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ABSTRACT

The amniote pallium, a vital component of the forebrain,
exhibits considerable evolutionary divergence across
species and mediates diverse functions, including sensory
processing, memory formation, and learning. However, the
relationships among pallial subregions in different species
remain poorly characterized, particularly regarding the
identification of homologous neurons and their
transcriptional signatures. In this study, we utilized single-
nucleus RNA sequencing to examine over 130 000 nuclei
from the macaque (Macaca fascicularis) neocortex,
complemented by datasets from humans (Homo sapiens),
mice (Mus musculus), zebra finches (Taeniopygia guttata),
turtles (Chrysemys picta belli), and lizards (Pogona
vitticeps),  enabling  comprehensive  cross-species
comparison. Results revealed transcriptomic conservation
and species-specific distinctions within the amniote
pallium. Notable similarities were observed among cell
subtypes, particularly within PVALB®* inhibitory neurons,
which exhibited species-preferred subtypes. Furthermore,
correlations between pallial subregions and several
transcription factor candidates were identified, including
RARB, DLX2, STAT6, NR3C1, and THRB, with potential
regulatory roles in gene expression in mammalian pallial
neurons compared to their avian and reptilian
counterparts. These results highlight the conserved nature
of inhibitory neurons, remarkable regional divergence of
excitatory neurons, and species-specific gene expression
and regulation in amniote pallial neurons. Collectively,
these findings provide valuable insights into the
evolutionary dynamics of the amniote pallium.
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INTRODUCTION

Deciphering the conservation and innovation of the vertebrate
brain throughout evolution can offer crucial insights into the
origin of cognition. Approximately 320 million years ago, the
amniote ancestor diverged into two main lineages: mammals
and sauropsids (reptiles and birds) (Benton & Donoghue,
2007; Woych et al., 2022). Despite this extensive period of
evolutionary divergence, the fundamental brain architecture of
developing amniotes retains strong similarities to that of their
shared ancestor, comprising four principal regions: the
telencephalon, diencephalon, mesencephalon (or midbrain),
and rhombencephalon (or hindbrain) (Pessoa etal., 2019).
While this basic structure of the amniote brain is highly
conserved, the telencephalon, especially the pallium, has
undergone distinct evolutionary expansions in different
lineages (Butler, 1994; Kverkova et al., 2022; Puelles, 2001).
For instance, the mammalian neocortex evolved into a highly
expanded, six-layered structure, while the dorsal ventricular
ridge (DVR) evolved in the pallium of birds and reptiles, with
both serving as neural centers for processing sensory
information and supporting advanced cognitive functions
(Guntarkin, 2012; Jarvis etal.,, 2005; Nieder etal., 2020;
Roth, 2015). Moreover, the dorsal cortex (DC) of reptiles
shares developmental homology with the mammalian
neocortex, further underscoring the evolutionary relationships
between these pallial structures (Butler et al., 2011; Karten,
2015). Although substantial evidence supports the embryonic
homology between the pallium of mammals and sauropsids,
the precise relationships among cell types and subregions
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within the amniote pallium remain to be fully elucidated
(Cardenas & Borrell, 2020; Liao et al., 2024; Montiel & Aboitiz,
2018; Nomura et al., 2014; Puelles et al., 2000). Additionally,
the molecular mechanisms underlying the differential
expansion of the pallium and the functional convergence
observed in amniote brain evolution are not yet well
understood (Aboitiz, 2011; Cardenas & Borrell, 2020; Tosches
& Laurent, 2019).

Recent advances in high-resolution cellular technologies,
such as single-cell/single-nucleus RNA sequencing (scRNA-
seq/snRNA-seq), have  significantly = enhanced  our
understanding of the brain across various species (Colquitt
et al., 2021; Svensson et al., 2018; Tang et al., 2009; Tosches
et al., 2018). These studies have highlighted the conservation
of cellular composition in amniote brains and identified
species-specific neuronal subtypes (Hain etal., 2022; Han
etal.,, 2022; Hodge etal., 2019; Li etal., 2023). However,
most studies have been limited to one or two species, lacking
a systematic cellular comparison across a broader range of
taxa. Given the distinct evolutionary rates of different cell
types (Chen etal., 2023; Jorstad etal., 2023; Tasic etal.,
2018), expanding the scope of species included in such
analyses is crucial. Furthermore, when analyzing correlations
among certain cell types or brain subregions, it is essential to
distinguish between the roles of transcription factors (TFs) and
non-TFs (effector genes). TFs typically define cell identity,
whereas non-TFs directly mediate cellular functions (Arendt
et al., 2016; Wagner, 2014). However, previous research has
often failed to make this distinction, resulting in inconsistent
findings (Colquitt etal.,, 2021; Liang etal, 2018).
Consequently, the homologous signatures of pallial cell types
and subregions between mammals and sauropsids remain
unresolved.

In this study, we employed snRNA-seq to construct a
cellular atlas of the macaque pallium. Integrating these data
with human, mouse, zebra finch, turtle, and lizard datasets, we
conducted a cross-species comparative analysis to investigate
gene expression patterns and regulatory networks at the
cellular level. Our approach focused on identifying both
conserved and species-specific characteristics within the
pallium of amniotes, shedding light on the evolutionary
dynamics of this critical brain region.

MATERIALS AND METHODS

Ethics statement and sample collection

This project was carried out in strict compliance with animal
research regulations and was approved by the Institutional
Animal Care and Use Committee of Yunnan Key Laboratory of
Primate Biomedical Research, Institutional Animal Care and
Use Committee of Huazhen Bioscience (permit HZ2019027),
and Institutional Review Board of the BGI Ethics Committee
(permit BGI-IRB A21025-T1).

Tissue samples were isolated from the prefrontal cortex of
two 72-month-old female cynomolgus macaques (Macaca
fascicularis) and immediately frozen in liquid nitrogen. The
dorsal and ventral prefrontal cortex samples were collected in
both macaques and subsequently utilized for snRNA-seq
analysis.

Isolation and purification of nuclei

Frozen macaque tissue blocks were homogenized in 1 mL of
pre-chilled Dounce homogenization buffer using a Dounce
homogenizer, applying 10 loose and 10 tight strokes, with
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the samples immersed in ice throughout. Following
homogenization, 2 mL of additional buffer was added, and the
homogenate was filtered through a 40 pum cell strainer
(Miltenyi Biotec, Germany) into a 15 mL conical tube and
centrifuged at 900 xg for 10 min to pellet the cell nuclei at 4°C.
Fluorescence microscopy was used to estimate the quality
and quantity of the extracted nuclei.

Library preparation and sequencing for snRNA-seq

The snRNA-seq library was prepared using the DNBelab C
Series Single-Cell Library Preparation Kit (MGI, #1000021082,
China) for DNBelab C4 RNA-seq analysis based on droplet
technology. The single-cell nuclear suspension, obtained from
the previously prepared snRNA samples, was washed twice
with phosphate-buffered saline (PBS) containing 0.04%
bovine serum albumin (BSA). The nuclear suspension was
resuspended, filtered through a 40 um cell strainer, and the
cell suspension and nuclear concentrations were measured
and recorded. Droplets were prepared using the DNBelab C
Series Single-Cell Library Preparation Kit (MGI, #1000021082,
China), and cell lysis and mRNA capture were performed with
magnetic beads within the droplets. The single-cell magnetic
beads were then recovered using a lysis reagent recovery
system with a vacuum pump, and the captured mRNA was
reverse transcribed into cDNA. Following synthesis, the
double-stranded cDNA and Oligo products were amplified and
screened. The Oligo products were barcoded using
polymerase chain reaction (PCR) for subsequent preparation
into Oligo loaded-into-machine libraries. Finally, the cDNA
product was fragmented, end repaired, ligated, PCR amplified,
denatured, circularized, and digested to prepare a single-
stranded DNA library. After library preparation, sequencing
was performed using the DIPSEQ T1 sequencing platform at
the China National Gene Bank (Shenzhen).

Processing macaque snRNA-seq data

PISA (v.0.7) was employed to filter and demultiplex the raw
sequencing reads generated by DNBelab C4 RNA-seq, while
STAR (v.2.6.1a) was used to align these reads. For alignment,
a modified GTF file of the Macaca_fascicularis_5.0 genome
was used, which included both intronic and exonic regions.
The aligned sequences were then sorted with Sambamba
(v.0.7), and a Unique Molecular Identifier (UMI) counts matrix
mapping individual cells to genes was generated.

Quality control, dimensionality reduction, and cell clustering
were performed using the R package Seurat (v.4.0.3) (Butler
etal., 2018). Low-quality cells were removed by excluding
those with fewer than 500 or more than 6 000 detected genes,
or a percentage of mitochondrial gene expression exceeding
5%. To identify and eliminate potential doublets within the
snRNA-seq data, DoubletFinder (v.2.0.3) (McGinnis etal.,
2019) was applied.

Following strict quality control, a total of 135 986 nuclei were
retained, with a median of 4 260 UMIs and 1 670 genes per
cell. The datasets were then split by individual macaque using
the SplitObject function, and each subset was normalized
using SCTransform, with the parameter vars.to.regress set to
“percent.mt”. Batch correction was subsequently performed by
implementing PrepSCTlIntegration, FindIntegrationAnchors,
and IntegrateData, using 3 000 features identified through
SelectintegrationFeatures. Additionally, RunPCA, RunUMAP,
FindNeighbors, and FindClusters were employed for
dimensionality reduction and clustering analysis, with 30
principal components (PCs) utilized for principal component
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analysis (PCA). Differentially expressed genes (DEGs) were
identified using FindAllMarkers with the criteria fold-
change>1.5 and adjusted P<0.05.

Cell subtype prediction for macaque datasets

Cell subtype annotation for the macaque datasets was
performed using Seurat (v.4.0.3) according to previous study
(Lei etal.,, 2022). Macaque cells were mapped to human
subtypes by identifying anchors with FindIntegrationAnchors
(dimension set to 30) using SCT assays. The TransferData
function was then applied to classify macaque cells based on
human subtypes, and the predicted labels were used to define
macaque cell subtypes. Subsequently, these annotations were
verified by assessing the expression of classical marker
genes.

Hierarchical clustering analysis

Cell group dendrograms were constructed based on
hierarchical clustering across cell types, subtypes, and
clusters and visualized using ape (v.5.6.2) and ggtree (v.3.4.4)
(Yu et al., 2017). Highly variable genes (HVGs) were identified
using FindVariableFeatures, and the average expression of
3 000 HVGs was calculated for each cell group. Hierarchical
clustering was performed using the dist and hclust functions in
R. The dendrogram branches were adjusted manually without
changing the tree structure.

DEG expression analysis across species

DEGs were identified for each cell type in each specie using
the FindAllMarkers function, retaining only genes with a fold-
change>2. Additionally, DEG intersections were calculated
using five pseudobulk methods implemented in Libra (v.1.0.0)
(Squair etal., 2021). UpSet plots, generated with UpSetR
(v.1.4.0), were used to display intersection counts of DEGs for
excitatory neurons (EXs), inhibitory neurons (INs), and non-
neuronal cells. Conserved genes for cluster CO were identified
using the FindConservedMarkers function with default
parameters.

Cross-species pairwise cluster correlations

Correlation analysis among cell subtypes from two species
was conducted using one-to-one orthologs (provided in
Supplementary Table S1), as previously reported (Tosches
et al., 2018). Analysis involved four main steps: (1) Two gene
sets were selected for comparison: (i) shared TFs in both
datasets and (ii) the union of 3 000 HVGs from both datasets,
excluding TFs; (2) Average expression levels of the selected
gene sets in each cell group were calculated using the
AverageExpression function in Seurat; (3) Resulting “gene
setxgroup type” matrices were transformed into gene
specificity matrices; (4) Spearman rank correlations and
associated P-values of gene specificities between all pairs of
group types across the two datasets were calculated based on
scripts provided by Tosches etal. (2018). To enhance the
robustness of our findings, additional correlations were
calculated using HVGs, excluding TFs, matched in count to
the number of TFs (sHVGs). Results were visualized as
heatmaps using pheatmap (v.1.0.12) and gene set expression
levels were calculated using UCell (v.1.1.0). The accuracy of
the macaque data in this study was validated using the
macaque dataset from Chen et al. (2023) and human dataset
from Nagy et al. (2020).

Gene Ontology (GO) enrichment analysis
GO enrichment analysis was performed using the R package
clusterProfiler (v.3.18.0) (Yu etal, 2012) with the

org.Hs.eg.db (v.3.12.0) annotation as the background. Results
were visualized using the R package enrichplot (v.1.10.1).

Integration of neurons across species

Integration followed the procedures outlined in “Processing
macaque snRNA-seq data”, with slight modifications. To
address significant differences in the number of EXs and INs
across species, down-sampling was applied prior to
integration. Approximately 9 000 EXs and 4 000 INs were
down-sampled from human, macaque, and mouse datasets.
Only one-to-one homologous genes were retained for
subsequent analyses. Using the human atlas as a reference
for cross-species comparison, one-to-one orthologous gene
lists for macaque, mouse, and zebra finch were acquired
using biomaRt (v.2.46.0), while those for lizards and turtles
were provided by Tosches etal. (2018). Additionally, the
FindClusters function was used at a resolution of 0.3 in both
EXs and INs groups.

Partition-based graph abstraction (PAGA) trajectory
analysis

PAGA analysis was conducted on PVALB" cell clusters using
Scanpy (v.1.9.1) (Wolf etal., 2018). The PAGA graph was
computed with the top 5 000 genes, and positions were
visualized by setting the parameter threshold to 0.03.

Sauropsid single-cell and mouse in situ hybridization
(ISH) comparison

Interspecies correlations were calculated using scripts from
Colquitt et al. (2021) and the R package cocoframer (v.0.1.1).
For the comparison, shared TFs or 6 000 HVGs excluding TFs
were selected. Analysis highlighted the neocortex and other
telencephalic compartments, including the pallial amygdala
and endopiriform.

Neocortex ISH of mice and humans

ISH images were downloaded from the Allen Brain Atlas and
BrainSpan platforms, and images were cropped for optimal
visualization. Mouse ISH images were downloaded from
various websites (Lein et al., 2007) (https://mouse.brain-map.
org/): Bdnf. https://mouse.brain-map.org/experiment/siv?id=
79587720&imageld=79593146&initimage=ish&contrast=0.5,0.
5,0,255,4; Gfra1: https://mouse.brain-map.org/experiment/siv?
id=71064217&imageld=71054294&initimage=ish&contrast=0.
5,0.5,0,255,4; Dix2: https://mouse.brain-map.org/experiment/
siv?id=1482&imageld=101313722&initimage=ish&contrast=0.
5,0.5,0,255,4; Rarb: https://mouse.brain-map.org/experiment/
siv?id=75038442&imageld=74930054&initimage=ish&con
trast=0.5,0.5,0,255,4; Stat6: https://mouse.brain-map.org/
experiment/siv?id=69290549&imageld=69253420&initima
ge=ish&contrast=0.5,0.5,0,255,4; Nr3c1: https://mouse.brain-
map.org/experiment/siv?id=727&imageld=101309852&initima
ge=ish&contrast=0.5,0.5,0,255,4; Thrb: https://mouse.brain-
map.org/experiment/siv?id=71249069&imageld=71109047 &ini
timage=ish&contrast=0.5,0.5,0,255,4.

Human images were also downloaded from two websites
(Miller et al., 2014) (https://www.brainspan.org/): BDNF: https://
www.brainspan.org/ish/experiment/dual_view?id=100125098&
imageld=101712779&imageType=ish,expression,nissl&init
Image=ish&z=-1; GFRAT1: https://www.brainspan.org/ish/
experiment/dual_view?id=100101516&imageld=101633475&i
mageType=ish,expression,nissl&initimage=ish&z=-1.

Soft clustering of TF expression
Soft clustering of TF expression in mammalian EXs subtypes
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was performed using Mfuzz (v.2.50.0). Only gene sets
exhibiting layer-biased expression were retained.

Gene regulatory network analysis

SCENIC (v.1.3.1) (Aibar etal, 2017) and pySCENIC
(v.0.12.1) were used to analyze activated regulons in each cell
group following the official tutorial (https://scenic.aertslab.org/).
Initially, differentially activated regulons were identified across
all EXs in each species. The top 10 activated regulons for EX
subclasses were visualized. Subsequently, a more
comprehensive analysis was performed for EX subclasses
within each species to generate a complete regulon list. The
intersections of key TFs across species-specific subclasses
were visualized using Venn diagrams with the R package
VennDiagram (v.1.6.20).

Co-expression network analysis

Co-expression analysis was performed using the R package
WGCNA (v.1.71). To avoid computational memory issues,
pseudo-cells were condensed into groups of 100 cells. Gene
modules were calculated separately for each dataset, with soft
power thresholds determined using the pickSoftThreshold
function. Only representative gene modules were retained.

Protein sequence alignment

Cross-species TF protein sequences were aligned using
UniProt (https://www.uniprot.org/) with three iterations. Four
mammals (Homo sapiens (human), Macaca fascicularis
(cynomolgus monkey), Callithrix jacchus (white-tufted-ear
marmoset), and Mus musculus (mouse)), three reptiles
(Chrysemys picta bellii (western painted turtle), Pogona
vitticeps (central bearded dragon), and Crocodylus porosus
(saltwater crocodile)), three birds (Taeniopygia guttata (zebra
finch), Columba livia (rock dove), and Gallus gallus (chicken)),
Ornithorhynchus anatinus (duckbill platypus), and two
amphibians (Xenopus laevis (African clawed frog) and
Xenopus tropicalis (western clawed frog)) were used for
comparison. Percent identity matrices are provided in
Supplementary Table S2.

Validation using spatial transcriptomics

Spatial transcriptomic validation was performed using the
macaque and teleost datasets from Chen etal. (2023) and
Hegarty et al. (2024), respectively. Selected gene expression
levels were visualized using Seurat, and spatial transcriptomic
figures for zebra finch, mouse, and Chinese softshell turtle
were obtained from the Spatial Transcript Omics Database
(https://db.cngb.org/stomics/datasets/STDS0000241).

RESULTS

Cell transcriptomic atlas of the amniote pallium

Using snRNA-seq, we generated a high-quality dataset
comprising 135 986 nuclei from the prefrontal cortex (PFC), a
region of the neocortex, dissected from two female adult
macaques (Figure 1A, B). To identify cell subtypes, nuclei
from the macaque dataset were matched against human cell
subtype expression patterns using a reference transcriptomic
atlas of human. These annotations were validated based on
the expression of classical marker genes (Figure 1C-E;
Supplementary Figure S1A) and correlations with reliable
external datasets (Supplementary Figure S2A, B), and
included 85 868 excitatory neurons (EXs: SLC17A7,
SLC17A6), 27 397 inhibitory neurons (INs: GAD1, GAD2), and
22 721 non-neuronal cells (astrocytes (ASTs): SLC1A2,
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GFAP; oligodendrocytes (OLls): MOG, OPALIN;
oligodendrocyte progenitor cells (OPCs): PDGFRA, PCDH15;
microglial cells (MICs): APBB1IP, CTSS; pericytes (PERIs):
PDGFRB; and endothelial cells (ENDOs): FLT1). Additionally,
we downloaded five amniote datasets (Figure 1F;
Supplementary Figure S1C), including 26 583 nuclei from the
human neocortical regions (primary motor cortex, M1; primary
visual cortex, V1; middle temporal gyrus, MTG), 34 331 nuclei
from the mouse neocortex (frontal cortex, FC), 25 392 nuclei
from the zebra finch DVR (HVC proper name (HVC), robust
nucleus of the arcopallium (RA)), 18 537 nuclei from the turtle
pallium (PL) (including DC and DVR), and 20 257 nuclei from
the lizard PL (including DC and DVR).

Marker gene expression patterns were compared across the
six species. Consistent with previous reports (Colquitt et al.,
2021; Tosches etal.,, 2018), INs exhibited conserved
expression of GAD1 and GAD2 across all species (Figure 1G).
In contrast, EXs and certain non-neuronal cells, such as
oligodendrocytes and astrocytes, displayed species-specific
expression patterns, reflecting potential divergence. However,
other non-neuronal cell types, such as microglial and
endothelial cells, showed conserved expression of classical
marker genes. Cell type proportions across species are
presented in Supplementary Figure S1B; however, these
proportions were not comparable due to experimental bias.
For example, the mouse dataset was experimentally enriched
for neuronal populations, resulting in a reduced representation
of non-neuronal cells (Yao et al., 2021).

Conservation and divergence of cell types across species
To investigate the conservation and divergence of cell types
across species, we conducted a series of comparative
analyses using six datasets. Initially, hierarchical clustering
was performed on neurons and glial cells. INs from different
species were clustered together (Figure 2A), while other cell
types were more dispersed. Next, we identified DEGs for each
cell type using six methods across the species (Figure 2B)
and analyzed their intersections. Most DEGs were species-
specific, with only a small number shared among the six
species across the three cell types, including four in EXs, one
in INs, and several in non-neuronal cells. This pattern
suggests that divergence among cell types across species
may be driven by species-specific DEGs, while shared DEGs
likely preserve fundamental cell type identities. Notably, INs
displayed fewer species-specific DEGs, highlighting their
conserved nature, whereas non-neuronal cells demonstrated
a higher proportion of species-specific DEGs (Supplementary
Table S3). Nonetheless, non-neuronal cells also shared
several genes, indicating a balance between conservation and
divergence. These findings reflect the conservation of INs,
while supporting the hypothesis that non-neuronal cells are
more divergent across the amniote pallium (Hodge et al,,
2019; Ma et al., 2022).

Gene regulatory networks governed by TFs are typically
conserved, while downstream effector genes exhibit greater
flexibility (Wagner, 2014). Mutations or deletions in TFs can
disrupt entire regulatory networks, potentially altering cell
types (Arendt et al., 2016). In contrast, changes in effector
genes are less likely to cause significant disruptions as they
are often functionally replaceable. Consequently, the
expression patterns of TFs and effector genes convey
different biological significance. TFs reflect regulatory
programs that preserve regional or cell type identity, whereas
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VIP are inhibitory neuron subtypes; IN, inhibitory neuron; EX, excitatory neuron. D, E: Expression of EX marker gene SLC17A7 (D) and IN marker
gene GAD1 (E) in macaque dataset. F: Phylogenetic tree of six species. G: Heatmap of classical marker genes in all cell types across species.
MUR, mural cell; EG, ependymoglial cell; VLMC, vascular and leptomeningeal cell; NPC, neuronal progenitor cell.
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Figure 2 Comparison across cell types in amniote pallium

A: Hierarchical clustering of cell types using average expression profiles. B: UpSet plots exhibiting DEG counts of EXs, INs, and non-neuronal cells
across species. OLI lineage includes OLI and OPC; AST-like lineage includes AST, EG, and EPEN; vascular cell lineage includes ENDO, PERI,
VLMC, and MUR. C, D: Correlation heatmap between humans and macaques using TF profiles (C) and HVG profiles (D). Asterisks represent
significance, ns: Not significant; : P<0.05; ™: P<0.01; ™": P<0.001; ™": P<0.0001. E: Bubble plot showing expression levels of differentially expressed
markers for IN1 and IN2 in sauropsids. F: Box plots comparing correlation coefficients between IN1 and IN2. G: Section of correlation heatmap for
INs between macaques and turtles using TF profiles (left) and HVG profiles (right).
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non-TFs/effector genes are more flexible and directly linked to
neuronal functions (Colquitt et al., 2021; Wagner, 2014). To
compare cell subtype signatures across species, we
calculated pairwise correlations between cell groups using TF
expression profiles and HVGs excluding TFs (representing
non-TFs/effector genes). In mammals, nearly all macaque cell
subtypes exhibited one-to-one orthologous relationships with
human or mouse subtypes based on both TF and HVG
profiles (Figure 2C, D; Supplementary Figure S3A, B).
However, when compared to sauropsids, macaque EX and IN
subtypes showed broad similarities with most neuronal
subtypes and even some non-neuronal subtypes
(Supplementary Figure S3C-H), consistent with previously
reported homologies (Colquitt et al., 2021; Hodge et al., 2019;
Norimoto et al., 2020; Tosches et al.,, 2018). These results
reveal conserved correlations among pallial cell subtypes from
closely related mammals and broad similarities among major
cell types in distantly related amniotes.

When analyzing datasets from closely related species or the
same species, the correlation coefficients derived from TF
expression profiles were comparable to those obtained using
HVGs, with the latter often being higher. This indicates that
non-TFs may contribute more significantly to pallial similarities
among closely related species than TFs (Figure 2C, D;
Supplementary Figure S2A-C). Conversely, for distantly
related species, correlation coefficients based on TF
expression profiles were consistently higher than those
obtained using HVGs (Supplementary Figure S3A-H),
supporting the conserved nature of TF expression, as
previously reported (Colquitt etal., 2021; Tosches et al.,
2018). Additional analyses using HVGs matched in number to
TFs (sHVGs) confirmed that these observations were not
influenced by unequal gene set sizes or varying expression
levels (Supplementary Figure S4A-E).

Intriguingly, we identified two IN subtypes in sauropsids,
distinguished by their correlation patterns: IN1, marked by
lateral ganglionic eminence (LGE)-derived IN markers
(MEIS2*, TSHZ1"), exhibited weaker correlations with
macaque INs; IN2, characterized by medical/caudal ganglionic
eminence (MGE/CGE)-derived IN markers (LHX6*, SATB1")
(Colquitt etal., 2021), exhibited stronger correlation with
macaque INs (Figure 2E-G; Supplementary Figures S3K,
S2F). Notably, mammalian cerebral cortex INs are
predominantly composed of MGE/CGE neurons (Su-Feher
etal., 2022; Torigoe et al., 2016; Tosches & Laurent, 2019).
Based on these markers, we defined IN1 MEIS2 TSHZ1 as
LGE-derived INs and IN2 LHX6 SATB1 as MGE/CGE-derived
INs. Analysis of DEGs revealed that IN2 shared more DEGs
across the three species than IN1 ( Supplementary Figure
S3l). These findings imply that IN2 is more conserved and
involved in pathways related to pallum formation
(Supplementary Figure S3J and Table S4), indicating
functional similarities between mammalian INs and sauropsid
IN2.

Our comparative analysis across six amniote species
highlighted  transcriptomic  conservation of INs and
heterogeneity among major cell types. Cell subtype homology
became ambiguous with increasing phylogenetic distance
between species. Notably, INs displayed fewer species-
specific DEGs, while non-neuronal cells exhibited a higher
degree of species-specific divergence. Correlation coefficients
from TF expression profiles were higher than those from non-
TFs in distantly related amniotes, whereas the reverse was

true for closely related species, highlighting the conserved
nature of TF expression. Additionally, the identification of two
IN subtypes in sauropsids, based on their correlations with
macaque INs, implies that MGE/CGE-derived INs are more
conserved than LGE-derived INs within the amniote pallium.

Shared and distinct signatures of INs in amniote pallium
Building on our findings regarding marker gene expression
and subtype correlations of INs across the amniote pallium,
we further investigated their defining signatures. By integrating
INs from six species and performing unsupervised clustering,
10 distinct cell clusters were identified (Figure 3A, B). These
clusters were identified based on marker expression: C5
PROX1 NR2E1 and C6 VIP PROX1 as CGE-derived INs
(VIP*, PROX1*, NR2E1*), CO VIP MEIS2 as a CGE/LGE-
derived mixed INs (VIP*, MEIS2*, TSHZ1"), and the remaining
INs as MGE-derived INs (SOX6*, LHX6*, SATB1") (Figure 3B;
Supplementary Figure S5A, B).

Most clusters were evenly distributed across the six
datasets, except for C7 RELN NR2E1, C8 PVALB NRZ2ET1,
and C9 PVALB LHXE6 (Figure 3C; Supplementary Figure S5C,
D). Notably, C7 and C9 predominantly consisted of
mammalian INs, while C8 was primarily composed of
sauropsid INs, suggesting species-specific IN subtypes in the
mammalian and sauropsid pallium. C7 RELN NR2E1 was
inferred to represent an MGE-derived IN subtype with DEGs
enriched in telencephalon formation pathways (Figure 3D, E;
Supplementary Figure S5E). C8 PVALB NR2E1 and C9
PVALB LHX6 were identified as PVALB* IN subtypes involved
in neuronal signal transmission in the sauropsid and
mammalian pallium, respectively. Additionally, PVALB* cluster
C2 (PVALB, SOX6) was analyzed alongside these subtypes.
Trajectory analysis revealed that C2 extended into two distinct
branches connecting to C8 and C9, with numerous genes
such as PVALB, DAAM2, and NRZ2E1 showing dynamic
expression along the trajectory (Figure 3F; Supplementary
Figure S5F). These results indicate that C2 represents a
conserved PVALB"* IN subtype, whereas C8 and C9 may be
evolutionarily novel subtypes with significant changes in gene
expression. Prior research has reported high PVALB
expression in specific layers of the mammalian neocortex and
the song motor pathway of birds (Glezer et al., 1993; Hara
etal., 2012; Sherwood etal., 2010), hinting at potential
divergence in PVALB* IN subtypes across the amniote
pallium. Further experimental verification is required to confirm
these evolutionary patterns and functional implications.

Previous studies have reported that LGE-derived INs share
greater transcriptomic similarity with CGE-derived INs than
MGE-derived INs (Su-Feher et al., 2022), and that VIP* INs
are absent from the reptilian pallium (Briscoe etal., 2018;
Tosches et al., 2018). Consistent with these findings, our data
showed that CO VIP MEIS2 was highly expressed in both
LGE-derived and CGE-derived IN marker genes and was
predominantly composed of mammalian VIP* INs and
sauropsid LGE-derived INs (Figure 3D; Supplementary Figure
S5C, D). Based on its composition and gene expression
patterns, CO was deduced to represent a mixture of INs and
was enriched in pathways related to axonogenesis
(Figure 3G—H). Further analysis revealed that CO could be
divided into high and low VIP* CO subclusters, similar to the
CGE-derived clusters C5 PROX1 NR2E1 and C6 VIP PROX1,
respectively (Supplementary Figure S6A-D), highlighting the
close relationship between LGE- and CGE-derived INs (Su-

Zoological Research 46(1): 193-208, 2025 199



Human
Macaque
Mouse
Zebra finch
Turtle
Lizard

UMAP_2

UMAP_1

P

e :.‘

o’\

I 4 },'

PTPRK w

Wlwm” ' | | u IH WF‘ : ||I|hll

Ty h.m,

. s

L‘Nm
mam

¥
cxcLia i
AnerTs

> & o“’c’;\o“’p‘b

UMAP_2

CO VIP MEIS2

C1 SST STATB1
C2 PVALB SOX6
C3 LAMP5 PROX1
C4 RELN LAMPS
C5 PROX1 NR2E1
C6 VIP PROX1

C7 RELN NR2E1
C8 PVALB NR2E1
C9 PVALB LHX6

UMAP_1

(2]

(Mammal_PVALB] (Sauropsid_IN1]

I e

Mammal_IN

W o g b \
chszHH ‘ 00 1 8y |
] "o NH'NH I ‘ 1 """hl h IHII | l‘lH [Emeal]] | G
T%D%; mam s ' | ‘\ L II‘TI " ‘n:. ' ‘Ell b m u Mam“:h e
H W‘ Turtl
" oie Hn ' b | il o w wy i o
expression [N
D 2 10 PAGA graph PVALB
FOXP1 [ Foxp1y @ ° C9 PVALB LHX6 0
go TSHZ1{ - © @ TSHZ1{ ® .
MEIS2{ > © @ MEIS2{ e 'Y 01
wes] o o @ LamPs °o C2 PVALB SOX6 '
RELN o0 RELN Y
W Pvas . e o PVALB ° ) C8 PVALB NR2E1 02
g SST . [ ] ssT{ - @
SATB1 [ SATB1{ @ @ -0.3
LHX6 e oo o o LHx6{ o ® °
soxe ° ° sox6{ ©® @ ° ¢
NR2E1 o e o NR2ET1 c e e e
w
o)l Prox1 .o ® e PROXI]e o G Axonogenesis. [[ININENGNG
viP e o VIP{ ® <. Axon guidance [N
§ g 85833886588 Neuron projection guidance || N
o Axon development . |G Padiust
-adjus
Average Percent Protein heterooligomerization 0 i) 13
a Y Y Calcium ion transmembrane import
01 2 0255075 401 2 255075 into cytosol 0.012
Positive regulation of ion transport 0.011
E Positive regulatlon of fibroblast migration RELN Gene number Calcium ion transport into cytosol
. Telence gevelopment 2 . P . Y -
PLXNB2 ® ore @2 Regulation of metal ion transport. [
PTPRZ SLC8A1 ©® FAT4 Regulation of potassium ion
Ty CPRITLY Forebr. velopment transmembrane transport
0 4 8
paxe @ ® UNCSD
SOX5Neural precursor cell proliferation NONF @ H CDKL5
Neuroblast proliferation P ﬁ;fw , ° o NCAM1
PLEKHAT g .ﬁetrin—act‘d signaling pathway EPHA6
FGFR2 C ° . .
TeFTL2 EGF _-Inosij@iMipid— igled signaling  uncsc Axonogenesis
Phosph nositaj-mediated signaling r
Regulation of canonical Wntsignali pathy(ay Axon deve OPmGDt Mycepz
GPRCSB sox9 AcT NRXN3 Neuron pro;ectlon guidance
DAAM2 PLXNB1 ) HNT16 SPRY2 .
o Regulation of neurotrophin TRK receptor signaling pathway ) Axon gu'dance
uster NKD1 v STMN1
W C7 RELN NR2E1 KANK1 KIF5C .

C8 PVALB NR2E1
W C9 PVALB LHX6

SPRY1

Figure 3 Inhibitory neurons (INs) in amniote pallium

A: UMAP plots of sampled INs, colored by species (left) and unsupervised clustering cell clusters (right). B: Heatmap of DEG expression across IN
cell clusters. C: Sankey diagram showing cellular compositional makeup of species and cell subtypes in species-biased cell clusters. D: Bubble plot
showing expression of differentially expressed markers for IN subtypes and cell clusters. E: Network of key genes and pathways in species-biased
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200 www.zoores.ac.cn

« CHL1


www.zoores.ac.cn

Feher etal.,, 2022). These findings suggest that CO may
represent an intermediate population reflecting shared
features between LGE- and CGE-derived INs within the
amniote pallium. Furthermore, some reptilian LGE-derived INs
may share similar functions with mammalian VIP* INs, given
their high expression of conserved genes within CO
(Supplementary Figure S5G).

In conclusion, we observed homologous IN subtypes across
amniotes and notable interspecies variability. For example, we
identified PVALB* IN subtypes with evident differences
between mammals and sauropsids, as well as a mixed cell
cluster of LGE- and CGE-derived INs (CO VIP MEIS2). These
findings provide evidence for divergent evolutionary pathways
in neuronal diversification and offer insights into the absence
of VIP* INs in the reptilian pallium.

Transcriptomic heterogeneity among EXs in the
mammalian neocortex and avian DVR

EXs exhibit diversity and abundance within the mammalian
pallium (Hodge et al., 2019; Ma et al., 2022; Yao et al., 2021).
To explore whether homologous EX subtypes exist across
amniotes, we co-clustered EX subtypes from six species,
resulting in 15 distinct clusters. These clusters were then
classified as resembling upper layer (UL)-like EXs (RFX3*,
RORB*, UNC5D"), deeper layer (DL)-like EXs (CRYM',
CDH13*, NR4A2+), mixture populations, or species-specific
subtypes (Figure 4A, B; Supplementary Figure S7A, B).
However, consistent with prior correlation analyses, identifying
one-to-one homologous EX subtypes was challenging due to
widespread co-expression of UL and DL marker genes across
clusters. Five species-biased clusters were distinguished, with
CO0 TAC1 NR2F2 cells being present across all amniotes
except humans, while the C9 PENK PROX1 cluster was
primarily found in sauropsids, the C10 CDH13 SOX5 cluster
predominantly in mammals, the C11 RORB UNCS5D cluster
mostly in primates, and the C14 RORB CPNE4 cluster
uniquely in humans. Further analysis indicated that CO likely
represented a low-quality cluster (Supplementary Figure S6E),
while C14 was validated using other integration methods
(Supplementary Figure S6F, G). These findings imply that
while transcriptomic homology exists among amniote EXs, the
evolution of more specialized cell subtypes in higher
vertebrates, such as primates and humans, has contributed to
significant diversification (Lamanna et al., 2023; Musser et al.,
2021; Naumann & Laurent, 2020; Norimoto et al., 2020). This
evolutionary divergence likely explains the difficulty in
identifying homologous EX subtypes across all amniotes.

The mammalian neocortex and reptilian DC are derived
from the dorsal pallium, while the sauropsid DVR originates
from the ventral pallium (Gintirkin et al., 2020; Naumann &
Laurent, 2020; Puelles etal., 2017). Earlier research noted
significant correlations among these regions, yet their complex
interrelationships remain poorly understood (Norimoto et al.,
2020; Tosches etal, 2018). To address this, we first
performed correlation analysis of mammalian and avian EX
subtypes to identify distinctions and homologies. According to
the “nucleus-to-layer” model I(Dugas-Ford et al., 2012; Jarvis
etal., 2005; Karten, 1991), HVC was homologous to the
neocortical layer 2/3, and RA was homologous to layer 5 (L5)
(Figure 4C). In our macaque data, RA EXs exhibited strong
similarities to L5 neurons as well as correlations with other DL
neurons (Supplementary Figure S7C, D), consistent with
earlier studies (Colquitt etal., 2021). Similarly, HVC EXs

resembled macaque DL neurons, mirroring previous research
comparing mouse DL profiles (Colquitt et al., 2021). However,
no correlations were found between HVC EXs and UL
neurons, potentially due to divergence between primate and
rodent UL neurons (Fame etal., 2017; Huang et al., 2023;
Loomba etal.,, 2022). Further insights were obtained by
mapping zebra finch EX data onto ISH profiles from the
mouse pallium. RA EXs exhibited stronger correlations with
entorhinal DL neurons using TF expression profiles, whereas
HVG-based analysis revealed greater similarity to non-
entorhinal DLs (Figure 4D, E), consistent with prior studies
(Colquitt et al.,, 2021; Wagner, 2014). HVC EXs, in contrast,
demonstrated significant similarities to both UL and DL
neurons based on HVGs and to DL neurons using TF profiles.
Verification with ISH data for BDNF and GFRA1 in mouse and
human pallia showed high expression of these HVC marker
genes in DLs (Supplementary Figure S7J, S8A, B). Overall,
these results indicate that both avian RA and HVC EXs may
be more akin to mammalian DL neurons than to UL neurons,
with TF profiles providing stronger correlations. While the
"nucleus-to-layer" model offers valuable insights, our findings
indicate that this framework may oversimplify these
relationships and requires further refinement and additional
confirmatory evidence.

We speculated that the observed similarities between the
avian DVR and mammalian DLs may be driven by key TFs. To
explore this, we first conducted soft clustering of all TFs using
the primate expression matrix and identified four distinct gene
sets: GS1, GS3, and GS4 associated with ULs and GS2
associated with DLs). These gene sets were enriched in
pattern formation and regionalization of the amniote pallium
(Figure 4F, G; Supplementary Figure STE-G and Table S2).
Next, we performed gene regulatory network analysis on EXs
from both mammals and zebra finch (Figure 4H-J;
Supplementary Figure S7H, ). This analysis identified two
TFs, RARB and DLX2, as pivotal regulators. Both TFs are vital
for avian brain regionalization (Koszinowski etal., 2015;
Marcucio et al., 2005) and were extensively expressed in the
macaque pallium (Supplementary Figure S6H, S8C). RARB, a
member of GS1, emerged as a key TF in the regulon
intersections across four EX classes. This TF is involved in
eye development, cognitive function, and synapse formation
(Srour etal., 2016), aligning with GS1 enrichment analysis
(Figure 4K, L). In contrast, DLX2 was associated with GS2
and identified as a key TF in the regulon intersections of most
EX classes, except for mammalian ULs. This TF is critical for
forebrain morphogenesis, retina formation, and ganglion cell
development (Tan & Testa, 2021), consistent with the
enrichment results. In addition, the nuclear factor | gene
family, implicated in brain development and intelligence
(Zenker et al., 2019), was active across the four EX classes,
with NFIX, NFIA, and NFIB known to play vital roles in the
regulatory network of salamander cortical neurons (Lust et al.,
2022; Wei et al., 2022). These findings underscore the pivotal
role of TFs in amniote pallial formation and regulation,
potentially driving the similarities between the avian DVR and
mammalian neocortex. Such regulatory mechanisms provide
further evidence supporting the convergent evolution of these
brain regions in avians and mammals (Hintermann et al.,
2022; Yokoyama & Pollock, 2012).

This study highlighted both the heterogeneity and shared
characteristics of EXs across mammals and sauropsids. We
distinguished species-specific EX subtypes, including human-
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absent CO, sauropsid-preferred C9, mammal-preferred C10,
primate-preferred C11, and human-exclusive C14, suggesting
the emergence of novel subtypes as species complexity
increases. Our findings showed that avian RA EXs exhibit
strong similarity to macaque DL EXs, while HVC EXs
resemble both DLs and ULs, challenging the “nucleus-to-
layer” model (Colquitt et al., 2021) and reflecting the likeness
of HVCs to primate DLs. Furthermore, we identified key TFs,
especially RARB and DLX2, as crucial to these similarities,
potentially reflecting convergent evolution in the avian and
mammalian pallium (Hintermann et al., 2022; Yokoyama &
Pollock, 2012). These findings indicate that while ancestral
TFs are conserved across amniotes, their regulatory networks
may have undergone distinct evolutionary adaptations, a
hypothesis requiring further verification.

Transcriptomic heterogeneity among EXs in the
mammalian neocortex and reptilian DVR and DC

To elucidate the relationship between mammalian and
reptilian pallial EXs, we analyzed their gene expression
signatures. Turtle DC EXs exhibited stronger similarities to
mouse neocortex ISH data when TF profiles were used,
whereas DVR EXs aligned more closely with the neocortex
when HVG profiles were used (Figure 5A, B). Comparable
trends were observed when using macaque and lizard
datasets, although the results were less pronounced due to
fewer cells and poorer quality (Supplementary Figure S9A-D).
Likewise, turtle DVR EXs were correlated with macaque L6b
neurons based on HVGs and with L4 IT based on TFs, while
DC EXs were only correlated with L5/6 NP neurons based on
TFs (Figure 5C). DC EXs showed no significant similarity to
human neocortex EXs using HVGs but exhibited similarities to
DL EXs wusing TFs (Supplementary Figure S9A).
Comparatively, lizard DVR EXs were correlated with both DL
and UL neurons based on HVGs but only with DL neurons
when using TFs, while DC EXs were similar to DL neurons for
both gene sets (Supplementary Figure S9B). These findings
highlight that TFs and non-TFs convey distinct biological
insights. The reptilian DC appears to resemble the neocortex
in cellular or regional identity, likely due to a common
developmental origin (Guntlirkun et al.,, 2020; Naumann &
Laurent, 2020; Puelles et al., 2017), whereas the DVR may
parallel neocortical functionality, reflecting evolutionary
adaptations inherited from shared ancestors. Our results
further underscore significant differences in TF- and HVG-
based profiles in comparative analyses across amniote pallial
EXs (Figure 5D). These observations support the hypothesis
that reptilian DC may be homologous to mammalian DL
neurons (Briscoe & Ragsdale, 2018; Gilnturkin et al., 2020;
Luzzati, 2015), while the DVR may perform functions
analogous to the neocortex (Briscoe et al., 2018; Yamashita &
Nomura, 2017).

Despite distinct signatures between the reptilian DC and
DVR, their EXs shared numerous active TFs with those in the
mammalian neocortex (Figure 5E-H). Among these, three
representative TFs (STAT6, THRB, and NR3CT1) were
identified as key regulators due to their essential roles in
neural pathways. Notably, STAT6 was inactive in zebra finch
EXs, while THRB and NR3C1 were members of the
intersection of active TFs across all six species, alongside
BACH2, BCLAF1, EP300, GABPA, NFE2L1, and SREBF2.
The conservation of these TFs was validated by their
widespread expression in both the macaque and teleost

pallium (Supplementary Figure S8D, S9H, ). STAT6 is
involved in the neuroimmunological response, including
maintaining homeostatic microglia and regulating inflammatory
mediators (olde Heuvel etal., 2019). Protein sequence
alignment of STAT6 across 12 species revealed high
conservation among mammals, with the platypus exhibiting
greater sequence similarity to other mammals than to avians,
lizards, crocodiles, turtles, and frogs (internally conservative)
(Figure 5l). These findings suggest that while amniotes share
conserved TFs regulating neuroimmunological responses,
different evolutionary branches may employ orthologous TFs
in divergent neuroimmune pathways, which warrants
additional verification.

In contrast, NR3C7 and THRB protein sequences
demonstrated high percent identity across amniotes
(Figure 8J), with THRB also showing high scores in frogs
(Supplementary Figure S9F). Both TFs are crucial for
maintaining nervous system homeostasis. For example,
NR3C1 expression is reduced in individuals with histories of
child abuse, schizophrenia, depression, and suicide, as well
as in alcohol-dependent animal models (Gatta et al., 2021;
Holmes et al., 2019). THRB plays critical physiological roles in
the biological activity of thyroid hormones, development,
growth, and metabolism (Liu et al., 2021; Liu & Brent, 2018).
In brief, our findings imply that NR3C7 function may be
conserved in amniotes, while THRB function may be
conserved in both amniotes and amphibians, indicating that
homologous TFs may show varied transcriptomic conservation
due to differences in protein sequences or regulatory
networks.

To further investigate the role of TFs in shaping gene
regulatory networks across amniotes, we analyzed gene
modules containing at least one of the identified TFs in EXs
from distinct cell classes (Figure 5K, L). Gene modules
obtained from mammalian neocortex EXs, such as
UL_STAT6_THRB and DL_STAT6_NR3C1, exhibited higher
expression levels in mammalian and zebra finch cells
compared to reptilian cells, whereas gene modules obtained
from reptilian DC EXs, such as DC_STAT6, DC_THRB and
DC_NR3C1, displayed similar expression across species.
These findings signify that novel gene regulatory networks
involving TFs have evolved in the mammalian and avian
pallium, while ancestral regulatory networks existing in reptiles
have been retained in other modern amniotes.

Further analysis of active regulons in reptilian pallial EXs
and sauropsid DVR EXs identified 25 shared key TFs
(Supplementary Figure S9E). From these, we discerned three
gene modules, each containing at least one of these TFs. The
HVC_GFRA1 gene module was highly expressed in both
zebra finch DVR and mammalian neocortex EXs, RA_ELK4
was exclusively expressed in zebra finch EXs, and
DVR_BCLAF1 was solely expressed in reptilian EXs
(Supplementary Figure S9G). These results indicate that
orthologous TFs may regulate different gene networks in
pallial EXs across amniotes (Berto & Nowick, 2018; Wang
etal., 2016), potentially contributing to the observed
heterogeneity.

Building on earlier research (Colquitt et al., 2021; Norimoto
etal., 2020; Tosches etal.,, 2018), our findings further
elucidated the divergent and conserved signatures of EXs
across the mammalian and reptilian pallium. TF expression
patterns of reptilian DC EXs displayed greater similarity to
those of mammalian neocortical EXs, while DVR EXs were
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Figure 5 Heterogeneity among mammalian neocortex and reptilian DVR and DC

A, B: Spearman correlations between zebra finch EXs (DC and DVR) and mouse pallium, mapped onto coronal sections from ABA (Lein et al.,
2007). C: Heatmap reflecting correlations between macaque EX subtypes and turtle DVR EX subtypes using TFs or HVGs (excluding TFs). D:
Overview of correlations among amniote regional EXs. E, F: Venn diagram showing intersections of active TFs between mammalian neocortex,
reptilian DC (E) and DVR (F) EXs. G, H: Top 10 active regulons in EXs in turtles (G) and lizards (H). |, J: Heatmap of STATS6 (I) and NR3C1 (J)
protein sequence percent identity among amniotes and amphibians. K, L: Heatmap of gene module expression levels in amniote pallial EXs.
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significantly correlated with mammalian EXs when non-TFs
were analyzed. These observations suggest developmental
homology between the reptiian DC and mammalian
neocortex, alongside an ancestral evolutionary connection
between the DVR and neocortex. Additionally, three TF
candidates (STAT6, NR3C1, and THRB) were identified as
shared between reptilian and mammalian pallial EXs. These
TFs demonstrated varying levels of protein sequence
conservation and were associated with distinct gene co-
expression networks, indicating significant evolutionary
divergence in their regulatory mechanisms. Notably, reptilian
pallial EXs exhibited closer homology to mammalian DL
neurons than to UL neurons, supporting the hypothesis that
ULs may have originated from DLs (Naumann & Laurent,
2020).

DISCUSSION

The amniote pallium, essential for a range of functions, such
as sensation, sleep, movement, and learning, has undergone
remarkable structural and functional diversification throughout
evolution (Glnturkln et al., 2020; Naumann & Laurent, 2020;
Puelles et al., 2017; Roth, 2015), leading to the emergence of
unique structures such as the mammalian neocortex and
sauropsid DVR. In this study, we constructed a single-cell
transcriptomic atlas of the macaque pallium and incorporated
datasets from humans, mice, zebra finches, turtles, and
lizards for cross-species comparison. Our analysis revealed
both conserved and divergent gene expression and regulatory
patterns among pallial neurons across amniotes.

Our findings highlighted conservation of INs across species,
as evidenced by fewer species-specific DEGs in these
populations, but evident divergence in species-preferred
PVALB* IN subtypes. Among INs, MGE/CGE-derived INs
exhibited greater conservation than LGE-derived INs, although
LGE-derived INs showed notable similarities to CGE-derived
INs. In contrast, EXs exhibited greater transcriptomic
heterogeneity, with distinct species-preferred subtypes
correlating with increasing organismal complexity (Lamanna
etal., 2023; Musser et al., 2021; Naumann & Laurent, 2020;
Norimoto et al., 2020). Mammalian and sauropsid EXs shared
many transcriptomic commonalities, but also distinct
differences, pointing to shared developmental origins and
potential convergent or parallel evolution (Colquitt et al., 2021,
Guntarkin, 2012; Hintermann etal.,, 2022; Roth, 2015;
Yokoyama & Pollock, 2012). In addition, TFs, such as DLX2,
RARB, STAT6, NR3C1, and THRB, emerged as key
conserved regulators among pallial neurons across distantly
related amniotes. Conversely, non-TFs appeared to play a
pivotal role in maintaining homology among pallial neurons of
closely related species. These findings enhance our
understanding of the evolutionary signatures of the amniote
pallium and provide the foundation for future explorations into
the molecular features of brain complexity.

This study explored the conserved and divergent aspects of
gene expression and regulation in pallial neurons, shedding
light on the evolutionary characteristics and trajectories of the
amniote pallium. The evolution of neuronal cell types has
become a focal area of research in recent years (Briscoe
etal.,, 2018; Dugas-Ford etal., 2012; Hodge etal., 2019;
Musser et al., 2021; Tosches, 2021), presenting challenges in
defining homologous cell types —a task that demands
consideration of developmental origins, function, multi-omics
features, and morphology. Advances in single-cell

technologies have alleviated some difficulties, allowing for
more precise classification of homologous cell types across
species (Colquitt et al., 2021; Ma et al., 2022; Norimoto et al.,
2020; Tosches et al., 2018). For example, while the conserved
expression patterns of INs allow for their classification into
homologous subtypes across species, rapidly evolving cell
types, like EXs, pose greater complexity due to their divergent
transcriptomic profiles and phenotypic diversity. TFs have
emerged as relatively conserved regulators across amniotes
(Colquitt et al.,, 2021; Tosches, 2021; Tosches et al., 2018),
providing a foundation for understanding homology. However,
significant evolutionary modifications in their sequences or
structures may lead to shifts in regulatory networks, cellular
morphology, and function. This poses a conundrum: should
cells with pronounced phenotypic divergence but shared
ancestry be considered homologous, or do they represent
entirely novel cell types? Moreover, heavy reliance on model
species for gene function studies introduces uncertainties
about the applicability of findings to non-model species.
Variability in the availability and quality of spatial and
molecular data across species, particularly between well-
studied mammals and less-studied groups like birds and
reptiles, further complicates the accurate identification of
certain subpopulations. For example, both prior studies and
our results reveal substantial differences between mammalian
UL EXs and those in sauropsids, indicating that UL EXs may
represent an entirely new subtype (Naumann & Laurent, 2020;
Tosches & Laurent, 2019). Future research should aim to
standardize criteria for identifying homologous cell types and
expand foundational studies to non-model organisms at
pivotal evolutionary junctures to clarify the evolutionary paths
of the brain, pallium, and neurons. Key approaches could
include fine mapping of brain regions in non-model organisms
through ISH, exploration of neural pathways via connectomics,
application of spatial transcriptomics to elucidate gene
expression characteristics in different brain regions, and
integration of behavioral and electrophysiological techniques
to validate the biological functions of various brain regions.
Mammals, reptiles, and avians share a common ancestor
and possess pallial frameworks that largely adhere to the
tetrapartite model (Cardenas & Borrell, 2020; Puelles et al.,
2017). Despite this shared blueprint, these taxa exhibit
significant interspecies variations in structural organization,
cellular composition, and molecular profiles. In mammals, the
neocortex dominates the pallium and serves as the primary
center for advanced cognitive functions, while in birds, the
DVR occupies a similar role, functioning as a hub for complex
behaviors and intelligence (Guntirkin, 2012; Hara etal.,
2012; Roth, 2015). In contrast, the reptilian pallium, containing
regions developmentally homologous to both the mammalian
neocortex and avian DVR, is often regarded as the “original
version” of the amniote pallium (Guntiurkin etal., 2020;
Karten, 2015; Naumann & Laurent, 2020; Puelles et al., 2017).
Our results indicated that EXs in the reptilian DC resembled
DL neurons in the mammalian neocortex, while INs in both
reptilian and zebra finch DVRs shared lineage markers
characteristic of LGE-derived INs. However, significant
differences were also observed, consistent with previous
studies (Colquitt etal., 2021; Tosches etal.,, 2018). For
instance, species-specific cell clusters were identified in the
mammalian neocortex, while the gene expression profiles of
EXs in the avian DVR exhibited significant divergence from
their reptilian counterparts. Additionally, similarities between
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the mammalian neocortex and avian DVR, such as divergent
PVALB® IN subtypes and analogous gene expression patterns
observed in zebra finch RA and HVC nuclei with mammalian
cortical layers, may signify convergent evolution (Hintermann
etal.,, 2022; Yokoyama & Pollock, 2012). The evolutionary
trajectories of amniote pallial structures may be shaped by
variations in TFs (Arendt et al., 2016), as we distinguished key
TFs with varying degrees of conservation that exhibited
species-restricted similarities in protein sequences and co-
expression networks. Although development and evolution are
distinct processes —development representing an orderly
progression based on the genomic blueprint, and evolution
reflecting the long-term accumulation of adaptive
traits —development often mirrors certain aspects of
evolutionary history (Kuratani et al., 2022). This interplay is
especially important when defining homologous brain regions
or cell types. Future investigations should prioritize studies on
pivotal species, such as reptiles and oviparous mammals, as
well as the role of TFs in shaping regional and cellular
identities. Integrating developmental studies with evolutionary
research will be crucial for clarifying the complex evolutionary
history of the amniote pallium.

Our study has several areas that could be enhanced and
refined. While the pallium encompasses a vast region, our
analysis were restricted to specific regions within each
species. This limitation raises the possibility that some
observed differences may arise from variability across pallial
regions rather than true interspecies divergence.
Nevertheless, we believe that interspecies differences are
more significant than intraspecies regional differences within
the pallium. The patterns of conservation and divergence
identified in our study are supported by previous research,
providing confidence in the robustness of these findings.
Comparative transcriptomic analyses offer valuable insights
into the molecular underpinnings of evolutionary processes,
such as the development of regulatory networks and evolution
of cell type-specific characteristics. However, to achieve a
more comprehensive understanding of these processes, it is
essential to integrate transcriptomic data with other omics
datasets. For example, combining transcriptomics with
genomics, proteomics, and phenotype-related studies could
elucidate the fundamental drivers of transcriptomic changes
during evolution and their impact on related pathways and
phenotypes. Additionally, combining transcriptomic and
phenotypic data through comparative morphology, physiology,
behavior, and functional genomics would provide a deeper
understanding of the biological significance of observed
transcriptomic patterns. A persistent challenge in evolutionary
studies, including our own, is the limited number of species
available for comparison. While our study included a broader
range of species and provided a more comprehensive
analysis than many prior efforts, this remains a critical area for
improvement. Expanding the scope of future studies to include
a wider array of species and a more detailed examination of
diverse pallial regions will likely yield more robust and reliable
results, further advancing our understanding of the
evolutionary dynamics of the amniote pallium.
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