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Abstract
Here, we explore the regulatory mechanism of lipid metabolic signaling pathways and relat-

ed genes during differentiation of male germ cells in chickens, with the hope that better un-

derstanding of these pathways may improve in vitro induction. Fluorescence-activated cell

sorting was used to obtain highly purified cultures of embryonic stem cells (ESCs), primitive

germ cells (PGCs), and spermatogonial stem cells (SSCs). The total RNA was then ex-

tracted from each type of cell. High-throughput analysis methods (RNA-seq) were used to

sequence the transcriptome of these cells. Gene Ontology (GO) analysis and the KEGG da-

tabase were used to identify lipid metabolism pathways and related genes. Retinoic acid

(RA), the end-product of the retinol metabolism pathway, induced in vitro differentiation of

ESC into male germ cells. Quantitative real-time PCR (qRT-PCR) was used to detect

changes in the expression of the genes involved in the retinol metabolic pathways. From

the results of RNA-seq and the database analyses, we concluded that there are 328 genes

in 27 lipid metabolic pathways continuously involved in lipid metabolism during the differen-

tiation of ESC into SSC in vivo, including retinol metabolism. Alcohol dehydrogenase 5

(ADH5) and aldehyde dehydrogenase 1 family member A1 (ALDH1A1) are involved in RA

synthesis in the cell. ADH5 was specifically expressed in PGC in our experiments and alde-

hyde dehydrogenase 1 family member A1 (ALDH1A1) persistently increased throughout

development. CYP26b1, a member of the cytochrome P450 superfamily, is involved in the

degradation of RA. Expression of CYP26b1, in contrast, decreased throughout develop-

ment. Exogenous RA in the culture medium induced differentiation of ESC to SSC-like

cells. The expression patterns of ADH5, ALDH1A1, and CYP26b1 were consistent with

RNA-seq results. We conclude that the retinol metabolism pathway plays an important role

in the process of chicken male germ cell differentiation.
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Introduction
Germ cell differentiation is complex, involving regulation of many genes and cellular regula-
tion pathways. Processes such as the differentiation of telogonia into sperm or oocytes have
been the focus of intense study, with the hope that understanding them will shed light on the
regulatory mechanism of germ cell development and differentiation and may be applicable to
the problem of infertility.

A number of studies highlight the link between metabolism and cell growth and differentia-
tion, particularly the role of lipid metabolism. In a study of the regulation of lipid metabolism
during rat adipoctye differentiation, Lu et al. [1] found that the expression of the sterol regula-
tory element binding protein SREBP-1c was associated with early differentiation of fat cells.
Kee et al. [2] successfully induced mice embryonic stem cells to differentiate into sperm and
oocytes by manipulating chemicals and vitamins. When Aflatoonian and Moore [3] stimulated
in vitro human embryonic stem cells to differentiate into sperm, double hydrogen testosterone
(DHT) was released into the external medium and Hiibner et al. [4] detected estradiol (E2) in
the course of inducing mouse embryonic stem cells to differentiate into spermatagonial stem
cells. These studies strongly suggest that lipid metabolism is important in cell differentiation.

There have been many studies on the regulation of lipid metabolism in the in vitro induc-
tion of chicken male germ cell differentiation, but these have not yielded a complete under-
standing of the process and the selection of the inducer remains relatively blind. Here, we
attempt to identify the genes related to lipid metabolism during male germ cell generation in
chickens as well as their regulation and signaling pathways.

Analyzing and characterizing the transcriptome is central to understanding the function of
the genes in any particular cell. RNA sequencing (RNA-seq) technology [5–10], therefore, was
central to this study, and we have taken advantage of RNA-seq technology. We have standard-
ized and improved the in vitro culture system for the generation of male germ cells.

Materials and Methods

Experimental specimens
Procedures involving animals and their care conformed to the U.S. National Institute of Health
guidelines (NIH Pub. No. 85–23, revised 1996) and were approved by the laboratory-animal
management and experimental-animal ethics committee of Yanzhou University.

Eggs were collected shortly after fertilization from the poultry institute of the Chinese Acad-
emy of Agricultural Sciences Experimental Poultry Farm. A total of 18,340 eggs were used in
this experiment, which were divided into three groups as three biological replicates. The eggs
used for collection of embryonic stem cells (ESC) were used immediately, while those used for
isolation of primordial germ cell (PGC) or isolation of spermatogonial stem cell (SSC) were in-
cubated at 37°C and 75% relative humidity for 5.5 and 19 days, respectively [11].

Dulbecco’s modified eagle medium (DMEM) and fetal bovine serum (FBS) were supplied
by Gibco (USA) and mitomycin-C was supplied by Roche. β-mercaptoethanol, chicken serum,
L-glutamine, sodium pyruvate, trypsin, collagen enzyme I, human stem cell factor (hSCF),
basic fibroblast growth factor (bFGF), human insulin-like growth factor (hIGF), and murine
leukemia inhibitory factor (mUF) were acquired from Sigma-Aldrich. The antibodies used
were: antibody to SSEA-1 (Biolegend, San Diego, CA, USA; dilution ratio 1:100), antibody to
Sox2 (abcam, Cambridge, England; dilution ratio 1:100), antibody to C-kit (SouthernBiotech,
Birmingham, AL, USA; dilution ratio 1:100), antibodies to α-6 and β-1 integrins (Millipore; di-
lution ratio 1:100), and goat anti-mouse IgM (flourescein isothyocyanate [FITC] labeled; Bio-
Synthesis, Inc., Texas, USA; dilution ratio, 1:100).
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Isolation and culture of ESC, PGC, and SSC
Separation and cultivation of ESC, PGC, and SSC was performed as has been described
[12–14].

Sex determination
Genomic DNA from ESCs and PGCs was extracted to identify male and female germ cells
through PCR amplification using the primer sequences: F: GTTACTGATTCGTCTACGAGA
and R: ATTGAAATGATCCAGTGCTTG in a polymerase chain reaction (PCR) system con-
sisting of thirty cycles of: 98°C for 10 s, 49°C for 5 s, 72°C, for 30 s followed by long-term stor-
age at 4°C. The male germ cells were used in RNA-seq analysis.

Flow cytometry cell sorting
Highly purified cells were required for the next phase of the experiment. These were acquired
by using two antibodies in combination to label and select cell types. Antibodies to SSEA-1 and
Sox2 were used to mark ESCs, antibodies to C-kit and SSEA-1 were used to mark PGCs, and
antibodies to the α-6 and β-1 integrins were used to mark SSCs.

RNA sequencing
In this endeavor, we were guided by the mRNA-seq procedures of Illumina, Inc., (USA). Fifty-
nanogram cell tissue samples were sequenced using the HiSeq 2000 system (Illumina, Inc.,
USA) by Shanghai OE Biotech. Co., Ltd. The results were compared with the database and an-
notations of every gene for subsequent experimental analysis.

In vitro induction experiment
We used retinoic acid (RA) to induce the differentiation of chicken ESCs into male germ cells.
Third-generation ESCs were cultured onto a 24-well plate with a feeder layer with a density of
105 cells per well in culture medium containing 10 μMRA [15]. The cells were collected every
two days after induction. Quantitative real-time PCR (qRT-PCR) was used to expression of the
marker genes by ESC, PGC, and SSC cultures, as well as the expression of key genes of
retinol metabolism.

Quantitative Real Time PCR
Total RNA was extracted with the RNeasy kit (Qiagen). Reverse transcription was performed
to create cDNA to serve as a template for qRT-PCR. qRT-PCR was performed according to the
instructions provided in the fluorescence quantitative PCR kit, using SYBR as the fluorescent
reagent and 7500 System fluorescence quantitative instrument (Applied Biosystems). The data
were analyzed with the 2-Δ Δ Ct relative quantitative method in Microsoft Excel software. The
primer sequences were: for CYP26b1 (Gene bank accession: XM_426366.2), F: ACATAACCC
GAAAGCAGTGG, R: TCATCTCTGTGCCCTACACG; for ALDH1A1 (Gene bank accession:
NM_204577.3), F: CAGCAGGGAAGACCAATCTG, R:CGGCGAACAAACTCAT CATA;
For ADH5 (Gene bank accession:NM_001031152.1), F: GAGTTGGGCTG GCTACTGTT, R:
CCTCCTGTATGGGCTTCTCA.

Data analysis
The differentially expressed genes between different samples were compared by the method
of PRKM. The false discovery rate (FDR) was set at 0.0001 to determine the threshold of the
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P-value in multiple tests. The absolute value of |log 2Ratio|�1 was used as the threshold for sig-
nificance of the gene expression difference between the transcriptome and database. DAVID
(http://david.abcc.ncifcrf.gov/home.jsp), FunNet (http://www.funnet.info/) and WEGO
(http://wego.genomics.org.cn/cgi-bin/wego/index.pl) were used to screen the key genes and
signaling pathways.

Results

Separation of Male ESCs, PGCs. and SSCs
In this study, we needed cultures composed of cells that were all-male and of the same cell type.
Sex discrimination in chickens can be achieved by using CHD-W, a gene on the W chromo-
some that is present only in females, as a marker for sex. We used specific primers in PCR to
amplify CHD-W. The results are shown in Fig. 1. Females, of genotype ZW, had two DNA frag-
ments, at 600 bp and 450 bp. Males, of genotype ZZ, had only one fragment at 600 bp. Once
pure male cells had been acquired, flow cytometry sorting was used to separate the three cell
types, employing labeled antibodies specific for cell type. ESCs, PGCs, and SSCs are morpho-
logically distinct and their cultures can be easily distinguished (Fig. 2).

Analysis of expression differences of lipid metabolism genes
We next wished to examine the genes regulating chicken male germ cell development and dif-
ferentiation. RNA extracted from the three purified cultures of male germ cells was sequenced.
Then, we compared the transcriptomes with the available databases. The false discovery rate
(FDR) was set at 0.0001 to determine the threshold of the P-value in multiple tests. The abso-
lute value of |log 2Ratio|�1 was used as the threshold for significance of the gene expression
difference between the transcriptome and database.

Gene ontology (GO) analysis was used for detection of differences in gene function, annota-
tion, and classification between GO categories and the transcriptome. From this analysis, we
identified 697 genes enriched in the transcriptome that participated in the metabolic regulation

Figure 1. Sex determination of the isolated cells. The sex of the isolated cells was determined through
PCR amplification of the CDH-W gene. In this process, males could be detected by the single fragment at 600
bp (Line 1) and the female by the presence of two fragments, at 600 bp and 450 bp (Line 2). (M): 1000 bp
Marker.

doi:10.1371/journal.pone.0109469.g001
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of biological macromolecules, including lipid, protein, and glycol metabolism. GO analysis,
combined with cellular pathway analysis through FUNNET and DAVID databases, also
showed enrichment of amino acid metabolism pathways, lipid metabolism pathways, and
other pathways. The KEGG database revealed 328 genes that were enriched in the transcrip-
tome that participated in 27 pathways related to lipid metabolism. The differences were partic-
ularly notable in steroid biosynthesis, primary bile acid synthesis, retinol metabolism, fatty acid
metabolism, and triglyceride metabolism. (Fig. 3, Table 1).

Analysis of lipid metabolism and the retinol metabolic pathway
The KEGG database analysis reveals that genes involved in lipid metabolism were enriched in
the transcriptomes of these cells. There is also evidence that RA regulates lipid metabolism and
can induce differentiation of germ cells, so we studied expression of genes involved in the reti-
nol biosynthetic pathway in the three cell types.

Of the 328 genes related to lipid metabolism that were enriched in the transcriptomes, 48
participated in retinol metabolism. These 48 genes had different patterns of expression in
ESCs, PGCs, and SSCs (Fig. 4).

We used Wayne analysis of ES to analyze the expression of the genes in the retinol biosyn-
thesis pathway of the cell types. In PGCs and SSCs, there were 23 genes related to regulation of
retinol biosynthesis that were persistently expressed. During the process of differentiation of
ESCs to SSCs, eighteen of these genes were initially highly expressed followed by decline in ex-
pression, expression of two steadily increased, two were highly expressed after a time lag, while
expression of one gene steadily declined during the differentiation process.

According to the literature, summarized in Table 2 and Fig. 5, acetaldehyde dehydrogenase
(ALDH) and alcohol dehydrogenase (ADH) are important regulatory genes of alcohol and al-
dehyde metabolism in animals. ADH transforms all-trans retinoic fat into all-trans retinol in
the retinol pathway. All-trans retinol is then converted to all-trans RA through the action of
ALDH and the members of the cytochrome 450 superfamily of proteins, CYP2A and CYP3A.
The analogous proteins in chicken, CYP26A1, CYP26B1, and CYP26C1, may degrade RA in
the retinol pathway and reduce the level of RA in the cell. Of these three enzymes, CYP26B1
has the greatest effect.

Our results from RNA-seq were consistent with the results from qRT-PCR, confirming the
suggestion that these genes are important in regulation of lipid metabolism and retinol metabo-
lism pathways (Fig. 6).

Figure 2. Morphological characters of chicken ESCs, PGCs, and SSCs. A: The clones of ESCs resemble a bird’s nest with clear edges. B: PGCs are
larger than ESCs with more obvious nuclei and clearly visible areas around the cells.C: The SSCs are large and clump into a mass that resembles a bunch of
grapes. Magnification: 400×.

doi:10.1371/journal.pone.0109469.g002
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RA induces ESC differentiation into SSC
Retinol and its metabolites may regulate the chicken male germ cell differentiation process. To
test this role, we applied RA (the retinol pathway activation agent) to ESCs and followed their
subsequent development. ESCs were cultured on DMEM rich in glucose and containing 10%
FBS and 10 μMRA. The morphology of the ESCs gradually changed, apparently differentiating
into SSCs (Fig. 7). The SSC-like cells were labeled with the antibody specific for SSC,

Figure 3. Enrichment in the transcriptomes of genes involved in lipid metabolism as revealed by the
FUNNET database. KEGG database resulted in 328 different genes enriched in 27 pathways related to lipid
metabolism. Of these genes, 4.5% were related to retinol metabolism.

doi:10.1371/journal.pone.0109469.g003
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confirming that differentiation had occurred. Furthermore, we detected expression of the three
key genes of the retinol metabolism pathways through qRT-PCR (Fig. 8).

Discussion
Chicken was used as a classic model animals of developmental biology, and played an impor-
tant role in the differentiation research of reproductive stem cell. We adopts the chicken as the
materials in this experiment since they have its unique merits: Firstly, it is very convenient to
get enough fertilized eggs and help us to get a great deal of ES cells in short time, and not refere
to any ethics problems; Secondly, we can conduct operation at any development time in vitro
or in vivo since chicken is an ovipara; Thirdly, there is no any report about the RNA-seq

Table 1. Differences in gene enrichment of lipid metabolic pathways.

GENE NAME GENE ID ESC EXPRESSION PGC EXPRESSION SSC EXPRESSION

CYP26C1 XM_421678.2 42 73 8

LOC769504 XM_001231508.1 0 28 3

CYP26A1 NM_001001129.1 77 405 7

CYP26B1 XM_426366.2 0 542 1652

CYP2C18 NM_001001757.1 10 130 13

CYP2H1 NM_001001616.1 14 542 59

CYP3A37 NM_001001751.1 10 130 13

CYP3A80 XM_414782.2 20 444 201

ALDH1A2 NM_204995.1 627 11929 8356

ALDH8A1 XM_419732.1 0 44 2

ALDH1A1 NM_204577.3 50 3619 40038

ADH XM_001234262.1 92 1719 57

ADH1B NM_205092.1 40 408 17

ADH5 NM_001031152.1 5905 14789 5941

CYP1A1 NM_205146.1 5 2809 62

CYP1A4 NM_205147.1 9 1718 387

doi:10.1371/journal.pone.0109469.t001

Figure 4. The distribution and expression of genes related to retinol metabolism pathway during germ
cell differentiation. There are 36 genes involved in differentiation of ESCs to PGCs. Twenty-eight were up-
regulated and eight were down-regulated during the process. In the differentiation of PGCs to SSCs, 32
genes were involved; 28 were up-regulated and eight were down-regulated.

doi:10.1371/journal.pone.0109469.g004
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sequencing in chicken, especially for the differentiation mechanism of three cell types(ESC,
PGC, SSC), so this study have a significant meaning to know about its differentiation mecha-
nism and provide refererene for the subsequent study.

Development and differentiation of the chicken male germ cell is complex. Several metabol-
ic pathways have been implicated in its regulation, including the retinol metabolic pathway
[16], Bone Morphogenetic Protein 4 (BMP4) metabolic pathways [17], and the Transforming

Table 2. Important regulatory genes in retinol metabolic pathways.

Pathway The number of genes P-value Pathway ID

Retinol metabolism 48 0.51224 ko00830

Primary bile acid biosynthesis 20 0.20024 ko00120

Fatty acid metabolism 27 0.90876 ko00071

Biosynthesis of unsaturated fatty acids 18 0.56182 ko01040

Sphingolipid metabolism 58 0.03153 ko00600

Glycerolipid metabolism 47 0.94096 ko00561

Arachidonic acid metabolism 31 0.68187 ko00590

Synthesis and degradation of ketone bodies 5 0.09865 ko00072

Fatty acid elongation 12 0.84495 ko00062

Fatty acid biosynthesis 5 0.59025 ko00061

Linoleic acid metabolism 15 0.79224 ko00591

alpha-Linolenic acid metabolism 13 0.87191 ko00592

Steroid biosynthesis 8 0.19054 ko00100

Ether lipid metabolism 21 0.99884 ko00565

Glycerophospholipid metabolism 42 0.98306 ko00564

Lipoic acid metabolism 5 0.23253 ko00785

Steroid hormone biosynthesis 38 0.06380 ko00140

Porphyrin and chlorophyll metabolism 24 0.18242 ko00860

Biotin metabolism 2 0.40448 ko00780

Nicotinate and nicotinamide metabolism 19 0.79224 ko00760

Pantothenate and CoA biosynthesis 10 0.95142 ko00770

Riboflavin metabolism 5 0.22910 ko00740

Ubiquinone and other terpenoid-quinone biosynthesis 4 0.43346 ko00130

Folate biosynthesis 6 0.73654 ko00790

Vitamin B6 metabolism 3 0.70346 ko00750

One carbon pool by folate 6 0.97475 ko00670

Thiamine metabolism 1 0.81855 ko00730

doi:10.1371/journal.pone.0109469.t002

Figure 5. Expression of the gene families CYP26, ALDH, and ADH during differentiation.RNA-seq
results showed high expression of CYP26, ALDH, and ADH families, suggesting important roles for these
enzymes in germ cell differentiation, particularly CYP26b1, ALDH1A1, and ADH5 genes, which are the
members of these families that are present in chickens.

doi:10.1371/journal.pone.0109469.g005
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Growth Factor β (TGFβ) metabolic pathways. In this study, multiple signaling pathways were
detected, including lipid, protein, and carbohydrate metabolism that regulate chicken male
germ cells differentiation. Twenty-seven metabolic signaling pathways were detected, mostly
involving steroid hormone biosynthesis, synthesis of primary bile acids, retinol metabolism,
fatty acid metabolism, and triglyceride metabolism.

The current research focused on the importance of lipid metabolism in cell differentiation, a
proposal that is supported by considerable evidence. In mice male germ cells, for example, the
expression of proteins in the Fatty Acid Binding proteins (FABPs) family and the expression of
Diacylglycerol Acyltransferase (DGAT) varied during differentiation and development. Specif-
ically, FABP9, FABP12, and DGAT were up-regulated and highly expressed throughout the en-
tire differentiation process of sperm cells [18]. Also, Fujisawa et al. [19] found that adding
human milk to the medium of 3T3-L1 cells induced their differentiation. Many other studies
support the importance of lipid metabolism in the in vitro induction of differentiation of ESCs
into male germ cells. Pan Shaohui [20] induced differentiation of mouse ESCs with the exoge-
nous steroids estradiol and follicle-stimulating hormone, which was accompanied by increased
expression of Intergerin, Dazl, Scp3, and Vasa, genes specific to germ cells, as revealed by im-
mune-fluorescence seven days after induction. Likewise, another group working with pig skin
germ cells supplemented the culture medium with follicular fluid and FBS, inducing differenti-
ation and expression of Oct4, Vasa, and Dazl. Moreover, estrogen and progesterone were de-
tected in the cluster after differentiation [21]. In vitro differentiation of human embryonic
stem cells (hESC) may be stimulated by steroid hormones [22]. Finally, several studies have
shown that the final product of retinol metabolism pathways, RA, can induce differentiation of
ESCs to the male germ cell in vitro and produce SSC-like cells. Although these observations im-
plicate lipid metabolism in the regulation of stem cell differentiation, there has not been a sys-
temic study on the regulatory mechanism or the related genes.

Figure 6. Expression of CYP26b1, ALDH1A1, and ADH5 genes during germ cell differentiation. Analysis of the expression of these genes by qRT-PCR
confirmed the expression patterns observed with RNA-seq.

doi:10.1371/journal.pone.0109469.g006

Figure 7. Morphological changes in chicken ESCs during in vitro induction by exogenous RA. D2: Note the few, small embryoid bodies. D4, D6.
Embyroid bodies are more numerous and larger than in D2. D8. The embryoid bodies are dissociated. D10. SSC-like cells are present. Magnification: 400×.

doi:10.1371/journal.pone.0109469.g007
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To this end, we have screened the key signaling pathways and genes that participate in the
regulation of the male germ cell differentiation process by DNAmicroarray, RNA-seq, verifica-
tion with qRT-PCR, and an in vitro induction experiment. The classic models for studying dif-
ferentiation and development in the animal germ cell have been mice and fruit flies, but
chicken embryos offer certain advantages over these. They are easily accessed in large numbers
and researchers are beginning to recognize these benefits.

Our research group is committed to using this system in researching the differentiation of
the domestic chicken male germ cell. Previous studies suggested that ADH, ALDH, and the cy-
tochrome P450 family members of the RA metabolism pathway are involved in regulation of
the male germ cell differentiation in poultry. The CYP1 family members catalyze retinol into
retinal, which is further metabolized to RA. Several studies have shown that CYP1 family mem-
bers were down-expressed when the receptor of CYP1 was knocked out, accompanied by re-
duced levels of RA [23]. From pathway analysis of the differentiation process of male chicken
germ cells, the main regulator of retinol metabolism is CYP1A4, but CYP26 is the key enzyme
in the regulation of RA level in vivo, and acts by converting RA back to retinol. The CYP26
family contains CYP26A1, CYP26B1, and CYP26C1, which are all relatively evolutionarily
conserved. Cultivated embryos of the African clawed frog that had been previously injected
with CYP26A1 mRNA presented with symptoms of RA deficiency, supporting the involvement
of CYP26A1 in the regulation of RA levels and the normal development of embryos in vivo
[24]. Koubova achieved overexpression of CYP26B1 in COS-1 cells, and observed that RA was
converted to retinol, which suggested that CYP26B1 participated in RA metabolism. The cul-
tured embryos also had the same symptoms as embryos over-expressing CYP26C1 or embryos
that had been treated with a retinaldehyde dehydrogenase inhibitor. These observations sug-
gest that CYP26C1 is involved in RA metabolism [25]. CYP26 can be induced by RA, which is
supported by our results in the induction experiment reported here. Based on our results and
those of others, we conclude that CYP26 family members are the main CYP450 enzyme in RA
metabolism in vivo. In this study, we demonstrated the expression of CYP450 family members
with RNA-seq, and then verified our finding with qRT-PCR. We also discovered that expres-
sion of the CYP450 family members was induced by exogenous RA in vitro. We suggest that
this family plays an important role in retinol metabolism, which has an important effect in the
differentiation process of male germ cells.

Recent studies have shown that RA is important in the sex differentiation process of domes-
tic chickens. Ovarian levels of RA apparently reach a certain threshold in chicken PGCs that
are at a developmental stage of 15.51 E. Then, RA induces the expression of Stra8 and a series
of genes, and induces the germ cells to proceed to meiosis. In the testis, however, expression of
CYP26b1 inhibits the over-expression of RA and delays meiosis in the germ cells [26, 27].

Figure 8. The relative expression value of CYP26B1, ADH1A1, and ADH5 in the induction process. This value was consisent with the results of RNA-
seq.

doi:10.1371/journal.pone.0109469.g008
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RA at 10 μMwas shown to induce mice ESC to differentiate into male germ cells and chick-
en ESC to differentiate into SSC-like cells; both of these studies were in vitro. Based on these
studies and the fact that retinol is the final product of the retinol pathways, we used RA to ex-
plore expression of the major genes in retinol metabolic pathways during the differentiation
process in vitro. We found that the key genes of the retinol pathway were affected by RA added
to the culture medium, and it stimulated differentiation of the germ cells. RA can stimulate up-
regulation of CYP26B1, but then the enzyme will cause it to be degraded. Based on others’
work, RA may have mediated stra8 expression, starting meiosis, but then its action could have
been reversed by the action of CYP26B1. The level of RA may have increased to mediate Stra8
expression and begin differentiation, but the levels would not have stayed high.

Our experimental results show that key genes of the retinol metabolic pathways in vitro
were induced by RA. This suggests that these genes play a major regulatory role in the retinol
metabolic pathway. The success of in vitro induction also verified the result of RNA-seq and
verifies the importance of the retinol metabolic pathway in the development and differentiation
of chicken male germ cells. We conclude that 10 μMRA and Sertoli cells as the feeding layer
may provide optimal induction conditions.

In summary, we studied the role of lipid metabolism in differentiation of male germ cells
from chicken embryos. We focused on metabolic pathways of retinol and used RNA-seq, qRT-
PCR, and gene chip technologies combined with induction of differentiation by RA, to analyze
these pathways in detail. Results indicated that RA could induce ESC to differentiation into
male germ cells in vitro. We hope that this study lays a solid foundation for future work.
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