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Abstract: Primordial germ cells (PGCs) are germline-restricted embryonic cells that form the func-
tional gametes of the adult animal. The use of avian PGCs in biobanking and producing genetically
modified birds has driven research on the in vitro propagation and manipulation of these embryonic
cells. In avian species, PGCs are hypothesized to be sexually undetermined at an early embryonic
stage and undergo differentiation into an oocyte or spermatogonial fate dictated by extrinsic factors
present in the gonad. However, chicken male and female PGCs require different culture conditions,
suggesting that there are sex-specific differences, even at early stages. To understand potential differ-
ences between male and female chicken PGCs during migratory stages, we studied the transcriptomes
of circulatory stage male and female PGCs propagated in a serum-free medium. We found that
in vitro cultured PGCs were transcriptionally similar to their in ovo counterparts, with differences
in cell proliferation pathways. Our analysis also revealed sex-specific transcriptome differences
between male and female cultured PGCs, with notable differences in Smad7 and NCAM2 expression.
A comparison of chicken PGCs with pluripotent and somatic cell types identified a set of genes that
are exclusive to germ cells, enriched in the germplasm, and associated with germ cell development.
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1. Introduction

Embryonic primordial germ cells (PGCs) are central to genetic inheritance as they give
rise to the functional gametes of an animal. The use of PGCs for genetic modification and the
potential production of in vitro gametes has driven research on their in vitro culture and the
identification of sex-specific differences [1,2]. Cryopreserving avian germplasm is difficult
due to the yolk filled egg and the low fertility obtained in many bird species from frozen
avian sperm. PGCs offer an alternative cell type for the biobanking of bird species [3]. In
chickens, the laid egg stage embryo consists of 50,000–60,000 blastodermal cells, including
approximately 50–60 PGCs, which proliferate during their migration towards the genital
ridges through the vascular system [4]. After colonizing the genital ridges at stage HH16
(day 2.5), both male and female PGCs proliferate until stage HH34 (day 8) and subsequently
follow different differentiation pathways in male and female embryos, leading to the
formation of functional sperm and oocytes, respectively [5].

In birds, it was shown that incomplete dosage compensation of the Z chromosome
led male ZZ somatic cells to have a distinct cellular transcriptional identity compared
to female ZW somatic cells at all stages of development [6]. This is particularly evident
in reproductive tissues, where male and female somatic cells differ in their capacity to
form male or female gonadal cell types, leading to the hypothesis of cell-autonomous sex
identity (CASI) in avian species [7]. Avian germ cells were also hypothesized to be sexually
determined for a male or female fate. The rate of germline transmission is higher when
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chicken PGCs are transplanted into same-sex host embryos in comparison to opposite-sex
host embryos [8–10]. Previous studies also showed that in vitro propagated PGCs do not
form functional gametes in opposite-sex hosts [11,12]. Supporting this idea, a proteomics
analysis showed that male and female cultured PGCs have a distinct proteome [13]. Con-
trary to these results, it was recently shown that both in vitro propagated male and female
chicken PGCs can form functional gametes in sterile opposite-sex hosts of both sexes [14,15],
indicating that ZZ and ZW germ cells are both capable of completing spermatogenesis or
oogenesis. These results led us to propose that circulatory male and female chicken PGCs
are genetically distinct from each other, but the somatic cellular environment can override
their genetic programming.

Recently, the transcriptomes of male and female PGCs isolated from blood at different
embryonic stages showed transcriptome divergence [16]. To date, the germ cell-specific
transcriptome of in vitro propagated chicken PGCs in a serum-free medium and the sexual
differences in the gene regulatory networks at this stage for male and female PGCs have not
been described. Furthermore, the disparities between cultured PGCs and freshly isolated
PGCs have not been illustrated. Here, we characterize the differential gene regulatory
networks in and between male and female chicken PGCs propagated in serum free medium
and their in ovo counterparts. Taken together, our data suggest that early stages of devel-
opment are cell-autonomous with distinct gene regulatory networks, and later stages are
gonad-driven and regulate the formation of male and female gametes in birds.

2. Materials and Methods
2.1. PGC Culture Medium

Avian PGC culture medium contained B-27 supplement, 2.0 mM GlutaMax, NEAA,
0.1 mM β-mercaptoethanol, nucleosides, 1.2 mM pyruvate, 0.2% ovalbumin (Sigma), 0.2%
sodium heparin in avian DMEM, and a custom basal medium (a modification of knockout
DMEM (250 mosmol/L, 12.0 mM glucose, and CaCl-free)) [17]. The following growth
factors were added before use: human Activin A, 25 ng/mL (Peprotech); human FGF2,
4 ng/mL; 0.2% ovotransferrin.

2.2. Derivation and Culturing of Chicken PGCs

Fertile Vantress broiler eggs (a kind gift from Cobb-Vantress Europe) were incubated
for 55–60 h (stage 16 to 16+ H&H), followed by the isolation of blood (2.0 µL) from the
embryo, which was added to a 300 µL FAOT culture medium [17]. Approximately 100 µL
of the medium were changed on a routine basis every two days until the number of cells
reached around 1 × 105. At subsequent stages, the complete medium was changed at the
same intervals until cells propagated to 4 × 105 cells/mL medium. Cultured PGCs were
frozen in Avian DMEM containing 4% DMSO/5% chicken serum and stored at −150 ◦C.
The sex of the donor embryo was determined by isolating the embryo, as mentioned below.
PGCs reached populations > 1 × 106 cells and were assayed between 70 and 90 days in
culture. Cells were collected from four male (5M, 19M, 29M, 57M) and five female (13F, 27F,
70F, 81F, 90F) individual cultures for RNA isolation, and total RNA was used for RNA-seq
analysis. Control male and female PGC cultures from single eggs from Hy-line Brown layer
chickens were used for RT-qPCR controls.

2.3. RNA Isolation and Quantification

Isolation of RNA from approximately 1 × 106 cultured PGCs was conducted using
the RNeasy Plus Micro Kit (Qiagen). The Agilent RNA tape station 2200 instrument was
used to quantify the RNA. Samples with RIN values > 7.0 were considered suitable for
sequencing. The library preparation and sequencing were carried out at the Edinburgh
Genomics sequencing facility (Edinburgh). Illumina paired-end reads of length 150 base
pairs were generated.
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2.4. Generation of RNA-Seq Data and Genome Mapping

An average of ~119 million Illumina paired-end reads of 150 base pairs were obtained
for each PGC line. These reads were subjected to quality control using NGS-QCbox [18],
which reported Phred scores of ~96% (Q20) and ~92% (Q30). Adapter sequences were
removed using the ‘Trimmomatic’ tool [19], retaining sequences that were longer than
75 bases. The trimmed reads were mapped against the chicken reference genome (GRCg6a)
by using the HISAT2 aligner with default parameters [20].

2.5. Transcriptome Comparison with Other Cell Types

RNA-seq data from many different cell types was obtained from public databases and
used to identify the genes that are exclusively expressed in chicken PGCs. The details of
the datasets used in this analysis and their accession numbers are listed in Table S2. The
featurecounts tool (v2.0.2) [21] was used to count the number of reads mapped to genes by
specifying -O (multioverlap), -P (paired end), and—primary options. The DESEQ2 R [22]
package was used to compare the transcriptome data. To identify germ cell-exclusive genes,
the absolute log2fold change value higher than three, an adjusted p-value lower than 0.05,
and an average normalized expression value (obtained from DESEQ2) higher than 700 were
considered the minimum gene expression values needed to be considered as a ‘positive’
expression in that particular group, and gene expression values less than 700 were taken as
not being expressed. In addition, the ratio of expression values of PGCs to the expression
values of non-germ cells being higher than 10 was also considered a qualifying criterion.
PGC-specific genes were thus determined with the following parameters:

|log2fc| > 3, p.adj < 0.05, PGC_exp > 700, non-germ_exp < 700 and (PGC_exp/non-
germ_exp) ≥10.

Gene ontology enrichment analysis was performed using germ cell-specific genes as
an input into the Panther database [23]. The statistical over-representation test was selected
for the GO complete biological process, and Fischer’s exact test and the false discovery rate
correction were used for the FDR calculation. Protein–protein Interaction Network was
constructed using the STRING database v11 [24], and the pathway analysis was performed
using Ingenuity Pathway Analysis (IPA) software [25].

2.6. Transcriptome Comparison with In Ovo PGCs (E2.5)

RNA-seq data from Ichikawa et al. 2022 [16] was downloaded from the NCBI SRA
database and followed the same analysis pipeline as mentioned above. We used DESEQ2 for
differential expression analysis and used the following criteria for identifying differentially
expressed genes between cultured and in ovo PGCs:

|log2fc| > 3, p.adj < 0.05, Avg Exp > 700.
Further, the gene enrichment analysis was performed by the Panther database.

2.7. RT-PCR to Validate Germ Cell Expression

A 15 µL total volume reaction mixture for PCR was made of 2 µL 1:10 diluted sample
cDNA, 0.3 µL 10 mM dNTPs (Invitrogen), 0.3 µL 50 pmol/µL primers (i, ii), 1.5 µL 10X
buffer + MgCl2, 0.1 µL Fast Start Taq, and 10.5 µL H2O. The reaction was carried out at
94 ◦C for 5 min, followed by 35 cycles of 94 ◦C for 30 s, 50 ◦C for 30 s, 72 ◦C for one min,
and a final extension of 72 ◦C for 5 min. Samples were run on a 1% TAE agarose gel.

Samples used for the study were cDNA from chicken embryonic fibroblasts (CEF),
the chicken embryo of day 6 (eD6) without mesonephroi as a positive control for somatic
cell expression and a negative control for germ cell expression, chicken primordial germ
cells (PGC) (Hy-line female sample), and the chicken day six embryo without the reverse
transcriptase enzyme eD6 (-RT). The RT-PCR analysis for a housekeeping gene, GAPDH,
confirmed the absence of genomic contamination in samples (Figure S12). The primers
used for validation are listed in Table S7. All these PGC-specific bands were sequenced for
the confirmation of the correct product.
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2.8. Preparation of Chicken Embryonic Fibroblasts (CEFs)

Fertile eggs were incubated for nine days, and embryos were dissected in a sterile
ventilation hood and decapitated. In a sterile petri dish, the visceral material was removed
from the embryos, and the remaining embryonic tissue was macerated using scissors. The
embryos were then passed through a 10 mL syringe to partially homogenize the tissues,
placed into 15 mL Falcon tubes, and 4 mL of trypsin-EDTA (Sigma-Aldrich, St. Louis, MO,
USA) was added. Homogenized embryos were left to incubate at 37 ◦C for 15 min. An
equal volume of STO media was added to halt the trypsin reaction, and the dissociated
mixture was passed through a falcon cell strainer (100 µm). Cells were briefly centrifuged
(at 5000 RPM for three minutes), and the supernatant was discarded and resuspended in
fresh STO media. Cells were plated into T75 flasks and incubated at 37 ◦C.

2.9. In Situ Hybridization and Probe Synthesis

Probes, RNA polymerases, and restriction enzymes used are listed in Table S8. In situ
hybridizations were performed following the protocol in Henrique et al. [26].

2.10. Differential Gene Expression

The transcript annotation file from Ensembl release 96 (GRCg6a) was used during
read counting using the FeatureCount tool. The matrix of raw read counts per gene was
used in the DESeq2 R package to perform the normalization of the log transformation of
read count data to the size of the library. The criteria of an average normalized read count
higher than 500 FPKM was used to define genes expressed in PGC lines. The average
expression value for a gene below 500 is considered a gene that is not expressed. DEGs
were deemed significant if they had an absolute log2fold change value > 1 and an adjusted
p-value < 0.05. The expression value of 500 was used as an additional criterion to remove
false-positive DEGs.

Male PGCs: log2fc > 1, p.adj < 0.05 and male PGC_exp > 500.
Female PGCs: log2fc < −1, p.adj < 0.05 and female PGCs_exp > 500.
For dosage compensation, we used the log2fold change values of each gene between

male and female PGCs. The median values of log2fold change for each chromosome
are plotted using the ggplot2 package. The cumulative density of log2fold change of all
autosomes and the Z chromosome was calculated and plotted using R scripts.

2.11. Quantitative Reverse Transcription PCR (RT-qPCR)

RT-qPCR was performed to validate differentially expressed genes between male
and female PGCs using primers listed in Table S9. Reactions were set up in 96-well PCR
plates and ran on an Mx300P thermal cycler. Setup and analysis were performed using
MxPro software (Stratagene). We optimized RT-qPCR experiments by setting up reactions
to amplify using different amounts of the same cDNA sample and picking primers that
gave an R2 value higher than 0.95 and efficiency higher than 90%. Relative gene expression
was calculated using the 2−∆∆Ct method as described previously [27]. The GAPDH gene
was used as a housekeeping gene for the RT-qPCR experiment. The −∆Ct value of a gene
in a male sample was used as a reference to check the expression in female PGCs.

3. Results
3.1. RNA Transcriptome Analysis of Cultured PGCs

Chicken PGCs were isolated from single heritage line broiler embryos and cultured
as stated in the Materials and Methods. An average of ~110 million trimmed reads were
mapped to the chicken genome (GRCg6a). In total, an average of 92% of the reads could
be mapped, and 67–81% of the reads could be mapped uniquely to a single locus in the
genome (Table S1). To confirm the authenticity of the generated data in this study, we first
examined the RNA-seq data for the expression of DAZL and DDX4, which are known to
have germ cell-specific expression. This analysis showed that, as expected, these two genes
were highly expressed in the propagated PGCs (Figure S1). Furthermore, the authenticity
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of the PGC transcriptome data was further verified by comparing it with the transcriptome
data from other cell lines obtained from the public domain [28] (Table S2).

3.2. Comparison of In Vitro Cultured PGCs with In Ovo PGCs at Stage 16 HH

In this study, we cultured PGCs for a medium duration (around 70 days) in a serum-
free culture medium, and we hypothesized that the in vitro media components would not
have a major impact on the germ cell characteristics of PGCs. Supporting this hypothesis,
these PGC lines have previously been shown to be germ-line competent [29]. To understand
the influence of the cultural medium on PGCs, we first compared transcriptome profiles
of cultured broiler PGCs (grown in FAOT) with in ovo PGCs (E2.5) from a layer breed of
chickens [16] (Table S2). The transcriptome profile based on the top 1000 variable genes
shows a slight difference between these groups as they clustered together but were adjacent
to each other (Figure 1A), and the PCA plot confirms marginally distinct transcriptome
profiles between in vitro propagated and in ovo isolated PGCs (Figure S2A). In addition, the
biological replicates are shown to have a consistent Cook’s distance with each other, which
means no outliers within each cell type (Figure S2B). Based on our criteria, we identified
517 and 274 genes that are expressed higher in cultured PGCs and in ovo PGCs, respectively
(Figure S2C). A differential expression analysis revealed that the nucleosome organiza-
tion genes (FDR: 9.89 × 10−4) are enriched in the cultured cells, whereas in ovo PGCs
are enriched in genes involved in oxygen transport (FDR: 1.21 × 10−4), cellular oxidant
detoxification (FDR: 4.54 × 10−5), proton transmembrane transport (FDR: 3.54 × 10−5),
and signal transduction (FDR: 1.08 × 10−2) (Figure S3A).
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cells (EGKX cells) from data in the public domain. (B) The volcano plot showing germ cell-exclusive
genes. (C) Gene ontology of transcripts that are exclusively expressed in germ cells. (D) Protein-
protein interaction networks in the germ cell-exclusive genes obtained from the STRING database. A
tight cluster contains a set of highly connected nodes, each node represents a protein-coding gene
locus; the edges represent protein-protein associations; and the colored lines represent the type of
interactions. Purple: experimental evidence; green: gene neighborhood; blue: gene co-occurrence
database evidence; yellow: text mining evidence; and black: co-expression evidence.

3.3. Germ Cell-Specific Gene Expression

To identify a set of genes that are exclusively expressed in chicken PGCs, we next com-
pared the transcriptome data of chicken PGCs with the transcriptome of pluripotent cell
types such as chicken embryonic stem cells (ESCs), cells from blastodermal stage embryos
(EGK-X), and two differentiated somatic cells: DT40 (B cells) and primary chicken embry-
onic fibroblast (CEF) cells. A principal component analysis (PCA) and heatmap based on
the top 1000 variable genes revealed that the biological replicates of the individual cell lines
clustered together and confirmed that they had maximum similarity amongst themselves
(Figure 1A and Figure S2A). Similarly, the PCA revealed that the transcriptomes of different
chicken PGC lines are more similar to each other in comparison to other cell lineages
(Figure S2A). Based on our selection criteria, a total of 242 genes were identified as germ
cell-exclusive genes and are listed in (Figure 1B and Table S3). Gene ontology enrichment
analysis revealed that the piRNA metabolic process (FDR 1.20 × 10−9), P granule organi-
zation (FDR 1.23 × 10−3), spermatogenesis (FDR 9.22 × 10−7), DNA methylation during
gamete generation (FDR 9.81 × 10−6), male meiotic nuclear division (FDR 8.13 × 10−4)
(Figure 1C), and genes that are associated with the germplasm (FDR 9.10 × 10−8) are
active in PGCs (Figure S3B). The protein-protein interaction network analysis reveals germ
cell-exclusive genes formed a cluster, and their protein association jointly contributes to
a shared function (Figure 1D). Remarkably, the genes identified as involved in P granule
organization, spermatogenesis, and DNA methylation during gamete generation were
expressed at equal levels in both male and female PGCs (Table S4). Of these, 13 protein-
coding genes (DAZL, DDX4, DDX43, MOV10L1, BMRTB1, TDRD15, FKBP6, TDRD5, GASZ,
TUBA1B, ST8SIA, and PNLDC1) were shortlisted based on their prior germ cell-specific
expression in mammals, along with the FDFT1, GNG10, and RNF17 genes as they were
expressed in other cell types used for further validation (Figure S4). As a sign of validation
for these genes, the candidate germ cell-specific genes were co-expressed in in vitro propa-
gated and in ovo isolated PGCs except for the gene FDFT1 (Figure S2C). In addition, the
expression levels of these germ cell-specific genes were comparable between cultured and
in ovo isolated PGCs (Figure S4).

3.4. Validation of Germ Cell-Specific Expression

To confirm the PGC-specific expression of the 16 candidate genes, we carried out
an RT-qPCR analysis using cDNA samples of cultured PGCs from a layer breed for the
verification of the candidate genes. Of the 16 shortlisted genes, known germ cell-specific
markers such as DAZL and DDX4 were used as positive controls (Figure S5). Of this set,
11 of the 14 genes were observed to be exclusively expressed in chicken PGCs (Figure 2A).
To further visualize the spatial expression of the candidate genes, we performed RNA
whole-mount in situ hybridization for DAZL, DMRTB1, GTSF1, GASZ, FKBP6, PNLDC1,
TUBA1B, and the non-protein coding gene ENSGALG00010000836 (named ‘AJ’ on chicken
embryos at stage 23HH, soon after PGCs colonize the gonad as demonstrated by the in
situ DAZL RNA expression (Figure 2B). An in situ hybridization analysis revealed that
DMRTB1 and GTSF1 were expressed solely in the putative germ cells in the gonad at this
developmental stage, but AJ, GASZ, FKBP6, PNLDC1, and TUBA1B did not show germ
cell-specific expression (Figure 2B and data not shown). Specific staining, however, was
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not detected elsewhere in the embryo, suggesting that the antisense RNA probes used may
not be sufficiently specific for the target RNAs.
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Figure 2. Validation of germ cell-specific expression. (A) An RT-PCR analysis was performed for
16 protein-coding genes in chicken embryonic fibroblasts (CEF), chicken embryos of day 6 (eD6)
without mesonephroi, cultured chicken primordial germ cells (PGC), and chicken day six embryos
without the reverse transcriptase enzyme eD6 (-RT). (B) Whole-mount RNA in-situ hybridization for
candidate germ cell-specific genes on chicken embryos. A specific signal was detected for the DAZL,
DMRTB1, and GTSF1 probes, but GASZ showed no or non-PGC-specific expression. The yellow
arrows indicate the genital ridges with labeled PGCs.

3.5. Identification of Differentially Expressed Genes (DEGs) between Male and Female PGCs

The transcriptome of in vitro cultured PGCs was subjected to a cluster-based analysis,
which detected distinct groups for male and female PGCs (Figure 3A). One male PGC
line (M19) clustered on its own but was still included in the subsequent analysis. Based
on the average normalized read count (see Methods), a total of 9270 common genes were
expressed in both male and female PGCs, as shown in the Venn diagram in Figure 3B.
This analysis identified 82 genes that were expressed at significantly higher levels in male
PGCs (Figure 3B, Table S5). In contrast, 55 genes were expressed more highly in female
PGCs (Figure 3B, Table S6). Sex chromosome-linked genes accounted for the majority
of the total number of these DEGs: 70/82 (85.4%) of male DEGs were located on the Z
chromosome, and 22/55 (40%) of female DEGs were located on the W chromosome. A
volcano plot reveals that the W linked genes are much more highly expressed in female
PGCs, which skews the values to the left side of the axis (Figure 3C). Interestingly, a total of
55 non-protein-coding lncRNA genes are also differentially expressed between male and
female PGCs. The genetic function of these lncRNAs is, however, unknown. Furthermore,
a total of eight sex-specific enriched DEGs are a subset of the germ cell-specific genes
identified above (Figure S6), notably DMRT1, COCH, and FSTL1; the remaining five genes
are non-protein-coding genes (lncRNAs) (ENSGALG00000049766, ENSGALG00000026754,
ENSGALG00000053408, ENSGALG00000016183 and ENSGALG00000053018).
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Figure 3. The transcriptome comparison between male and female PGCs. (A) PCA plot depicting
the clustering of male and female chicken PGCs based on the top 1000 variable genes between male
and female PGCs. (B) A Venn diagram showing the number of genes expressed in male and female
chicken PGCs. Genes with an average normalized read count higher than 500 were considered to
be expressed in a particular cell type. (C) The volcano plot shows the differentially expressed genes.
The green and red colored dots indicate the genes that have an absolute log2fold change > 1 with an
adjusted p-value < 0.05 and an average expression value higher than 500 in male and female PGCs,
respectively (C).
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Cells 2023, 12, 1151 9 of 14

3.6. Female Differentially Expressed Genes

Of the 55 genes expressed more highly in female PGCs, 22 (40.0%) are located on the
W chromosome, including WPKCI-7, HNRNPKL, UBAP2, and SMAD7B. Remarkably, 21 of
these genes overlap within previously identified in ovo female PGC markers [16]. A total
of 18 of these 22 W-linked genes have paralogs genes on autosomes, unplaced scaffolds,
or the Z chromosome. Interestingly, the paralogs expression is higher in male PGCs than
in female PGCs. Three genes that are expressed more in females, ENSGALG00000041221,
ENSGALG00000052041, and HINTW, do not have paralogous genes. In addition, SMAD7B,
a gene in the activin signaling pathway, is expressed higher in females, and its correspond-
ing paralogue on the Z chromosome is not expressed highly in either male or female
PGCs. This infers that SMAD7B, HINTW, and the other two lncRNA genes are the three ‘W’
chromosome-linked genes whose expression is absent in male PGCs. An RT-PCR analysis
of SMAD7 expression showed a higher expression in female PGCs, a result which was vali-
dated by RT-qPCR analysis of both male and female PGCs, (Figure 4A). This result confirms
that SMAD7 has a higher expression in female PGCs than in male PGCs (Figure S7).

The remaining 33 DEGs were located on autosomal chromosomes, with one gene
located on the scaffold sequence, which is expressed higher in female PGCs. Amongst these
DEGs were cell adhesion genes such as NCAM2, PCDH9, and GRID2, calcium ion binding
genes such as FSTL5 and BRINP3, the NKD1 gene, which negatively regulates the Wnt
signaling pathway, transmembrane genes TMEM47 and TMEM159, and collagen-binding
COCH, amongst others.

3.7. Male Differentially Expressed Genes

In male PGCs, 70 male DEGs were located on the Z chromosome (Table S4). Notables
are the genes DMRT1, SMAD2Z, MARCH3, RPL17, XPA, and FBN2. Several autosomal
genes, including NELL1, COL6A3, GFRA2, FAM83F, and RPL22L1, are also expressed more
highly in male PGCs than in female PGCs. However, none of the male DEGs overlap with
the male biased genes at the E2.5 stage in ovo PGCs [16]. Of the 70 genes that are expressed
higher in male PGCs than in female PGCs, 44 have paralogs on autosomal chromosomes
and/or unplaced scaffolds, and their expression was comparable in both male and female
PGCs. The remaining 26 genes do not have paralogs and are expressed in male PGCs
but not in female PGCs. We hypothesize that somatic paralogs compensate for dosage
differences in female cells.

3.8. Validation of Differentially Expressed Genes by Quantitative RT-PCR

The expression levels of 12 candidate male and female DEGs, associated with cell
proliferation, calcium ion binding, and cell adhesion genes, were validated by RT-qPCR
using independent PGC cultures from a layer breed of chicken. For female DEGs, an
RT-qPCR analysis revealed that the expression of the HINTW gene is restricted to female
PGCs, with no expression observed in male PGCs. Genes including COCH, CRACR2B,
SMAD7, DNAH3, SKAP2, TMEM159, and NCAM2 were expressed significantly higher in
female PGCs (Figure 4A,B, Figure S8). For male-specific DEGs, CARHSP1, FAM83F, and
RPL22L1 were expressed significantly higher in male PGCs.

3.9. The Absence of Total Dosage Compensation in Chicken PGCs

As male chickens are homogametic, containing two Z chromosomes, it is expected
that, on average, genes present on the Z chromosomes will be expressed at twice the
level in males compared to females. However, many Z-linked genes are known to be
dose-compensated in males [30]. To investigate dosage compensation in chicken PGCs for
all Z-located genes, we performed a distribution comparison of expression (fold change)
differences between the male and female cultured PGCs for all chromosomes. We compared
Z chromosome expression levels between male and female PGCs. We also compared
autosomal gene expression levels between male and female PGCs. The median of log2fold
change values for the Z-linked chromosome is higher in male PGCs in comparison to the
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autosomal chromosomes. (Figure 5A). Surprisingly, the median value for Z-linked genes
(median 0.72) is less than the expected (1.0), indicating a partial dosage compensation exists
in male PGCs. As expected, the density of log2fold change of Z-linked genes is shifted
to the right as compared to the density of all autosomal-linked genes (Figure 5B), due
to many of the Z-linked genes having log2fold change values in the range of 1.0 to 1.5
(Figures S9 and S10). Moreover, combining in ovo and cultured PGCs resulted in a similar
outcome (Figure S11), indicating this difference is not due to in vitro culturing.
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4. Discussion

In summary, we have generated transcriptome data from the in vitro propagated
chicken PGCs isolated from the circulatory stage of development and derived from a
commercial broiler chicken line. A comparison of the transcriptomes of these male and
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female chicken PGCs, which were cultured in a serum-free culture medium, reveals that
male and female PGCs are transcriptionally distinct. Notably, all the candidate germ cell-
specific genes and genes involved in germ cell development are co-expressed in in vitro
propagated and in ovo isolated PGCs [16]. Further characterization and functional studies
of these genes will drive the prospects of generating PGC-like cells from pluripotent cells
and therefore the in vitro derivation of gametes.

Our study also revealed that dosage compensation is inconsistent throughout the Z
chromosome in PGCs, which supports the incomplete dosage mechanism observed in birds.
There is wide evidence showing that birds do not have complete dosage compensation
of the sex chromosomes [6,31,32] and it has been reported that dosage compensation is
local, regulated at the gene-by-gene level, and varies with the type of tissue [7,30,33]. Our
transcriptome data show that Z chromosome-linked genes have higher log2fold change
values (m/f) compared to autosomes (Figure 5A). It has also been shown that dosage
compensation is not equal throughout the length of the Z chromosome [30,34]. Our results
support this observation, as the expression of Z chromosome-linked genes in male PGCs
is not the same for genes located throughout the overall length of the Z chromosome
(Figure S10).

Our results suggest that TGFβ signaling pathway genes are active, and cell adhesion
genes such as NCAM2, PCDH9, and GRID2, and calcium ion binding genes such as FSTL5
and BRINP3 are expressed higher in female PGCs than in male PGCs. Overexpression
of the NCAM2 and SMAD7 genes in female cells is one possible reason for their slower
proliferation and increased cell-cell adhesion properties (Figure 6). NCAM2 is a candidate
gene that influences cell adherence in female PGCs; however, the exact functional role of
the SMAD7 gene is unknown.
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The Smad family genes, SMAD6 and SMAD7, are key regulators of TGFβ/BMP
signaling pathways by way of a negative feedback loop [35]. The SMAD7 gene is an
antagonist to TGFβ/Activin signaling by interacting with the TGF-beta receptor type-
1 and the Activin receptor, leading to inhibition of phosphorylation of Smad1/2. The
overexpression of SMAD7 promotes cell adhesion by increasing the binding of beta-catenin
to E-cadherin complexes [36]. It is also shown that inhibiting the expression of SMAD7 can
prevent TGF-mediated apoptosis, signifying a role for SMAD7 in modulating apoptosis [37].
Many studies have shown a potential therapeutic role of the SMAD7 protein for several
human diseases by antagonizing TGFβ-mediated fibrosis, homeostasis, carcinogenesis, and
inflammation [38].

The chicken genome has two copies of SMAD7 that are located on each of the sex
chromosomes ‘W’ and ‘Z’. The transcriptome analysis reveals that the gene residing on
the Z chromosome is not expressed in either male or female PGCs, and the ‘W’ linked
gene is only expressed in female PGCs. The higher expression of SMAD7 in female PGCs
suggests that the TGFβ signaling pathway is different in female PGCs (Figure 6A and 6B).
Thus, expression of the SMAD7B gene in female cells is a possible reason for their slower
proliferation and increased cell–cell adhesion properties.

PGCs have the unique characteristic of being able to achieve pluripotency under the
appropriate developmental signals. The comparison of the transcriptomes of PGCs and
other cell lines enables us to identify the novel germ cell-specific genes along with the
well-known germ cell-specific markers. The characterization of these germ cell-specific
genes may allow insight into the function of these genes in germ cell development/survival
and the crucial role of these genes in germ cell biology.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells12081151/s1.

Author Contributions: Conceptualization, D.D.; Formal analysis, D.D., L.M. and J.S.; Investigation,
D.D., M.W. and L.T., S.N., L.M., M.G.D. and M.J.M.; Methodology, D.D., M.W., L.T., S.N. and M.J.M.;
Resources, M.J.M.; Software, M.W.; Writing—original draft, D.D. and M.J.M.; Writing—review and
editing, M.G.D. and J.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Institute Strategic Grant Funding from the BBSRC
(BB/P0.13732/1 and BB/P013759/1) to the Roslin Institute. DD was supported by a Newton Fund
PhD Scholarship. For the purpose of open access, the author has applied for a CC BY public copyright
license to any author accepted manuscript version arising from this submission.

Institutional Review Board Statement: Commercial Vantress broiler eggs were obtained from com-
mercial flocks maintained by Cobb-Europe. All experiments and procedures were performed in
accordance with relevant UK Home Office regulations. Experimental protocols and studies were
reviewed by the Roslin Institute Animal Welfare and Ethical Review Board (AWERB) Committee.

Informed Consent Statement: Not applicable.

Data Availability Statement: Chicken circulatory PGC RNA-seq data sets generated in this study
are publicly available at the NCBI SRA database under accession number “PRJNA856993”.

Acknowledgments: We thank Cobb-Vantress Europe for providing Vantress broiler eggs for the project.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Glover, J.D.; Whyte, J.; Brzeszczynska, J.; Taylor, L.; Helen; Sang, M.; Mcgrew, M.J. Culturing avian primordial germ cells and

novel transposon vectors for transgenesis. Transgenic Res. 2014, 23, 193.
2. Woodcock, M.E.; Idoko-Akoh, A.; McGrew, M.J. Gene editing in birds takes flight. Mamm. Genome 2017, 28, 315–323. [CrossRef]

[PubMed]
3. Whyte, J.; Blesbois, E.; McGrew, M.J. Increased sustainability in poultry production: New tools and resources for genetic

management. In Sustainable Poultry Production in Europe; CABI: Wallingford, UK, 2016; pp. 214–231. [CrossRef]
4. Tsunekawa, N.; Naito, M.; Sakai, Y.; Nishida, T.; Noce, T. Isolation of chicken vasa homolog gene and tracing the origin of

primordial germ cells. Development 2000, 127, 2741–2750. [CrossRef]

https://www.mdpi.com/article/10.3390/cells12081151/s1
https://www.mdpi.com/article/10.3390/cells12081151/s1
https://doi.org/10.1007/s00335-017-9701-z
https://www.ncbi.nlm.nih.gov/pubmed/28612238
https://doi.org/10.1079/9781780645308.0214
https://doi.org/10.1242/dev.127.12.2741


Cells 2023, 12, 1151 13 of 14

5. Yang, S.Y.; Lee, H.J.; Lee, H.C.; Hwang, Y.S.; Park, Y.H.; Ono, T.; Han, J.Y. The dynamic development of germ cells during chicken
embryogenesis. Poult. Sci. 2018, 97, 650–657. [CrossRef] [PubMed]

6. Itoh, Y.; Melamed, E.; Yang, X.; Kampf, K.; Wang, S.; Yehya, N.; Van Nas, A.; Replogle, K.; Band, M.R.; Clayton, D.F.; et al. Dosage
compensation is less effective in birds than in mammals. J. Biol. 2007, 6, 2. [CrossRef]

7. Zhao, D.; McBride, D.; Nandi, S.; McQueen, H.A.; McGrew, M.J.; Hocking, P.M.; Lewis, P.D.; Sang, H.M.; Clinton, M. Somatic sex
identity is cell autonomous in the chicken. Nature 2010, 464, 237–242. [CrossRef] [PubMed]

8. Naito, M.; Matsubara, Y.; Harumi, T.; Tagami, T.; Kagami, H.; Sakurai, M.; Kuwana, T. Differentiation of donor primordial germ
cells into functional gametes in the gonads of mixed-sex germline chimaeric chickens produced by transfer of primordial germ
cells isolated from embryonic blood. Reproduction 1999, 117, 291–298. [CrossRef]

9. Nakajima, Y.; Hattori, T.; Asano, A.; Ishikawa, N.; Tajima, A. Migration and differentiation of gonadal germ cells under cross-sex
germline chimeras condition in domestic chickens. J. Reprod. Dev. 2014, 60, 406–410. [CrossRef]

10. van de Lavoir, M.-C.; Diamond, J.H.; Leighton, P.A.; Mather-Love, C.; Heyer, B.S.; Bradshaw, R.; Kerchner, A.; Hooi, L.T.; Gessaro,
T.M.; Swanberg, S.E.; et al. Germline transmission of genetically modified primordial germ cells. Nature 2006, 441, 766–769.
[CrossRef] [PubMed]

11. Macdonald, J.; Glover, J.D.; Taylor, L.; Sang, H.M.; McGrew, M.J. Characterisation and germline transmission of cultured avian
primordial germ cells. PLoS ONE 2010, 5, e15518. [CrossRef] [PubMed]

12. Tagami, T.; Kagami, H.; Matsubara, Y.; Harumi, T.; Naito, M.; Takeda, K.; Hanada, H.; Nirasawa, K. Differentiation of female
primordial germ cells in the male testes of chicken (Gallus gallus domesticus). Mol. Reprod. Dev. 2006, 74, 68–75. [CrossRef]

13. Soler, L.; Alves, S.; Brionne, A.; Jacques, A.; Guérin, V.; Cherif-Feildel, M.; Combes-Soia, L.; Fouchécourt, S.; Thélie, A.; Blesbois,
E.; et al. Protein expression reveals a molecular sexual identity of avian primordial germ cells at pre-gonadal stages. Sci. Rep.
2021, 11, 19236. [CrossRef]

14. Ballantyne, M.; Taylor, L.; Hu, T.; Meunier, D.; Nandi, S.; Sherman, A.; Flack, B.; Henshall, J.M.; Hawken, R.J.; McGrew, M.J. Avian
Primordial Germ Cells Are Bipotent for Male or Female Gametogenesis. Front. Cell. Dev. Biol. 2021, 9, 726827. [CrossRef]

15. Liu, C.; Chang, I.-K.; Khazanehdari, K.A.; Thomas, S.; Varghese, P.; Baskar, V.; Alkhatib, R.; Li, W.; Kinne, J.; McGrew, M.J.; et al.
Uniparental chicken offsprings derived from oogenesis of chicken primordial germ cells (ZZ). Biol. Reprod. 2017, 96, 686–693.
[CrossRef]

16. Ichikawa, K.; Nakamura, Y.; Bono, H.; Ezaki, R.; Matsuzaki, M.; Horiuchi, H. Prediction of sex-determination mechanisms in
avian primordial germ cells using RNA-seq analysis. Sci. Rep. 2022, 12, 13528. [CrossRef] [PubMed]

17. Whyte, J.; Glover, J.D.; Woodcock, M.; Brzeszczynska, J.; Taylor, L.; Sherman, A.; Kaiser, P.; McGrew, M.J. FGF, Insulin, and SMAD
Signaling Cooperate for Avian Primordial Germ Cell Self-Renewal. Stem Cell. Rep. 2015, 5, 1171–1182. [CrossRef] [PubMed]

18. Katta, M.A.V.S.K.; Khan, A.W.; Doddamani, D.; Thudi, M.; Varshney, R.K. NGS-QCbox and Raspberry for Parallel, Automated
and Rapid Quality Control Analysis of Large-Scale Next Generation Sequencing (Illumina) Data. PLoS ONE 2015, 10, e0139868.
[CrossRef] [PubMed]

19. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef] [PubMed]

20. Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357–360. [CrossRef] [PubMed]

21. Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 2014, 30, 923–930. [CrossRef]

22. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

23. Mi, H.; Muruganujan, A.; Huang, X.; Ebert, D.; Mills, C.; Guo, X.; Thomas, P.D. Protocol Update for large-scale genome and gene
function analysis with the PANTHER classification system (v.14.0). Nat. Protoc. 2019, 14, 703–721. [CrossRef]

24. Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.; Morris, J.H.;
Bork, P.; et al. STRING v11: Protein-protein association networks with increased coverage, supporting functional discovery in
genome-wide experimental datasets. Nucleic Acids Res. 2019, 47, D607–D613. [CrossRef] [PubMed]

25. Kramer, A.; Green, J.; Pollard, J., Jr.; Tugendreich, S. Causal analysis approaches in Ingenuity Pathway Analysis. Bioinformatics
2014, 30, 523–530. [CrossRef] [PubMed]

26. Henrique, D.; Adam, J.; Myat, A.; Chitnis, A.; Lewis, J.; Ish-Horowicz, D. Expression of a Delta homologue in prospective neurons
in the chick. Nature 1995, 375, 787–790. [CrossRef]

27. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

28. Zhao, R.; Zuo, Q.; Yuan, X.; Jin, K.; Jin, J.; Ding, Y.; Zhang, C.; Li, T.; Jiang, J.; Li, J.; et al. Production of viable chicken by allogeneic
transplantation of primordial germ cells induced from somatic cells. Nat. Commun. 2021, 12, 2989. [CrossRef]

29. Woodcock, M.E.; Gheyas, A.A.; Mason, A.S.; Nandi, S.; Taylor, L.; Sherman, A.; Smith, J.; Burt, D.W.; Hawken, R.; McGrew, M.J.
Reviving rare chicken breeds using genetically engineered sterility in surrogate host birds. Proc. Natl. Acad. Sci. USA 2019, 116,
20930–20937. [CrossRef]

30. Melamed, E.; Arnold, A.P. Regional differences in dosage compensation on the chicken Z chromosome. Genome Biol. 2007, 8, R202.
[CrossRef]

https://doi.org/10.3382/ps/pex316
https://www.ncbi.nlm.nih.gov/pubmed/29126291
https://doi.org/10.1186/jbiol53
https://doi.org/10.1038/nature08852
https://www.ncbi.nlm.nih.gov/pubmed/20220842
https://doi.org/10.1530/jrf.0.1170291
https://doi.org/10.1262/jrd.2013-108
https://doi.org/10.1038/nature04831
https://www.ncbi.nlm.nih.gov/pubmed/16760981
https://doi.org/10.1371/journal.pone.0015518
https://www.ncbi.nlm.nih.gov/pubmed/21124737
https://doi.org/10.1002/mrd.20499
https://doi.org/10.1038/s41598-021-98454-2
https://doi.org/10.3389/fcell.2021.726827
https://doi.org/10.1095/biolreprod.116.144253
https://doi.org/10.1038/s41598-022-17726-7
https://www.ncbi.nlm.nih.gov/pubmed/35978076
https://doi.org/10.1016/j.stemcr.2015.10.008
https://www.ncbi.nlm.nih.gov/pubmed/26677769
https://doi.org/10.1371/journal.pone.0139868
https://www.ncbi.nlm.nih.gov/pubmed/26460497
https://doi.org/10.1093/bioinformatics/btu170
https://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1038/nmeth.3317
https://www.ncbi.nlm.nih.gov/pubmed/25751142
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/s41596-019-0128-8
https://doi.org/10.1093/nar/gky1131
https://www.ncbi.nlm.nih.gov/pubmed/30476243
https://doi.org/10.1093/bioinformatics/btt703
https://www.ncbi.nlm.nih.gov/pubmed/24336805
https://doi.org/10.1038/375787a0
https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1038/s41467-021-23242-5
https://doi.org/10.1073/pnas.1906316116
https://doi.org/10.1186/gb-2007-8-9-r202


Cells 2023, 12, 1151 14 of 14

31. Ellegren, H.; Hultin-Rosenberg, L.; Brunström, B.; Dencker, L.; Kultima, K.; Scholz, B. Faced with inequality: Chicken do not have
a general dosage compensation of sex-linked genes. BMC Biol. 2007, 5, 40. [CrossRef]

32. Itoh, Y.; Replogle, K.; Kim, Y.-H.; Wade, J.; Clayton, D.F.; Arnold, A.P. Sex bias and dosage compensation in the zebra finch versus
chicken genomes: General and specialized patterns among birds. Genome Res. 2010, 20, 512–518. [CrossRef]

33. Mank, J.E.; Ellegren, H. All dosage compensation is local: Gene-by-gene regulation of sex-biased expression on the chicken Z
chromosome. Heredity 2008, 102, 312–320. [CrossRef] [PubMed]

34. Zimmer, F.; Harrison, P.W.; Dessimoz, C.; Mank, J.E. Compensation of Dosage-Sensitive Genes on the Chicken Z Chromosome.
Genome Biol. Evol. 2016, 8, 1233–1242. [CrossRef] [PubMed]

35. Zhang, S.; Fei, T.; Zhang, L.; Zhang, R.; Chen, F.; Ning, Y.; Han, Y.; Feng, X.-H.; Meng, A.; Chen, Y.-G. Smad7 antagonizes
transforming growth factor beta signaling in the nucleus by interfering with functional Smad-DNA complex formation. Mol. Cell.
Biol. 2007, 27, 4488–4499. [CrossRef]

36. Tang, Y.; Liu, Z.; Zhao, L.; Clemens, T.L.; Cao, X. Smad7 stabilizes beta-catenin binding to E-cadherin complex and promotes
cell-cell adhesion. J. Biol. Chem. 2008, 283, 23956–23963. [CrossRef] [PubMed]

37. Landström, M.; Heldin, N.-E.; Bu, S.; Hermansson, A.; Itoh, S.; ten Dijke, P.; Heldin, C.-H. Smad7 mediates apoptosis induced by
transforming growth factor β in prostatic carcinoma cells. Curr. Biol. 2000, 10, 535–538. [CrossRef] [PubMed]

38. Yan, X.; Liao, H.; Cheng, M.; Shi, X.; Lin, X.; Feng, X.-H.; Chen, Y.-G. Smad7 Protein Interacts with Receptor-regulated Smads
(R-Smads) to Inhibit Transforming Growth Factor-β (TGF-β)/Smad Signaling. J. Biol. Chem. 2016, 291, 382–392. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/1741-7007-5-40
https://doi.org/10.1101/gr.102343.109
https://doi.org/10.1038/hdy.2008.116
https://www.ncbi.nlm.nih.gov/pubmed/18985062
https://doi.org/10.1093/gbe/evw075
https://www.ncbi.nlm.nih.gov/pubmed/27044516
https://doi.org/10.1128/MCB.01636-06
https://doi.org/10.1074/jbc.M800351200
https://www.ncbi.nlm.nih.gov/pubmed/18593713
https://doi.org/10.1016/S0960-9822(00)00470-X
https://www.ncbi.nlm.nih.gov/pubmed/10801443
https://doi.org/10.1074/jbc.M115.694281
https://www.ncbi.nlm.nih.gov/pubmed/26555259

	Introduction 
	Materials and Methods 
	PGC Culture Medium 
	Derivation and Culturing of Chicken PGCs 
	RNA Isolation and Quantification 
	Generation of RNA-Seq Data and Genome Mapping 
	Transcriptome Comparison with Other Cell Types 
	Transcriptome Comparison with In Ovo PGCs (E2.5) 
	RT-PCR to Validate Germ Cell Expression 
	Preparation of Chicken Embryonic Fibroblasts (CEFs) 
	In Situ Hybridization and Probe Synthesis 
	Differential Gene Expression 
	Quantitative Reverse Transcription PCR (RT-qPCR) 

	Results 
	RNA Transcriptome Analysis of Cultured PGCs 
	Comparison of In Vitro Cultured PGCs with In Ovo PGCs at Stage 16 HH 
	Germ Cell-Specific Gene Expression 
	Validation of Germ Cell-Specific Expression 
	Identification of Differentially Expressed Genes (DEGs) between Male and Female PGCs 
	Female Differentially Expressed Genes 
	Male Differentially Expressed Genes 
	Validation of Differentially Expressed Genes by Quantitative RT-PCR 
	The Absence of Total Dosage Compensation in Chicken PGCs 

	Discussion 
	References

