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Abstract Melanoblasts originating from neural crest
cells can migrate through the mesenchyme of the
developed embryo and give rise to melanocytes. Unlike
the melanocytes that are confined to the integument in
other vertebrates, melanocytes in Silky Fowl can reach the
ventral regions of the embryos owing to differences in gene
expression in the process of melanoblasts migration. In this
study, we used microarray profiling to identify differences
in gene expression between White Leghorn and Silky
Fowl. Differential expression of 2517 microarray probes
(P< 0.01, Fold Change> 2) was observed in Silky Fowl
compared to White Leghorn. After filtration by cluster
analysis, functional annotation and pathway analysis, eight
differentially expressed genes were identified to be closely
related to the development of melanocytes. Moreover,
differences in expression of immune genes were also
detected between Silky Fowl and White Leghorn. The
differentially expressed genes associated with melanocyte
development were verified by q-PCR, and results were
highly consistent with the microarray data. The genes with
significantly altered expression involved in melanoblast
migration and development suggested that different
microenvironments resulted in the abnormal melanoblast
migration in Silky Fowl, although there were no big
differences in melanoblast development between these two
breeds. The candidate genes discovered in this study are
beneficial to understand the molecular mechanism of
hyperpigmentation in Silky Fowl.
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1 Introduction

As a population of cells derived from neural crest cells,
melanoblasts can normally migrate through the mesench-
yme giving rise to melanocytes which are mainly
distributed in the epidermis, hair-follicle and optic dermis
shielding the skin from sunburn and maintaining hair color.
When they arrive at the space between the neural tube and
somites at the thoracic level, the neural crest cells first
begin to migrate, differentiating into neurons and glial cells
[1]. Twenty four hours later, the neural crest cells begin to
migrate through the neural tube to form melanocyte
precursors or melanoblasts, and at stage 20, melanoblasts
pause at the “staging area” [2,3]. Then the melanoblasts
migrate to the dorsolateral space by the dorsolateral
pathway under the complex regulation of developmental
and migratory signals [4]. By stage 28, the distribution of
melanoblasts in embryos resembles that in adults [5].
Recently, a few signal molecules that can enhance or
constrain melanoblast migration have been identified [6–
10], but the molecular mechanisms responsible for the
migration of melanoblasts requires further investigation.
Silky Fowl (SF) is famous in China for their special

medical and health-promoting potentials, by virtue of the
hyperpigmentation in their inner organs. As a natural
mutant breed, SF shows extensive pigmentation, including
periosteum, gonads, trachea, heart, liver, gizzard, cecum,
perimysium and many other organs [11]. This rare and
extensive hyperpigmentation in SF compared to the other
higher vertebrates, provides us a very appropriate natural
mutant model to investigate the mechanism of gene
regulation during melanocyte development.
Previous studies have realized that the ectopic pattern of

pigmentation in SF results from an abnormal migration of
melanoblasts. Whereas in White Leghorn (WL) the
melanoblast migration only takes the dorsolateral pathway
between the ectoderm and somites, the melanoblasts in SF
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can migrate ventrally between the neural tube and somites
in addition to dorsolateral migration [12]. At stage 20,
melanoblasts have invaded the dorsolateral pathway in
both SF and WL. By stage 22, melanoblasts in SF begin to
invade the ventral path, whereas the melanoblasts in WL
will have migrated only half-way along the dorsolateral
path. By stage 24, melanoblasts already occupy the ventral
path in SF, but not in WL. From stage 26, melanoblasts are
dramatically increased in ventromedial positions in SF [5].
The abnormal migration of melanoblasts in SF is
substantially correlated with the absence of some environ-
mental barrier molecules which prohibit melanoblasts
migration and can be identified by peanut agglutinin [13].
Some studies have shown that hyperpigmentation is
regulated by Id and Fm genes [14] and Edn3 plays the
role of Fm in controlling the hyperpigmentation [15], but
the precise mechanism of gene regulation of hyperpig-
mentation in SF is still elusive.
In this study, global gene expression at the early embryo

stages of the WL and SF were investigated using
microarrays and the differentially expressed genes were
identified. To the best of our knowledge, this is the first
comparison of transcriptional expression during melano-
blast development between WL and hyperpigmented SF.
This report can help us to better understand the complex
mechanism of melanoblast migration at the transcriptional
level between these two chicken breeds.

2 Materials and methods

2.1 Ethics statement

Animal use and animal trials in this study have been
approved by the Beijing Municipal Committee of Animal
Management and the Ethics Committee of China Agri-
cultural University.

2.2 Animals

The WL and SF eggs in this study were obtained from the
chicken farm in China Agricultural University and
incubated under humid conditions at 38°C. The embryos
were collected and sampled at hatching day 3 (stage 20),
day 3.5 (stage 22), day 4 (stage 24), and day 4.5 (stage 26).
The body trunks from three embryos were sampled at the
fore-limb bud and pooled together as a biological replicate.
Three replicates were designed at each point. All samples
were immersed in RNA fixer liquid (Tiangen Biotech Co.,
Ltd., China) and store at – 80°C.

2.3 RNA extraction

Total RNA from samples was isolated using Trizol
according to the manufacturer’s protocol (Invitrogen,
USA). The RNA was purified using the RNAeasy mini

kit (Qiagen, USA) and RNA quality and purity were
determined by NanoDrop ND-1000 spectrophotometer at
260/280 nm (NanoDrop Technologies, USA). The integ-
rity of total RNAwas detected using Agilent BioAnalyzer
2100 (Agilent Technologies, USA). Only the RNA
samples with RNA Integrity Number (RIN) above 7
were used for the subsequent experiments.

2.4 cRNA synthesis

Two micrograms of purified total RNA was transcribed
into cDNA using the Low RNA Input Linear Amplication
kit (Agilent Technologies, USA). Then cDNA was
transcribed into cRNA (complementary Ribonucleic
Acid, in vitro transcription product with cDNA as a
template) which was labeled with Cy3 NHS ester (GE
healthcare, USA) using T7 RNA polymerase (Agilent
Technologies). The labeled probes were purified with
RNAeasy mini kit (Qiagen, USA) and the quality and
quantity were determined by NanoDrop ND-1000 spectro-
photometer (NanoDrop Technologies, USA).

2.5 Microarray hybridization and data analysis

The Cy3 labeled RNA samples were hybridized with the
44K Agilent chicken genome oligo microarray in triplicate
[16]. The microarrays were incubated at 65°C for 17 h in
Agilent’s hybridization chambers and rotated at 10
revolutions per minute. After washing with Expression
Wash Buffer Kit (Agilent Technologies, USA), all the
microarrays were scanned at 5 µm resolution using an
Agilent G2565BA Microarray Scanner System (Agilent
Technologies, USA) with an extended dynamic range
(PMT 10/100). The expression data from all arrays were
normalized and filtered using GeneSpring 7.3 and the
significant difference was analyzed at a cut-off with P
value less than 0.01 and fold change greater than 2. Gene
Ontology (GO) and pathway analysis of significantly
differentially expressed genes were performed using SBC
Analysis System (http://sas.ebioservice.com/). Results are
marked as significantly different at the P< 0.05 level.

2.6 Quantitative analysis

Six genes were quantified and verified by q-PCR using
SYBR Green Real-time PCR Master Mix (Takara, Japan).
0.5 µg of total RNA was transcribed into cDNA with the
PrimerScript RT reagent Kit (Takara, Japan) according to
the manufacturer’s instruction. Primers were designed by
primer express 2.0 (Applied Biosystems, USA) and
synthesized (Invitrogen USA). The primer sequences and
product sizes were listed in Table 1. The cycling
parameters of quantitative PCR amplification were as
follows: initial heat-denature at 95°C for 15 min, 33 cycles
at 95°C for 20 s, 62°C for 20 s, and 72°C for 20 s, and
finally extension for 7 min at 72°C. A melting curve was
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preformed to exclude genomic DNA contamination and
confirm the primer specificities. GAPDH was used as
house-keeping gene in this assay. Data were collected from
three biological replicates, and each biological replicate
had three technical replicates. Statistical significance was
set at P< 0.05.

3 Results

3.1 Differentially expressed genes in SF and WL

The genes differentially expressed between SF and WL at
hatching day 3, 3.5, 4 and 4.5 were detected and analyzed.
1146, 951, 1089 and 974 up- and down-expressed genes

were found at each time point, respectively (Fig. 1).

3.2 Gene ontology and biological pathways annotation of
differentially expressed genes

Differentially expressed genes between SF and WL were
categorized by gene ontology and six over represented GO
categories between SF and WL were identified (Table 2).
The GO terms of pigmentation during development and
pigment metabolic process are significantly enriched
functional categories in our study, and are mainly
associated with melanocyte development. In addition,
GO terms of positive regulation of immune system process
(P = 0.0185) and response to biotic stimulus (P = 0.0071)
were found to be differentially regulated between the two

Table 1 Primer sequences used for quantitative real-time PCR

Gene Accession number Primer sequences 5′ – 3′

GAPDH NM_204305 Upper: AAAGTCCAAGTGGTGGCCATC
Down: TTTCCCGTTCTCAGCCTTGAC

Edn3 AB235921 Upper: CAGCCTTCATTTCGGTGCTCT
Down: TGCATCGGTCCTTCTCTGTTG

Ednrb2 NM_204120 Upper: TCCCCTTAGTATGCACTGGCA
Down: ACGCCGTTTCATGTGGTCA

Scf NM_205130 Upper: GCGCTGCCATTCCTTATGAAG
Down: TGGATTCCCGCAGGAACTCT

Mc1r NM_001031462 Upper: TCCGCCACATGGACAATGT
Down: GCAGCGCATAGAAGATGGTGA

Pomc NM_001031098 Upper: GAAAAGAAGGATGGAGGCTCG
Down: CGATGGCGTTTTTGAACAGAG

Fig. 1 Numbers of differentially expressed genes between Silky Fowl andWhite Leghorn during critical times of melanocyte migration.
Black bars: number of up-regulated genes in Silky Fowl; open bars: Numbers of down- regulated genes in Silky Fowl. Expression data
were filtered by GeneSpring 10 using t-test (P< 0.01, Fold change> 2).

Table 2 Overrepresented GO categories of differentially expressed genes between SF and WL

GO Id Gene category Hit Enrichment test P-value

GO:0051707 Response to other organism 9 0.0013

GO:0048066 Pigmentation during development 4 0.0047

GO:0009607 Response to biotic stimulus 9 0.0071

GO:0007622 Rhythmic behavior 2 0.0099

GO:0002684 Positive regulation of immune system process 7 0.0185

GO:0042440 Pigment metabolic process 3 0.0491
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breeds. Moreover, there were significant differences in
expressions of the genes associated with responses to other
organism (P = 0.0013) and rhythmic behavior (P =
0.0099).
By searching the Biocarta and KEGG (Kyoto Encyclo-

pedia of Genes and Genomes) databases (http://www.
genome.jp/kegg/pathway.html), seven significantly
enriched pathways were mapped (Table 3). Melanogenesis
was the most significantly over-represented pathway (P =
0.0015) in this study including seven differently expressed
genes. The same five genes were detected in both the
melanogenesis pathway and neuroactive ligand-receptor
interaction pathway, owing to melanoblasts being derived
from neural crest cells. Eight genes in the cytokine-
cytokine receptor interaction pathway were identified.
Other significantly over-represented pathways were retinol
metabolism, ABC transporters, purine metabolism and the
NOD-like receptor signaling pathway.

3.3 Differentially expressed genes related to melanocyte
development

According to the annotations, a list of genes related to
melanocyte development significantly differentially
expressed between SF and WL was compiled. In general,
higher expression of the dorsolateral genes Kitlg, Edn3,
and Pomc was observed in SF compared to WL, at all four
stages (Fig. 2). However, the expression of the melanocyte
specific genesMc1r, Ednrb2, Silv, andDctwas statistically
different until day 4 between SF and WL. The expression
of Agrp in WL was significant higher than that in SF at all
four stages (Fig. 2). The results of microarray assay
demonstrated that the eight differential expression genes
show more than a twofold difference between SF and WL
at one or more developmental stages.

3.4 Differentially expressed genes were verified by quanti-
tative PCR

To verify the microarray data, quantitative real-time PCR
was conducted. Five of the genes (Kitlg, Edn3, Ednrb2,
Pomc and Mc1r) related to melanocyte development that
showed differential expressions were selected for q-PCR.

The results showed that there was strong coincidence with
the microarray data (Table 4), with only slightly different
fold-changes.

4 Discussion

The thoracic region of the chicken embryo is an important
target for studying the mechanism of melanocyte devel-
opment and most of the research findings for melanocyte
development come from the studies at the thoracic level in
avian embryos [11,12]. Melanocyte development depends
on precise temporal and spatial gene regulation during
embryogenesis. SF embryos show abnormal migration of
melanoblasts, during embryogenesis and the gene expres-
sion profiles at four representative stages of melanoblast
migration were investigated and analyzed, in order to
provide information regarding melanocyte development by
comparison with the process in WL.
Previously, we reported the use of a semiquantitative

method to investigate the expression profiles of 13 genes
which are relevant to the development of melanocytes
from day 2.5 to 15 in SF and WL [17]. Our results showed
that Agrp plays an important role in the process of melanin
synthesis. But, there are several shortcomings in the
semiquantitative method for analysis. First, the circle
number in semiquantitative analysis is very difficult to
control. Second, the expression level varies for different
genes, stages and chicken breeds. Therefore, the difference
between many high-expressed and low-expressed genes
will not be found. In this study, a 44K Agilent chicken
whole genome wide oligo nucleotide (60-mer) microarray
was adopted to investigate the molecular events during
melanocyte development in the thoracic region in SF
compared with WL. Unlike a short oligonucleotide library,
a long oligo nucleotide microarray can provide signifi-
cantly improved sensitivity and can even detect one single
transcript in one cell [18]. Previous studies have shown
that the 44K Agilent chicken long oligonucleotide
microarray can provide reliable results by detecting
different chicken tissues [19]. Moreover, in order to
improve the accuracy, three tissues from different
individuals were pooled together for RNA extraction and

Table 3 Significantly enriched pathways of differentially expressed genes between SF and WL

Pathway DB Gene category Hit Enrichment test P-value

Kegg

Melanogenesis 7 0.0015

Neuroactive ligand-receptor interaction 12 0.0059

Cytokine-cytokine receptor interaction 8 0.0151

Retinol metabolism 3 0.0161

ABC transporters 3 0.0251

Purine metabolism 6 0.0288

NOD-like receptor signaling pathway 3 0.0407
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hybridization in this study. There were two reasons for
pooling: (1) tissue derived from a single embryos at these
stages was too small to extract sufficient RNA; (2) pooling
reduced the effect of individual variation, but highlighted
the differences between breeds [20,21].
The key objective of this study was to identify candidate

genes relevant to melanocyte development. According to
functional annotation, the genes Kitlg, Edn3, Ednrb2,
Pomc,Mc1r, Agrp, Silv and Dct were identified and shown
to be significantly associated with the development of

melanocytes. Kitlg is produced by the dermomyotome,
which could direct the melanoblasts to the dorsolateral
pathway and induce high mitogenesis of melanoblasts by
binding with the Kit receptor [22]. In mouse, the
expression of Kitlg has been detected in the dermomyo-
tome, and the Kit receptor is expressed on the cell surface
of melanoblasts. After binding, Kitlg can assist the
melanoblast migration to the dorsal pathway [23]. How-
ever, in the avian embryo, some researchers found Kitlg is
not produced by the dermomyotome but by the ectoderm

Fig. 2 Expression patterns of differentially expressed genes related to pigment development. Data are represented as mean�SD of
replicates. The statistical variation between two chicken breeds was assessed by t-test (* means P< 0.05, ** means P< 0.01). Dark bars:
gene expression level in Silky Fowl (SF); light bars: gene expression level in White Leghorn (WL).
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after stage 25 when melanoblast migration has finished
[24]. Moreover, they suggested that Kitlg has no role in
regulating the melanoblast migration in chicken [12,24]. In
our study, however, the expression of Kitlg mRNA was
detected no later than stage 20, and showed significantly
increased expressed in SF, but the expression level
gradually declined in both chicken breeds. It is suggested,
therefore, that Kitlg may be involved in the atypical
migration of melanocytes in SF in early embryo develop-
ment.
By combination with Ednrb2, Edn3 can regulate

substantially the migration and proliferation of melano-
blasts [25]. From the results of mice experiment, End3 was
found to be the necessary factor for the specialization of
melanoblasts, which can collaborate with the Kit signal
pathway to regulate melanoblast migration. In avians,
Edn3 is expressed by the ectoderm and dermomyotome
during early embryo development [26]. Initially, Ednrb
was found in the neural crest cells, and then decreased
Ednrb expression and increased Ednrb2 expression were
detected in melanoblasts when they began to migrate in the
dorsal pathway. So Edn3 plays a positive role in attracting
melanoblasts into the dorsolateral space [10]. Besides the
effect on melanoblast migration, several studies discovered
that Edn3 could obviously promote proliferation and
maintain survival of melanoblasts, which was closely
related to hyperpigmentation of internal organs in SF [27].
Our results indicated that the Edn3 significantly increased
from day 3, which could facilitate the migration, survival
and differentiation of the melanoblasts in SF. In view of the
sample limitation in this study, the question whether End3
is expressed in other embryo tissues that results in wide
distribution of melanocytes need to be further investigated.
In contrast, the delayed expression of Ednrb2 in embryos
probably resulted from the fact that melanonblasts
increased significantly until day 4 post incubation [5].
Pomc is a precursor peptide, which could produce

numerous peptides by proteolytic action [28]. Two
peptides from Pomc, ACTH and α-MSH can stimulate
melanogenesis, dendricity and proliferation of melano-
cytes by interaction with their surface receptor Mc1r
[29,30]. After binding, the cAMP or PKA signal pathways
can be activated, followed by stimulated expression of Mitf

which is the most important factor in the multiple stages of
melanocyte development. In our study, overexpression of
Pomc on day 3.5 and 4 post incubation was detected and
might have resulted in an increase in α-MSH. Additionally,
it is noteworthy that increased expression of Mc1R was
detected on day 4 and 4.5 post incubation, and the
increased α-MSH could interact with Mc1R and play a role
in the development of melanocytes. Agrp is an antagonist
of Mc3R and Mc4R in mammals, but would be a
physiological antagonist of Mc1R in chicken [31]. We
found that Agrp expression in WL was significantly higher
than that in SF, which can result in no pigmentation in WL
but obvious pigmentation in multiple tissues in SF.
Silv is one of the main structural fibrillar components for

the formation of melanosomes [32]. We found that in SF,
Silv expression was obviously increased from day 3.5 to
day 4.5, which is coincides with the time of melanoblast
migration and location. Dct is a key enzyme during
melanin synthesis and controls the types and qualities of
melanin in melanocytes [33,34]. In our study, the increase
of Dct in SF was detected which would be helpful for the
demand for melanin synthesis at the late stages of embryo
development. The results indicated that high expressions
of Silv and Dct in SF embryos occurred after 4 days post
incubation when the melanocytes significantly increased,
and similar changes to Ednrb2 and Mc1R appeared.
There are undoubtedly significant differences in genes

expression during melanocyte development between SF
and WL, but it is intriguing to note the differential
expression between the two in the genes associated with
the immune response. The results of GO annotation
showed that innate immune genes were expressed in the
SF embryo, such as the immune defense genes Defb1, Gal,
Tap2 and IL-2rg, whereas some downregulated immune
response genes were also observed including IRF7, IL18,
Cd3e and Pldn (Data not shown). In addition, the Kegg
pathway analysis showed that the differentially expressed
genes were mainly involved in cytokine-cytokine receptor
interaction and the NOD-like receptor signaling pathway,
which relate to many biological processes. These results
suggest that the big differences in immune genes
expression are possibly related to the substantial melano-
blasts migration in early SF embryo development,

Table 4 Detection of expression of six genes by microarray and quantitative real-time PCR

Gene
D3 SF/WL D3.5 SF/WL D4 SF/WL D4.5 SF/WL

Microarray q-PCR Microarray q-PCR Microarray q-PCR Microarray q-PCR

Kitlg 2.2944 – 2.39404 1.6410 2.0823 – 1.9673 1.3421

Edn3 2.1170 2.1744 2.5549 2.7336 2.2183 5.6704 2.1193 3.6986

Ednrb2 – – – – 2.4260 7.3574 1.7654 2.4993

Pomc – – 3.2155 1.4718 3.0032 2.2160 – –

Mc1r – – – – 1.7667 6.9335 2.0253 3.7251

Note: D3, day 3; D3.5, day 3.5; D4, day 4; D4.5, day 4.5.
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resulting in the aberrant development of the immune
systems in SF. However, the immune defense genes were
upregulated as a result, which could shield against
pathogens infection or external stress. This suggestion
needs further studies to be confirmed.

5 Conclusions

This study first dissected the gene expression differences
between hyperpigmented SF and normal WL using
microarray analysis. On account of the nonsufficient
probes, several genes related to melanocyte development
were found during embryo development. Other genes
discovered in this study will help us to understand the
influence of hyperpigmentation on other tissue develop-
ment in SF.
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