
DOI: 10.1126/science.1181756 
, 1538 (2009); 326Science

  et al.Joshua J. Bayes,
 Sibling SpeciesDrosophilaSterility Protein in 

Altered Heterochromatin Binding by a Hybrid

 www.sciencemag.org (this information is current as of December 14, 2009 ):
The following resources related to this article are available online at

 http://www.sciencemag.org/cgi/content/full/326/5959/1538
version of this article at: 

 including high-resolution figures, can be found in the onlineUpdated information and services,

 http://www.sciencemag.org/cgi/content/full/1181756/DC1
 can be found at: Supporting Online Material

 http://www.sciencemag.org/cgi/content/full/326/5959/1538#otherarticles
, 12 of which can be accessed for free: cites 25 articlesThis article 

 http://www.sciencemag.org/cgi/collection/genetics
Genetics 

: subject collectionsThis article appears in the following 

 http://www.sciencemag.org/about/permissions.dtl
 in whole or in part can be found at: this article

permission to reproduce of this article or about obtaining reprintsInformation about obtaining 

registered trademark of AAAS. 
 is aScience2009 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
 (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience

 o
n 

D
ec

em
be

r 
14

, 2
00

9 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/cgi/content/full/326/5959/1538
http://www.sciencemag.org/cgi/content/full/1181756/DC1
http://www.sciencemag.org/cgi/content/full/326/5959/1538#otherarticles
http://www.sciencemag.org/cgi/collection/genetics
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org


Altered Heterochromatin Binding by a
Hybrid Sterility Protein in Drosophila
Sibling Species
Joshua J. Bayes1,2* and Harmit S. Malik2,3†

Hybrid sterility of the heterogametic sex is one of the first postzygotic reproductive barriers to evolve
during speciation, yet the molecular basis of hybrid sterility is poorly understood. We show that the
hybrid male sterility gene Odysseus-site homeobox (OdsH) encodes a protein that localizes to
evolutionarily dynamic loci within heterochromatin and leads to their decondensation. In
Drosophila mauritiana × Drosophila simulans male hybrids, OdsH from D. mauritiana (OdsHmau)
acts as a sterilizing factor by associating with the heterochromatic Y chromosome of D. simulans,
whereas D. simulans OdsH (OdsHsim) does not. Characterization of sterile hybrid testes revealed
that OdsH abundance and localization in the premeiotic phases of spermatogenesis differ between
species. These results reveal that rapid heterochromatin evolution affects the onset of hybrid sterility.

One facet of speciation studies is focused
on mechanisms by which populations be-
come reproductively isolated (1). Intrinsic

postzygotic isolation results in the sterility or
lethality of the F1 hybrid offspring following a
successful fertilization event and the formation of
the zygote (2). The Dobzhansky-Muller model
[reviewed in (2)] proposes that such reproductive
barriers occur due to incompatibilities between
genetic loci arising as a by-product of divergence
between two populations. The identification of
loci involved in F1 hybrid sterility in the hetero-
gametic sex (XY males or ZW females) is of par-
ticular interest, as this defect is postulated to be the
earliest postzygotic isolation event to arise between
incipient species (2, 3). Yet, the biological basis of
the defects that result in hybrid sterility remains
largely unknown.

Crosses betweenD. simulans andD.mauritiana,
which separated ~250,000 years ago (4), produce
sterile F1 hybrid males and fertile females. A
series of introgressions of the D. mauritiana ge-
nome into a D. simulans genomic background
revealed that the interaction of the D. mauritiana
X chromosome–encoded OdsH (OdsHmau) pro-
tein with the male D. simulans genome resulted in
male hybrid sterility (5–8). Considerable amino acid
divergence was observed between OdsHsim and
OdsHmau, especially within the putativeDNA-
binding homeodomain (16 nonsynonymous and 3
synonymous changes) (5). Homeodomains are
characteristic of a well-conserved family of
transcription factors regulating early develop-
mental patterning (9).OdsH evolved ~25 million
years ago from a gene duplication of unc-4 (10),

which encodes a transcription factor that has
somatic function in Drosophila (11).

OdsH expression in the testes (6) and its
evolutionary descent from unc-4 (10) led to
the proposal that OdsH encodes a transcrip-
tion factor whose introduction into the hybrid
background causes misexpression of meiotic
genes and, therefore, hybrid sterility (12). How-
ever, this model fails to account for how the
protein-DNA interaction interface may drive the
changes observed in the OdsH homeodomain
between Drosophila species. Ablation of the
OdsH gene in D. melanogaster had only mod-
est effects on male fertility (6), contrary to
expectations that a deletion of OdsH would affect
male fertility due to the misregulation of meiotic
genes.

An alternative model suggests that evolutionary
labile satellite DNAs—found in pericentric, telo-
meric, and other heterochromatic regions—may
result in the divergence of speciation genes (13, 14).
Under this model, satellite DNAs and their
expansions are perpetuated by female meiotic
drive, but affect fitness through reductions in male
fertility, which is evident in plant and animal
species (15, 16). The evolution of satellite DNA-
binding proteins is predicted to be one way to
mitigate cost to male fertility and ensure species
survival (13, 14). Therefore, we considered the
alternative possibility that hybrid sterility genes
like OdsH encode proteins that bind to satellite
DNA repeats in pericentric or telomeric regions.
Under this model, hybrid sterility could result
from an inability to correctly package and con-
dense heterochromatin.

To distinguish between euchromatic versus het-
erochromatic localization, we expressed OdsHsim
fused to a 3xFLAG epitope in a D. simulans
embryonic cell culture line (Fig. 1, A and B).
We observed a punctate localization pattern of
OdsHsim in interphase cells—reminiscent of the
D1 satellite-binding protein (17). In D. simulans,
D1 predominantly localizes to repetitive satel-
lite sequences on the Y and 4th chromosomes
(fig. S1), providing a cytological marker relative

to OdsH localization. On this basis, OdsHsim
localized adjacent to D1 in D. simulans cells
(Fig. 1B). However, the localization of OdsHmau
protein (fused to Venus, yellow fluorescence
protein) partially overlapped with D1 (Fig. 1, A
and C). Coexpression of the OdsHsim and
OdsHmau fusion proteins revealed that the two
proteins localize to common sites, but that
OdsHmau has additional localization (Fig. 1D).

We mapped the chromosomal localization of
tagged OdsHsim and OdsHmau proteins with
N-terminal 1xFLAG or Venus, respectively. Ex-
pression and immunofluorescent detection of
OdsHsim in mitotic larval neuroblast cells con-
firmed that OdsHsim was associated with repeat-
rich regions of the D. simulans genome, namely,
the X pericentric region and the 4th chromosome
(Fig. 1E). OdsHmau localized similarly on the
D. simulans X and 4th chromosomes but showed
gross localization to theD. simulansYchromosome
(Fig. 1F). Coexpression of OdsHsim and OdsHmau
showed the additional localization of OdsHmau
to the Y chromosome in male cells (Fig. 1G),
whereas these two proteins localized identically
in female cells (Fig. 1H). In Drosophila, both the
Y and 4th chromosomes are principally hetero-
chromatic, gene-poor, and repeat-rich (18). On
the basis of these results, we conclude that both
OdsHsim andOdsHmau encode heterochromatin-
binding proteins but that they have different
localization specificities, resulting in altered local-
ization to the D. simulans Y chromosome.

Because OdsH shares ancestry with a tran-
scription factor, unc-4, we expressed a green
fluorescence protein (GFP)–tagged unc-4 protein
to contrast its localization with that of the OdsH
protein. As expected for a transcription factor,
unc-4 showed diffuse staining in interphase neuro-
blast cells (Fig. 1I). Hence, the OdsH protein may
have gained specificity for localization to hetero-
chromatin since it diverged from unc-4.

We investigated whether divergence of the
underlying satellite DNAs was associated with
changes in OdsH binding specificity. We identified
targets of OdsH binding in sibling species
D. mauritiana or D. sechellia (Fig. 2A and fig.
S2) by crossing transgenic D. simulans lines ex-
pressing fusion proteins of either OdsHsim or
OdsHmau to these species. By examining lo-
calization in male and female hybrids, we found
altered localization of OdsHsim and OdsHmau
on the Y and 4th chromosomes of sister species
(Fig. 2, B to F, and fig. S3). The D. sechellia and
D. simulans Y chromosomes were enriched for
OdsHmau binding, whereas OdsHmau local-
ization to its own Y chromosome was restricted
(Fig. 2, E and F). In contrast, OdsHsim did not
associate with any of the three Y chromosomes
(Fig. 2, C and D). Furthermore, OdsHsim and
OdsHmau bound to the 4th chromosome fromD.
simulans, but not fromD. sechelliaorD.mauritiana
(Fig. 2, B to F). Thus, the localization of OdsH
proteins differed on homologous chromosomes
from different Drosophila species, suggesting
that there has been a reorganization or wholesale
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replacement of OdsH-binding sites within het-
erochromatin on both the Y and 4th chromo-
someswithin the past 250,000 years (summarized in
Fig. 2B). These rapid changes in heterochroma-
tin mirror the rapid evolution of OdsH’s homeo-
domain during this span (5).

Localization of OdsH appears to markedly
affect local chromosome condensation. For in-
stance, in D. simulans neuroblast nuclei express-
ing OdsHmau, the general decondensation and
intercalation of the Y and 4th chromosomes ob-
scured our ability to distinguish these chromo-
somes from each other (Fig. 1, F and G, and fig.
S4). This is in contrast to nuclei expressing only
OdsHsim, in which the Y chromosome is con-
densed (Fig. 1E). Decondensation of theX and 4th
chromosomes was also associated with the local-
ization of either OdsHsim or OdsHmau (Fig. 2,
D to F). Decondensation was seen for both
OdsHsim and OdsHmau and in all Drosophila
genomes assayed (fig. S4). It appears that the
retention of an ancestral unc-4–like transcriptional
function, coupled with its localization to hetero-
chromatic regions that are otherwise condensed,
has resulted in OdsH-mediated chromosome de-
condensation in hybrids.

To confirm the localization of OdsH in
D. simulans cell culture and mitotic chromo-
somes, we characterized endogenous OdsH local-

ization in the D. simulans testis with an antibody
raised to the C terminus of OdsHsim (fig. S5).
Whole-mount immunohistochemistry (IHC) of
OdsH in wild-type D. simulans testes showed
that OdsH is restricted to developing postmitotic
primary spermatocytes in the G2 phase (Fig. 3A
and figs. S7 and S8). Within these spermato-
cytes, immunofluorescence revealed two punc-
tate dots, consistent with OdsHsim localization
to only two major loci within the D. simulans
genome (Fig. 3G). At this stage of spermato-
genesis, homologous chromosomes arrange into
individual chromatin domains associated with
the nuclear membrane (19). Typically, two large
hazy domains represent the associated 2nd
and 3rd chromosomes, respectively, while the
other two domains represent the associated X-Y
and 4th chromosomes (19). The presence of
OdsH in the latter chromatin domains suggests
that endogenous OdsH binds to loci on the X
and 4th chromosomes, consistent with our ob-
servations that OdsHsim binds to the X and 4th
chromosomes of D. simulans.

The antibody that we raised to OdsHsim also
recognizes OdsHmauwith high specificity (fig. S5).
Therefore, we investigated OdsH localization
using whole-mount IHC on the testes of a
D. simulans male sterile line, containing an in-
trogression of the OdsH-containing region from

the D. mauritiana X chromosome (Fig. 3C and
fig. S6) (5). Immunofluorescence of OdsH con-
firmed the localization of OdsHmau to three loci
corresponding to the X, Y, and 4th chromosomes
within these primary spermatocytes (Fig. 3H). We
also observed an expansion of OdsH protein lo-
calization in late-G2 primary spermatocytes of the
sterile introgression line as compared to wild-type
lines (Fig. 3E), suggesting an increase in protein
amounts or stability. Western blot analysis con-
firmed that OdsH protein abundance was increased
in the sterile introgression testes (Fig. 3F). Despite
the presence of OdsH protein at this late stage of
primary spermatocyte development, we did not
observe OdsH protein in spermatocytes that have
progressed from G2 to meiotic prophase or a
delay in the onset of meiosis (fig. S8).

A fertile introgression line differing from the
sterile line in that exons 3 and 4 of OdsH are
derived fromD. simulans (fig. S6) (4) showed no
detectable OdsH protein, both by IHC and by
Western analyses (Fig. 3, B and F). In addition, we
observed no detectable OdsHmau protein in the
testes of D. mauritiana males (Fig. 3D). Our
characterization of endogenous OdsH abundance
and localization reveals differences between both
sibling Drosophila species and the sterile and fertile
D. simulans introgression lines. Although it is still
unclear how the additional binding capacity of

Fig. 1. OdsH proteins
differ in their localiza-
tion to D. simulans het-
erochromatin. We use D1
staining as a marker for
4th and Y chromosome
heterochromatin (fig. S1).
(A) FLAG-OdsHsim or
Venus-OdsHmau epitope-
tagged proteins were
expressed in transiently
transfected D. simulans
cultured cells (B to D) or
in transgenicD. simulans
larval neuroblasts (E to
H) under the control of a
heat-shock promoter. (B
andC)D1 staining (red) is
a cytological landmark for
localization of OdsHsim
(B)andOdsHmau (C)pro-
teins(bothshowningreen)
to D. simulans hetero-
chromatin. DNA staining
by DAPI (4 ,́6-diamidino-
2-phenylindole) is shown
inblue inmerge. (D)Coex-
pression of OdsHsim (red)
and OdsHmau (green). (E)
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OdsHmau (red) on male mitotic chromosomes versus (H) female mitotic chromosomes.
Arrows in (E) to (G) highlight Y chromosomes. (I) GFP–Unc-4 (red) staining in interphase
larval neuroblast cells of D. simulans is diffuse and does not overlap specifically with D1
(green). Scale bars represent 2 mm.
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OdsHmau adversely affects premeiotic stages of
sperm development to cause male sterility, there
is precedent for premeiotic defects manifesting in
postmeiotic dysfunction in Drosophila and mice
(20–22).

Because the studied introgression lines differ
only at their OdsH locus, OdsHmau is unambig-
uously linked to the hybrid male sterility phenotype
(5, 6). Our findings reveal the genetic architecture
underlying OdsH-mediated hybrid sterility. Both

D. mauritiana and fertile introgressed D. simulans
males lack detectable OdsH protein, yet are
completely fertile, consistent with the fact that
OdsH function is not required for male fertility in
D. melanogaster (6). Thus, OdsHmau-mediated
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Fig. 2. OdsH-binding sites are evolutionary labile in sibling species. (A) A
schematic phylogeny of the recently diverged D. simulans, D. sechellia, and
D. mauritiana species. mya, millions of years ago. (B) Summary of localiza-
tion studies (C to F) highlighting the differences in genomic localization of
OdsHsim and OdsHmau to the Y and 4th chromosomes. (C) Localization of
FLAG-OdsHsim fusion protein on neuroblast mitotic chromosomes from

D. mauritiana/D. simulans and (D) D. sechellia/D. simulans hybrid larvae
(fig. S2). (E) Localization of Venus-OdsHmau fusion protein on neuro-
blast mitotic chromosomes from D. mauritiana/D. simulans and (F) D.
sechellia/D. simulans hybrid larvae. In all cases, OdsH staining is red
and D1 staining green. Only relevant X, Y, and 4th chromosomes are
shown.

Fig. 3. Endogenous
OdsH localization to
G2 spermatocyte nuclei.
(A) Whole-mount immu-
nohistochemistry with an
antibody to OdsH on
adult male testes from
D. simulans wild type,
(B) D. simulans fertile
introgression, (C) D.
simulans sterile intro-
gression, and (D) D.
mauritiana. Scale bars
represent 50 mm. An
8× magnification of
the regions identified

D. mauritiana

D
0

120

240

360

480

600

n = 17 n = 20

***

L
en

g
th

 (
µm

)

D. simulans Sterile
intro.

Fertile
intro.

B E

F

D. s
im

ula
ns

Fe
rti

le 

   
 in

tro
.

Ste
rile

 

   
 in

tro
.

OdsH

βtub

1 2 3

D. simulans

OdsH

G

Sterile intro.

H
4

X-Y

2/3

2/3

Merge

4

X-Y

2/3

2/3

Sterile
intro. I.

I. II.

II.
C

A

D. simulans

by the red dashed boxes is shown in the insets,
along with arrows pointing to OdsH protein. (E)
OdsH protein abundance was significantly expanded in the sterile line,
measured by the length of detectable protein within the testes (P < 0.001).
Error bars represent one standard deviation. (F) Western blot from D.
simulans wild type, fertile introgression, and sterile introgression testes
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hybrid sterility involves both the unusual abun-
dance and retention of OdsHmau protein in
the D. simulans testis, as well as an unusual
localization and possibly decondensation of the
D. simulans Y chromosome. We conclude on
the basis of these data that hybrid male sterility
is caused by a gain-of-function interaction be-
tween OdsHmau and some component of the
D. simulans Y chromosome heterochromatin,
with this protein-DNA interaction representing
the Dobzhansky-Muller incompatibility.

OdsH shares similarities with the hybrid
sterility genes Prdm9 (or Meisetz) in mouse (23)
and Overdrive (Ovd) in Drosophila (24), all of
which encode proteins with putative DNA-
binding domains. Satellite DNAs have also
been implicated in hybrid inviability, including
a pericentric satellite locus (Zhr) (25, 26) and a
gene encoding a heterochromatin-binding pro-
tein (Lhr) (27). Thus, rapidly evolving repetitive
DNA elements driven by genetic conflict may
represent a major evolutionary force driving
sequence divergence of speciation genes that would
ultimately result in hybrid incompatibilities
(13, 14, 28).
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MappingHumanGeneticDiversity inAsia
The HUGO Pan-Asian SNP Consortium*†

Asia harbors substantial cultural and linguistic diversity, but the geographic structure of
genetic variation across the continent remains enigmatic. Here we report a large-scale survey of
autosomal variation from a broad geographic sample of Asian human populations. Our results
show that genetic ancestry is strongly correlated with linguistic affiliations as well as geography.
Most populations show relatedness within ethnic/linguistic groups, despite prevalent gene flow
among populations. More than 90% of East Asian (EA) haplotypes could be found in either
Southeast Asian (SEA) or Central-South Asian (CSA) populations and show clinal structure with
haplotype diversity decreasing from south to north. Furthermore, 50% of EA haplotypes were
found in SEA only and 5% were found in CSA only, indicating that SEA was a major geographic
source of EA populations.

Several genome-wide studies of human ge-
netic diversity focusing primarily on broad
continental relationships, or fine-scale struc-

ture in Europe, have been published recently (1–8).
We have extended this approach to Southeast
Asian (SEA) and East Asian (EA) populations by
using the Affymetrix GeneChip HumanMapping
50K Xba Array. Stringently quality-controlled
genotypes were obtained at 54,794 autosomal
single-nucleotide polymorphisms (SNPs) in 1928
individuals representing 73 Asian and two non-
Asian HapMap populations (9). Apart from de-
veloping a general description of Asian population
structure and its relation to geography, language,
and demographic history, we concentrated on un-

covering the geographic source(s) of EA and SEA
populations.

We first performed a Bayesian clustering pro-
cedure using the STRUCTURE algorithm (10)
to examine the ancestry of each individual. Each
person is posited to derive from an arbitrary num-
ber of ancestral populations, denoted byK.We ran
STRUCTURE from K = 2 to K = 14 using both
the complete data set and SNP subsets to exclude
those in strong linkage disequilibrium (Fig. 1 and
figs. S1 to S13). At K = 2 and K = 3, all SEA and
EA samples are united by predominant member-
ship in a common cluster, with the other cluster(s)
corresponding largely to Indo-European (IE) and
African (AF) ancestries. At K = 4, a component
most frequently found in Negrito populations that
is also shared by all SEA populations emerges,
suggesting a common SEA ancestry. Each value
of K beyond 4 introduces a new component that
tends to be associated with a group of popula-

tions united bymembership in a linguistic family,
by geographic proximity, by a known history of
admixture, or, especially at higher Ks, by mem-
bership in a small population isolate. The results
obtained using frappe (11), a maximum-likelihood–
based clustering analysis, showed a general con-
cordance with those of STRUCTURE (figs. S14
to S26). These analyses show that most individ-
uals within a population share very similar an-
cestry estimates at all Ks, an observation that is
consistent also with a phylogeny relating indi-
viduals (fig. S27) based on an allele-sharing dis-
tance (12). Therefore, we proceeded to evaluate
the relationships among populations. Amaximum-
likelihood tree of populations, based on 42,793
SNPs whose ancestral states were known (Fig.
1), showed that all the SEA and EA populations
make up a monophyletic clade that is supported
by 100% of bootstrap replicates. This pattern re-
mained even after data from 51 additional popu-
lations and 19,934 commonly typed SNPs from a
recent study were integrated into the tree (fig.
S28). These observations suggest that SEA and
EA populations share a common origin.

STRUCTURE/frappe and principal compo-
nents analyses (PCA) (13) (Figs. 1 and 2 and figs.
S1 to S26) identify as many as 10 main popula-
tion components. Each component corresponds
largely to one of the five major linguistic groups
(Altaic, Sino-Tibetan/Tai-Kadai, Hmong-Mien,
Austro-Asiatic, and Austronesian), three ethnic
categories (PhilippineNegritos,MalaysianNegritos,
and East Indonesians/Melanesians) and two small
population isolates (the Bidayuh of Borneo and
the hunter-gatherer Mlabri population of central
and northern Thailand). The STRUCTURE results

*All authors with their affiliations appear at the end of this
paper.
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ljin007@gmail.com (L.J.); liue@gis.a-star.edu.sg (E.T.L.);
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