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Abstract

Background: Drosophila albomicans is a unique model organism for studying both sex chromosome and B
chromosome evolution. A pair of its autosomes comprising roughly 40% of the whole genome has fused to the
ancient X and Y chromosomes only about 0.12 million years ago, thereby creating the youngest and most gene-
rich neo-sex system reported to date. This species also possesses recently derived B chromosomes that show non-
Mendelian inheritance and significantly influence fertility.

Methods: We sequenced male flies with B chromosomes at 124.5-fold genome coverage using next-generation
sequencing. To characterize neo-Y specific changes and B chromosome sequences, we also sequenced inbred
female flies derived from the same strain but without B’s at 28.5-fold.

Results: We assembled a female genome and placed 53% of the sequence and 85% of the annotated proteins
into specific chromosomes, by comparison with the 12 Drosophila genomes. Despite its very recent origin, the non-
recombining neo-Y chromosome shows various signs of degeneration, including a significant enrichment of non-
functional genes compared to the neo-X, and an excess of tandem duplications relative to other chromosomes.
We also characterized a B-chromosome linked scaffold that contains an actively transcribed unit and shows
sequence similarity to the subcentromeric regions of both the ancient X and the neo-X chromosome.

Conclusions: Our results provide novel insights into the very early stages of sex chromosome evolution and B
chromosome origination, and suggest an unprecedented connection between the births of these two systems in
D. albomicans.

Keywords: Drosophila albomicans, neo-sex chromosome, B chromosome

Background
Sex chromosomes have originated independently from a

pair of autosomes in a variety of species [1,2]. A striking

feature shared by different systems is a degenerate, gene-

poor Y/W chromosome lacking meiotic recombination.

For example, the human Y chromosome only contains 78

unique protein-coding genes compared to over 1000 genes

present on the X [3]. This raises the fundamental yet unre-

solved question of how and why the Y chromosome is

degenerating after recombination is inhibited with its for-

mer homolog, the X. The Y chromosomes of most species,

however, are too ancient to address this question, since

only few traces of their evolutionary origin or of the pro-

cesses that drove their degeneration remain (for instance,

the human Y is ~170 million years old [4]). An alternative

solution is to study sex chromosomes (or autosomes

behaving exactly like sex chromosomes, such as ‘neo-sex’

chromosomes) of very recent origin [2,5,6].
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Drosophila albomicans (Figure 1A, Additional File 1)

has an extremely young neo-sex chromosome system

created by the fusion of a pair of autosomes (the third

chromosome, which itself is derived from the fusion of

two autosomal arms, Muller’s element C and D [7,8];

Figure 1B, Additional File 1) to the ancient sex chromo-

somes [7,9]. This karyotype resembles the formation of

the human sex chromosomes, which were also created

by a sex chromosome-autosome fusion [10]. Since male

flies have achiasmate meiosis [11], the Y-linked auto-

some (the so called ‘neo-Y’) cannot recombine with its

homolog and thus evolves like a ‘true’ Y. Similarly, the

X-linked autosome (the ‘neo-X’) co-segregates with the

‘true’ X, and spends more time in females than males.

The species’ closest relative, D. nasuta (Additional File

1), lacks this fusion and diverged from D. albomicans

only about 0.12 million years (MY) ago [7,9], therefore

setting an upper limit to the age of the neo-sex chromo-

some pair. Compared to similar systems in other Droso-

phila species [12,13], the neo-sex chromosome of D.

albomicans is the youngest reported to date and com-

prises almost 40% of the genome. Nearly five thousand

active, newly sex-linked protein-coding genes can be

used to decipher the very early evolution of sex chromo-

somes, and should allow us to identify signatures of

selective forces of sex chromosome differentiation that

have long been eroded on well-studied ancient sex chro-

mosomes [2].
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Figure 1 Karyotype of Drosophila albomicans. (A) Drosophila albomicans male (left) and female (right). Males have a silver patch on the frons.

(B) Schematic karyotype of a male D. albomicans. The third autosome pair has fused to the ancestral sex chromosome pair and forms a neo-sex
chromosome. Colors represent different ancestral Drosophila chromosome arms (Muller’s elements). (C) B chromosomes of D. albomicans. The

blue arrow marks a B chromosome.
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D. albomicans also contains recently-derived B chro-

mosomes affecting its fertility which are absent from

D. nasuta, thereby providing a rare opportunity to study

the origin and functional significance of these bizarre

chromosomes (Figure 1C and Additional File 2). B chro-

mosomes are dispensable chromosomal elements exhi-

biting non-Mendelian inheritance and have been widely

reported in over 1800 animal and plant taxa, but still

remain an evolutionary mystery ever since their first dis-

covery over a century ago [14]. It has been hypothesized

that B chromosomes have contributed to the origin of

the Drosophila Y chromosome [15]. Recent studies show

that, in some species, B chromosomes play an important

role at sex determination or accounting for antibiotic

resistance and pathogenicity [16,17]. These results are in

contrast to the classic view of B chromosomes as ‘self-

ish-elements’ consisting mostly of heterochromatic

sequences and few functional genes. Interestingly,

D. albomicans strains with 1-2 B’s produce significantly

more offspring than those with either no or more than

two Bs [18]. Additionally, the frequency of B chromo-

somes in natural populations of D. albomicans shows a

clear south to north geographic cline [19]. These obser-

vations suggest that some form of selection is involved

in maintaining B chromosomes within the population

[14,18].

Given the potential of D. albomicans to provide insights

into these long-standing biological conundrums, we

sequenced the whole genome of D. albomicans using Illu-

mina’s massively parallel sequencing technology. A lack of

available genomes for any species in the D. immigrans

group, to which D. albomicans belongs, makes a genome

assembly based on reference-guided re-sequencing unfea-

sible. We therefore carried out a strategy combining both

de novo assembly of short reads and chromosomal map-

ping based on a multi-species comparisons. The analysis

of the resulting genome sequence allows us to address

several questions including: How and to what extent has

the D. albomicans neo-Y diverged from the neo-X within

only 0.12 MY? Does the neo-Y show any signs of degen-

eration after such a short time scale? How did the B chro-

mosomes originate, and can we identify any functional

sequences? Finally, we explore the possibility of a direct

link between the origination of the neo-sex chromosomes

and B chromosomes, since both systems are absent from

all species closely related to D. albomicans [7].

Results and discussion
Sequencing, assembly and annotation of the D.

albomicans genome

We collected males from an isofemale strain containing

1-2 B chromosomes without prior purging of their poly-

morphisms, since inbreeding causes loss of B chromo-

somes. We further inbred the same strain to remove the

B’s, and then collected females lacking neo-Y and B

chromosomes so that they can be identified by their

male-specificity. We sequenced the males to high cover-

age (24.9 Gb, 124.5-fold genome coverage, Additional

File 3) and females to moderate coverage (5.7 Gb, 28.5-

fold, Additional File 3). Reads from the inbred females

were used to assemble contigs (contiguous sequences

without gaps derived from overlapping reads). Male data

was only used for connecting the contigs into longer

scaffolds without introducing any reads from the highly

heterochromatic Y chromosome and possible divergent

regions between the neo-sex chromosomes into the

assembly (Table 1). In fact, despite having a much dee-

per sequencing coverage, the draft genome assembly

using male reads alone has a smaller N50 length (the

scaffold size above which 50% of the total length of the

sequence assembly can be found, Table 1) than that

derived from female reads (9.9 kb vs. 12.6 kb). We

obtained 17 Mb of male-specific non-redundant

sequences which lack any significant homologies to the

female genome and any publicly available sequences

(Methods). These regions are candidate B-linked

sequences, but could also represent highly divergent

regions on the Y/neo-Y chromosome, or polymorphic

regions only present in the less inbred male population.

The availability of 12 Drosophila genomes helps us to opti-

mize the assembly. We inferred that conserved syntenic

protein-coding gene pairs whose order and orientation are

the same among all the 12 Drosophila genomes should

have experienced few rearrangements in the D. albomi-

cans genome. We then collected scaffolds that aligned to

the same gene or to regions consisting of conserved synte-

nic gene pairs [20], and merged 1,433 scaffolds into 701

super-scaffolds. The final female reference genome assem-

bly of D. albomicans has an improved scaffold N50 from

31.9 kb to 49.0 kb (Table 1). To validate the assembly

accuracy, we designed primer pairs for 154 fragments ran-

domly selected throughout the genome, about half of

which span at least one gap region. 148 pairs (96%)

Table 1 Summary of the sequencing data and assembly

statistics

Assembly* Reads Used Total Length Scaffold N50#

male reads 24.9 Gb (124.5-fold) 234 Mb 9.9 kb

female reads 5.7 Gb (28.5-fold) 170 Mb 12.6 kb

reference 14.0 Gb (98.9-fold) 183 Mb 31.9 kb ® 49.0 kb

* There are three versions of initial assemblies: one produced using only male
reads, one using only female reads, and both of these assemblies were used
to extract candidate B- or neo-Y linked sequences. The reference assembly
was produced using all the female reads and part of the male reads, using
parameters to maximize the N50 statistics. The reference assembly was
subjected to further optimization (designated by ‘®’ in Table 1) by
comparative analysis with other Drosophila genomes and gene annotations. #

N50: the length L where 50% of all nucleotides in the assembly are contained
in contigs/scaffolds of size ≥ L.
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successfully produced unique PCR products with expected

lengths, with the remaining 4% all spanning a gap region

that may be too long to be amplified. We also aligned the

assembly against 820 EST sequences derived from a male

of another strain of D. albomicans [9], and 88.5% of ESTs

aligned to the genome assembly with an overall identity of

98.8%. Contamination is low: only 289 scaffolds, compris-

ing 739 kb (0.3% of the total sequence) showed evidence

for human or bacterial sources. These results show that

we have produced a high-quality draft assembly of the

D. albomicans genome.

We annotated 14,042 protein-coding genes on non-B

scaffolds and 272 genes in male-specific scaffolds (and

thus candidate B-linked genes), using both de novo gene

prediction and homology-based methods. We found that

5.5% of the D. albomicans genome consists of repetitive

elements (compared to 5.35% of D. melanogaster [21],

Additional File 4), suggesting that our short-read assembly

has captured a sizeable fraction of repeat sequences.

Finally, previous analysis of 12 Drosophila genomes has

shown that 95% of genes exhibit no movement between

chromosome arms (called ‘Muller elements’ in Drosophila

species) across species [20]. This allowed us to assign

11,949 (85.1%) D. albomicans protein-coding genes or

5576 scaffolds (109 Mb, 52.8%) into chromosome arms

based on their alignments with the D. virilis genome.

Genomic divergence between the neo-sex chromosomes

To investigate the divergence between the neo-sex chro-

mosomes after recombination ceased, we mapped male

and female reads separately to the female genome and

characterized the level of variation for each chromosome.

SNP and short indel (< 6 bp) densities calculated from

female reads against the neo-X reference reflect segregat-

ing variation among different neo-X chromosomes,

whereas those derived from the less inbred males reflect

both neo-X/Y divergence and segregating variation among

different neo-X chromosomes. Sequence coverage is simi-

lar across chromosomal arms and thus should not bias

comparisons across chromosomes (Additional File 5).

Females generally show lower levels of variation relative

to males (Figure 2, Additional File 6 and 7), consistent

with the more severe inbreeding of the females used for

sequencing. The neo-X reveals a similarly low level of SNP

density as the ancient X chromosome relative to auto-

somes, either due to the bottleneck effect of inbreeding or

very recent selective sweeps [22,23]. In contrast, SNP den-

sity of the neo-sex chromosome calculated from male data

is much higher than that of the ancient X (P < 10-3, Chi-

square test, Table 2, Figure 2A). Elevated SNP density

levels on the neo-sex chromosomes of males can mainly

be attributed to sequence divergence between the neo-X

and neo-Y chromosome. Indeed, the ratio of SNP density

in males versus females is significantly higher for the neo-

sex chromosomes (which in males includes both segregat-

ing neo-X variants and neo-X/neo-Y divergence) relative

to the ancient X and the autosomes (Table 2, Fisher’s

exact test, P < 0.01). Fixed neo-X/neo-Y differences are

necessarily present in the male reads pool at a roughly 1:1

ratio whereas segregating variation on either chromosome

may be found at a variety of frequencies. Consistent with

many neo-sex-linked SNPs in males reflecting fixed differ-

ences between the neo-X and neo-Y alleles, the fraction

and density of SNPs present at a ratio around 1 is the

highest on the neo-sex chromosomes in males (17.7% and

0.7 sites/kb; Additional File 8). Thus, these data demon-

strate that the neo-X/neo-Y chromosome pair has already

started to diverge within only 0.12 MY. However, the non-

recombining fourth chromosome shows similarly

increased levels of diversity in males relative to females,

indicating that some sampling effects on chromosome-

specific differences in levels of diversity between the sexes

cannot be ruled out. Interestingly, although both neo-X

polymorphisms and neo-X/neo-Y divergence contribute to

the overall SNP density of the neo-sex chromosomes in

males, it is still lower than that of autosome 2 (Figure 2A,

but not within coding regions, see below). This could be

explained by longer coalescent times for autosomes than

neo-sex chromosomes, or by demographic factors or

selective sweeps reducing neo-X diversity as mentioned

above. Also, excessive inversion polymorphisms of auto-

some 2 (see [24] and also Additional File 9) could result in

a higher overall SNP density [25]. It will be of great inter-

est to study patterns of diversity of the various chromo-

somes in more detail using a larger population sample.

Early degeneration of neo-Y coding regions

The divergence between the neo-X and neo-Y is likely

caused by the accumulation of deleterious mutations on

the neo-Y after the inhibition of homologous recombina-

tion [2]. To investigate this process, we compared

patterns of SNP densities in the coding regions of neo-X-

and neo-Y-linked sequences. We found that the male to

female ratio of exonic SNP density is higher on neo-sex

chromosomes than on any other chromosome (Table 2),

suggesting an excess of mutations accumulating in cod-

ing regions of neo-Y-linked genes. To evaluate their dele-

terious effects, we characterized putative pseudogenes on

the neo-Y chromosome whose coding regions contain

premature stop codons or frame-shift mutations. We

first identified ancestral pseudogenes (i.e. those shared

between the neo-X and neo-Y chromosome) by mapping

female reads to the reference genome and keeping only

those genes that were not found to be pseudogenized in

the female data. After applying the same procedure to all

chromosomes, we identified a total of 80 putative pseu-

dogenes that mapped to the neo-sex chromosome in

males, a significantly higher fraction than on any other
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chromosome (P < 0.05, Fisher’s exact test, Table 2).

These pseudogenized presumably neo-Y-linked alleles

did not show any significant enrichment for specific gene

ontology (GO) terms, suggesting that genes are inacti-

vated randomly during early neo-Y degeneration [5].

Additionally, the neo-sex chromosome genes show

slightly higher levels of pairwise nonsynonymous diver-

sity (Table 2) and slightly relaxed constraint on synon-

ymous sites (as measured by codon usage indices;

Additional File 10).

Together, these data suggest that deleterious mutations

have already begun to accumulate at some neo-Y pro-

tein-coding genes. The proportion of pseudogenized neo-

Y loci in D. albomicans (2% of total neo-X loci in 0.12

MY) is much lower than that in D. miranda (46% of

genes have become non-functional [5]), a species where a

neo-sex chromosome originated about 1 MY ago. The

neo-X chromosome of D. miranda shows partial dosage

compensation [26], which can render some genes on the

neo-Y functionally redundant and speed up Y degenera-

tion of genes that are dosage compensated on the neo-X.

Also, the rate of degeneration is expected to be highly

non-uniform over the course of Y evolution, and different

evolutionary processes causing mutation accumulation

show different temporal dynamics [27]. In particular,

Muller’s ratchet and background selection are more likely

to dominate degeneration of Y chromosomes at very

early stages, such as that of D. albomicans, while genetic

hitchhiking of deleterious mutations together with bene-

ficial alleles is more likely to contribute to Y degeneration

at later stages [27]. It will be of great interest to test the

role of these evolutionary models of Y degeneration

Figure 2 Patterns of heterozygosity across chromosomes. SNP densities along each chromosome were calculated within a 1 Mb window

with a step size of 100 kb. (A) SNP densities calculated based on mapping of male reads. (B) SNP densities calculated based on mapping results

of female reads.

Table 2 Comparison of neo-sex chromosomes with other chromosomes

Chromosome chrX (Muller A) neo-sex (Muller C + D) chr2 (Muller B + E) chr4 (Muller F)†

exonic SNP density *(♂/♀) 2.04/1.01(2.02) 4.61/0.97(4.75) 4.35/3.33(1.30) 0.18/0.01(18)

intronic SNPs density *(♂/♀) 2.58/0.77(3.35) 5.57/0.86(6.47) 5.84/2.75(2.12) 0.99/0.03(33)

putative pseudogenes No./total# 11/2055 80/4751 54/5056 1/87

Ka average (× 103)§ 1.03/0.42 2.02/0.58 1.89/1.26 0.73/0.16

Ka sd. (× 103) 9.48/4.56 19.56/6.82 18.11/14.3 29.13/10.87

Tandem Duplications (%)|| 13.8/5.6 20.7/5.5 15.3/3.79 14.9/5.8

* SNP density (sites/kb) was calculated using exon or intron regions of scaffolds mapping to the respective chromosomes, and shown as SNP density in male/
SNP density in female, and their ratio in parentheses.
# Male-specific putative pseudogenes were identified by premature stop codons, frameshifts or mutations at start codons. Shown are the pseudogene number/
total mapped genes on each chromosome.
§ Shown are nonsynonymous substitutions calculated in male/female. Sd.: standard deviation.
|| Shown are proportions of tandem duplications among all the SV events for each chromosome identified in male/female.
†Due to the low number of genes on chr4, inferences on this chromosome may be strongly affected by sampling effects.
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using population genomic studies of the D. albomicans

neo-sex chromosomes.

The neo-Y has an excess of tandem duplications

We also investigated structural variants (SVs) in the

D. albomicans genome, including duplications, inversions

and large-scale insertion/deletion events (> 150 bp). To

identify SVs, we took advantage of abnormally aligned

read mate-pairs mapped against our reference genome.

For example, sequence reads from the same insert are

supposed to have opposite orientations when aligned to

the reference genome. However, reads surrounding the

breakpoint of tandem duplications would instead face the

same orientation [28] (Additional File 11). Since females

are more inbred and were used for the initial genome

assembly, many fewer reads derived from females showed

mate-pair violations (31.8% of male pairs versus only

4.5% of female pairs).

By characterizing all the abnormally aligned mate-pairs

against the reference genome, we detected a total of

86,890 SVs (each SV event is supported by at least 3

mate-pairs, see Methods). We found deletions to be

more common than insertions on all chromosomes (50%

to 70.3% SV sites, Additional File 9 and 12), consistent

with a previous report in other Drosophila species [29].

Intriguingly, we found the male-to-female ratio of tan-

dem duplications to be highest on the neo-sex chromo-

some among all the chromosomes and types of SVs

investigated (Figure 3A and Additional File 9), suggesting

an accumulation of tandem duplications on the neo-Y.

The lack of recombination on the neo-Y implies that it is

mechanistically harder to remove pre-existing duplicated

sequences through a recombination event. In addition,

reduced efficiency of purifying selection on the neo-Y

could lead to less efficient elimination of slightly deleter-

ious duplicated sequences. Notably, neo-Y chromosomes

have the highest proportion of tandem duplicates over-

lapping with coding regions, supporting the notion that

slightly deleterious effects of extra gene or exon doses

associated with these tandem duplications are not being

effectively purged from the neo-Y (Figure 3B). Interest-

ingly, we found no bias in the chromosomal distribution

of dispersed duplications (Additional File 13). Unlike for

tandem duplications, the removal of dispersed duplica-

tions probably does not rely on homologous recombina-

tion between alleles, and thus their distribution may be

less influenced by differences in the recombination envir-

onments of the neo-sex chromosomes.

Origin and evolution of B chromosomes

To understand the genomic composition and functional

significance of B chromosomes in D. albomicans, we

attempted to isolate B chromosome sequences and identify

B-linked genes. We first randomly selected scaffolds from

the 17 Mb of male-specific sequence and performed PCR

amplification using females of different D. albomicans

strains with and without Bs. However, none of the 25 scaf-

folds tested showed clear linkage to B chromosomes, sug-

gesting that B chromosomes either largely share sequences

with standard chromosomes or that the identified scaffolds

are either male-specific (neo-Y or Y-linked), located in

heterochromatic sequences that could not be mapped or

assembled with the lower-coverage female data, or repre-

sent polymorphisms segregating in the less inbred male

data. We thus took advantage of a previously identified

260 bp B-linked fragment, which was cloned using sub-

tractive hybridization (W.W., unpublished data, Figure

4A), to bait B-specific sequences. Four scaffolds showed

high levels of sequence similarity to this probe, with scaf-

fold S51440 giving the best match (Additional File 14). To

validate the assembly of this scaffold and confirm that it is

indeed B-specific, we designed ten primer pairs spanning

and surrounding the aligned region on this scaffold. One

pair of primers amplified a fragment of the expected

length in all B-containing isofemale strains but not in

strains lacking B chromosomes (in a total of 8 lines tested),

thereby confirming that the amplified sequence is B-speci-

fic (Figure 4B). All other primer pairs amplified products

in both B and non-B strains, indicating that this scaffold is

largely composed of sequences highly similar to standard

chromosomes. This high level of sequence homology

would explain why our genomic approach failed to identify

B-linked sequences based on presence/absence of DNA

scaffolds in samples with and without B chromosomes.

Interestingly, we were able to successfully detect transcrip-

tion from this B-linked fragment using an RT-PCR assay.

This fragment carries a transcribing unit homologous to

the gene shg on chr2R and contains a diagnostic SNP in

all the four B-containing strains but not in the four non-B

strains, implying that functional genes may exist on this B

chromosome.

Intriguingly, almost all the sequences of the four scaf-

folds that show homology to the B-derived sequence are

homologous to regions that are located on the ancient X

and/or the neo-X chromosome of D. albomicans, and the

scaffold with the highest sequence similarity to the B-spe-

cific probe (scaffold S51440) contains sequence mapping

to both chromosomes (Additional File 15). Notably, differ-

ent portions of S51440 mapped to sub-centromeric and

sub-telomeric regions of the ancient X and neo-sex chro-

mosomes, respectively, and this mapping holds across a

range of Drosophila species (Additional File 15). In addi-

tion, S51440 shows three-fold elevation in simple repeat

content compared to the rest of the genome (20.86% ver-

sus 6.69%; Table S2). We also aligned male reads contain-

ing B sequences and female reads without B sequences to

the reported Drosophila centromeric sequences [30]. The

proportion of male reads that align to these centromeric
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sequences is much higher than that of female reads (1.2 ×

10-5 vs. 3.2 × 10-6), although it is unclear how much of

this can be attributed to sequences contained in the neo-Y

or the ancestral Y chromosome. Taken together, these

characteristics of candidate B-linked sequences suggest

that D. albomicans B chromosomes may have originated

as a byproduct from (sub-)centromeric/telomeric frag-

ments created by the fusion of the ancient third autosome

and the ancestral sex chromosomes. Consistent with an

association between the formation of B and neo-sex chro-

mosomes, all close relatives of D. albomicans within the

D. immigrans species group lack the ‘neo-sex’ fusion [7,9]

as well as B chromosomes. B chromosomes may have sub-

sequently acquired some unique sequences or genes after

their origination by mutations or rearrangements.

These insights allow us to further develop a model of

neo-sex and B chromosome evolution in D. albomicans.

It has been hypothesized that centromere-fused chromo-

somes may be favored during asymmetrical female meio-

sis if the excess of centromeric satellites facilitates their

entry into oocytes [31,32]. Such a selective advantage

would apply to the neo-X fusion, i.e., the fusion of the

third autosome (chr3) to the ancestral X chromosome

(chrX) but not the male-limited neo-Y. Indeed, the neo-

X chromosome remains polymorphic within experimen-

tal hybrid populations from female D. albomicans and

male D. nasuta, which contain both the fused chrX and

chr3 (i.e. the neo-X) and unfused chrX and chr3 (i.e. the

ancestral conditions), but no neo-Y chromosomes [33].

Further, the neo-X can increase in frequency in such a

Figure 3 Structural variation in the D. albomcians genome. (A) The male to female ratio of different structural variants (insertions, deletions,

tandem duplication, dispersed duplications) on each chromosome. (B) The proportion of tandem duplications overlapping with protein-coding
regions on each chromosome for males and females (no tandem duplications on the fourth chromosome overlapping coding regions were

observed in females).

Figure 4 B-specific sequences of D. albomicans. (A) Validation of the identified B-linked probe with Southern Blotting. Up panel: Genomic

DNAs digested with HaeII. Lanes 3-5,10 show hybridization results with genomic DNA from D. albomicans strains without B’s. Lane 11 is the
negative control lane using genomic DNA of D. melanogaster. Other lanes show hybridizations with DNA from D. albomicans strains containing

B’s. Arrows indicate differential bands between B and no-B strains. Down panel: Genomic DNAs digested with MspI. Lanes 3-6 show D.

albomicans strains without B’s. Lane 8 is the negative control and other lanes are D. albomicans strains with B’s. (B) PCR assays using B-
chromosome derived primers. Lane 2-5 show PCR products obtained from D. albomicans strains without B’s, and lanes 6-9 are from strains with

B’s. Lane 1 is the DL2000 marker.
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hybrid population in a background with neo-Y chromo-

somes [33]. In contrast, a polymorphic neo-Y is excluded

within a few generations in hybrids without the neo-X

fusion. The formation of the neo-X could result in cen-

tromeric imbalances between paired chromosomes in

males [34], which could have been remedied by a second

fusion producing the neo-Y [33] or by loss of centromeric

fragments of the neo-X. Indeed, a polymorphic neo-Y can

reach fixation within a few generations in hybrids con-

taining the neo-X [33]. The lost centromeric fragments

from these fusions could have given rise to the B chro-

mosomes found in D. albomicans. This, of course, does

not exclude the possibility that genes or genomic regions

derived from other chromosomes also contributed to the

formation of B chromosomes, and they may be main-

tained within the population because of newly acquired

functions. This might explain the fact that D. albomicans

strains with 1-2 B’s produce significantly more offsprings

than strains with no or more B chromosomes (Additional

File 16) [18]. Further identification of B-linked scaffolds

and the genes they carry will help to understand the phe-

notypic effects of B chromosomes in D. albomicans.

Conclusions
We provide a draft genome sequence and evolutionary

analyses of D. albomicans, a species that contains extre-

mely young neo-sex chromosomes and B chromosomes,

to address questions on the origination and evolution of

these chromosomal systems. Genomic comparison

between males and females reveals that the neo-Y chro-

mosome has already begun to accumulate an excess of

deleterious mutations, including nonsense mutations

that presumably caused some genes to become non-

functional. We also found that the neo-Y chromosome

harbors an excess of tandem duplications. Comparative

analysis also identified a B-linked sequence that is

homologous to regions of both the neo-X and ancient X

chromosome. This result is consistent with the idea that

B chromosomes originated from the standard chromo-

somes as a product of the sex chromosome - autosome

fusion. Functional characterization of the transcribing

unit located on the B chromosome and future studies of

other B-linked genes should help to explain the fertility

effects of these dispensable chromosomal elements in

D. albomicans.

Methods
Fly strains and karyotyping

We collected D. albomicans individuals from the wild in

Kunming, China, and established isofemale strains for

genome sequencing. We karyotyped a total of 15 strains

following the method described in [35]. In brief, gang-

lions were dissected from third stage instar larvae and

treated with 0.065 mg/ml of colchicine solution, followed

by hypotonic treatment with 0.075 mol/l KCL solution.

After fixation by Carnoy solution, we dried the slides and

stained them with Giemsa solution (Fluka) for 1.5 h and

then washed them in water. Metaphase images were then

captured under a microscope (Nikon). B-chromosome

number in the Kunming D. albomicans population

ranges from 0 to 7 (Additional File 2). We selected one

strain, KM55-5, containing 1-2Bs in about 70% investi-

gated karyotypes, since carrying 1-2 Bs has been shown

to maximize offspring number in D. albomicans [18].

The strain was karyotyped every 2 generations to assure

B-chromosome maintenance, and reared for 13 genera-

tions before DNA extraction. We picked around 40

males and extracted their genomic DNA with a PURE-

GENE DNA Isolation Kit (Gentra System). To screen

individuals without Bs from this strain, we inbred pairs of

one single male and one virgin female for four genera-

tions and karyotyped their offspring (at least 20 larvae).

We established a primary cell line using early stage

embryos (4-6 h) of the KM55-5 strain to estimate the gen-

ome size of D. albomicans [36]. About 5 × 105 cells were

harvested and washed twice with PBS solution. Cells were

then transferred to FACS tubes kept on ice, and 50 μl

RNase A (1 mg/ml) and 100 μl propidium iodide (PI,

1 mg/ml) were added to each sample. Samples were ana-

lyzed on a FACScan flow cytometer (Becton Dickinson).

The result was then compared with chicken red blood

cells and Drosophila S2 cells which were prepared at the

same time.

Sequencing and assembling

Solexa library preparation and sequencing followed the

manufacturer’s standard instructions (Illumina). Briefly,

we prepared 5 ug genomic DNA from outbred virgin B-

containing males and inbred virgin females without Bs,

shearing them with Nebulizer (Invitrogen). Paired-end

libraries were prepared and subject to Solexa sequencing,

with read sequencing from both ends. Lanes yielding an

abnormal GC content or read bases with low Q20 length

(< 30 bp) were removed from the raw data before assem-

bly or mapping. We used EST sequences generated from a

cDNA library derived from males of another D. albomi-

cans strain (strain 15112-1751.4) [9] for assembly quality

assessment.

We used SOAPdenovo http://soap.genomics.org.cn/[37]

and tried different k-mer parameters and combinations of

read lanes of male and female reads. Female reads,

although adding up to a much lower genomic coverage

than male reads (28.5 fold vs. 124.5 fold), consistently pro-

duced a higher contig and scaffold N50 size under the

same assembly parameters. This suggests that sequence

coverage of 30-fold is sufficient to produce a decent-qual-

ity assembly, and that male-limited neo-Y or Y-linked

sequences or B chromosomes deteriorate the assemblies.
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We therefore assembled the reference genome using all

the female reads (28.5-fold) to construct contigs, and part

of the male reads (70.4-fold, selected according to their

read qualities) to link contigs into scaffolds (these were

not used in the contig assembly to prevent the introduc-

tion of sex-linked and B-linked heterozygous sites that

would deteriorate the quality of the assembly). Short reads

were then mapped back to the scaffolds to fill in gaps. All

of the assemblies used a k-mer value of 31, and the low

quality first and last 5 bp of all reads were trimmed. Scaf-

folds assembled solely from male or female reads were

also produced to extract candidate B-linked sequences

(male-specific sequences that were not part of the ances-

tral Y). We aligned scaffolds assembled from male reads

only to those assembled from female reads and selected

male-specific scaffolds as candidate B regions using a blast

E-value cutoff of 10-5 and a maximum GenBlastA align-

ment span size of 25% of the query [38]. A total of 63 Mb

of male scaffolds, for which less than 20% of their length

could be aligned to female scaffolds were considered as

candidate B scaffolds.

To further optimize the D. albomcians assembly, we

blasted [39] all the D. virilis proteins ftp://flybase.net/gen-

omes/Drosophila_virilis/current/fasta/ against our raw

assembly, using an E-value cutoff of 10-3. When several

scaffolds that aligned to a D. virilis protein overlapped

with each other, only the scaffold with the highest align-

ment score was kept. We then merged scaffolds into larger

ones according to their order along the query gene. We

also extracted D. virilis proteins that have syntenic rela-

tionship, which are conserved across other 11 Drosophila

species [20]. D. virilis scaffolds encompassing these pro-

teins were concatenated into superscaffolds as reference.

We then aligned exon-level merged D. albomicans scaf-

folds with sensitive parameters (- = r 1 -q -1 -G 1 -E 2 -W

9 -F “m D” -U -e 1e-5) to D. virilis sequences and only

retained hits spanning over 50% of the query. Aligned scaf-

folds were ordered and concatenated with 500 interval Ns.

Annotations

We downloaded the protein sequence annotations of 8

Drosophila species (all species available on ftp://ftp.fly-

base.net/releases/ excluding D. sechellia, D. simulans,

D. persimilis and D. erecta because their sister species

were used instead). We removed redundant proteins

(proteins that share orthologous relationships) and our

final set of annotation queries consisted of 66,877 pro-

teins that were blasted against the D. albomicans mosaic

scaffolds. The top two query proteins (ranked by align-

ment span sizes) were chosen to represent D. albomicans

loci and fed to GeneWise [40], in order to determine

their gene structures. GeneID and SNAP [41,42] were

used to check the GeneWise predictions and results were

reconciled by GLEAN [43]. We only retained proteins on

non-B sequences that have more than 50 amino acids

and were supported by both GeneWise and GeneID/

SNAP. For candidate B sequences, we did not require the

predicted proteins to be supported by GeneWise. All the

proteins and scaffolds were then subjected to a blast

search against the NCBI nt/nr database ftp://ftp.ncbi.nih.

gov/blast/db/20090216/. We removed proteins/scaffolds

showing high sequence similarities (at least 50% sequence

identity over 80% length) with human or bacteria

sequences. We also narrowed down the candidate B scaf-

folds, assuming that B chromosomes would not show

sequence similarities with known sequences, and

removed all candidate B scaffolds that had protein-coding

sequences annotated that showed homology to any pub-

lished sequences. After this screening procedure, we

retained a total of 17 Mb candidate B sequences. We

annotated repetitive elements (Table S2) using two well-

established libraries built from the 12 Drosophila gen-

omes, one from Repbase and one from ReAS ftp://ftp.

genomics.org.cn/pub/reas/drosophila/[44,45] by Repeat-

Masker http://www.repeatmasker.org/. We also anno-

tated simple tandem repeated sequences using the

Tandem Repeat Finder (Table S2) [46].

We ordered and oriented D. virilis scaffolds to build

chromosomal sequences based on the results of [47]. We

established reciprocally-best orthologous relationship

between predicted D. albomicans and D. virilis proteins

ftp://ftp.flybase.net/releases/. We also aligned D. albomi-

cans scaffolds with D. virilis chromosomes by ranking the

ratio of identical bases to aligned span size and picked the

highest ranked scaffold to assign D. albomicans proteins to

different chromosomes.

Identifications of SNP, indel and structural variation

We used the Short Oligonucleotide Alignment Program

(SOAP) [48] to separately align male and female reads

back to the genome assembly using the ‘paired-end’ mode

and allowing for a maximum of 2 nucleotide mismatches

per read. Using these parameters, reads were only aligned

when their relative orientations are correct and their

inferred distance along the assembly (the aligned span

size) was consistent with the estimated library insert size.

We then identified SNPs using SOAPsnp http://soap.

genomics.org.cn/soapsnp.html, which showed a 99% con-

sistency for SNP identification compared with Illumina

HapMap 1 M BeadChip Duo data [49]. SOAPsnp identi-

fies SNPs based on Bayes’ theorem, taking into account

both sequencing and alignment qualities. Heterozygosity

levels for each chromosome were then calculated using

customized Perl scripts.

We further aligned reads using the ‘single-end’ mode

to identify potential short indels and structural variation.

Reads that failed to align before when indels were not

permitted were re-aligned and allowing for 1-6 bp short
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indels (which accounted for more than 80% of short

indels in the Drosophila melanogaster genome [50]).

Only short indels with at least one supporting read from

each strand were retained. To identify structural varia-

tion, we utilized aligned read pairs with abnormal span

size or orientation (i.e. those showing mate-pair viola-

tions) using SOAPsv http://soap.genomics.org.cn/. The

experimentally estimated standard deviation of the

library insert size from gels is about 50 bp. Long inser-

tion/deletion events were inferred when the distance

between the aligned forward and reverse read pairs was

larger or shorter than the library insert size by three

times the standard deviation. Tandem duplications were

called when a pair of reads was aligned as ‘reverse-for-

ward’ rather than the normal ‘forward-reverse’ orienta-

tion from 5’ to 3’ along the reference assembly

sequence. At least three supporting abnormally aligned

reads pairs were required for a structural variant to be

kept in our analysis.

Evolutionary analysis

To discriminate neo-X and neo-Y alleles, we first identi-

fied SNP or indel sites derived from female reads. We

introduced these alleles into the reference scaffolds that

mapped to the to neo-sex chromosomes, assuming they

represented the neo-X alleles. We then modified these

scaffolds by introducing alternative nucleotides and indels

found only in males to obtain the homologous neo-Y

alleles. We ran GeneWise [40] on the respective allelic

sequences and characterized premature stop codons and

frameshift mutations at neo-Y-linked genes. GeneWise

results indicating different start positions for neo-X and

neo-Y coding sequences were checked manually to ensure

that such differences were caused by mutations at start

codons and not alignment artifacts. Similarly, we charac-

terized putative pseudogenes on the neo-X chromosome

based on female reads only. These were taken as ancestral

pseudogenes that already existed before the origin of the

neo-sex chromosomes, and were thus removed from the

analysis.

Since there are no close outgroup sequences available,

we could not compare separately substitution rates on

the neo-X and the neo-Y chromosome; we therefore

compared the rates between the neo-X and neo-Y alleles.

We used annotated protein sequences and GeneWise to

align homologous neo-sex genes codon by codon. Synon-

ymous and nonsynonymous substitution rates were cal-

culated with the KaKs_calculator [51] using the method

of Yang and Nielson [52]. We measured codon bias of

neo-X and neo-Y alleles using the codonW http://source-

forge.net/projects/codonw/ and cai programs within the

EMBOSS package http://emboss.sourceforge.net/. Differ-

ent parameters, including effective number of codons

(ENC), codon bias index (CBI), frequency of optimal

codons index (FOP) and codon adaptation index (CAI)

consistently showed a very weak relaxation of selective

constraints at synonymous sites of neo-Y-linked genes.

B-linked sequence analysis

We first randomly chose 25 candidate B-linked scaffolds

that were identified computationally and designed 100

PCR primer pairs to validate their B-chromosome link-

age using genomic DNA of D. albomicans strains with

and without B’s. None of the primer pairs discriminated

between strains with and without B’s. We therefore

identified scaffolds that had previously been mapped to

the B-chromosome by cloning through subtractive

hybridization (W.W unpublished). To confirm B-linkage

of these sequences, we extracted genomic DNA with

PUREGENE DNA Isolation Kit (Gentra) from fly strains

with and without B’s. Genomic DNA was digested with

restriction enzymes, separated on agarose gels and

transferred to nylon membranes (Roche Molecular Bio-

chemicals) by Southern blotting. DIG-labeled probes

were hybridized to the membrane to confirm the pre-

sence/absence of B-sequence in different strains.

We computationally queried the probe sequence against

all D. albomicans scaffolds and identified four scaffolds

with high sequence similarity to the B-linked sequence.

We performed PCR experiments using primers spanning

both the probe sequence and the sequence adjacent to it

on the candidate scaffolds to exclude assembly artifacts.

We also extracted total RNA from D. albomicans adults

with and without B’s using an RNAeasy Mini Kit (Qiagen)

and performed RT-PCR for predicted genes on the B-

linked scaffolds. We performed blast searches using these

candidate B scaffolds against the genome sequence of

other Drosophila species (with searching parameters of

relatively low stringency; -r 1 -q -1 -G 1 -E 2 -W 9 -F “m

D” -U -e 1e-5, as these species have diverged from D. albo-

micans more than 40 MY ago [53]). Chromosomal map-

ping information for the resulting scaffolds in these other

species was then retrieved through the UCSC Genome

Browser based on their blastz comparison with the D. mel-

anogaster genome [54,55]. We also downloaded centro-

meric sequences of Drosophila [30] and mapped male and

female reads separately using SOAP.

Additional material

Additional file 1: Figure S1 Karyotyp of D. albomicans and other

Drosophila species.

Additional file 2: Figure S2 B chromosomes of D. albomicans.

Additional file 3: Table S1 Data summary of Illumina sequencing.

Additional file 4: Table S2 Repetitive elements in the D. albomicans

genome.

Additional file 5: Table S3 Sequence coverage comparison among

chromosomes.
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Additional file 6: Figure S3 Short insertion (1-6 bp) densities along

each chromosome.

Additional file 7: Figure S4 Short deletion densities along each

chromosome.

Additional file 8: Table S4 SNP statistics for each chromosome.

Additional file 9: Table S6 Structural variation identified by

abnormally mapped male read pairs.

Additional file 10: Table S5 Codon usage on neo-sex chromosomes.

Additional file 11: Figure S5 Identification of structural variation

using mate-pair information.

Additional file 12: Figure S6 Fraction of different SV on Each

Chromosome.

Additional file 13: Figure S7. Proportions of dispersed duplications
overlapping coding regions on each chromosome.

Additional file 14: Table S7 Statistics of scaffolds homologous to

the B-specific probe.

Additional file 15: Table S8 Mapping result of candidate B-linked

scaffolds with D. grimshawi and D. mojavensis.

Additional file 16: Table S9 Comparison of number of progenies in

different D. albomicans strains.

Acknowledgements

We thank Tsai Tai-hua for helpful comments on the manuscript. Xin Li took
photos of Drosophila albomicans. This work was supported by a CAS key grant
(KSCX2-YW-N-060), two National Natural Science Foundation of China (NSFC)
key grants (No. 30430400 and 30930056), a 973 Program (No. 2007CB815700), a
CAS-Max Planck Society Fellowship, and the 100 Talent Program of CAS to W.W;
and a National Natural Science Foundation of China (30725008), a Chinese 863
program (2006AA10A121), a Danish Platform for Integrative Biology, the Ole
Rømer grant from the Danish Natural Science Research Council, NIH grants
(R01GM076007 and R01GM093182) and a Packard Fellowship to D.B.; and the
Solexa project (272-07-0196) to J.W.

Accession Numbers

Short pair-end reads from this study have been deposited in the NCBI
Sequence Read Archive (SRA) under the accession number SRA009775 and
BioProject ID PRJNA81745.

Author details
1CAS-Max Planck Junior Research Group, State Key Laboratory of Genetic
Resources and Evolution, Kunming Institute of Zoology, Chinese Academy of
Sciences, Kunming, Yunnan 650223, China. 2Department of Integrative
Biology, University of California, Berkeley, CA 94720, USA. 3Beijing Genomics
Institute-Shenzhen, Shenzhen 518083, China. 4Department of Biology,
Stanford University, Palo Alto, CA 94305, USA.

Authors’ contributions

WW, JW, JZ and QZ designed the study. QZ, WW, JW, SR, BV and DB wrote
the manuscript. LZ, YZ and RZ collected the samples. ZX, XZ, BM, JM, QZ, JL,
YL, ZL constructed the pair-end libraries and conducted the Illumina
sequencing. QZ, HZ, QH, GZ, JR, RL and DB performed the data analyses. QZ
and LZ performed the experimental validations. Correspondence and
requests for materials should be addressed to DB (dbachtrog@berkeley.edu),
WW (wwang@mail.kiz.ac.cn) or JW (wangj@genomics.org.cn). All authors
read and approved the final manuscript.

Competing interests

The authors declare that they have no competing interests.

Received: 25 October 2011 Accepted: 22 March 2012
Published: 22 March 2012

References

1. Bull JJ: Evolution of sex determining mechanisms. Menlo Park, CA.:
Benjamin Cummings; 1983.

2. Charlesworth B, Charlesworth D: The degeneration of Y chromosomes.
Philos Trans R Soc Lond B Biol Sci 2000, 355(1403):1563-1572.

3. Skaletsky H, Kuroda-Kawaguchi T, Minx PJ, Cordum HS, Hillier L, Brown LG,
Repping S, Pyntikova T, Ali J, Bieri T, et al: The male-specific region of the
human Y chromosome is a mosaic of discrete sequence classes. Nature
2003, 423(6942):825-U822.

4. Rens W, O’Brien P, Grutzner F, Clarke O, Graphodatskaya D, Tsend-Ayush E,
Trifonov V, Skelton H, Wallis M, Johnston S, et al: The multiple sex
chromosomes of platypus and echidna are not completely identical and
several share homology with the avian Z. Genome Biol 2007, 8(11):R243.s.

5. Bachtrog D, Hom E, Wong KM, Maside X, de Jong P: Genomic degradation
of a young Y chromosome in Drosophila miranda. Genome Biol 2008,
9(2):R30.

6. Steinemann M, Steinemann S: Degenerating Y chromosome of Drosophila
miranda: a trap for retrotransposons. Proc Natl Acad Sci USA 1992,
89(16):7591-7595.

7. Chang TP, Tsai TH, Chang HY: Fusions of Muller’s elements during the
chromosome evolution of Drosophila albomicans. Zool Stud 2008,
47(5):574-584.

8. Rao PM, Ranganath HA: Karyotype differentiation among members of the
immigrans species group of Drosophila. Genetica 1991, 83(2):145-152.

9. Bachtrog D: The speciation history of the Drosophila nasuta complex.
Genet Res 2006, 88(1):13-26.

10. Watson J, Spencer J, Riggs A, Graves J: Sex chromosome evolution:
platypus gene mapping suggests that part of the human X
chromosome was originally autosomal. Proc Natl Acad Sci USA 1991,
88(24):11256.

11. Gethmann RC: Crossing over in males of higher Diptera (Brachycera). J
Hered 1988, 79(5):344-350.

12. Bachtrog D, Charlesworth B: Reduced adaptation of a non-recombining
neo-Y chromosome. Nature 2002, 416(6878):323.

13. Zhou Q, Wang J, Huang L, Nie WH, Wang JH, Liu Y, Zhao XY, Yang FT,
Wang W: Neo-sex chromosomes in the black muntjac recapitulate
incipient evolution of mammalian sex chromosomes. Genome Biol 2008,
9(6):R98.

14. Camacho JP, Sharbel TF, Beukeboom LW: B-chromosome evolution. Philos
Trans R Soc Lond B Biol Sci 2000, 355(1394):163-178.

15. Carvalho AB: Origin and evolution of the Drosophila Y chromosome. Curr
Opin Genet Dev 2002, 12(6):664-668.

16. Coleman JJ, Rounsley SD, Rodriguez-Carres M, Kuo A, Wasmann CC,
Grimwood J, Schmutz J, Taga M, White GJ, Zhou S, et al: The genome of
Nectria haematococca: contribution of supernumerary chromosomes to
gene expansion. PLoS Genet 2009, 5(8):e1000618.

17. Yoshida K, Terai Y, Mizoiri S, Aibara M, Nishihara H, Watanabe M, Kuroiwa A,
Hirai H, Hirai Y, Matsuda Y, et al: B Chromosomes Have a Functional Effect
on Female Sex Determination in Lake Victoria Cichlid Fishes. PLoS Genet

2011, 7(8):e1002203.
18. He LP, Ling FY, Zheng XZ, Wang W, Kuang RP: The effect of B

chromosome on the reproduction of Drosophila albomicans. Yi Chuan
Xue Bao 2000, 27(2):114-120.

19. Ling FY, Osamu K: The study of B chromosomes in Drosophila
albomicans 1: the number and frequency of Bs in Kunming population.
Zool Res 1991, 12:93-98.

20. Bhutkar A, Schaeffer SW, Russo SM, Xu M, Smith TF, Gelbart WM:
Chromosomal rearrangement inferred from comparisons of 12
Drosophila genomes. Genetics 2008, 179(3):1657-1680.

21. Clark AG, Eisen MB, Smith DR, Bergman CM, Oliver B, Markow TA,
Kaufman TC, Kellis M, Gelbart W, Iyer VN, et al: Evolution of genes and
genomes on the Drosophila phylogeny. Nature 2007, 450(7167):203-218.

22. Wall JD, Andolfatto P, Przeworski M: Testing models of selection and
demography in Drosophila simulans. Genetics 2002, 162(1):203-216.

23. Bachtrog D, Jensen JD, Zhang Z: Accelerated adaptive evolution on a
newly formed X chromosome. PLoS Biol 2009, 7(4):e82.

24. Clyde M: Inversion polymorphism in Southeast Asian populations of the
Drosophila nasuta subgroup. Genetica 1982, 58(3):161-175.

25. Oshima C, Watanabe T: The persistence of some recessive lethal genes in
natural populations of Drosophila melanogaster. IV Proc Japan Acad 1964,
40(2):125-130.

26. Marin I, Franke A, Bashaw GJ, Baker BS: The dosage compensation system
of Drosophila is co-opted by newly evolved X chromosomes. Nature
1996, 383(6596):160-163.

Zhou et al. BMC Genomics 2012, 13:109
http://www.biomedcentral.com/1471-2164/13/109

Page 11 of 12

http://www.biomedcentral.com/content/supplementary/1471-2164-13-109-S6.DOCX
http://www.biomedcentral.com/content/supplementary/1471-2164-13-109-S7.DOCX
http://www.biomedcentral.com/content/supplementary/1471-2164-13-109-S8.DOCX
http://www.biomedcentral.com/content/supplementary/1471-2164-13-109-S9.DOCX
http://www.biomedcentral.com/content/supplementary/1471-2164-13-109-S10.DOCX
http://www.biomedcentral.com/content/supplementary/1471-2164-13-109-S11.DOCX
http://www.biomedcentral.com/content/supplementary/1471-2164-13-109-S12.DOCX
http://www.biomedcentral.com/content/supplementary/1471-2164-13-109-S13.DOCX
http://www.biomedcentral.com/content/supplementary/1471-2164-13-109-S14.DOCX
http://www.biomedcentral.com/content/supplementary/1471-2164-13-109-S15.DOCX
http://www.biomedcentral.com/content/supplementary/1471-2164-13-109-S16.DOCX
http://www.ncbi.nlm.nih.gov/pubmed/11127901?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12815422?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12815422?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18269752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18269752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1323846?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1323846?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2026329?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2026329?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17014741?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1763040?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1763040?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1763040?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11907578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11907578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18554412?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18554412?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10724453?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12433579?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19714214?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19714214?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19714214?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21876673?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21876673?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10887677?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10887677?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18622036?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18622036?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17994087?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17994087?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12242234?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12242234?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19402745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19402745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8774878?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8774878?dopt=Abstract


27. Bachtrog D: The temporal dynamics of processes underlying Y
chromosome degeneration. Genetics 2008, 179(3):1513-1525.

28. Cridland JM, Thornton KR: Validation of rearrangement break points
identified by paired-end sequencing in natural populations of
Drosophila melanogaster. Genome Biol Evol 2010, 2:83-101.

29. Emerson JJ, Cardoso-Moreira M, Borevitz JO, Long M: Natural selection
shapes genome-wide patterns of copy-number polymorphism in
Drosophila melanogaster. Science 2008, 320(5883):1629-1631.

30. Sun X, Le HD, Wahlstrom JM, Karpen GH: Sequence analysis of a
functional Drosophila centromere. Genome Res 2003, 13(2):182-194.

31. Henikoff S, Ahmad K, Malik HS: The centromere paradox: stable
inheritance with rapidly evolving DNA. Science 2001, 293(5532):1098-1102.

32. Tsipouri V, Schueler MG, Hu S, Dutra A, Pak E, Riethman H, Green ED:
Comparative sequence analyses reveal sites of ancestral chromosomal
fusions in the Indian muntjac genome. Genome Biol 2008, 9(10):R155.

33. Yu YC, Lin FJ, Chang HY: Stepwise chromosome evolution in Drosophila
albomicans. Heredity 1999, 83:39-45.

34. Koshland D, Hartwell L: The structure of sister minichromosome DNA
before anaphase in Saccharomyces cerevisiae. Science 1987,
238(4834):1713-1716.

35. Hatsumi M, Baimai V, Traipakvasin A, Karp A, Steele S, Parmar S, Jones M,
Shewry P, Breiman A, Lefort-Buson M: Karyotype polymorphism in
Drosophila albomicans. Genome 1987, 29(3):395-400.

36. Schneider I: Cell lines derived from late embryonic stages of Drosophila
melanogaster. J Embryol Exp Morphol 1972, 27(2):353-365.

37. Li R, Zhu H, Ruan J, Qian W, Fang X, Shi Z, Li Y, Li S, Shan G, Kristiansen K,
et al: De novo assembly of human genomes with massively parallel
short read sequencing. Genome Res 2010, 20(2):265-272.

38. She R, Chu JS, Wang K, Pei J, Chen N: GenBlastA: enabling BLAST to
identify homologous gene sequences. Genome Res 2009, 19(1):143-149.

39. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic local alignment
search tool. J Mol Biol 1990, 215(3):403-410.

40. Birney E, Clamp M, Durbin R: GeneWise and Genomewise. Genome Res

2004, 14(5):988-995.
41. Korf I: Gene finding in novel genomes. BMC Bioinforma 2004, 5:59.
42. Guigo R, Knudsen S, Drake N, Smith T: Prediction of gene structure. J Mol

Biol 1992, 226(1):141-157.
43. The Honeybee Genome Sequencing C: Insights into social insects from

the genome of the honeybee Apis mellifera. Nature 2006,
443(7114):931-949.

44. Ross MT, Grafham DV, Coffey AJ, Scherer S, McLay K, Muzny D, Platzer M,
Howell GR, Burrows C, Bird CP, et al: The DNA sequence of the human X
chromosome. Nature 2005, 434(7031):325-337.

45. Jurka J: Repbase update: a database and an electronic journal of
repetitive elements. Trends Genet 2000, 16(9):418-420.

46. Benson G: Tandem repeats finder: a program to analyze DNA sequences.
Nucleic Acids Res 1999, 27(2):573-580.

47. Schaeffer SW, Bhutkar A, McAllister BF, Matsuda M, Matzkin LM, O’Grady PM,
Rohde C, Valente VL, Aguade M, Anderson WW, et al: Polytene
chromosomal maps of 11 Drosophila species: the order of genomic
scaffolds inferred from genetic and physical maps. Genetics 2008,
179(3):1601-1655.

48. Li R, Li Y, Kristiansen K, Wang J: SOAP: short oligonucleotide alignment
program. Bioinformatics 2008, 24(5):713-714.

49. Wang J, Wang W, Li R, Li Y, Tian G, Goodman L, Fan W, Zhang J, Li J,
Zhang J, et al: The diploid genome sequence of an Asian individual.
Nature 2008, 456(7218):60-65.

50. Parsch J: Selective constraints on intron evolution in Drosophila. Genetics
2003, 165(4):1843-1851.

51. Zhang Z, Li J, Yu J: Computing Ka and Ks with a consideration of
unequal transitional substitutions. BMC Evol Biol 2006, 6:44.

52. Yang Z, Nielsen R: Estimating Synonymous and Nonsynonymous
Substitution Rates Under Realistic Evolutionary Models. Mol Biol Evol

2000, 17:32-43.
53. Russo CA, Takezaki N, Nei M: Molecular phylogeny and divergence times

of drosophilid species. Mol Biol Evol 1995, 12(3):391-404.
54. Karolchik D, Baertsch R, Diekhans M, Furey TS, Hinrichs A, Lu YT, Roskin KM,

Schwartz M, Sugnet CW, Thomas DJ, et al: The UCSC Genome Browser
Database. Nucleic Acids Res 2003, 31(1):51-54.

55. Schwartz S, Kent WJ, Smit A, Zhang Z, Baertsch R, Hardison RC, Haussler D,
Miller W: Human-mouse alignments with BLASTZ. Genome Res 2003,
13(1):103-107.

doi:10.1186/1471-2164-13-109
Cite this article as: Zhou et al.: Deciphering neo-sex and B chromosome
evolution by the draft genome of Drosophila albomicans. BMC Genomics
2012 13:109.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Zhou et al. BMC Genomics 2012, 13:109
http://www.biomedcentral.com/1471-2164/13/109

Page 12 of 12

http://www.ncbi.nlm.nih.gov/pubmed/18562655?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18562655?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20333226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20333226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20333226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18535209?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18535209?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18535209?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12566396?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12566396?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11498581?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11498581?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18957082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18957082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10447701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10447701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3317838?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3317838?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4625067?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4625067?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20019144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20019144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18838612?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18838612?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2231712?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2231712?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15123596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1619647?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17073008?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17073008?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15772651?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15772651?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10973072?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10973072?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9862982?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18622037?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18622037?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18622037?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18227114?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18227114?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18987735?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14704170?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16740169?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16740169?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10666704?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10666704?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7739381?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7739381?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12519945?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12519945?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12529312?dopt=Abstract

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Results and discussion
	Sequencing, assembly and annotation of the D. albomicans genome
	Genomic divergence between the neo-sex chromosomes
	Early degeneration of neo-Y coding regions
	The neo-Y has an excess of tandem duplications
	Origin and evolution of B chromosomes

	Conclusions
	Methods
	Fly strains and karyotyping
	Sequencing and assembling
	Annotations
	Identifications of SNP, indel and structural variation
	Evolutionary analysis
	B-linked sequence analysis

	Acknowledgements
	Accession Numbers
	Author details
	Authors' contributions
	Competing interests
	References

