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Primordial germ cells (PGCs) in chickens polarize and move passively toward the anterior region by the
morphogenetic movement of the embryo. Further migration of PGCs towards the genital ridge via the
germinal crescent region and blood vessels occurs actively through the chemoattractive signals. The
mechanisms of initiation of PGCs migration, lodging the PGCs in the vascular system, and colonization
of PGCs in the gonads are well-studied. However, transcriptome sequencing-based cues directing the
migration of the PGCs towards gonads, some of the relevant molecules, biological processes, and tran-
scription factors (TFs) are less studied in chickens. The current study comprehensively interprets the
transcriptional programming of PGCs during their active migration (E2.5 to E8). Current results revealed
several vital understandings, including a set of genes that upregulated male-specifically (XPA, GNG10,
RPL17, RPS23, and NDUFS4) or female-specifically (HINTW, NIPBL, TERAL2, ATP5F1AW, and SMAD2W) in
migrating PGCs, and transcriptionally distinct PGCs, particularly in the gonadal environment. We identi-
fied DNA methylation and histone modification-associated genes that are novel in chicken PGCs and
show a time-dependent enrichment in migrating PGCs. We further identified a large number of differen-
tially expressed genes (DEGs, including TFs) in blood PGCs (at E2.5) compared to gonadal PGCs (at E8) in
both sexes; however, this difference was greater in males. We also revealed the enriched biological pro-
cesses and signaling pathways of significant DEGs identified commonly, male-specifically, or female-
specifically between the PGCs isolated at E2.5, E6, and E8. Collectively, these analyses provide molecular
insights into chicken PGCs during their active migration phase.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Primordial germ cells (PGCs), which have an extragonadal ori-
gin, are the precursors of sperms and oocytes. After the fusion of
the sperm and oocyte, the totipotent zygote has a remarkable
capacity to develop into a new organism. All cells of the new
organism are descendants of PGCs. Therefore, the specification of
PGCs can be regarded as a crucial first step for acquiring totipo-
tency and continuing the life cycle [1]. The specification of PGCs
was reported by an epigenesis mode in mammals. In contrast, sev-
eral species in the animal classes, including aves, anura, teleostei,
and insecta, use the inherited mode of the PGCs specification [2].
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In chicken, a best-studied species of aves, a maternally inherited
component called “germ plasm” that consists of a set of RNAs, pro-
teins, and energy-rich mitochondria are exclusively allocated to
the prospective PGCs [3]. The PGCs have been detected in the cen-
tral region of chicken intrauterine embryos from Eyal-Giladi and
Kochav (EGK) [4] stage-lll to EGK stage-X. During the post-
oviposition (in ovo) embryonic development, PGCs migrate to the
anterior region of Hamburger and Hamilton (HH) [5] stage-2 to
HH stage-4. Then, the PGCs are incorporated into the semi-
circular-shaped extra-embryonic region called the germinal cres-
cent of HH stage-9 to HH stage-12. At about HH stage-13, PGCs
are entered into the lumina of blood vessels and remain in blood
circulation. In chickens, the vascular system serves as a vehicle
to transport different cells, such as the leukocytes and PGCs, to dis-
tant locations, and migration through the vessel wall occurs in the
vicinity of the target tissue [6]. The blood PGCs are entered into the
future gonadal region at around HH stage-18 to HH stage-21
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[3,7,8]. After entering the bilateral sexually undifferentiated
gonads, gonadal PGCs undergo dynamic proliferation and differen-
tiation in a sex-specific manner: PGCs differentiate into oogonia in
females at about E8.0 and pro-spermatogonia in males at about
E13.0 [9-11].

Regardless of epigenesis or inherited mode of PGCs specifica-
tion, the nascent PGCs block somatic identity and maintain
pluripotency. The next goal of PGCs is the migration to the gonads,
where they settle down, differentiate in a sex-specific manner, and
undergo a meiotic cell cycle to generate further germline cells [2].
Migrating PGCs have to overcome several hurdles as they migrate
through the crowded and complex cellular environment of a devel-
oping embryo [12]. Therefore, the PGCs are provided with direc-
tional cues in the course of their migration, and also the PGCs
migration in all species follows three similar steps, including initi-
ation of polarity and directed migration, regulated migration by
attractive and repulsive cues, and termination of migration in the
gonads [13]. PGCs in many of the studied species, including mice,
Drosophila, zebrafish, and chickens, normally use chemoattractive
signals to reach the gonads [6,13,14]. Particularly in chickens and
mice, genital ridge cells secrete SDF1 (a chemoattractant) that is
received by PGCs transmembrane protein CXCR4 (a G protein-
coupled receptor) during the course of PGCs migration [6]. Further-
more, lipids and cell adhesion molecules (such as E-cadherin and
integrin B1) also play critical roles in PGCs migration [13]. Studies
in chicken and quail described that the extracellular matrix (ECM)
molecules such as laminin, fibronectin, chondroitin sulfate, colla-
gen, and integrin are expressed in avian PGCs and distributed at
their early migratory routes [15,16]. Thus, the PGCs interaction
with the ECM molecules is important for their early migration.

Epigenetic reprogramming, including genome-wide DNA
demethylation and dynamic changes in histone modifications, is
a critical event in migrating PGCs. In mice, PGCs specified in the
post-implantation epiblast are hypermethylated. When the PGCs
start the migration, global CpG methylation levels drop signifi-
cantly, and almost all genomic features become hypomethylated
just before colonization in gonads. DNA methylation is then re-
established in germ cells after colonization in gonads; however,
in a sex-specific manner [1]. The gonadal PGCs of chicken also
showed an increase in CpG methylation level [17]. Interestingly,
hypomethylated migrating PGCs in humans, mice, and chickens
remain proliferative and maintain the expression of critical
pluripotency- and germness-specific genes [7,18,19]. Besides, acti-
vating certain signaling pathways, particularly the Wnt-signaling
and TGFp-signaling pathways, are essential for PGCs migration,
proliferation, and self-renewal [20-22]. In summary, several stud-
ies in chickens have uncovered the mechanisms involved in initiat-
ing PGCs migration, lodging of the PGCs in the vascular system, and
colonization of PGCs in the gonads [6,15,23]. However, transcrip-
tome sequencing-based cues directing the migration of the PGCs
towards gonads, some of the relevant molecules, biological pro-
cesses, and transcription factors (TFs) are less revealed in chickens.

In our recent work, we produced a germ cell tracing model
chicken by tagging of deleted in azoospermia like (DAZL) gene with
green fluorescent protein (GFP) expression cassette (DAZL::GFP
chickens) using CRISPR/Cas9-NHE]-mediated genome editing.
Next, the male and female germ cells from the DAZL::GFP chickens
were isolated at embryonic day 2.5 (E2.5) to 1 week post-hatch,
and the chicken germ cell dynamics were investigated by single-
cell RNA sequencing (scRNA-seq) [24]. A part of the same scRNA-
seq dataset (E2.5 to E8) was comprehensively investigated in the
current study to interpret the transcriptional programming of PGCs
during their active migration time points. We particularly defined
the sex-specifically upregulated genes in migrating PGCs, tran-
scriptionally distinct PGCs in gonads, the expression of genes asso-
ciated with DNA methylation and histone modification programs
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of migrating PGCs, and differentially expressed genes (DEGs,
including TFs) and their enriched biological processes and signal-
ing between blood PGCs and gonadal PGCs.

2. Materials and methods
2.1. Animals

The management and experimental use of White Leghorn (WL)
chickens were approved by the Institute of Laboratory Animal
Resources, Seoul National University (SNU-190401-1-1). The
experimental animals were cared according to a standard manage-
ment program at the University Animal Farm, Seoul National
University, Korea. The procedures for animal management, repro-
duction, and embryo manipulation adhered to the standard operat-
ing protocols of Animal Genetic Engineering Laboratory, Seoul
National University.

2.2. Preparation of samples for scRNA-seq

Recently, we produced a germ cell tracing (DAZL::GFP) model
chicken by CRISPR/Cas9-NHE]-mediated genome editing in PGCs
[24]. Briefly, the WL PGCs were maintained on knockout DMEM
supplemented with essential components optimized for PGCs cul-
ture in an incubator at 37 °C with 5 % CO, and 60-70 % relative
humidity. Cells were sub-cultured onto mitomycin-inactivated
mouse embryonic fibroblasts at 5-6 day intervals [25]. We con-
structed two plasmids to edit chicken PGCs: donor plasmids con-
tain the last intron and exon of DAZL (including the gRNA-
recognition sequence) in frame with a T2A peptide and GFP expres-
sion cassette; and CRISPR/Cas9 plasmids targeting the last intron of
chicken DAZL. Then, 2 pg of each donor and CRISPR/Cas9 plasmids
were co-transfected into 1 x 10° cultured PGCs with Lipofectamine
2000 reagent. After 1 day of the transfection, G418 (300 pg/mL)
was added to the culture medium to select transfected PGCs. Next,
over 3,000 DAZL gene-edited PGCs were transplanted into the dor-
sal aorta of the Korean-Ogye-recipient embryo (at HH stage 14—
17). After sealing the egg window with parafilm, the egg was incu-
bated until hatching. After hatching and sexual maturation, sperm
from male recipient chickens were evaluated by breed-specific
PCR, and the male recipient chickens with WL sperm were mated
with wild-type WL females. Germline-chimeric chickens were
identified by offspring feather color and by genomic DNA analysis.

For scRNA-seq, germ cells of DAZL::GFP chicken embryos were
collected from blood (at E2.5) and gonads (at E6 and E8). For the
collection of male germ cells, we used 50-100, 35, and 11 embryos
at E2.5, E6, and ES8, respectively. For the collection of female germ
cells, we used 50-100, 30, and 5 embryos at E2.5, E6, and ES,
respectively. These embryos are G2 progeny, which includes sib-
lings as well as from different litters. Moreover, the sex of E2.5,
E6, and E8 embryos were determined by amplifying the DNA sam-
ples of embryonic blood (at E2.5) using forward (5'-CTA TGC CTA
CCA CAT TCC TAT TTG C-3’) and reverse (5-AGC TGG ACT TCA
GAC CAT CTT CT-3’) primer of chicken W chromosome. The pooled
blood or gonad samples from each sex and stage were treated with
Hank’s Balanced Salt Solution (Gibco Invitrogen, Grand Island, NY,
USA) containing 0.05 % trypsin—-EDTA (Gibco Invitrogen) and incu-
bated at 37 °C for 10 min. Then, trypsin—-EDTA was inactivated by
adding an equal volume of DMEM containing 5 % fetal bovine
serum (FBS; Hyclone, Logan, UT, USA). Cells were harvested by cen-
trifugation at 1,250 rpm for 5 min, washed with PBS, resuspended
in PBS containing 1 % bovine serum albumin (BSA), and filtered
through a 40-pum cell strainer (Fisher Scientific, Hampton, NH,
USA). Finally, cells were stained with propidium iodide (PI), and
GFP*/PI” live cells were sorted by using a BD fluorescence-
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activated cell sorting (FACS) Aria III (BD Biosciences, San Jose, CA,
USA). The number of GFP*/PI~ live cells isolated by FACS was:
500 at E2.5, 1666 at E6, and 2577 at E8 in males; 1000 at E2.5,
2253 at E6, and 4623 at E8 in females.

2.3. scRNA-seq and data preprocessing

Libraries for scRNA-seq were prepared using the Chromium Sin-
gle Cell 3’ GEM, Library & Gel Bead Kit v3; Chromium Single Cell B
Chip Kit; and Chromium i7 Multiplex Kit (10X Genomics, Pleasan-
ton, CA, USA). Libraries were sequenced with a 2 x 100-bp paired-
end protocol on a Novaseq-6000 platform to generate at least
40,000 read pairs per cell [24]. The CellRanger pipeline was used
to process raw fastq files. The DAZL-GFP insert sequence was
included to the fasta and GTF GRCg6a.99 files for the chicken gen-
ome (GRCg6a). STAR aligner [26] was used to map the cDNA
sequences to the modified-chicken genome. Using the default
parameters, a gene-by-cell count matrix was created. The Empty-
Drops function of the DropletUtils R package [27] was used with
FDR 0.05 to remove empty droplets while capturing single cells.
Low-quality cells were eliminated by employing various cutoff
thresholds for each sample. Using the calculateQCMetrics function
of the scater R package [28], the cutoff criteria were determined by
visually inspecting outliers in the principal component analysis
(PCA) plot on the quality-control metrics. Cells with<3.5, 3.5, and
4.0 total logl10-scaled unique molecular identifier (UMI) count
with>10, 10, and 15 % of UMIs assigned to mitochondrial genes
were excluded from E2.5, E6, and E8 samples, respectively. Cells
were grouped using the quickCluster function of scran R package
[29] to remove cell-specific biases. The computeSumFactors func-
tion in the same package was used with default parameters to cal-
culate cell-specific size factors. The raw UMI counts were divided
by cell-specific size factors to normalize the gene-by-cell count
matrix of the E2.5 sample. The normalized counts were then
log2-transformed by adding a pseudo-count of 1. Using the scran
package’s decomposeVar and getTopHVGs functions, a thousand
highly variable genes (HVGs) in E2.5 PGCs were chosen based on
biological variability. On the first 15 principal components (PCs),
the k-nearest neighbor (kNN) graph was constructed using the
FindNeighbors function of the Seurat R package [30], and the
FindClusters function with resolution = 1.0 was used to compute
clusters. RunUMAP function of the same package was used to cal-
culate uniform manifold approximation and projection (UMAP) on
the 15 PCs. The signature scores of the W-chromosome genes were
calculated for the remaining clusters, and those with positive val-
ues were labeled as female PGCs, while those with negative scores
were labeled as male PGCs. Count matrices of the samples (E2.5-
E8) for each sex were aggregated. Further normalization, HVG
selection, dimensionality reduction, and clustering were per-
formed as described above, with 15 PCs of 750 HVGs for the count
matrix and resolution = 0.8 for both males and females.

2.4. scRNA-seq data analysis of chicken PGCs

DEGs between the male and female PGCs at different time
points (male versus female at E2.5, male versus female at E6, male
versus female at E8) were calculated using the FindAllMarkers
function of the Seurat R package. To specify enriched biological
processes of these DEGs, significantly enriched gene ontology bio-
logical processes (GOBP) terms (P < 0.05) were selected using the
topGO R package with the org.Gg.eg.db annotation data package.
Significantly enriched kyoto encyclopedia of genes and genomes
(KEGG) pathways (P < 0.05) were also selected using the KEGGREST
R package [31,32]. The cell cycle of PGCs was inferred using the
CellCycleScoring function of the Seurat R package, with homolo-
gous genes of mouse S phase and G2/M phase. Cells that do not
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express S phase or G2/M phase gene sets were auto-marked as
G1 phase. DEGs of each cluster were calculated using the
FindAllMarkers function of the Seurat R package. Developmental
trajectories of the chicken PGCs were estimated using the Mono-
cle3 R package [33]. UMAP was computed by using the reduce_di-
mension function of the package, with the first 7 PCs for both
males and females. Distinct clusters were identified using the clus-
ter_cells function of the package with resolution = 0.05 for males
and 0.01 for females. Starting cells for calculating pseudotime were
defined by choosing the cell with the lowest expression of POU
domain class 5 transcription factor 3 (Pou5f3) for both male and
female germ cells. Two starting cells were selected for female germ
cells (E2.5 cells and E6/E8 cells), as E2.5 had a considerable dis-
tance from EG/ES.

To investigate the epigenetic reprogramming in PGCs, the com-
plete list of chicken genes associated with the AmiGO terms such
as DNA demethylation (GO:0080111) / DNA methylation
(G0O:0006306) and histone demethylation (GO:0016577) | histone
methylation (GO:0016571) were first retrieved from the AmiGO 2
database [34,35]. The gene list was normalized by excluding over-
lapping annotation classes and labels, and then the average expres-
sion of genes in each category was z-scaled and visualized through
mirror heatmaps. DEGs between the PGCs from different embry-
onic stages (E2.5 versus E6, E2.5 versus E8, and E6 versus E8) in
males and females were calculated using the FindAllMarkers func-
tion of the Seurat R package. We set the cutoff values of P < 0.05
and logFC > 0.5 for significantly upregulated genes, and P < 0.05
and logFC < -0.5 for significantly downregulated genes. The expres-
sion of DEGs between the embryonic stages in male and female
were visualized through heatmaps at the single-cell level. To spec-
ify enriched biological processes of significant DEGs, significantly
enriched GOBP terms (P < 0.05) were selected using the topGO R
package with the org.Gg.eg.db annotation data package. Signifi-
cantly enriched KEGG pathways (P < 0.05) were also selected using
the KEGGREST R package. Significantly upregulated and downreg-
ulated TFs in DEGs were identified by mapping the DEGs with the
Gallus gallus TF list downloaded from the AnimalTFDB3.0 [36].

3. Results
3.1. scRNA-seq reveals a precise timing of PGCs migration

Our recent work produced a germ cell tracing (DAZL::GFP)
model chicken by CRISPR/Cas9-NHE]J-mediated genome editing in
PGCs and subsequent germline transmission. The GFP* and PI”
DAZL::GFP germ cells were isolated during the embryogenesis of
male and female chickens (from blood circulation at E2.5; from
gonads at E6, E8, E12, E16, hatch, and 1 week post-hatch), and
studied by scRNA-seq [24]. To define the precise timing of PGCs
migration at single-cell resolution, which is also necessary for the
present study, we examined the expression of candidate general
germ cell markers (DAZL, DDX4, and PIWIL1), migrating germ cell
markers (CXCR4 and KIT), and early/mitotic germ cell marker
(Pou5f3) (Fig. 1). As a result of the expression patterns of CXCR4,
a crucial chemokine receptor, the male germ cells showed higher
migratory activity at E2.5 to E12, and then showed a notably
decreasing trend in migratory activity. The female germ cells
showed higher migratory activity at E2.5 to E8, and then their
migratory activity decreased notably. The expression patterns of
KIT, a crucial cytokine receptor, correlated with the expression of
CXCR4 in females but not males. Moreover, the migratory activities
of male and female germ cells highly corresponded to their mitotic
activities according to the expression patterns of Pou5f3. The
chicken PGCs circulating in the blood enter gonadal ridges at about
E3 to 3.5. However, differentiation of PGCs into oogonia in females
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Fig. 1. Expression pattern of marker genes in male and female germ cells from DAZL::GFP chickens. In top, uniform manifold approximation and projection (UMAP) plot
showing male and female germ cells colored by the elapsed time of development. In bottom, violin plots showing the expression of general germ cell markers (DAZL, DDX4,
and PIWIL1), migrating germ cell markers (CXCR4 and KIT), and early/mitotic germ cell marker (Pou5f3).

and pro-spermatogonia in males starts at about E8.0 and E13.0,
respectively [9,10,37]. Also, the oogonia enter a dramatic prolifer-
ation state on E9.0 [10,11]. Therefore, we don’t consider DAZL::GFP
germ cells isolated after E8.0 as PGCs, at least in females. For these
reasons, we restricted the below-mentioned scRNA-seq-based
analyses from E2.5 to E8 time points in both male and female germ
cells.

3.2. Transcriptome differences in male and female migrating PGCs

Based on the cells that fulfilled quality-control criteria, we pre-
pared a single-cell transcriptome of males and females consisting
DAZL::GFP germ cells isolated at E2.5, E6, and E8. The male
scRNA-seq data comprised 126, 478, and 850 cells, respectively,
at the analysis time points and are visualized by using a UMAP plot
(Fig. 2A). On the other hand, the female cluster consists of 222, 675,
and 1499 cells, respectively, at the analysis time points (Fig. 2B).
Statistical tests were performed to identify DEGs between the male
and female migrating PGCs isolated at E2.5, E6, and E8: i.e., male
versus female at E2.5; male versus female at E6; and male versus
female at E8. Our analysis identified a higher number of signifi-
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cantly upregulated genes (P < 0.05 and logFC > 0.5) in male PGCs
at all the analysis time points (Fig. 2C, Table S1). DEGs identified
between the male and female PGCs at E2.5, E6, and E8 were sub-
jected to GOBP and KEGG pathway terms analysis to define signif-
icant sex-specific biological processes. In the results, both male-
and female-specifically upregulated genes were not enriched in
any sex determination related GOBP or KEGG pathway term
(Table S2). Besides, male-specifically upregulated genes were
enriched in the GOBP terms associated with the mitotic cell cycle
(CENPH, CENPK, RMI1, SMC5, and KIF2A) and stem cell differentia-
tion (FAM172A, KIT, MSX1, SEMA4D, and SOX21). The female-
specifically upregulated genes were enriched in the GOBP terms
associated with cellular metabolism (ATP6, COX3, HNRNPKL,
HMGB1, PCNA, TFRC, ENO1, GAPDH, PGAM1, CKB, NME2, and
PPP1CB), meiotic cell cycle (INCENP, LENG, RAD51, and RPA1) and
germ cell differentiation (DAZL, LAMB1, LY6E, MAEA, PRTG, and
SFRP2) (Fig. 2D-E, Table S2). To further define significant sex-
specific genes, we examined the top 25 genes that upregulated at
E2.5, E6, and E8 in males or females. This analysis identified XPA,
GNG10, RPL17, RPS23, and NDUFS4 as male-specifically upregulated
genes at all time points. Moreover, they are all Z sex chromosome-
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linked genes (Fig. 2C and 2F). On the other hand, W sex
chromosome-linked genes, including HINTW,
ENSGALG00000039023 (NIPBL), ENSGALG00000033705 (TERAL2),
ENSGALG00000043758 (ATP5F1AW), and ENSGALG00000014184
(SMAD2W) were identified as female-specifically upregulated
genes at all time points (Fig. 2C and 2G). These results indicate that
there are (already) differences at the transcriptome level between
the male and female PGCs, although they are not entered the sex-
specific pathways.

3.3. Identification of the cell cycle and transcriptionally distinct
clusters in migrating PGCs

The cell cycle of each migrating PGCs from male and female
chickens was inferred based on the expression of homologous
genes of mouse S phase and G2/M phase, and cells that do not
express S phase or G2/M phase gene sets were auto-marked as
G1 phase cells. Results of these genes expression reveal that the
G1, G2/M, and S phase PGCs were distributed with different per-
centages at each time point; however, the G2/M cells were
increased among the gonadal PGCs compared to the blood PGCs
in both males (Fig. 3A) and females (Fig. 3B). The G2/M genes
enriched in male PGCs were G2E3 (at E2.5 and E6), HN1, CDK1, RAN-
GAP1 (at E6), CKAP5, TTK, and TOP2A (at E8) (Fig. 3C, Table S3). Sim-
ilarly, the G2/M genes enriched in female PGCs were G2E3, HN1 (at
E2.5 and E6), ANP32E, ECT2, CTCF, LBR (at E6), CKS1B, NUF2, TTK,
CKAP5, and DLGAP5 (at E8) (Fig. 3D, Table S3).

In the trajectory analysis using Monocle3, we found that both
male (Fig. 4A) and female (Fig. 4B) germ cells linearly transitioned
from E2.5 to E8. To identify transcriptionally distinct clusters in
migrating PGCs from male and female chickens, unsupervised
graph-based clustering was first performed with the E2.5, E6, and
E8 cells. We identified 8 clusters for male PGCs: 1 cluster for
E2.5 cells; 3 clusters for E6 cells; and 4 clusters for E8 cells
(Fig. 4A). We identified 12 clusters for female PGCs: 1 cluster for
E2.5 cells; 4 clusters for E6 cells; and 7 clusters for E8 cells
(Fig. 4B). We have calculated the sufficient number of cells for
scRNA-seq using single-cell one-sided probability interactive tool
(SCOPIT) with default parameters [38]. According to the calculation
of SCOPIT, 1312 and 1818 cells are needed to detect 8 clusters in
male PGCs and 12 clusters in female PGCs, respectively. Since we
analyzed 1454 male PGCs and 2396 female PGCs in this study,
the cell number is enough to be analyzed through scRNA-seq. Pear-
son correlation between 8 male PGC clusters (Fig. 4C) and between
12 female PGC clusters (Fig. 4D) was calculated using the average
expression of 750 highly variable genes (HVGs). As a result, several
significant DEGs were identified in each PGCs cluster of males and
females. Particularly, ENSGALG00000048334 (IncRNA; cluster 0),
KPNA2 (cluster 1), HES5 (clusters 2 and 3), ENSGALG00000035994
(ACADG6L; cluster 4), HBBR (cluster 5), RRM2 (cluster 6), and DAZL
(cluster 7) were identified as the top genes enriched in male clus-
ters (Table S4). The top genes enriched in female clusters were
HES5 (cluster 0), SAT1 (cluster 1), TPPP (cluster 2), KPNA2 (cluster
3), MYLK (cluster 4), SMC1B (cluster 5), MOV10L1 (cluster 6), AS3MT
(cluster 7), ENSGALG00000011747 (cluster 8), RRM2 (cluster 9),
ARHGAP11B (cluster 10), and HSPB9 (cluster 11) (Table S5). Further-
more, cluster 7 PGCs in males and cluster 11 PGCs in females
(mostly E6 PGCs in both sex) consist of very few upregulated
genes; however, nearly 150 genes were downregulated when com-
pared to other clusters of the same sex. We noted that the DAZL
was commonly upregulated, whereas AMACR, DIEXF, PTGES3L,
RBMX2, ENSGALG00000012766 (SYCP3), ENSGALG00000013505
(SYNE1), and ENSGALG00000050374 were commonly downregu-
lated, in male cluster 7 and female cluster 11 (Fig. 4E-F, Table S4
and Table S5). Together, these data indicate that the migrating
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PGCs swiftly enter into the G2/M phase of the cell cycle and display
heterogeneity in the gonadal environment.

3.4. Expression patterns of de novo DNA methylation, histone
modification, and piRNA biogenesis genes in migrating PGCs

To investigate the scRNA-seq-based epigenetic reprogramming
in migrating PGCs, we first retrieved the complete list of chicken
genes associated with the AmiGO terms, such as DNA demethyla-
tion /| DNA methylation and histone demethylation |/ histone
methylation. Through mirror heatmaps, the average expression of
screened genes was examined in male and female PGCs at E2.5,
E6, and E8 time points. In the results, the DNA demethylation
genes such as TDG, GATA3, TOX, USP7, and TET2 were detected
lower (than DNA methylation genes) in male and female PGCs at
the analysis time points. Besides, the de novo DNA methylation,
as well as maintenance of DNA methylation genes such as MAEL,
DNMT3A, BMI1, BEND3, PRMT7 (at E2.5), HELLS, DNMT3B, PPM1D
(at E6), ASZ1, KMT2E, DNMT1, and TDRD5 (at E8), were enriched
in a time-dependent manner in male and female PGCs (Fig. 5A).
There are also male/female differences among the expression pat-
terns of the DNA demethylation and DNA methylation genes. For
instance, the DNA methylation genes such as BMI1, MPHOSPHS,
PRDM14 (at E2.5), DNMT3B (at E6), KDM1B, TDRKH, SPI1, N6GAMTT1,
METTL4, and UHRF2 (at E8), were markedly higher in a time-
dependent manner in male PGCs. Whereas the DNA methylation
genes PIK3CA, MAEL (at E2.5), HELLS, EZH2, PPM1D (at E6), MIS18A,
DNMT1, TDRD5, KMT2E, ATFZIP, FKBP6, and TDRD1 (at E8), were
markedly higher in a time-dependent manner in female PGCs
(Fig. 5A).

In the case of histone modification programs, histone H3-R2 /
H4-R3 | H3-K36 demethylation genes such as JM/D6 and KDM8
were expressed higher at E2.5 but decreased over time in male
and female PGCs. The histone H3-K9 | H3-K4 | H3-K27 | H4-K20
| H3-R17 methylation genes such as SETDB1, KMT2C, PWP1 (at
E2.5), ARID4B, NR1H4, MTF2 (at E6), SUV39H2, and SMYD1 (at E8)
were enriched in a time-dependent manner in male and female
PGCs (Fig. 5B). When we considered male/female differences, for
instance, the histone methylation genes such as RTF1, SIRT7,
PRDM5, KMT2D, EED, PRDM6, PRDM14 (at E2.5), NR1H4, MTF2,
ASH1L, ARID4B (at E6), RNF20, DOT1L, BCOR, MLLT6, SMYD1, SETDB2,
and PAXIP1 (at E8), were markedly higher in a time-dependent
manner in male PGCs. Whereas the histone methylation genes
MECOM, SMYD5, SETD1A, RBBP5, CREBBP, PWP1, KMT5C, SETD2 (at
E2.5), MYB, GFI1, RIF1, CTR9 (at E6), WDR61, MTHFR, KPNA7, DNMTT1,
SETD3, NTMT1, KMT2E, CTNNB1, EHMT1, PRDM12, and PAF1 (at E8),
were markedly higher in a time-dependent manner in female PGCs
(Fig. 5B).

PIWI-interacting RNAs (piRNAs) are a class of small non-coding
RNAs involved in the post-transcriptional regulation of genes;
however, piRNAs are longer than the endogenous small-
interfering RNAs (siRNAs) and micro RNAs (miRNAs). Among the
small non-coding RNAs, piRNAs are germ cell-specific and primar-
ily control transposon activity for safeguarding the germ cells gen-
ome from possible damage associated with excessive transposition
[39,40]. Several pieces of evidence support a role for piRNAs, and
genes involved in piRNA biogenesis (such as PIWIs), in PGCs spec-
ification and migration [41-43]. PIWI-piRNAs complexes guide de
novo DNA methylation in germ cells through recognizing nascent
transposable element (TE) transcripts in the nucleus and recruiting
chromatin modifiers to TE genomic loci. Subsequent changes in
histone marks induce the activity of the de novo DNA methyltrans-
ferases [44]. However, a comprehensive understanding of the
expression patterns of piRNA biogenesis factor genes is not clear
in the chicken PGCs. Therefore, we separately investigated the
expression patterns of a set of piRNA biogenesis factor genes (ho-
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Fig. 3. Cell cycle status of male and female chicken PGCs during their active migration time points at E2.5, E6, and E8. (A, B) Number and percentage of the G1 phase, S phase,
and G2/M phase PGCs identified during their active migration time points at E2.5, E6, and E8 in male (A) and female (B). (C, D) Violin plots showing the representative G2/M
genes enriched in male (C) and female (D) PGCs during the elapsed time of development.

mologous mouse genes) [45] in male and female chicken PGCs at TDRD5, FKBP6, and HENMT1 (at E8), were markedly higher in a
E2.5, E6, and E8 time points through a mirror heatmap. The results time-dependent manner in female PGCs. Moreover, several genes,
notably indicated that PIWIL1, GPAT2, DDX4 (at E2.5), HSP90AAT1 (at such as GTSF1, ASZ1, MOV10L1, and TDRD9, were enriched simulta-
E6), MYBL1, TDRKH, and TDRD7 (at E8), were markedly higher in a neously (at E8) in both male and female PGCs (Fig. S1). These data
time-dependent manner in male PGCs. MAEL (at E2.5), TDRD1, indicate that the migrating PGCs at E2.5 establish (de novo) DNA
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Fig. 4. Developmental trajectories and transcriptionally distinct clusters of male and female chicken PGCs during their active migration time points at E2.5, E6, and E8. (A, B) Uniform
manifold approximation and projection (UMAP) plots showing male (A) and female (B) cells colored by pseudotime calculated by Monocle3. The red line on the UMAP plot indicates
the linear trajectories of the male and female germ cells. The numbers on the UMAP plot indicate the distinct clusters calculated by graph-based unbiased clustering. Also, the
numbers are colored by the elapsed time of development: red, E2.5; green, E6; and blue, E8. (C, D) Pearson correlation between male PGC clusters (C) and female PGC clusters (D) using
average expression of 750 highly variable genes (HVGs). (E, F) Violin plots illustrating the normalized expression levels of commonly upregulated and downregulated genes in cluster 7
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methylation; however, they undergo histone demethylation and
methylation programs. And piRNA biogenesis factors could support
the establishment of de novo DNA methylation in migrating PGCs.

3.5. The differentially expressed genes and TFs between blood PGCs and
gonadal PGCs

First, in this section, statistical tests were performed to identify
DEGs between the same-sex PGCs isolated from blood circulation
at E2.5, and from gonads at E6 and E8: i.e., E2.5 versus E6; E2.5 ver-
sus E8; and E6 versus E8. Results in males reveals 360 upregulated
genes and 370 downregulated genes in E2.5 cells compared to E6
cells; 1008 upregulated genes and 595 downregulated genes in
E2.5 cells compared to E8 cells (P < 0.05 and logFC > 0.5 or
<-0.5) (Fig. 6A, Table S6). A similar analysis in females reveals
296 upregulated genes and 154 downregulated genes in E2.5 cells
compared to E6 cells; 688 upregulated genes and 339 downregu-
lated genes in E2.5 cells compared to E8 cells (Fig. 6B, Table S7).
These data further indicate larger differences in gene expression
between the blood PGCs and gonadal PGCs in males than in
females.

We next examined the common and sex-specific DEGs in blood
PGCs compared to gonadal PGCs. As a result, 189 upregulated
genes and 98 downregulated genes were commonly identified in
E2.5 cells compared to E6 cells; 171 upregulated genes and 272
downregulated genes were male-specifically identified in E2.5 cells
compared to E6 cells; 107 upregulated genes and 56 downregu-
lated genes were female-specifically identified in E2.5 cells com-
pared to E6 cells (Fig. 6C, Table S8, Fig. S2). Similarly, 548
upregulated genes and 246 downregulated genes were commonly

5919

identified in E2.5 cells compared to E8 cells; 460 upregulated genes
and 349 downregulated genes were male-specifically identified in
E2.5 cells compared to E8 cells; 140 upregulated genes and 93
downregulated genes were female-specifically identified in E2.5
cells compared to E8 cells (Fig. 6C, Table S8, Fig. S3). Also, several
DEGs were commonly, male-specifically, or female-specifically
identified in E6 cells compared to E8 cells (Fig. 6C, Table S8,
Fig. S4). To further define the functions of these common and
sex-specific DEGs in blood PGCs, they were subjected to GOBP
terms and KEGG pathways analysis. Collectively, a significant pro-
portion of male-specifically upregulated genes in blood PGCs was
found to involve in various biological processes, mainly related to
positive regulation of cell cycle, positive regulation of cell death,
and p53 signaling pathway, which involved in the selection of only
mature functional cells during germ cells migration (Table S9). The
female-specifically upregulated genes in blood PGCs were also
found to involve in various biological processes; however, they
related to response to retinoic acid, female gonad development,
BMP signaling pathway, JAK-STAT signaling pathway, MAPK sig-
naling pathway, FoxO signaling pathway, Notch signaling pathway,
and NOD-like receptor signaling pathway, which could be neces-
sary for the migration of female PGCs (Table S9).

All the DEGs above were mapped with the Gallus gallus TF list of
AnimalTFDB3.0 to identify the TFs among the gene list. Results of
this analysis reveal a number of the common and sex-specific dif-
ferentially expressed TFs in blood PGCs compared to gonadal PGCs
(Fig. 7A, Table S10). TCF7L2, HHEX, SMAD2Z, BHLHE22, TFAP2A,
CARHSP1, SALL4, NOTO, ETV1, SETDBI1, SALL1, GLI3, EOMES, and
ETV5, were significantly upregulated in E2.5 cells compared to both
E6 and E8 cells in male and female. Besides, HESS5,
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article.)

ENSGALG00000035951, MYF6, DMRT1, SP5, and HMGB2, were signif-
icantly downregulated in E2.5 cells compared to both E6 and E8
cells in males and females (Fig. 7B-C, Table S10). Results of this
analysis further reveal that, similar to the DEGs analysis, large
numbers of TFs were identified as upregulated and downregulated
in male blood PGCs than in female blood PGCs (Fig. 7A, Table S10).
Together, these data provide insight into DEGs (including TFs) and
associated functions in blood PGCs and gonadal PGCs.

4. Discussion and conclusion

After specification by epigenesis mode or inherited mode, the
newly formed PGCs stay in the non-motile phase for a while. Sub-
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sequently, the germ cells polarize and migrate passively by the
morphogenetic movement of the embryo or migrate actively
through signaling molecules towards the genital ridge. In chickens,
the PGCs are non-motile from EGK stage-III to stage-X. At about HH
stage-2, PGCs polarize and move passively toward the anterior
region by the morphogenetic movement of the embryo [8,23]. Fur-
ther migration of PGCs towards the genital ridge via the germinal
crescent region and blood vessels is achieved actively through
the interaction of signaling molecules, such as CXCR4 and SDF1
[6,23]. However, a comprehensive understanding of the transcrip-
tional programming of PGCs during their active migration is still
inadequate, mainly due to the technologies lacking for the isolation
of pure PGCs. The scRNA-seq technology allows transcriptional



D. Rengaraj, D.G. Cha, KJ. Park et al. Computational and Structural Biotechnology Journal 20 (2022) 5911-5924

E2.5vsE6

E2.5vsE8

E6vs E8

Upregulated TFs

o)

e

Downregulated TFs

g

?

Upregulated TFs

e

Downregulated TFs

o)

Upregulated TFs

? o)

o)

Downregulated TFs

?

@

i

HHEX

SMAD2Z

BHLHE22

TFAP2A
B .
4 3
i
H I 3 H 3
i H H g S
g 5 5 g 5
i i. i. i i
5 5 5 5 5
% % 5 % g
:
:
.
o 0- o
& o o & o & & &
& & & & & & & & G;
Identity Identity msnmy Identity \denmy
TCF7L2 HHEX SMAD2Z BHLHE22 TFAP2A
.
+ E]
i
B B - B B
i, §s H i, §
£ £ £ £ g
& a@ @ Il 4 ﬁ
i
:
5 y :
& & & & & & & & & &
Identty Identity Identty Identity Identity
HES5 ENSGALG00000035951 MYF6 DMRT1
C : 4 5
i
5
3-
. o 5
g H H & H
5 5 52 5 52
1 5 i 1 i
g £ £ g2 £
& & & & m
1 1 5
¢ & & & ¢ & ¢ &
Dl
r & & 4 & & K & &
Identity Identity Identity Iden(I'V idenh"l
HESS5 ENSGALG00000035951 MYF6 DMRT1
;
6
. p
EL ) H ER E
g $ g8 8 S
2 82 2 2 2
£ H i £ H
& & & & .n
]
. .
& & & & & & s & & & &
Identity Identity Identity Identity

Identity

Fig. 7. Differentially expressed transcription factors (TFs) between the blood PGCs and gonadal PGCs in chicken. (A) Venn diagram showing the significant TFs identified
commonly, male-specifically, or female-specifically between the PGCs isolated at E2.5, E6, and E8. (B) Violin plots showing representative TFs commonly upregulated in E2.5
PGCs compared to both E6 and E8 PGCs in males and females. (C) Violin plots showing representative TFs commonly downregulated in E2.5 PGCs compared to both E6 and E8
PGCs in males and females. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

5921



D. Rengaraj, D.G. Cha, KJ. Park et al.

profiling at the single-cell level from tens of thousands of single
cells and helps to uncover new and unexpected biological discov-
eries [46]. In this study, we analyzed the same scRNA-seq dataset
of PGCs from DAZL::GFP chickens at E2.5, E6, and E8, reported in
our earlier study [24], to uncover the transcriptional programming
of PGCs during their active migration. Due to restricted analysis
within a small-time frame, these results are stand-alone from our
earlier study.

After the PGCs entered the gonad, they will associate with the
gonadal somatic cells and start to perform their functions as male
or female germ cells. Although the PGCs have their own sex chro-
mosome pattern, their sexual fates are determined by the sexual
identity of the embryonic gonad, in which the PGCs settle down
[13,47]. Therefore, a sign of sex-specific differences during PGC
migration is largely deficient in any organism. In mice, PGCs arise
at E6.25, start migration at E8, and enter the genital ridge at E10.5
[19]. A recent scRNA-seq study in mice revealed that the transcrip-
tome of male and female PGCs overlap globally at early stages
(E9.0, E10.5, and E11.5). In contrast, the cells sharply show sex-
specific pathways after E11.5 by upregulating downstream
Nodal/Activin genes in male and BMP genes in female [48]. In
our study, the transcriptome of male and female PGCs show a con-
siderable level of differences right from E2.5. In the GOBP and
KEGG pathway analysis, several terms were differentially enriched
in male PGCs or female PGCs, although the sex determination term
was not enriched. Also, we identified several Z-linked (XPA, GNG10,
RPL17, RPS23, and NDUFS4) or W-linked (HINTW, NIPBL, TERAL2,
ATP5F1AW, and SMAD2W) genes that continuously upregulated
male-specifically or female-specifically, indicating a sign for sex-
specific differences during PGC migration. Among all these men-
tioned genes, only two were known to be involved in sex determi-
nation. HINTW was reported as a ubiquitously expressed gene;
however, a strong female-sex determining gene in chicken
[49,50]. The W/Z length polymorphisms of NIPBL were successfully
used for the sexing of bird species, such as Psittaciformes (parrots),
in which sexing is difficult because they show no sexual dimor-
phism [51].

In our investigation, the proportion of G2/M cells was detected
in an increasing trend from E2.5 to E8, along with the expression
of migrating germ cell marker CXCR4 [6] and early/mitotic germ cell
marker Pou5f3 [52], indicating that the migrating PGCs are mitoti-
cally active. scRNA-seq is an innovative technique to identify the
transcriptionally distinct clusters and heterogeneity of PGCs. In a
recent study, five transcriptionally distinct clusters, characterized
by non-proliferative (G1) cluster, mitotically active (G2/M or S)
cluster, higher mitochondrial genes and lower ribosomal genes
expressing cluster, higher ribosomal proteins and lower STRA8
expressing cluster, and POU5F3 expressing cluster, were identified
in the gonadal PGCs and germ cells (E4.5 to E10.5) of chickens using
scRNA-seq [53]. In another avian species, the zebra finch (Taeniopy-
gia guttata), three transcriptionally distinct clusters, characterized
by low pluripotency/germness subtype, high germness subtype,
and high pluripotency subtype, were identified in the gonadal PGCs
(E5.5-6 | HH stage-28) using scRNA-seq [54]. Among the non-avian
species, seven transcriptionally distinct clusters, such as early PGCs
cluster, late PGCs (oogonia) cluster, pre-leptotene cluster, leptotene
cluster, zygotene cluster, early pachytene cluster, and late pachy-
tene cluster, were identified particularly in the female gonadal
germ cells (E12.5 to E16.5) of mice using scRNA-seq [55]. In our
study, 8 clusters for male PGCs and 12 clusters for female PGCs were
identified, and mostly E6 and E8 cells were sub-clustered, indicat-
ing their heterogeneity in the gonadal environment. When we ana-
lyzed the genes enriched in each PGCs cluster, cluster 7 in males
and cluster 11 in females were identified as more distinct clusters.
These clusters contain mostly E6 cells, very few upregulated genes,
and nearly 150 downregulated genes. Notably, these clusters were
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characterized by the common upregulation of DAZL. In mice, defi-
ciency of DAZL does not affect the specification and migration of
PGCs, but DAZL is required for the commitment of PGCs to the
sex-specific pathways of oogenesis and spermatogenesis in sexu-
ally differentiated gonads [47]. In chickens, DAZL can be critical
for the specification and migration of PGCs and later germ cell
development because of its continuous expression from the inher-
ited germ plasm of oocytes to all subsequent stages of germ cell
development [7,56]. Moreover, the DAZL interacts with thousands
of genes to enhance the translation of genes that are critical for
the normal functioning of germ cells at various stages and for
repressing the translation of genes that affect the survivability of
germ cells [57-59]. Therefore, we believe that the DAZL upregula-
tion in male cluster 7 and female cluster 11 could enhance the
translation of its interacting genes critical for germ cell develop-
ment and downregulated here. For instance, SYCP3 (which encodes
synaptonemal complex protein) is crucial for the male and female
germ cells to enter the meiosis [10]. MOV10L1, a testis-specific
RNA helicase, is a master piRNA biogenesis regulator that protects
the genome integrity of the germline [60]. The translation of the
cohesin formation gene, SMC1B, is stimulated in the human fetal
ovary by the presence of DAZL but not by a mutant DAZL [61].
Epigenetic reprogramming is a hallmark property of migrating
PGCs. In mammals, the genome-wide DNA demethylation occurs
in migrating PGCs, and the re-establishment of DNA methylation
and its maintenance occurs in germ cells after colonization; how-
ever, in embryonic gonads in males and postnatal gonads in
females [1,62]. Also, the DNA methylation program is closely
linked with histone modification and the chromatin remodeling
[63]. In mammals, it was reported that the migrating PGCs undergo
several histone modifications, including the loss of H3K9me2 and
gaining of H3K27me3, H2A/H4R3me2 [1,64]. Moreover, most epi-
genetic reprogramming mechanisms are achieved by a time-
dependent expression or repression of marker genes (such as
PRDMs, DNMTs, TETs, HDACs, and JMJDs) in germ cells [1,63-65].
To investigate scRNA-seq-based epigenetic reprogramming and
to identify novel genes in chicken PGCs, we examined the expres-
sion patterns of a set of genes associated with the DNA demethyla-
tion |/ methylation and histone demethylation / methylation.
Although there are differences between the gene expression in
male and female PGCs, several de novo methylation as well as
maintenance of methylation-related genes such as MAEL and
BMI1 (at E2.5), HELLS and PPM1D (at E6), and ASZ1 and KMT2E (at
E8) were enriched in both male and female PGCs together with
the previously known DNA methylation related genes DNMT3A,
DNMT3B, and DNMT1 [17]. Additionally, the higher expression of
HELLS in chicken PGCs was reported recently [66]. Furthermore,
the expression of DNMT3A was detected equally higher in both
male and female PGCs at E2.5 in this study, indicating the estab-
lishment of de novo DNA methylation in both male and female
PGCs at the same time. Although the expression of PIWIL1 was
slightly different in males and females, it could support the estab-
lishment of de novo DNA methylation in migrating PGCs. In con-
trast to DNMT3A, the expression of DNMT1, which involves the
maintenance of methylation, was markedly higher in female PGCs
at E8 than in male PGCs, indicating that the gene could prepare
female PGCs for early entry into oogenesis. To our knowledge,
the histone demethylation / methylation genes enriched in a
time-dependent manner in this study are also novel in chicken
PGCs. They need further experimental validation in future studies.
Several studies have attempted to distinguish the phenotypic
differences of blood PGCs from gonadal PGCs in chickens [67,68];
however, differences in transcriptional programming are not
well-known. In this study, we found a large number of DEGs in
blood PGCs (E2.5) compared to gonadal PGCs (E8) in both males
and females, indicating that the transcriptional programs of these
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cells are largely distinct. Moreover, the identified DEGs in male
blood PGCs are quite higher than that of female blood PGCs, indi-
cating the superior transcriptional programs in male PGCs, even
though both cells are migrating towards the genital ridge. Further-
more, the enriched biological processes and pathways of DEGs can
be important for the migration of chicken PGCs, as reported partly
in previous studies. Adherens junction, Wnt-signaling, TGFp-
signaling, and hedgehog signaling are particularly important for
the PGCs migration and proliferation [13,20-22,69]. The TFs criti-
cally required for the migrating PGCs, circulating/blood PGCs in
the case of chicken, is less known in many species. Sun et al.
reported that the mouse embryos carrying homozygous null muta-
tions in Msx1 and Msx2, both are homeobox-containing TFs, show
defects in PGCs migration and a reduced number of PGCs [70]. To
uncover the above deficiency in chickens, we identified the differ-
entially expressed TFs in blood PGCs (E2.5) compared to gonadal
PGCs (E6 and E8). In correlation with DEGs analysis, we found a
higher number of differentially expressed TFs in male blood PGCs
compared to female blood PGCs. In conclusion, we analyzed the
transcriptional programming of chicken PGCs during their active
migration phase (from E2.5 to E8) with scRNA-seq. Our results
highlight the molecular characteristics (including the sex-specific
differences, distinct clusters, epigenetic reprogramming, and
DEGs/TFs) of migrating PGCs with particular emphasis on blood
PGCs compared to gonadal PGCs.
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