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SUMMARY

Speciation involves the reproductive isolation of
natural populations due to the sterility or lethality of
their hybrids. However, the molecular basis of hybrid
lethality and the evolutionary driving forces that pro-
voke it remain largely elusive. The hybrid male rescue
(Hmr) and the lethal hybrid rescue (Lhr) genesserveas
a model to study speciation in Drosophilids because
their interaction causes lethality in male hybrid
offspring. Here, we show that HMR and LHR form a
centromeric complex necessary for proper chromo-
some segregation. We find that the Hmr expression
level is substantially higher in Drosophila melano-
gaster, whereas Lhr expression levels are increased
inDrosophilasimulans. The resultingelevatedamount
of HMR/LHR complex in hybrids results in an exten-
sive mislocalization of the complex, an interference
with the regulation of transposable elements, and an
impairment of cell proliferation. Our findings provide
evidence for a major role of centromere divergence
in the generation of biodiversity.

INTRODUCTION

Postzygotic reproductive isolation is a major route to the forma-

tion of species in nature. How phenotypes as maladaptive as

sterility and lethality can evolve under natural selection is best

explained by the Dobzhansky-Muller (DM) model (Dobzhansky,

1951). It involves at least two loci that diverged in different natural

populations and cause hybrid incompatibilies (HIs) when com-

bined in hybrid offspring. Over the last decade, several HI genes

have been identified in different model organisms (Bayes and

Malik, 2009; Brideau et al., 2006; Long et al., 2008; Mihola

et al., 2009; Schartl, 2008; Tang and Presgraves, 2009) with

the key finding that many of these genes show signs of recurrent

positive selection (Bayes and Malik, 2009; Maheshwari and

Barbash, 2012; Phadnis and Orr, 2009). Increasing evidence

suggests that these adaptive changes are driven by intrage-
Deve
nomic conflicts (Brown and O’Neill, 2010; Crespi and Nosil,

2013). Possible conflict scenarios involve selfish DNA elements

like transposable elements (Khurana et al., 2011; Kidwell et al.,

1977) or centromeres that favor their own transmission, often

at the expense of the overall fitness of the host organism

(Fishman and Saunders, 2008; Hedges and Belancio, 2011;

Pardo-Manuel de Villena and Sapienza, 2001). Such conflicts

are supposed to promote the coevolution of compensatory

mechanisms or factors, which may cause incompatibilities in

hybrids (Malik and Henikoff, 2001; 2009). Unraveling the cellular

function of HI genes is therefore crucial for uncovering the selec-

tive forces that drive their evolution and will yield mechanistic

insights into the origin of species.

One of the best-characterized model systems to study speci-

ation is the genus Drosophila. Male offspring from crosses

between Drosophila melanogaster (D.mel) females and Dros-

ophila simulans (D.sim) males die as larvae displaying reduced

brain size and lacking imaginal discs, whereas females are viable

but sterile (Sturtevant, 1920). Genetic studies suggested that the

D.mel Hmr gene and the D.sim Lhr gene form a DM gene pair

(Brideau et al., 2006; Davis et al., 1996) that causes this hybrid

incompatibility by a yet-unknown molecular mechanism (Hutter

and Ashburner, 1987; Maheshwari and Barbash, 2012; Wata-

nabe, 1979). We therefore analyzed the HMR and LHR proteins

at a molecular level in pure species as well as in hybrid animals.
RESULTS

HMR and LHR Form a Centromeric Complex
In order to investigate the molecular function of HMR and LHR,

we purified proteins interacting with tagged HMRmel and LHRmel

from D.mel Schneider cells (Figure 1A). Strikingly, LHR copuri-

fied with tagged HMR and vice versa, indicating that the

observed genetic link is due to a protein-protein interaction.

Furthermore, LHR and HMR display largely overlapping interac-

tion profiles. Approximately 30% of the LHR-associated factors

were also identified in HMR purifications, and even �60% of the

HMR interactors were shared by LHR. This suggests that a

substantial amount of LHR and HMR proteins are involved in

the formation of a common complex (Figure 1B). In order to

identify proteins residing in such a complex, we performed a
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Figure 1. Characterization of a Centromeric HMR/

LHR Complex

(A) Western blot showing the expression of FH-HMR,

FH-LHR, and coexpression of FH-HMR/Myc-LHR in stable

D.mel cell lines.

(B) Venn diagram of interaction partners.

(C) CoIP of endogenous HMR, LHR, and HP1a. CoIP reaction

anti-HMRB was treated with benzonase. Anti-HA IP served as

a control.

(D) Colocalization of tagged HMR and LHR at the centromere.

Single-section images of immunolocalizations using various

antibodies.

(E and F) Colocalization of endogenous HMR/LHR and

centromeric components in D.mel cells (E) and wing imaginal

discs of D.mel (F). Closed arrows mark HMR colocalization

with centromere foci.

(G) Immunolocalization of endogenous HMR, HP1a, and

MSL2 on polytene chromosomes of D.mel males. Enlarged

images of boxed regions (numbered from 1–4) are shown next

to the overview image. White scale bars represent 5 mm.

See also Figure S1 and Tables 1 and S1.
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Table 1. HMR/LHR Interaction Partners

Tandem HMR/LHR

HP1aa CG4887

Hmr CG5792

Lhr baf

Umbreaa RpA-70

NLP Su(var)3-7a

His4r zip

glo CG30007

His3.3B cathD

CG4788 CG9775

Dcp1 CG3605

bel mtSSB

CG5787 CG8578

ver RpL27

CG7911 ytr

tral Ku80

betaTub60Db CG8878

Droj2b BRWD3

Cenp-Ca,b CG9740

CG33213b RpL21

lin-52b Rala

His2Bc RPA2

Rm62c RpS11

sqhc pie

HP1bd CG10916

Hlcd su(Hw)

� porin

� Rab2

� Rab7

� AnxB10

� RpL18A

� CG16838

� cher

� moi

� CG8108

Proteins listed in column ‘‘Tandem’’ were recovered in the tandem purifi-

cation. Proteins listed in column ‘‘HMR/LHR’’ were copurified with HMR

and LHR but were not recovered in the tandem purification. Proteins are

sorted according to their enrichment in tandem and FLAG-HMR purifica-

tions, respectively. See also Table S1.
aCentromeric and pericentromeric proteins.
bOnly recovered in FLAG-HMR and tandem purification.
cOnly recovered in FLAG-LHR and tandem purification.
dOnly recovered in tandem purification.
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tandem-affinity purification from extracts of D.mel cells coex-

pressing differentially tagged HMR and LHR. This strategy led

to the identification of 25 proteins residing in an HMR/LHR com-

plex (Table 1 and Table S1 available online). Among those, we

find several factors that bind to centromeric and pericentromeric

regions like Cenp-C, HP1a, NLP, and Umbrea, pointing toward a

centromeric function of the complex (Padeken et al., 2013; Ross

et al., 2013; Vermaak and Malik, 2009).
Deve
Consistent with this hypothesis, we find both proteins colocal-

izing at centromeres when coexpressed as tagged transgenes

(Figure 1D). Notably, if LHR is overexpressed without HMR, its

distribution is different from the endogenous centromeric

localization (compare Figures 1E and S1A), as seen by a lack

of colocalization with the centromeric histone H3 variant Cid.

This observation is in agreement with previous reports,

describing LHR as a heterochromatin localized protein when

expressed exogenously (Greil et al., 2007; Maheshwari and Bar-

bash, 2012). HMR in contrast is capable of localizing to the

centromere on its own (Figure S1B), showing that it is the main

targeting component of the HMR/LHR complex inD.mel. To vali-

date our findings for endogenous proteins, we generated highly

specific antibodies against LHR and HMR (Figure S1C). Similar

to the tagged factors, endogenous HMR and LHR form a stable

complex with HP1, Umbrea, and Cenp-C (Figures 1C and S1D–

S1E) and localize to the centromere (Figure 1E). The same

centromeric localization is also observed in wing imaginal discs

of third instar larvae (Figure 1F), a nonembryonal tissue with

canonical mitotic cell cycles pointing to a role of the HMR/LHR

complex for mitosis. On polytene chromosomes, HMR and

LHR can also be detected at a few distinct euchromatic loci

and at telomeres (Figures 1G and S1F), where they cannot be

detected in mitotically cycling cells (Figure S1G).

The HMR/LHR Complex Has a Critical Function in
Chromosome Segregation
Our finding that HMR and LHR form a complex at the centromere

in mitotically cycling tissue prompted us to check whether those

proteins play a role in chromosome segregation. We therefore

depleted cells of either HMR or LHR using two different dou-

ble-stranded RNAs (dsRNAs) leading to a substantial reduction

of protein amounts (Figure S1C). Consistent with their function

as a complex at centromeric chromatin, these knockdowns

result in an increase of mitotic defects. The most frequently

observed defect is lagging chromosomes with a minor occur-

rence of multipolar spindles or multinuclear cells, the distribution

of which is similar to the control cells (Figures 2A–2C and S2A). In

keeping with this, knockdown of Hmr in flies results in a 75%–

80% drop in viability (Figure S2B). This is likely due to defects

in cell proliferation, because a selective knockdown of Hmr in

the posterior compartment of the wing disc frequently results

in a complete loss of the posterior wing part (Figure S2C). A

knockdown of Lhr in flies has only a subtle effect on viability.

This was unexpected in light of the similar results obtained in

cell lines, for both Hmr and Lhr RNAi (Figure S2B and see also

Figures 2A–2C and 4B) and may be due to additional Hmr func-

tions or simply reflect differences in RNAi efficiencies in the fly

lines used.

The centromeric localization of the complex as well as its

critical function for chromosome segregation may provide an

explanation for the forces that drive its adaptive evolution

(Maheshwari et al., 2008). Some essential centromere compo-

nents also show such signs of positive selection (Malik and

Henikoff, 2001; Dalal et al., 2007) underlining a strong evolu-

tionary pressure to maintain a functional centromere in the

context of highly variable centromeric DNA, which can differ

substantially in sequence and size between species (Bergman

et al., 2006; Sun et al., 1997, 2003).
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Figure 2. Knockdown of Hmr and Lhr Results in Increased Mitotic

Defects
(A) Quantification of mitotic defects after knockdown of Hmr and Lhr in D.mel

cells. Two nonoverlapping dsRNAs targeting Lhr or Hmr were used. dsRNA

targeting the white gene served as control. Data are represented as

mean ± SD.

(B) Types of mitotic defects observed after knockdown (see also Figure S2A).

(C) Images showing lagging chromosomes after Hmr and Lhr knockdown. A

normal mitosis is illustrated in the leftmost image (white RNAi). White arrows

indicate lagging chromosomes.

See also Figure S2.
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Despite the strong divergence, centromeres are character-

ized by a conserved and unique epigenetic structure. Densely

packed heterochromatin surrounds the inner centromere

region, which is characterized by the presence of a special his-

tone H3 variant termed Cenp-A (Cid). This architecture is crucial

for centromere function and chromosome segregation (Olszak

et al., 2011). As problems with proper chromosome segregation

arise after Hmr and Lhr knockdown, we asked whether these

defects are caused by an interference with centromere archi-

tecture. However, the localization of the inner centromere pro-

tein Incenp, the constitutive centromere protein Cenp-C as well

as the outer kinetochore components Polo, Rod, and Ndc80 do

not change upon Hmr and Lhr knockdown (Figure 3A). We

furthermore investigated the possibility that the HMR/LHR com-

plex might serve as a chaperone or a priming factor to facilitate

the incorporation of newly synthesized Cid using a cell line ex-

pressing SNAP-tagged Cid (Mellone et al., 2011). Yet, neither

Hmr nor Lhr knockdown interferes with the incorporation of

newly synthesized Cid (Figures 3B–3D). In addition, the fact

that HMR and LHR are not present on metaphase chromo-

somes argues against an immediate role of HMR/LHR during

mitosis (Figures S3A and S3B). Live-cell imaging of cells ex-

pressing fluorescently tagged HMR, LHR, and Cid reveals

that the HMR/LHR complex disappears upon mitotic entry

and rebinds the centromere after completion of mitosis (Fig-

ure S3B; Movie S1). This led us to the conclusion that the

HMR/LHR complex exerts its centromeric function during

interphase.
4 Developmental Cell 27, 1–13, November 25, 2013 ª2013 Elsevier In
The HMR/LHR Complex Acts as a Transcriptional
Repressor of Transposable Elements
Experiments in fission yeast show that the transcription of

centromeric regions during interphase is highly regulated and

affects centromeric function (Chen et al., 2008; Scott et al.,

2006; 2007). As the HMR/LHR complex also interacts with

HP1a and other known repressor proteins (Figures 1B and 1D;

Table 1), we wondered whether its role at centromeres is of a

repressive nature. To analyze whether HMR and LHR can act

as transcriptional repressors, we targeted the proteins to a lucif-

erase reporter plasmid andmeasured their ability to repress tran-

scription. Indeed, when either protein is recruited to the reporter,

transcriptional activity is substantially decreased and declines

further when the corresponding partner is coexpressed (Fig-

ure 4A). As transposable elements are strongly enriched at

centromeres (Bergman et al., 2006), we investigated whether

HMR and LHR repress these elements under physiological con-

ditions. Indeed, a knockdown of Hmr or Lhr results in an

increased expression of a subset of transposable elements

(TEs) (Figure 4B). The increase is comparable to a knockdown

of the RNAi component Ago2, which is known to function in

the silencing of transposable elements (Czech et al., 2008).

Although we do not know the molecular mechanism by which

HMR and LHR repress transcription, their interaction partners,

as well as their localization pattern, suggest that they are

involved in setting up a repressive chromatin environment at

the centromere. In this light, it is noteworthy that a similar

derepression of transposable elements is also observed upon

knockdown of the NLP subunit of the HMR/LHR complex, which

has been shown to be important for centromere clustering

(Padeken et al., 2013). However, because neither Hmr nor Lhr

knockdown affects centromere clustering they are likely involved

in a downstream process (data not shown).

Our experiments show that HMR and LHR form a stable com-

plex at the centromerewhose dosage is critical for propermitotic

divisions in D.mel. The centromeric function explains the selec-

tive forces that drive their adaptive evolution similar to other

known centromeric factors. However, it does not resolve why

these factors cause lethality in a hybrid genetic background.

The DM model proposes that hybrid incompatibilities arise as

a result of the divergent evolution of speciation genes. We there-

fore aimed to uncover features that are different between HMR

and LHR in both species. Coimmunoprecipitation experiments

indicate that the interaction betweenHMR and LHR is conserved

in D.sim (Figure 5A). Moreover, a comparison of the LHRmel and

LHRsim interactome in D.mel cells revealed that the two ortho-

logs interact with identical proteins including HMRmel (Figures

5B and 5C; Table S1). Localization studies furthermore show

that an interspecific HMRmel/LHRsim complex localizes to the

centromere in D.mel cells similar to the intraspecific complex

(Figure 5D). This strong functional conservation of LHR is consis-

tent with previous findings showing that the overexpression of

Lhrmel can suppress the Lhr1sim-dependent hybrid male rescue

(Brideau and Barbash, 2011). On the contrary, because sibling

Hmr alleles do not kill hybrid males rescued by an Hmrmel muta-

tion, it was concluded thatHmrmust have gained a species-spe-

cific function in D.mel. Surprisingly, immunolocalization analysis

with tagged HMR/LHR orthologs did not reveal obvious species-

specific differences (Figures 5D and 5E). When coexpressed,
c.
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Figure 3. Unchanged Cid Incorporation and Localization of Known Centromere/Kinetochore Components after Knockdown of Hmr and Lhr

(A) Localization of known centromere/kinetochore components after white, Hmr, and Lhr knockdown.

(B) Incorporation of newly synthesized (SNAP-)Cid after Ctrl, Hmr, or Lhr RNAi.

(C) Quantification of cells displaying SNAP-Cid incorporation after RNAi. The number of cells investigated is given (n).

(D) Western blot demonstrating that RNAi reduces HMR/LHR levels. White scale bars in (A) and (B) represent 5 mm.

See also Figure S3.
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Figure 4. HMR and LHR Form a Repressor Complex that Silences

Transposable Elements

(A) HMR and LHR cooperate in silencing of a Luciferase reporter. +partner

(shaded bars) indicates cotransfection of FLAG-LHRwith GAL4-HMR and vice

versa. Data represent mean ± SD fold repression from three biological repli-

cates.

(B) Abundance of transcripts from repetitive elements in S2 cells afterHmr, Lhr,

and Ago2 RNAi. Shown is the fold change after normalization to white RNAi

and genomic copy number. Error bars indicate SD of three biological repli-

cates.
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HMR/LHR from D.mel and D.sim are capable of localizing to

centromeres of their own as well as their sister species. This sug-

gests that even though the factors are fast evolving many fea-

tures are conserved. Such conservation is further supported by

the findings that (1) Hmrsim can partially complement the fertility

defect of D.mel Hmr mutant females (Aruna et al., 2009), and (2)

theHmr alleleHmr2 rescues lethal hybridmales due to two amino

acid mutations with the critical residue (E371) that is located in

HMR’s third out of four MADF domains, being conserved be-

tween the orthologs (Aruna et al., 2009). Strikingly, we find that

the Hmr2 gene product almost completely lost its centromeric

localization (Figures S4A and S4B). Hence, the same activity

that confers HMR’s centromere binding also leads to the incom-

patibility observed in hybrid males.

Because our LHR-specific immunofluorescence grade anti-

body does not recognize LHRsim (Figure S4C), we were only

able to investigate the localization of tagged LHRsim. Similar to

what we observe in D.mel cells (Figure S1A), tagged LHRsim

localizes to heterochromatin and not to centromeres, when

Hmr is not coexpressed (Figure 5F).

HMR and LHR Have Inverted Species-Specific
Expression Levels
We next investigated the localization of endogenous HMRsim in

D.sim cells by using amonoclonal HMR antibody that recognizes
6 Developmental Cell 27, 1–13, November 25, 2013 ª2013 Elsevier In
HMRsim and HMRmelwith similar sensitivity (Figure S4D). In addi-

tion to a prominent staining of a noncentromeric region, we

observe a centromeric localization of endogenous HMR in

D. sim cells similar to the ectopic expression (Figures 5G and

S4E, lower panel). However, we also noticed that the immuno-

localization signal intensities were greatly reduced compared

to those in D.mel cells. For a better comparison of the signal in-

tensities, D.mel cells, marked by their expression of GFP-CID,

were mixed with D.sim cells and simultaneously stained with

the anti-HMR antibody (Figure S4E). A comparison of protein

levels by immunoblotting confirmed that HMR levels are much

higher in cell lines derived from D.mel compared to D.sim (Fig-

ure 6A). This raises the possibility that HMR’s centromeric func-

tion is less important for D.sim. In good agreement with this hy-

pothesis, the reduction of neither Hmr nor Lhr levels (although

moderate) increases the frequency of mitotic defects in these

cells (Figure S4F).

Consistent with the findings obtained in cell lines, the higher

expression level of HMR in D.mel is also observed in extracts

prepared from third instar larval brains (Figure 6B). In contrast,

LHR levels are much higher in D.sim (Figure 6B), which is in

line with the proposed asymmetric hybrid lethal effects of Lhr

orthologs (Maheshwari and Barbash, 2012). Based on these

results, we conclude that the divergent evolution led to an in-

verted species-specific Hmr and Lhr expression. These marked

expression differences manifest themselves in increased

amounts of the LHR/HMR complex in hybrid animals (Figures

6B and 6C). Because Hmr is a dosage-compensated gene on

the X chromosome (Kharchenko et al., 2011), male hybrids con-

taining a single D.mel X chromosome very likely express even

higher levels of Hmr than females that contain one copy of

Hmrmel and one copy of Hmrsim. This could explain the puzzling

asymmetric lethality of male hybrids and would further predict

that an additional Hmrmel gene copy would kill female hybrids.

Indeed, we observe complete lethality in female hybrids (Fig-

ure 6E) after introducing a single additional autosomal copy of

the Hmrmel gene expressed from its endogenous promoter.

This result supports previous hypotheses, which were based

on interspecific crosses using D.mel chromosomal duplication

lines and claim, that increasing the Hmrmel dosage has a nega-

tive effect on hybrid viability (Barbash et al., 2000; Hutter et al.,

1990).

When we measured the levels of HMR and LHR in hybrids or

D.mel larval brains that carry hypomorphic alleles of Hmr, we

noticed that they also contain less LHR (Figure 6B, lanes 1, 5,

and 6, and Figure 6C). The same effect is also seen when tissue

culture cells are depleted of HMR or LHR using RNAi, suggesting

that the levels of the two proteins are highly dependent on each

other (Figure 6D). Surprisingly this effect is not observed in D.sim

(Figure 6B, lane 3), where LHR is stable despite a much lower

amount of HMR (see Discussion).

Overexpression of HMR and LHR Results in a
Delocalization of the HMR/LHR Complex in Flies
We next investigated the molecular and cellular effects of the

HMR/LHR complex under overexpression conditions. Surpris-

ingly, the overexpression of HMR and LHR results in an increase

in mitotic defects in tissue culture cells (Figures 7A and 7B) and a

higher number of transcripts from transposable elements
c.
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Figure 5. Conservation of Interactions and

Localization of HMR and LHR Orthologs

(A) HMRsim and LHRsim coimmunoprecipitate in

nuclear extracts from D.sim cells.

(B) Coimmunoprecipitation of Myc-tagged LHR

orthologs with FH-HMRmel.

(C) Comparison of LHRmel and LHRsim inter-

actomes in D.mel nuclear extracts.

(D) Centromeric colocalization of Myc-LHRsim with

FH-HMRmel and FH-HMRsim in D.mel cells.

(E) Centromeric colocalization of HMR and LHR

orthologs in D.sim cells.

(F) Heterochromatic localization of Myc-LHRsim

without HMRsim coexpression in D.sim cells.

(G) Localization of endogenous HMRsim in D.sim

cells. White scale bars in (D) and (E) represent 5

and 3 mm, respectively.

See also Figure S4 and Table S1.
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(Figure 7C) similar to the effects we observe when HMR and LHR

levels are reduced (Figures 2A and 4B). As hybrids display

increased levels of the HMR/LHR complex, we would expect

to see similar effects at least in hybrid males. Mitotic defects in

hybrids are difficult to assess, as hybrid males, in particular,
Developmental Cell 27, 1–13
are characterized by almost complete

absence of imaginal discs and display

reduced brain size with an extremely low

frequency of cells in S phase and espe-

cially mitosis. These features are diag-

nostic for a defect in cell proliferation,

and it has been suggested that hybrid

cells are arrested in G1 or G2 phase

(Baker, 1989; Bolkan et al., 2007).

Moreover, when we measured the

RNA derived from transposable ele-

ments in hybrid males or females, we

observed a massive increase in trans-

poson transcripts, which is reduced in

flies expressing lower levels of HMR

(Figure 7D). Because these effects are

not sex specific, we would conclude

that the deregulation of transposable el-

ements might affect the overall fitness of

hybrids and potentially female fertility

but is presumably not the main cause

of hybrid male lethality.

Our finding that a mutation in Hmr

that rescues hybrid male lethality also

abrogates HMR’s centromeric localiza-

tion (Hmr2 allele, see Figure S4A), sug-

gests that the binding activity of HMRs

third MADF domain might be problem-

atic in hybrids. This prompted us to

investigate HMR’s binding behavior in

hybrids. Thus, we stained polytene

chromosomes isolated from either pure

species or hybrid male third instar

larvae using a monoclonal anti-HMR

antibody. In contrast to pure species
D.mel, where HMR binding is confined to the chromocenter,

the telomeres, and very few distinct interbands (Figures 1G

and 7E), HMR is bound to numerous interband regions along

all chromosome arms in hybrids (Figures 7E and S5A). The

virtually complete loss of signal in hybrid females from D.mel
, November 25, 2013 ª2013 Elsevier Inc. 7
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Figure 6. Increased HMR/LHR Dosage Due

to Inverted Species-Specific Hmr and Lhr

Expression Causes Hybrid Lethality

(A and B) Divergence of HMR and LHR levels in

D.mel and D.sim cell lines (A) and larval brains (B).

(C) Quantification of HMR and LHR levels in hybrids

and D. sim, D.mel, and Hmr mutants from western

blot signals in (B).

(D) Knockdown ofHmr or Lhr inD.mel cells results in

a coreduction of HMR and LHR amounts.

(E) An additional autosomal copy of Hmrmel leads to

female hybrid lethality. #Crosses were performed

with three times more virgins. *Male presumably

exceptional, carrying a D.sim X chromosome.
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mothers carrying an Hmr3 allele validates that the observed

signal originates from HMR and is not due an antibody

cross-reactivity to a D.sim protein (Figure S5B). It furthermore

indicates that the HMRsim level is dramatically reduced

compared to that of HMRmel, in line with the results in brain

tissue and cell lines (Figures 6A and 6B). As the hypomorphic

Hmr3 allele was generated by the insertion of a P element

carrying UAS sites, it enables GAL4-mediated Hmr overex-

pression (Figures S5C–S5E). Salivary-gland-specific GAL4

expression triggering Hmr overexpression also results in

HMR binding to numerous interband regions. Interestingly,

these sites are often bordering and sometimes even overlap-

ping with the male-specific lethal protein MSL2 (see Discus-

sion) on the male X chromosome. Because HMR delocalizes

after overexpression in D.mel, we would like to suggest that

HMR mislocalization in hybrids is also the result of increased

HMR levels.

DISCUSSION

Hmrmel and Lhrsim constitute members of a few identified exam-

ples of genes that form a classical Dobzhansky-Muller gene pair

and mediate postzygotic isolation of the two closely related spe-

cies D.mel and D.sim (Brideau et al., 2006; Davis et al., 1996).

Here, we show that the gene products of Hmr and Lhr form a

complex in D.mel with an important centromeric function. This

function is exquisitely dose dependent as an increase as well

as a decrease of complex levels result in an increased number

of mitotic defects. At the same time, we also observe an

increase in the number of transcripts derived from TEs upon

alteration of the complex levels, suggesting that HMR/LHR has

a function in setting up a repressive chromatin structure at these

genomic regions. Although we cannot prove that the increased

transcription from the transposable elements is the main cause

for the mitotic defects, the centromeric binding pattern of the

complex in mitotically cycling cells, its function in interphase,
8 Developmental Cell 27, 1–13, November 25, 2013 ª2013 Elsevier Inc.
and the fact that a heterochromatic struc-

ture is beneficial for the generation of a

functional centromere (Allshire et al.,

1994; Olszak et al., 2011; Partridge et al.,

2000) suggest that the HMR/LHR complex

may contribute to a functional chromatin

structure at the centromere. On first

glance, the strong effects of an HMR
depletion we see in cell culture as well as in fly strains expressing

an Hmr RNAi construct would have predicted a stronger pheno-

type of D.mel flies carrying Hmrmutations than the one reported

by Barbash and colleagues (Aruna et al., 2009). At least for the

result in cell lines, we exclude off-target effects because we

used two independently derived RNAi constructs with a similar

outcome. In flies, it may well be that compensatory mechanisms

can at least partially substitute HMRs function at centromeres,

leading to a less pronounced effect. Compared to classical mu-

tations, such compensatory effects are less frequent in knock-

down experiments, which may also be the cause of the differ-

ence in viability.

Based on the fact that HMR and LHR show strong signatures

of positive selection and an Hmrsim transgene does not cause

hybrid male lethality, Barbash and colleagues proposed that

HMRmel causes hybrid incompatibilities as a consequence of pri-

mary amino acid sequence divergence (Barbash et al., 2003;

Maheshwari et al., 2008). Our evidence that the HMR/LHR com-

plex is not crucial for proper centromere function in D.sim cells

might partially lend support for such a functional divergence.

On the other hand, the orthologs from both species behave virtu-

ally identical in all other tested assays. Considering that residues

in HMR that are conserved between species are critical for

hybrid lethality and that Hmrsim can partially rescue the fertility

defect of D.mel Hmr mutant females (Aruna et al., 2009), we

would like to propose an alternative model. Our data strongly

support a scenario, in which the asymmetric lethal effects of

Hmrmel and Lhrsim, respectively, are due to the divergence in reg-

ulatory pathways that modulate their levels, which is the most

apparent difference between the orthologs we could identify.

We can only speculate about the driving force that led to the

increased expression of Hmr in D.mel. Considering our finding

that HMR/LHR levels are critical for setting up a repressive chro-

matin structure at centromeric regions, it is striking that D.sim

and D.mel strongly differ in the number of TEs, and these ele-

ments are highly enriched at centromeres (Bergman et al.,



Developmental Cell

A Centromeric Complex Mediates Speciation

Please cite this article in press as: Thomae et al., A Pair of Centromeric Proteins Mediates Reproductive Isolation in Drosophila Species, Developmental
Cell (2013), http://dx.doi.org/10.1016/j.devcel.2013.10.001
2006; Sun et al., 1997, 2003). Interestingly, whereas most of the

copies are degraded to small fragments inD.sim,D.mel contains

substantially more intact copies (Lerat et al., 2011). This might be

reflected in higher levels of HMR/LHR complex in D.mel and its

crucial role in centromere functionality in tissues with mitotic

cell cycles.

The species inverted higher expression of Hmr and Lhr results

in increased complex amounts relative to its target sites, which

are diluted in the hybrid genetic background. We propose that

this misbalance results in the lethal gain of function in hybrids.

This model also implicates that factors that influence the abun-

dance of the complex are modifiers of hybrid lethality. In fact,

early genetic experiments hinted toward such modifiers. For

instance, hybrid males from D.mel mothers and D.sim fathers

are not lethal if they carry two third chromosomes from D.mel

(3mel) (Pontecorvo, 1943). This implies that either a sensitizer lo-

cus on 3sim or a haploinsufficient suppressor locus on 3mel exists.

We would favor the suppressor model, in which a negative regu-

lator of complex abundance is diluted in hybrids. This hypothesis

is based on the observation that LHRsim does not require HMRsim

for its high levels in D.sim, but its abundance depends on the

presence of HMRmel in hybrids. This becomes apparent by the

decreased level of LHRsim in Hmr3 mutant hybrids.

Complete lethality further requires the presence of theD.mel X

chromosome as the sole presence of an autosomal copy of

HMRmel does not kill male hybrids carrying an Xsim (Barbash

et al., 2000; Hutter et al., 1990; unpublished data). In this respect,

it was already postulated that disturbed dosage compensation

may cause hybrid male lethality due to species-specific diver-

gence of the involved components (Rodriguez et al., 2007)

(Pal-Bhadra et al., 2004). Rodriguez and colleagues demon-

strated that the D.mel dosage compensation system shows

particularly strong signatures of positive selection, which may

render the D.sim DCC components incompetent to properly

compensate the D.mel X chromosome. In contrast, Pal-Bhadra

et al. postulated that a key component of dosage compensation

is not expressed in the lethal hybrid males. Their conclusion was

based on the failure to detect MSL2 on lethal hybrid male X chro-

mosomes with an Xmel, but not with an Xsim. The latter findings

are in contrast to our results (Figure 7E), as we detect X-chromo-

some-specific binding of MSL2 on Xmel/Ysim hybrid male poly-

tene chromosomes. This discrepancy might be due to a different

fixation procedure or the use of a more sensitive antibody. It is

important to note, however, that based on our data we cannot

fully exclude the existence of subtle differences in DCC function

in lethal male hybrids. Barbash genetically tested the possibility

that impaired dosage compensation causes hybrid male invia-

bility making use of different D.mel dosage compensation com-

plex (DCC) mutants. He found that these mutations rather

increase than decrease hybrid male viability (Barbash, 2010).

Furthermore, considering that female hybrid lethality is higher

at elevated temperatures in an Hmr-dependent manner, Bar-

bash puts forward another plausible scenario in which hybrid

lethality is caused by a disturbed chromatin state of Xmel. In

fact, chromatin structure of the male X is known to be extremely

sensitive toward the amount of heterochromatin proteins (Spi-

erer et al., 2008; 2005). Strikingly, two of the factors that strongly

affect X chromosome morphology (HP1a and Su(var)3-7) copur-

ify with HMR and LHR. Alternatively, global HMR/LHR-induced
Deve
changes in chromatin structure, increases in mitotic defects, or

deregulation of TEs might trigger a cell-cycle checkpoint leading

to the observed cell-cycle arrest (Bolkan et al., 2007).

In summary, our experiments underscore the importance of

tight regulation of protein levels to sustain their functional capac-

ity. We show that altered expression levels of the DM pair Hmr

and Lhr in hybrids result in detrimental problems concerning

centromere function and silencing of transposable elements.

The combination of these defects finally results in the observed

lethality of hybrids from D.mel und D.sim, whereby HMR and

LHR contribute to the reproductive isolation of the two species.
EXPERIMENTAL PROCEDURES

An extended version of the experimental procedures can be found in the Sup-

plemental Experimental Procedures.
Cloning

All plasmids are available on request. For full cloning details and oligonucleo-

tide information, see the Supplemental Experimental Procedures.
GST-Fusion Protein Expression, Purification, and Assessment of

Anti-HMR Antibody Specificity

Recombinant GST-HMR fusion proteins were expressed in E. coli BL21(DE3)

and purified via GST-affinity purification according to the manufacturer’s in-

structions (GE Healthcare). For assessing the specificity of the anti-HMR

2C10 antibody, GST-HMR fusion proteins were separated by SDS-PAGE

and blotted onto a nitrocellulose membrane. The membrane was first probed

with the anti-HMR 2C10 antibody, and signals were visualized using an HRP-

coupled anti-rat secondary antibody and ECL detection (Bio-Rad). To

normalize for unequal protein loading, the membrane was reprobed using a

primary mouse anti-GST monoclonal antibody and a fluorescently labeled

anti-mouse secondary antibody, which was detected using the Odyssey

infrared fluorescent imaging system (LI-COR Biosciences).
Quantification of Western Blot Signal Intensities

Background corrected total signal intensity per band was quantified and

normalized to the corresponding Tubulin signal intensities using the AIDA soft-

ware package (Raytest).
Protein Purification and Mass Spectrometry

Ammonium sulfate nuclear extracts, FLAG purifications and protein identifica-

tions were done as described before (Abel et al., 2009). For quantitation, raw

data were analyzed using the MaxQuant 1.2.2.5 software package. Identified

proteins were considered as interation partners if their MaxQuant iBAQ values

displayed an enrichment greater than 16-fold compared to control anti-FLAG

purifications from Schneider cell nuclear extracts not expressing any FLAG-

tagged protein.
Isolation of Larval Brains for Protein Extraction and Transposable

Element Deregulation Analysis

Brains from third larvae were dissected in serum-free Schneider medium and

collected in ice-cold Ephrussi and Beadle Ringer’s (EBR) solution. For the

preparation of extracts, brains were homogenized in RIPA buffer supple-

mented with MG-132 (Enzo Life Sciences) and 0.2 mM phenylmethanesulfo-

nylfluoride, incubated on ice for 30 min, and frozen in liquid nitrogen. After

thawing on ice, brain extracts were recovered by centrifugation, concentration

was measured, and 10 mg per sample was analyzed by immunoblotting. For

analysis of transposable element deregulation, brains collected in EBR, the

collected brains were frozen in aliquots in liquid nitrogen and stored

at �80�C until further processing. Care was taken that the collection of each

individual aliquot of brains lasted no longer than 20 min. Approximately 50

brains (70 for hybrid males) were used for each replicate.
lopmental Cell 27, 1–13, November 25, 2013 ª2013 Elsevier Inc. 9
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Figure 7. HMR/LHR Overexpression Provokes Mitotic Defects, Affects TE Regulation, and Leads to Global HMR Mislocalization in Hybrids

(A) Western blot demonstrating metallothionine promoter-driven FH-HMRmel and Myc-LHRmel overexpression upon copper sulfate treatment of stable D.mel

cell lines.

(B) Quantification of the increase in mitotic defects upon FH-HMRmel and Myc-LHRmel overexpression. Given are the mean values from two independent

experiments.

(C) Increase in TE transcript abundance upon HMR/LHR overexpression in D.mel cell lines.

(legend continued on next page)
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Immunohistochemistry

For immunolocalization in tissue culture cells, cells were settled and fixed with

PBS/3.7% paraformaldehyde at room temperature. Following permeabiliza-

tion, cells were washed in PBS and blocked with image iT FX signal enhancer

(Invitrogen). Antibodies were diluted and incubated with the coverslips over-

night at 4�C. Following two washes with PBS/0.1% Triton X-100 (PBT), fluoro-

phore-coupled-secondary antibodieswere added. After PBTandPBSwashes,

stained cells were mounted in VECTASHIELD/DAPI (Vector Laboratories).

For immunostaining of wing imaginal discs third instar larvae were dissected

inDrosophila Schneider medium, leaving discs attached to the carcass, rinsed

in PBS, and fixed in PBS/4%paraformaldehyde. Following twowashes in PBT,

the tissue was permeabilized and blocked in PBT/5% normal goat serum

(PBTN). Antibodies were diluted in PBTN, and tissues were stained for

3–4 days rotating at 4�C. After extensive PBTN washes, secondary antibodies

diluted in PBTN were added. After extensive washes in PBT and PBS, discs

were dissected away from carcass and mounted in VECTASHIELD/DAPI

(Vector Labs).

For immunostaining of polytene chromosomes, salivary glands from third

instar larvae were prepared in PBS, prefixed in PBT/3.7% formaldehyde for

3 min, incubated in 50% acetic acid/0.1% Triton X-100/3.7% formaldehyde

for 165 s, and spread onto poly-L-lysine coated microscope slides. Suitable

spreads were frozen in liquid nitrogen and stored overnight at �20�C in

methanol. After 15 min rehydration in PBS, slides were blocked with image

iT FX signal enhancer (Invitrogen). Primary antibodies were diluted in PBTN

and incubated overnight at 4�C. Following two washes with PBT and another

30 min blocking step in PBT/1% BSA, fluorophore-coupled-secondary anti-

bodies diluted in PBTN were added. After PBT washes, preparations were

stained with DAPI, washed in PBS, and mounted in VECTASHIELD (Vector

Labs). The polytene chromosome images in Figures 7E, S5A, and S5B were

recorded and processed with identical settings to ensure their comparability.

Images were acquired using a Leica TCS SP5 confocal microscope with a

633 glycerol immersion objective NA = 1.3. Z stacks were deconvolved using

the Huygens Essential Software (SVI). All other digital image processing and

slight linear adjustment of brightness and contrast were done using ImageJ.

If not stated otherwise in the figure legends, images are maximum intensity

projections.

Analysis of Incorporation of Newly Synthesized SNAP-Cid

The assay was done as described in Chen et al. (2012).

Antibodies

HMR-specific antibodies were raised in Lou/c rats against a fragment

spanning amino acids 2–416 fused to an N-terminal GST tag. For LHR-specific

antibodies, MBP-LHR full length served as antigen. The DHMR 2C10 (rat

IgG2b) rat-monoclonal antibody was used for all experiments except those

displayed in Figures 1E and 1F. For the HMR/LHR costaining in Figure 1E,

an HMR-specific mouse polyclonal serum was used. For staining of imaginal

discs (Figure 1F), a mixture of the DHMR-specific monoclonal antibodies

3D8 (rat IgG2a) and 2C10 was used to increase sensitivity. Anti-LHR immuno-

blots in Figures 6B and S4C were performed with the DLHR 20G3 (rat IgG2b)

rat monoclonal antibody that recognizes LHR-mel and LHR-sim with similar

efficiency. All other experiments were performed with the DLHR antibody

12F4 (rat IgG2a) specific for LHR-mel. The following antibodies were kindly

provided by other investigators: rabbit anti-MSL2 (Peter Becker), guinea-pig

anti-HOAP (Jamy Peng), rabbit anti-Cenp-C (Christian Lehner), rabbit anti-

HP1a Serum (Sarah Elgin), chicken anti-Ndc80 (Tom Mareska), and mouse

anti-Polo (Claudio Sunkel). The rat anti-incenp antibody was produced in

house, using an amino-terminal fragment cloned by Mar Carmena. The mouse

anti-GST monoclonal 2C8 and the rat anti-CID 7A2 (rat IgG2a) antibodies were

obtained from the monoclonal antibody facility of the Helmholtz Center

Munich. The mouse anti-HP1a C1A9 was obtained from the Developmental
(D) Hmrmel-dependent increase in transposable element transcription in hybrid

replicates are given.

(E) Mislocalization of HMR on hybrid male (upper panel) versusD.mel ywmale (low

brackets. Enlarged images of boxed regions (numbered from 1 to 4) are shown n

See also Figure S5.

Develo
Studies Hybridoma Bank (DHSB). The following antibodies are commercially

available: rabbit anti-histone H3 phospho S10 (Abcam), mouse anti-FLAG

M2 (Roche), rat anti-HA 3F10 (Roche), mouse anti-Myc 9E10 (Roche), mono-

clonal mouse anti-alpha-Tubulin (Sigma), and rabbit anti-Cid (Active Motif).

Cell Culture and RNAi

Growth of cells: the Drosophila Schneider Line 2 derivative L2–4 was used for

all experiments with D.mel cells. D.sim embryonic cells (Yoshioka et al., 1992)

were obtained from the DGRC. The GFP-Cid cell line is described in Olszak

et al. (2011); the SNAP-Cid cell line was provided by Gary Karpen. All cells

were grown at 26�C in Schneider medium (Invitrogen) supplemented with

10% fetal calf serum and penicillin/streptomycin.

Generation of Stable Cell Lines

For the generation of stable cell lines, cells were transfected using Effectene

(QIAGEN) or XtremeGENE HP (Roche) according to the manufacturer’s

instructions and selected for 4 weeks with 250 mg/ml Hygromycin B

(Invitrogen). Expression of the transgenes was verified by western blotting

and immunofluorescence analysis. Expression of proteins was induced by

adding copper sulfate to a final concentration of 250 mM 24–48 hr before

harvest of cells. RNAi experiments and the scoring of mitotic defects were

essentially done as described (Heun et al., 2006; Padeken et al., 2013).

Fly Culture and Crosses

Flies were raised on standard cornmeal/yeast extract medium at 25�C except

hybrid crosses, which were performed at 21�C. yw, Hmr3, Hmr1, C167.4

(D.sim), and GAL4 driver lines were obtained from the Bloomington Stock

Center. Inducible RNAi lines were received from the VDRC (Vienna). The

transgenic line carrying an autosomal wild-type Hmrmel allele (Hmr+t9.5) was

generated by BestGene using PhiC31-integrase-mediated integration of a

9.5 kbp genomic fragment containing construct, spanning the entire Hmrmel

gene as well as parts of the flanking CG2124 and Rab9D genes. The genotype

of the parental line was y1 w67c23; P{CaryP}attP40.

Analysis of Transposable Element Derepression

The analysis of transposable element derepression was done as described in

Padeken et al. (2013).

ACCESSION NUMBERS

Themass spectrometry data for the HMR, LHR, and tandem purifications have

been deposited to the ProteomeXchange Consortium (http://proteomecentral.

proteomexchange.org) via the PRIDE partner repository and accession codes

with the data set identifier PXD000489.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, one table, and one movie and can be found with this article online

at http://dx.doi.org/10.1016/j.devcel.2013.10.001.
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