduct high-throughput sequencing on the constructed library. At the

Read 1 end, 16 bp barcode information and 10 bp UMI information were included to determine cells and quantitate expression. At the end of

Read 2, cDNA fragments were included for reference genome comparison to determine the gene corresponding to mRNA.

Quanlity control of sequencing data and quatification of gene expression

We used 10x Genomics official analysis software Cell Ranger to perform data quality statistics on the original data, and cell Ranger calls STAR

(SplicedTranscriptsAlignment toaReference) comparison software tocompareRead2 to the referencegenome.According to the resultsofGTF

annotation, the readon the comparisonwas classifiedas the readof exon, intronor intergenic region. Inbrief, the readof exon is classifiedas if at

least 50%of a readwas located in the exon region. If the readswere compared to a single exon region and one ormore non exon regions, it was

preferentially classified as an exon and its MAPQ was set to 255. Cell Ranger further aligned exon reads to the annotated transcript. If reads

aligned to the exon of a transcript and the two directions were the same, it was considered to be aligned to the transcriptome, which was re-

corded as transcriptome reads. In the transcriptome reads, if only one gene was mapped by reads, they were considered to be uni mapped.

Onlyuni-mapped readscanbeused forUMI caching.Cell Ranger thenfilteredandcorrectedbarcodesandUMIs.Cell barcodeswerecompletely

consistentwith the knownbarcode sequence in thedatabase. Theexpectednumberof cellswasN.Arrange thebarcodesaccording to thenum-

ber of UMI counts from large to small, and take the first N barcodes. Record that the 99th percentile UMI count wasm. Filter UMI count<m*10%

barcode, and the remaining cells were valid. See the previous study for the determination of effective cell methods with low RNA content.54

Cell cluster analysis

Further quality control and analysis of single cell transcriptome data were performed with R package Seurat.55 We filter cells according to the

number of genes identified in a single cell (200-8000), the total number of UMI in a single cell (less than 50000), the proportion ofmitochondrial

gene expression in a single cell (less than 25%), the rate ofmulticellular and other indicators, and retain high-quality cells. Log homogenization

was used to homogenize the expression amount. After removing low-quality cells, harmony was used for data consolidation and batch effect

correction.56 Then cell clustering analysis was carried out, and Euclidean distance between cells was calculated based on the previously deter-

mined principal components. Then, based on the euclidean distance between cells, the cells were embedded into the SNN (shared nearest

neighbor) graph. Afterward, the SNN graph was divided into highly interconnected quasi populations according to the local adjacent

JACCARD distance of two cells. Finally, louvain algorithm was used to cluster cells.19 All cells in the single cell transcriptome were clustered

into several cell subsets for the convenience of subsequent analysis. Cell subsets were visualized through t-SNE. The nonlinear dimensionality

reduction method t-SNE was to map high-dimensional cell data into two-dimensional space, gather cells with similar expression patterns,

separate cells with different expression patterns farther, and more intuitively show the differences between cells.57

Analysis of differentially expression genes (DEGs) in clusters

We used the rank sum test of seurat to analyze the differential gene expression of different cell subsets,58 screen genes up-regulated and

down regulated by the difference between groups. In each cell subpopulation were as follows: first, genes had to be at least 1.28-fold over-

expressed in the target cluster. Second, genes had to be expressed in more than 25% of the cells belonging to the target cluster. Third,
iScience 27, 109880, June 21, 2024 19
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p value is less than 0.01. Using DAVID biological information database,59 the functional pathways representing each gene were analyzed from

the GO database and KEGG public data. The threshold value was p% 0.05, and the GO term and path that meet this condition were those

that significantly enriched in differentially expressed genes.

Pseudo time trajectory analysis

Monocle2 was used to analyze the pseudo chronological order of the differentiation of glutamate neurons, GABA neurons and oligodendro-

cytes.60 Briefly, input the cell gene expression matrix into monocle, use monocle to reduce the data dimension to a two-dimensional plane,

and then arrange the cells into a tree structure containing several branches and nodes to define these structures as different differentiation

states. Based on the gene expression level of cells in different differentiation states, the genes differentially expressed with the differentiation

state with the screening condition with FDR<1e-5 were screened.61 Finally, according to the biological significance, the most primitive cell

group in the differentiation state was defined as the cell group with the smallest pseudo time in the cell trajectory, and the pseudo time value

of all cells was calculated. Based on the pseudo time value, monoclemodeled the gene expression level as a smooth and nonlinear quasi time

function, to verify the change of gene expression accompanied by the changeof the pseudo time value.We screenedgeneswith FDR<1e-5 as

differential genes.

The partition based graph abstraction (PAGA) was used to analyze the differentiation trajectory of oligodendrocytes, which was a method

for studying cell differentiation based on single cell transcriptome data.62 It constructed differentiation tubes between cell subpopulations

according to cell atlas, which retained the continuity of high-dimensional data to the greatest extent. The PAGA graph was made using

the preprocessed Seurat object. The Scanpy (v1.6.0) function scanpy.pp. neighbors was ran using the PCA embeddings calculated by Seurat.

Then, scanpy.tl.paga was ran using Seurat clusters as groups and finally the plot was generated using the function sc.pl.paga_compare. The

Rfast2 software package was used to perform correlation statistics and significance calculations for each gene. We identified significantly dif-

ferential expression genes with FDR<1e-7 on the pseudo-time axis.

Protein-protein interaction (PPI) network construction and identification of hub genes

We used the string v9 protein interaction network database to find the corresponding proteins of marker genes in the database through blast

comparison, and took the relevant network relationship of corresponding proteins as the relevant network relationship of marker genes. After

obtaining the protein interaction relationship information of the marker gene, the result file into Cytoscape for network visualization was im-

ported.63 Then the CytoHubba application in Cytoscape was used to identify hub genes. CytoHubba with 11 different algorithms can be

sorted nodes in the network according to network characteristics.64 According to the analysis results, relevant genes with MNC (Maximum

Neighborhood Component), EPC (Edge percolored component), Closeness (Node connect closeness), Degree (Node connect degree),

andMCC (Maximum clique centrality) greater than or equal to 20 were screened for further analysis.65 Then, theMCODEplug-in of Cytoscape

species was used to screen important gene modules in the molecular interaction visualization network.66 The gene modules were further

sorted according to the network score. The module with the highest score was an important gene module. We selected the module with

the highest score for further verification and analysis and identified the genes co-expressed by five algorithms in CytoHubba and those in

MCODE with the highest score as HUB genes. In addition, we used ClueGo and Cluepedia plug-ins in Cytoscape to perform GO analysis

and visualization of MCODE modules.67

Cross species data analysis

Two amygdala single-cell datasets of human52 and rhesus monkey21 were downloaded for interspecies comparison. The ‘biomart’ in the

R package converts the genes of human and rhesusmonkey into chicken homologous genes, and only homologous genes in all three species

were retained for analysis. Clustering was performed using the ‘Seurat’ method mentioned above, visualizing the dimensionality reduction

clustering of three species, and outputting the upregulated genes of each subgroup for subgroup identification. Based on the recognition

results of cell subgroups, proportion of cells in each subgroup to the total cells was calculated, and the cloud tool of the ‘omicshare platform’

was used to draw a rivemap (https://www.omicshare.com/tools/Home/Soft/getsoft). The integrated data was used to build evolutionary tree,

and the expression amount of each sample was calculated, the distance matrix was calculated with the ‘dist’ function in R package, the hi-

erarchical clustering was carried out by ‘hclust’, and the evolution tree was derived by ‘itol’.

RNA extraction and quantitative real time PCR (qRT-PCR)

The expressions of hub genes of amygdala from the highest and lowest social rank individuals (n = 6, in each) were determined. The qRT-PCR

analysis was set up three biologicals. The total RNA of tissues was extracted with Total RNA extraction Reagent (R401-01) according to

manufacturer’s method. For qRT-PCR, the extracted RNA (500ng) was used to synthesize cDNA using a reverse transcription kit (R323-01).

qRT-PCR was performed in the Applied Biosystems�QuantStudio� (Thermo Fisher Scientific) using ChamQTM� SYBR qPCRGreenMaster

Mix kits (Q711-02). All kits were purchased fromVazyme BiotechCo., Ltd (Nanjing, China). The relative gene expression was analyzed by 2�DCt

of the internal reference gene GAPDH. The primers of were designed by Primer3web version 4.1.0 (https://primer3.ut.ee/), and the primers

used were listed in Table S5.
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