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The Japanese quail has several advantages as a laboratory animal for biological and biomedical investigations.
In this study, the draft genome of the Japanese quail was sequenced and assembled using next-generation se-
quencing technology. To improve the quality of the assembly, the sequence reads from the Japanese quail
were aligned against the reference genome of the chicken. The final draft assembly consisted of 1.75 Gbp
with an N50 contig length of 11,409 bp. On the basis of the draft genome sequence obtained, we developed
100 microsatellite markers and used these markers to evaluate the genetic variability and diversity of 11 lines
of Japanese quail. Furthermore, we identified Japanese quail orthologs of spermatogenesis markers and ana-
lyzed their expression using in situ hybridization. The Japanese quail genome sequence obtained in the pres-
ent study could enhance the value of this species as a model animal.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

The Japanese quail (Coturnix japonica) is closely related to the
chicken, and belongs to the same family Phasianidae, in the order
Galliformes; these species diverged 35–46 million years ago [1–4].
This migratory bird, with its small body size (80–300 g), short gener-
ation interval, and high resistance to disease, is an excellent model
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animal for a wide range of scientific disciplines, including seasonal biol-
ogy, embryology, neuroendocrine and behavioral biology, genetics, and
biomedicine [5–9]. In addition, this species is economically important as
an egg- and meat-producing agricultural animal that is reared in many
countries worldwide, but particularly on a large scale in China, Japan,
Brazil, France, and Spain. It is also of note that the Organization for Eco-
nomic Cooperation and Development (OECD) test guidelines include
this species for the ecological risk assessment of endocrine disruptors.
Furthermore, aswild Japanese quail are endangered and inbreeding de-
pression is feared, some inbred Japanese quail lines may contribute to
conservation genetics studies of the endangered wild quail species.
This species is also useful as a model species for investigations into
maintaining and reproducing rare wild avian species. Due to its short
history of domestication and the adverse effects of inbreeding, there
are only a few inbred Japanese quail lines; however, morphological, be-
havioral, immunological, and biochemical variants have been found and
a number of mutant lines and closed colonies have been established
[10–12].

Although the Japanese quail has several advantages as a laboratory
animal for biological and biomedical investigations and as a pilot an-
imal for poultry science, its genome sequence is not currently avail-
able. The Japanese quail genome sequence will provide key genomic
resources to facilitate various studies as well as to establish distinct
Japanese quail lines. In this study, we sequenced the genome of the
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Table 1
Summary of sequence data used to assemble the quail genome.

Library
(insert size)

Number of
libraries

Read
length (bp)

Number of
reads (million)

Number of
bases (million)

Pair-end (300 bp) 4 100 550.6 55,062
Pair-end (500 bp) 4 100 419.9 41,985
Pair-end PCR-free
(300 bp)

1 100 865.3 86,533

Pair-end PCR-free
(500 bp)

1 100 538.3 53,827

Mate-pair (3 kbp) 2 36 92.2 3227
Mate-pair (5 kbp) 2 36 34.3 1200
Total 14 – 2500.6 241,836
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Japanese quail using next-generation sequencing (NGS) technology
and assembled a draft genome using pair-end short sequence reads
(≤100 bp). To improve the quality of the resulting assembly, we de-
veloped a process to assist with de novo assembly analysis by aligning
the sequence reads of the Japanese quail against the reference ge-
nome of the chicken. The resultant quail genome assembly provided
valuable information on the expansion and contraction of genes and
microsatellite regions.

Microsatellite DNA markers are useful tools for genetic linkage map-
ping because of their high level of polymorphism, co-dominant mode of
inheritance, and simplicity of genotyping. They are more polymorphic
and cheaper to genotype than SNP markers, which are the most com-
monly used molecular markers. The low density of microsatellites in
the avian genome in general, and in microchromosomes in particular,
is an impediment to the construction of marker-rich genetic maps [13].
The development of microsatellite markers and related mapping efforts
has focused on the chicken, in which more than 800 microsatellite
markers have been isolated and mapped; yet, these data are still lacking
for the Japanese quail [14,15]. Therefore, we newly developed 100 mi-
crosatellite markers for the Japanese quail based on the genome se-
quences obtained in the present study and applied these markers to
evaluate the genetic variability and diversity of 10 laboratory lines and
1 commercial line of Japanese quail. The Japanese quail genome se-
quence and associated resources obtained in this study will provide ge-
netic and genomic reference information to facilitate research on the
Japanese quail.

2. Results and discussion

2.1. Sequencing, mapping, assembly, and annotation

We used genomic DNA extracted from the blood of a female Japa-
nese quail for sequencing on an Illumina Genome Analyzer IIx (GA;
for mate-pair genomic DNA libraries) and HiSeq 2000 (HiSeq; for
pair-end genomic DNA libraries) sequencing platforms. In total, 14 li-
braries yielded 241.8 Gb of sequence reads (Table 1); this represents
an approximately 172-fold coverage of the Japanese quail genome,
which has been estimated to be 1.41 Gb in size [16,17].

We first performed a reference-guided alignment to facilitate the as-
sembly of the Japanese quail genome sequence. However, the chicken,
which was used as the reference genome, is not sufficiently closely re-
lated to allow mapping of Japanese quail sequence reads directly to
the chicken genome. Thus, we developed an analysis strategy to make
use of as many sequence reads as possible during mapping analysis
(Fig. 1A). First, some of the sequence reads weremapped to the chicken
Fig. 1. Summary of the assembly of the Japanese quail draft genome. A. Flowchart for the ma
text. B. Results of iterative mapping analysis: uniquely mapped reads (top), covered genom
respond to the DNA libraries used for each alignment: purple, a pair-end library (insert size
size: 3 kbp); light green, mate-pair libraries (insert size: 5 kbp); yellow, all mate-pair librar
red, all libraries; and beige, all libraries and all de novo assembled contigs.
genome sequence; consequently, only 14% of the readsweremapped to
the chicken genome (Fig. 1B). To increase the number of mapped reads,
we replaced some sites of the reference chicken genome if the following
criteria were exceeded: in the positions mapped with ≥5 reads and
designated as polymorphic bases in all reads, we replaced the nucleo-
tides of the chicken genome with those from the Japanese quail se-
quence reads. Next, the updated genome was used as a reference and
the Japanese quail sequence readsweremapped again. After the second
alignment, the polymorphic positionswere again replacedwith the Jap-
anese quail sequences using the criteria described above. This align-
ment and replacement process were repeated for all DNA libraries.
We also performed de novo assembly using filtered sequence reads.
The resulting assembled contigs, which yielded an N50 length of
41,696 bp, and 872 kbp for the longest contig (Table 2), were mapped
to the updated reference sequence, as described above (Fig. 1A).

The number of mapped reads increased as some positions were
updated to quail genotypes in the previous replacement. In the first
alignment, only 14% of the Japanese quail sequence reads were
mapped, and only 34.4% of the reference genome sequence was cov-
ered (Fig. 1B). Both these values increased during the iterative align-
ment and nucleotide replacement process, but, eventually, the
increase in the number of mapped sequence reads, rate of coverage,
and number of replaced nucleotides reached a plateau. These values
again increased when the libraries or de novo assembled contigs
used for alignment were changed or added (Fig. 1B). When mate-
pair reads were used for the alignment (Fig. 1B, pink, light green,
and yellow regions), the percentage of reads with a unique hit did
not change those achieved using pair-end libraries, whereas the cov-
ered region was approximately 10%, because the sequence data
obtained from mate-pair libraries were less than those from pair-
end libraries (Table 1). After alignment using mate-pair reads, the per-
centage of unique-hit reads, region covered, and nucleotides replaced
were greatly increased in the subsequent alignment (Fig. 1B).Most like-
ly, themate-pair sequence reads aligned to regions different from those
of the pair-end reads and contributed to effective nucleotide replace-
ment and an increase in the number of mapped sequence reads and
the rate of coverage (Fig. 1B). In the final alignment, 53.1% of the quail
sequence reads were mapped to the updated reference genome and
80.8% of the reference genome was covered. Furthermore, more than
60 million bases of the reference sequence (1.05 Gb) were replaced
(Fig. 1B), which represents 8% of the aligned region on the reference se-
quence, corresponding to 4% of the whole genome sequence of the
Japanese quail. Although additional experiments are required to evalu-
ate sequence divergence between the Japanese quail and the chicken,
the data obtained in this study would be useful for investigations of
these species, such as chimeric embryos [18]. Information on the loca-
tion of each sequence divergence along with the chicken genome is
available on our website [URL: http://www.nodai-genome.org/cgi-bin/
gb2u/gbrowse/NGRC_Chicken-DB/].

After the iterative alignment and replacement process, those re-
gions that were mapped with ≥5 reads were extracted from the ref-
erence sequences as “contigs” to separate the mapped regions from
the unmapped regions. After extraction, only the regions whose
structure was exactly the same as that of the chicken genome were
retained contiguously and divided by the regions that were not con-
served between the 2 species. Thus, the resultant contigs would not
be biased toward the chicken genome. The resulting contigs made
by iterative alignment comprised 200,065 contigs with an N50 length
of 4982 bp (Table 2). After scaffolding using the contigs constructed
pping and assembly analysis used in this study; the detailed process is described in the
ic region (middle), and the number of replaced sites (bottom). Background colors cor-
: 300 bp); blue, a pair-end library (insert size: 500 bp); pink, mate-pair libraries (insert
ies (insert size: 3 and 5 kbp); green, all pair-end libraries (insert size: 300 and 500 bp);
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Table 2
Japanese quail assembly statistics.

Assembly Contig
(de novo)

Contig
(mapping)

Contig (all) Final
assembly

Number of
contigs/scaffoldsa

96,447 200,065 296,512 275,635

N80 (bp) 6338 2022 3296 3825
N50 (bp)b 41,696 4982 9773 11,409
Longest (bp) 872,154 1,501,024 1,501,024 1,501,024
Total (bp) 923,200,000 747,800,000 1,671,000,000 1,751,000,000

a Contigs and scaffolds more than 1 kb in length were used for statistics.
b N50 size is a weighted median statistic indicating that 50% of the entire assembly

resides in contigs/scaffolds with a length of at least X.

Table 3
Estimation of the genetic characteristics and variation of 11 lines of Japanese quail
using 100 microsatellite markers.

Line MNA Ho He PIC FIS NUA

LWC 1.530 0.124 0.158 0.124 0.234 4
AMRP 1.390 0.107 0.146 0.108 0.287 2
Quv 1.290 0.090 0.091 0.069 0.011 2
RWNE 1.350 0.123 0.134 0.099 0.088 3
TKP 1.200 0.075 0.082 0.059 0.089 3
L 1.380 0.127 0.140 0.106 0.106 5
French 1.740 0.178 0.240 0.188 0.277 7
Wild 2.090 0.218 0.300 0.240 0.292 4
Jumbo 1.630 0.140 0.208 0.159 0.347 5
WE 1.680 0.165 0.215 0.168 0.251 1
Commercial 2.670 0.231 0.338 0.294 0.325 36

MNA, mean number of alleles; Ho, observed heterozygosity; He, expected
heterozygosity; PIC, polymorphic information content; FIS, inbreeding coefficient; and
NUA, number of unique alleles.
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by mapping, de novo assembly, and sequence reads, the final assem-
bly consisted of 1.75 Gbp and comprised 275,635 scaffolds with an
N50 length of 11,409 bp (Table 2), including 193,323,904 bp of gaps
containing unknown sequences, with a mean gap size of 141 bp. In
previous studies, the genome size of the Japanese quail was estimated
to be 1.41 Gb based on flow cytometry data [16,17]. We calculated
that the size of the Japanese quail genomewas 1.35 Gb using k-mer fre-
quency information from the sequence data [19]. While the obtained
draft assemblywas comparablewith someother estimations of genome
size, the differences in the estimated genome sizemay be caused by the
presence of redundant regions, extra ambiguous (N) nucleotides, and
divergent haplotype copies of homologous chromosomal regions. Nev-
ertheless, the obtained final draft genome assembly was then used for
further analysis.

A combination of homology-based and ab initio methods generat-
ed a gene set of 30,810 protein-coding genes, which is almost twice
the predicted number in the chicken [21]. This finding suggests that
the Japanese quail may have more genes than the chicken. In addi-
tion, there is a possibility that splicing variants whose identity was
less than 90% have remained, even though they should have been fil-
tered out as described above. BLASTP searches of the Japanese quail
protein sequences against GenBank nonredundant protein databases
indicate that 66% of these sequences had the strongest similarity to
chicken sequences, 18% had the strongest similarity to turkey, and an-
other 4% had the strongest similarity to zebra finch, which suggested
that the Japanese quail is more closely related to chicken than to tur-
key, and was consistent with this species being more distantly related
to the zebra finch. Moreover, 9.5% of Japanese quail proteins had no
significant similarity (e-value b 1e−10) to any sequence in the pro-
tein database, suggesting that they may be fast evolving or Japanese
quail-specific proteins. Further analysis of Japanese quail-specific
genes and a comparative study of genes orthologous to those in
other Aves or vertebrates will provide insights into the emergence
and evolution of Japanese quail-specific genes.

2.2. Expansion/contraction of genes

An average read depth of 5-kb windows was examined in contigs
derived bymapping to identify sites of copy number gain and loss. Con-
sequently, 20,758 regions (603 regions for gain and 20,155 for loss)
exhibited copy number variation (CNV); these overlapped with 3099
genes (550 genes in the gain regions and 2549 genes in the loss regions;
Table S1). Genes located in both the gain and loss regions were exclud-
ed and functional annotation was performed on the remaining genes.
The results showed that the gain regions tended to contain genes
encoding proteins related to transcription, e.g., double sex and mab-3
related transcription factor 1 (DMRT1) and SMAD family member 2
(SMAD2), and immunological genes, e.g., major histocompatibility com-
plex (MHC) genes and immune response genes, whereas copy number
loss regions tended to contain genes encoding proteins that form a con-
stituent part of chromosomes, proteins with dimerization activity, and
proteins related to embryonic development (Tables S1 and S2). The
chicken genome contains approximately 131 keratin-encoding genes
based on information from the Ensembl database [http://asia.ensembl.
org/Gallus_gallus/Info/Index]; however, some of these genes were
found in the loss regions of the Japanese quail genome (Table S2) and,
indeed, it was confirmed that there are only 45 keratin genes in the
quail genome. This suggests that the number of keratin-related genes
is decreased in the quail relative to the chicken.

We may have been unable to map some Japanese quail sequence
reads to the corresponding regions of the chicken genome because
these genes demonstrate under-accelerated evolution. We also exam-
ined 4494 regions to which the Japanese quail sequence reads did not
map; these overlapped with 106 genes (Tables S1 and S2). The
unmapped regions tended to contain genes encoding ribosomal pro-
teins and immunoglobulins (Tables S1 and S2). Thus, in these regions,
the sequence reads were multi-mapped and excluded from the anal-
ysis or not mapped because the regions were fast evolving. Further
analysis using genes from other Aves or mammals would provide in-
formation for their species- or lineage-specific evolution.
2.3. Detection of microsatellite markers

We identified 7401 sites containing repeats of the dinucleotide
(CA/GT)n motif in the quail genome (Table S3). We designed 101
PCR primer sets complementary to unique DNA sequences flanking
microsatellite repeats containing more than 7 simple dinucleotide
(CA/GT) repeats, covering 29 chicken chromosome pairs, including
the Z and W chromosomes, of which the genome sequences have
been determined (chromosomes 1–28, Z, W; Tables S4 and S5, Fig.
S1). It should be noted that Fig. S1 shows the location of the 101 mi-
crosatellite markers of the Japanese quail in 28 autosomes, not in the
remaining 10 microchromosomes, because they were predicted
based on the information of the chicken genome, which has informa-
tion for only autosomes 1–28 and 32 (microsatellite repeat regions
were not found on chromosome 32 probably because of its short
length). One of the difficulties in mapping and assembling avian ge-
nomes is the presence of microchromosomes because of their GC-
richness, short length, and occurrence of microchromosome-specific re-
peats, which make NGS analysis difficult. Comparative genome analysis
of Japanese quail genomes and other avian genomes would provide in-
sights into the microchromosome sequences. The number of (CA/GT)n
repeats and expected allele sizes of the DNA fragments for the 101
markers ranged from 7 to 36 repeats and 91 to 311 bp, respectively. Sev-
enty of the 101 marker loci were polymorphic and 352 alleles across 72
individuals from 11 quail lines were detected for the 101 microsatellites
examined (Table S5).
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Fig. 3. Unrooted neighbor-joining tree of 11 lines of Japanese quail based on the
pairwise FST values of 100 microsatellite loci.
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A total of 100 loci, excluding the female-specific locus on the W
chromosome, were used for subsequent population genetic analyses.
The number of alleles per locus ranged from 1 to 10, with a mean
value of 3.47 (SD = 2.46). Mean expected heterozygosity was higher
than mean observed heterozygosity in all lines (Table 3). The LWC,
AMRP, Quv, RWNE, TKP, and L lines showed relatively lower expected
heterozygosity, ranging from 0.082 to 0.158, compared with the other
5 lines (French, Wild, Jumbo, WE, and Commercial; Table 3, Fig. 2).
The LWC, AMRP, Quv, RWNE, and TKP lines have been maintained as
closed colonies by mating a small number of females and males, and
the L line has been maintained as a closed colony by pair-mating.
These breeding processes could conceivably lead to higher genetic ho-
mogenization in these lines. The widespread Commercial line showed
the highest heterozygosity value (He = 0.338, PIC = 0.294), and a
large number of unique alleles that were not found in the other 10
lines (Table 3). This suggests that a high degree of polymorphism has
potentially been maintained in Japanese quail populations.

Pairwise FST values between the lines ranged from 0.180 (between
Wild and Commercial) to 0.775 (between Quv and TKP; Table S6). A
neighbor-joining tree showed that the 11 lines were clustered into 3
groups (cluster I: L and Commercial; cluster II: TKP, Jumbo, French,
andWild; cluster III: AMRP, LWC,WE, Quv, and RWNE; Fig. 3), whereas
in clustering analysis, the 11 lines were each assigned exclusively to
separate clusterswith a high probability atK = 11,whichwas obtained
as the most likely clustering through the estimation of the number of
clusters K = 2–11 (Fig. S2). This indicated that the 11 lines examined
in the present study were genetically distinct from each other.

The high level of genetic differentiation between the laboratory lines
and the low level of genetic variability within the lines suggested that
the alleles at highly polymorphic loci were fixed independently in
each line. The genome sequence of the Japanese quail and information
on the physical location of thousands of microsatellite marker loci in
its genome will be a robust tool for fast and cost-effective mining and
development of microsatellite markers in this species, which are essen-
tial for geneticmapping and assessment of genetic variability and diver-
sity of quail populations. Our analysis of the 100microsatellite markers
validated in this study provided information on the genetic background
of 11 Japanese quail lines. Furthermore, these validatedmarkers and ad-
ditional markers that remain to be validated from the identified micro-
satellite loci as well as those previously reported (Table S7) will be
useful for linkage analysis or analysis of the genome structure of the Jap-
anese quail.
Fig. 2. Expected heterozygosity of microsatellite markers on each chromosome (chromosom
in 11 Japanese quail lines.
2.4. MHC region

The MHC is a gene-dense region; many genes within this region
play a role in the vertebrate immune response. In birds, in particular,
MHC organization is of interest because the chicken possesses a high-
ly streamlined minimal essential MHC [20,21]. In previous studies,
the genomic region encompassing the MHC of the Japanese quail
has been well characterized [22,23], but is limited. We searched the
scaffolds for MHC sequences from the Japanese quail assembly using
a BLAST search, and found 4 scaffolds that extended the previously
reported region. However, the extended region was less than 1 kbp
(Fig. S3), and part of this region was similar to the known MHC re-
gion. This suggested that the extended MHC region contains some re-
petitive sequences and that the present assembly could not extend
the sequence beyond the neighboring repetitive region. Therefore,
further assemblies or sequence analyses are needed to elucidate the
MHC region in the Japanese quail. Genomic characterization of MHC
regions from a broader range of birds, as well as further refinement
es 1–28 and Z) and mean expected heterozygosity values for 100 microsatellite markers

image of Fig.�2
image of Fig.�3
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of the Japanese quail MHC assembly, will continue to refine our pic-
ture of MHC evolution in birds.

2.5. Photoperiodic regulation of spermatogenesis marker genes in the
testes

The Japanese quail has evolved highly sophisticated seasonal
mechanisms and it is a robust model for the study of these mecha-
nisms (Fig. S4) [8,9]. Although we recently uncovered the central sig-
nal transduction pathway regulating seasonal reproduction [8,9], the
underlying mechanisms of rapid testicular development and regres-
sion remain unclear. Spermatogenesis is based on a highly potent
stem cell system that relies on a special microenvironment niche
[24]; however, since molecular markers for avian spermatogenesis
have not been developed, the avian spermatogonial stem cell niche
system remains largely unexplored. Here, we identified Japanese
quail orthologs of spermatogenesis markers and analyzed their ex-
pression using in situ hybridization (Fig. 4, Fig. S5). The Vasa homolog
is specifically expressed in germ cells. Ifitm3 is expressed in primordi-
al germ cells (PGCs) and germ cells of the neonatal gonads. c-Ret and
GFRα1 are expressed in a subset of spermatogonia that is related to
stem cells. E-cadherin is expressed in undifferentiated spermatogo-
nia, whereas c-Kit is expressed in differentiating spermatogonia
through to early primary spermatocytes. Stra8 is expressed robustly
in preleptotene spermatocytes entering meiosis. Dmc1 andMsh5 are
meiotic recombination-involved genes. Among these, the expression
of 4 genes was regulated photoperiodically and the expression of
Ifitm3 and c-Kit was higher under short-day conditions, whereas
that of Stra8 and Dmc1 was higher under long-day conditions.

The novel genes discovered in this Japanese quail genome project
will open up new avenues for various aspects of quail research. More-
over, from this genome assembly, sequence information of genes of
interest could be obtained based on the sequence data of related
species.

3. Conclusions

In this study, we decoded the genome sequence of the Japanese
quail using NGS. To improve the quality of the assembly, we devel-
oped a process to facilitate de novo assembly analysis by aligning
Fig. 4. Expression analysis of spermatogenesis marker genes in short- and long-day
testes. *P b 0.05, Welch's t-test (n = 2–3).
the sequence reads of the Japanese quail against the reference ge-
nome of the chicken, a closely related species. The final assembly
consisted of 1.75 Gbp and comprised 275,635 scaffolds with an N50
length of 11,409 bp. The present study demonstrated the feasibility
of an aligning and assembling strategy for NGS-derived sequence
reads and analysis of the Japanese quail genome. When Japanese
quail sequence reads are compared to the well-annotated genome se-
quence of a closely related species, e.g., chicken, genes of interest and
genomic features, such as expansion/contraction of genes, can be
extracted. In the near future, advancements in sequencing technolo-
gy, including single molecule sequencing, will contribute to updating
the present Japanese quail genome assembly. Moreover, microsatel-
lite marker analysis revealed the genetic background of various Japa-
nese quail lines and their relationships. An increasing number of lines
and closed colonies of the Japanese quail are under threat of extinc-
tion throughout the world, and valuable genotypes and traits are at
risk of being lost. The most common reason for this situation is the
absence of genome information on the Japanese quail, which limits
the use of this species to that of a laboratory animal for biological
and biomedical studies, and as a pilot animal for poultry science.
The genome sequences obtained in the present study could facilitate
the development of DNA markers for genetic mapping of mutations
and quantitative trait genes and enhance the value of this species as
a model animal.

4. Materials and methods

4.1. DNA source for assembly

A female Japanese quail was used for DNA sequencing. This indi-
vidual was from the inbred “L” strain, which had been developed
for low antibody production against an inactivated Newcastle disease
virus (NDV) antigen, and maintained for more than 50 generations at
the National Institute for Environmental Studies (NIES) [25,26].
Quails were selected based on their anti-inactivated NDV antibody ti-
ters for the first 35 generations and then maintained by pair-mating
in closed colonies; however, mating between half-sibs or more close-
ly related individuals was avoided to maintain the fertility of the
population.

4.2. Genomic library construction and sequencing

Genomic DNA was extracted from the blood of the female Japanese
quail using the DNeasy Blood & Tissue Kit (QIAGEN, Valencia, CA, USA);
5 μg of genomic DNA, for pair-end libraries, and 10 μg of genomic DNA,
for mate-pair libraries, were sheared using an Adaptive Focused Acous-
tics System (Covaris, Inc., Woburn, MA, USA) to the average target size
of each library (300 and 500 bp for pair-end libraries, and 3 and 5 kbp
for mate-pair libraries; Table 1). Except for PCR-free libraries, the
sheared DNA was purified using a QIAquick Purification Kit (QIAGEN)
and processed using a DNA Sample Preparation Kit (Illumina, San
Diego, CA, USA) according to the manufacturers' instructions. For the
PCR-free pair-end libraries (insert size: 300 and 500 bp), we used
SPRIworks Fragment Library System I (Beckman Coulter, Inc., Brea, CA,
USA) with NEXTflex PCR-Free Barcodes-48 (BIOO Scientific Corp., Aus-
tin, TX, USA). In total, 14 genomic libraries with various insert sizes
were generated to make it easier to connect sequence reads with vari-
ous insert lengths. Among them, PCR-free libraries were also included
to reduce the potential for bias introduced by PCR,which virtually elim-
inates the number of duplicates and simplifies de novo assembly
(Table 1). These were sequenced on GA (Illumina) for the mate-pair li-
braries and HiSeq (Illumina) for the pair-end libraries by running 36
and 102 cycles, respectively, according to the manufacturer's instruc-
tions. Approximately 241.8 Gb from 2500 million high-quality reads
passed the criteria of the Illumina GA Pipeline filter and they were
used for alignment and assembly (Table 1).

image of Fig.�4
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4.3. Alignment and assembly

The alignment and assembly strategy used in this study is shown in
Fig. 1. The chicken genome sequence (WUGSC 2.1/galGal3), used as a
reference, was obtained from the UCSC genome download site [http://
hgdownload.cse.ucsc.edu/goldenPath/galGal3/bigZips/]. Reference-
guided alignment to the chicken reference genome was performed
with BWA 0.5.9 [27] using the default settings. Sequence reads from
each library were mapped, and those positions in the chicken reference
sequence with a depth ≥ 5 and a polymorphism call-rate of 100% were
replaced with nucleotides from the mapped reads. Thus, parts of the
reference chicken sequence were updated by mapping and replacing
with quail sequence reads. We then used the updated sequence as a ref-
erence in the next alignment; the number of mapped reads was in-
creased as some positions were replaced with quail genotypes in the
previous alignment.We repeated this process by changing the sequence
libraries until the increase in thenumber ofmapped reads reached a pla-
teau (Fig. 1A).

We also performed de novo assembly analysis. Prior to the assem-
bly analysis, sequence reads were filtered by removing PCR dupli-
cates, reads containing a low base quality score (≤20), and paired-
end reads that both mapped to the contigs, but did not correspond to
the paired-end insert size and direction. Adapter sequences were re-
moved from the reads. Reads containing N were also removed. The
remaining reads, in pairs, were used for assembly with SOAPdenovo
1.0.5b [28] using the default settings, except for the parameter “M,”
i.e., the strength of merging similar sequences during contig generation,
which was set to 2. The generated contigs were used for the iterative
reference-guided alignment in addition to the sequence reads using
BWA-SW [29].

After the iterative reference-guided alignment, the regions mapped
by 5 or more sequence reads were extracted. The extracted regions
were separated by the regions in which the sequence reads were
mapped by less than 5 sequence reads, probably because of sequence
divergence between the Japanese quail and chicken. After extraction,
only the regions whose structure was the same as that of the chicken
genome were retained contiguously. Scaffolding was performed using
SSPACE [30].
4.4. Annotation of protein-encoding genes

To predict genes in the Japanese quail genome, we used both
homology-based and de novo methods. For homology-based gene pre-
diction, chicken protein sequences were downloaded from Ensembl
[Release 65; http://www.ensembl.org/index.html], and gene regions,
including 500 bp from theup- and downstream regions, were extracted
from the Japanese quail contigs made by mapping according to the in-
formation of the refGene.txt file of the chicken sequence downloaded
from the UCSC chicken genome database [http://hgdownload.cse.ucsc.
edu/goldenPath/galGal3/database/]. The extracted gene sequences were
aligned against the orthologous protein sequences of the chicken using
GeneWise to define the gene models [31].

For de novo gene model prediction, AUGUSTUS 2.5.5 [32] was
used. AUGUSTUS was trained on the chicken genomic and protein se-
quences downloaded from Ensembl. The expressed sequence tag
(EST) data from the chicken (available on NCBI, [http://www.ncbi.
nlm.nih.gov/nucest/]) and putative protein coding loci found in the
scaffolds by using BLAT against the chicken and Japanese quail se-
quences were incorporated as an AUGUSTUS “hint.”

Among the obtained gene model, genes smaller than 150 bp and
highly similar genes were removed using the CD-HIT algorithm with
the default settings [33]. The final Japanese quail gene model set con-
tained 30,810 genes. BLASTP searches were performed using the Japa-
nese quail predicted protein sequences against NCBI non-redundant
protein databases.
4.5. Identification of copy number variation

To identify copy number variations (CNVs), we computed the av-
erage read depth within 5-kb windows using a step size of 1 kb in
contigs derived from mapping. According to a previous study [34],
the read depth in each window was normalized to the average read
depth within a bin with 10% GC content. After correction for GC con-
tent, 5-kb windows with a read depth of >384 (3 times the value of
the average read depth) and b42 (one-third of the average read
depth) were considered to be gain and loss segments, respectively.
We extracted the copy number gain (69) and loss (2127) regions, as
well as the unmapped regions (1026), for further analysis.

A BLAST search was performed using the structurally varied re-
gions as queries and the chicken RefSeq sequence as the target.
Gene ontology analysis was performed using DAVID with the genes
identified by the BLAST search in each region [35–37].
4.6. Microsatellite analysis

Ten laboratory lines, maintained as long-termed closed colonies in
research institutions (LWC, AMRP, Quv, RWNE, TKP, WE, L, French,
Jumbo, and Wild), and 1 Commercial line of Japanese quail were
used to characterize 100 microsatellite markers, which were designed
based on the Japanese quail genome sequence obtained in the present
study. The details of the 10 laboratory lines are described in Supple-
mental material. Three males and 3 females per line, except for 6
males and 6 females purchased for the commercial line, were used
for genotyping of microsatellite markers.

Blood was collected from wing veins or the carotid artery, and ge-
nomic DNA was extracted using a standard phenol-chloroform meth-
od or DNAzol BD (Molecular Research Center, Cincinnati, OH, USA).
The microsatellite markers used in the present study and their primer
sequences are listed in Table S4. The locations of the microsatellites
markers are shown on the physical map of the NCBI chicken genome
database (Build 3.1: modified on January 17, 2012; Fig. S1). The PCR
reactions were carried out with 12 ng of genomic DNA as a template
in a volume of 12 μL reaction mixture containing 1× AmpliTaq Gold
360 Master Mix (Applied Biosystems, Tokyo, Japan) and 0.5 μM of
each primer. The PCR conditions were as follows: an initial denatur-
ation step at 95 °C for 10 min, followed by 43 cycles of 95 °C for
30 s, 50 °C, 55 °C, or 60 °C for 30 s, and 72 °C for 30 s; and, finally,
72 °C for 7 min as a final extension step. After PCR amplification,
1 μL PCR products from 5 to 16 markers, according to product size
and dye color compatibility, were mixed and diluted with sterilized
deionized water up to 100 μL. One microliter of the diluted samples
was electrophoresed on an ABI Prism 3130 Avant Genetic Analyzer
(Applied Biosystems) in a total volume of 13 μL reagent of Hi-Di
formamide containing 0.4 μL LIZ-labeled size standard (GeneScan-
500 LIZ; Applied Biosystems). Sizing and genotyping analyses were
performedusingGeneMapper software version4.1 (Applied Biosystems).

The genetic diversity within each line was assessed by the mean
number of alleles per locus (MNA), observed heterozygosity (Ho),
expected heterozygosity (He), polymorphic information content
(PIC), and inbreeding coefficient (FIS), as calculated using CONVERT
version 1.31 [38], CERVUS version 3.03 [39], and GENEPOP on the
web version 4.1 [http://wbiomed.curtin.edu.au/genepop/index.html;
[40]]. A phylogenetic tree, based on the neighbor-joining method
[41], was constructed by POPTREE2 software using pairwise FST values
between the lines [42]. Genetic clustering analysis was performed
using STRUCTURE software, version 2.3 [43]. Pilot runs to estimate
of the number of clusters K were performed by 500,000 burn-in gen-
erations and 500,000 sampling generations, for K = 2–14 with 3 rep-
licates for each K. After establishing the stationarity of the parameters
for runs, the appropriate K (K = 11) was determined using the
STRUCTURE HARVESTER program [44]. Then, deep runs for K = 11

http://hgdownload.cse.ucsc.edu/goldenPath/galGal3/bigZips/
http://hgdownload.cse.ucsc.edu/goldenPath/galGal3/bigZips/
http://www.ensembl.org/index.html
http://hgdownload.cse.ucsc.edu/goldenPath/galGal3/database/
http://hgdownload.cse.ucsc.edu/goldenPath/galGal3/database/
http://www.ncbi.nlm.nih.gov/nucest/
http://www.ncbi.nlm.nih.gov/nucest/
http://wbiomed.curtin.edu.au/genepop/index.html
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were carried out using 2,000,000 sampling generations after a
3,000,000 burn-in period.

4.7. Expression analysis of spermatogenesis marker genes in the testes

In situ hybridization was carried out using antisense and sense
45-nucleotide probes (Table S8), as described previously [9]. No hy-
bridization signal was observed in the sense controls. Relative optical
densities were measured by using a computed image-analysis system
(MCID Imaging Research), and were converted into the relative radio-
active value (pCi/nCi) using 14C standards.

4.8. Database construction

We constructed a database of the Japanese quail genome sequence
integrated with that of the chicken, describing the differences (nucle-
otide substitutions and insertion/deletion information) between the
2 species using the Generic Genome Browser [45]. These data are
available at a GBrowse [URL: http://www.nodai-genome.org/cgi-bin/
gb2u/gbrowse/NGRC_Chicken-DB/].
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