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Higher levels of sex chromosome heteromorphism
are associated with markedly stronger reproductive
isolation
Thiago G. Lima1

The two ‘rules of speciation’, Haldane’s rule and the large X-effect, describe the genetic basis

of postzygotic isolation, and have led to the realization that sex chromosomes play an

important role in this process. However, a range of sex determination mechanisms exists in

nature, not always involving sex chromosomes. Based on these ‘rules of speciation’, I test the

hypothesis that the presence of sex chromosomes will contribute to a faster evolution of

intrinsic postzygotic isolation. I show that taxa that do not have sex chromosomes evolve

lower levels of postzygotic isolation than taxa with sex chromosomes, at a similar amount of

genetic divergence. Taxa with young homomorphic sex chromosomes show an intermediate

pattern compared to taxa with heteromorphic sex chromosomes and taxa without

sex chromosomes. These results are consistent with predictions from the two ‘rules of

speciation’, and emphasize the importance of sex chromosomes for the evolution of intrinsic

postzygotic isolation.

DOI: 10.1038/ncomms5743

1 Biology Department, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599, USA. Correspondence and requests for materials should
be addressed to T.G.L. (email: tlima@live.unc.edu).

NATURE COMMUNICATIONS | 5:4743 | DOI: 10.1038/ncomms5743 | www.nature.com/naturecommunications 1

& 2014 Macmillan Publishers Limited. All rights reserved.

mailto:tlima@live.unc.edu
http://www.nature.com/naturecommunications


T
he evolution of postzygotic reproductive isolation, by the
formation of maladaptive hybrids, can often be explained
by the accumulation of Dobzhansky–Muller incompatibil-

ities (DMIs) between incipient species1,2. DMIs arise when alleles
that are neutral or beneficial on the parental genetic background
lead to deleterious effects in a hybrid background. Two ‘rules of
speciation’ have been proposed to further describe patterns of the
genetic basis of postzygotic isolation3. First, Haldane’s rule4 states
that whenever a sex is absent, rare or sterile in a cross between
two taxa, that sex is usually the heterogametic sex. This rule is
obeyed by a wide range of animal taxa and at least one group of
plants that possess sex chromosomes5. The second rule is named
the large X-effect, and is based on observation that the X (or Z)
chromosome has a disproportionately high impact on hybrid
fitness compared to autosomes. This has been shown, in
Drosophila, to be due to a higher density of male sterility
factors in the X chromosome6,7.

Both ‘rules of speciation’ indicate that sex chromosomes are
important in the formation of intrinsic postzygotic isolation
(IPI)8. However, a variety of sex determination mechanisms exist
in nature, ranging from heteromorphic sex chromosomes, where
one of the chromosomes is largely degenerate, to the absence of
sex chromosomes, where sex is determined by the environment,
and/or by a combination of genic factors that are not on the
same chromosome9. The transition between an absence of sex
chromosomes and heteromorphic sex chromosomes is observed
in taxa bearing ‘young’ sex chromosomes. Young sex
chromosomes are usually homomorphic, where size and gene
content are similar between the two chromosomes. As these
chromosomes ‘age’, recombination decreases and the Y (W)
chromosome starts to degenerate9. Considering the importance of
sex chromosomes in the evolution of IPI, it has been proposed
that speciation and IPI should evolve more slowly in taxa lacking
sex chromosomes10–12, but no empirical evidence exists showing
that the amount of IPI suffered by taxa bearing heteromorphic
sex chromosomes is higher than that suffered by taxa without sex
chromosomes.

I therefore propose the following hypothesis: for a given
amount of genetic divergence, higher sex chromosome hetero-
morphism will be accompanied by an increase in IPI. If taxa are
classified based on their sex determination mechanism (as
heteromorphic, homomorphic and no sex chromosomes), one
would expect crosses between taxa in the heteromorphic sex
chromosome group to display higher levels of IPI compared to
the other two sex determination groups, and the homomorphic
sex chromosome group should be intermediate. The homo-
morphic sex chromosome group spans a wide range of the sex
chromosome evolution spectrum, so that taxa closer to the
heteromorphic end of the spectrum should behave more like
the heteromorphic sex chromosome group, while taxa on
the opposite end of the spectrum should behave more like taxa
without sex chromosomes.

Three theories that explain Haldane’s rule and the large
X-effect can further clarify the pattern proposed in the
hypothesis. First, the dominance theory stems from the idea that
DMIs are on average partially recessive13–15, in a way that the
average effect of an incompatibility when heterozygous is less
than half of the effect of that incompatibility when hemizygous.
Incompatibilities will be partially masked in F1 hybrids, since they
are heterozygous, except when they are X-linked (in taxa with sex
chromosomes), in which case they will be fully expressed in the
hemizygous sex, leading to Haldane’s rule (but not the large
X-effect). The amount of hemizygosity is relative to the amount
of degeneracy between the sex chromosomes, so the dominance
theory alone could lead to the pattern proposed above. Note that
in this case the homogametic sex should suffer much lower levels

of isolation in taxa where both copies of the X chromosome are
active, such as Drosophila. In taxa where X inactivation occurs
(such as in mammals), the strength of isolation may be higher in
the homogametic sex as well, compared to taxa without sex
chromosomes, especially in marsupials where only the paternal X
is silenced16.

Second, the faster X (Z) theory17 predicts that genetic changes
accumulate faster on the X chromosome than on autosomes,
which occurs either because of efficient selection on hemizygous
mutations when they are partially recessive17, or due to
differences in effective population size between the X
chromosome and autosomes18, both of which are dependent on
the amount of degeneracy between the sex chromosomes. This
process could lead to the faster accumulation of hybrid
incompatibilities on the X chromosome the more differentiated
the sex chromosomes are, and both Haldane’s rule and the large
X-effect would be observed. Third, the faster-heterogametic-sex
theory19 explains the appearance of sterility in the heterogametic
sex due to genomic conflicts, such as meiotic drive. If genomic
conflicts affect sex ratio, there will be strong selection for
suppressors to evolve. This evolutionary arms race will be
stronger in the heterogametic sex, causing faster evolution of
gametogenesis genes, and hence hybrid incompatibilities, leading
to both Haldane’s rule and the large X-effect. The rate of this
process is again dependent on the amount of degeneracy between
sex chromosomes. Here I separate the large X-effect from the
effects of dominance, where a large X-effect is caused by a higher
density of incompatibilities accumulating on the X (Z)
chromosome6,7, and not due to the fact that hemizygosity
exposes incompatibilities in this chromosome (dominance
theory). Of course, if the incompatibilities that stem from both
faster X and/or faster-heterogametic-sex (which lead to the large
X-effect) are on average partially recessive, we would observe an
exaggerated pattern due to the combination of the large X-effect
and the dominance theory20.

In this study I show that taxa bearing heteromorphic sex
chromosomes suffer higher levels of IPI than taxa with
homomorphic and without sex chromosome. Taxa with homo-
morphic sex chromosomes display an intermediate pattern
compared to the other sex chromosome groups. The cause of
this is likely a combination of the dominance theory and the large
X-effect, and emphasizes the importance of sex chromosomes for
the evolution of postzygotic reproductive isolation.

Results
Total intrinsic postzygotic isolation. To test the proposed
hypothesis, data on F1 hybrid IPI were surveyed form the lit-
erature, for crosses between taxa with heteromorphic sex chro-
mosomes, homomorphic sex chromosomes and taxa without sex
chromosomes (Table 1 and Supplementary Table 1). Postzygotic
isolation was measured as in Coyne and Orr21, with values that go
from 0 to 1, with a slight modification when sexes were analysed
separately (Methods). I analysed the data in four different ways:
heterogametic and homogametic sexes were analysed separately
for total postzygotic isolation, and for inviability alone, and both
sexes were analysed together for the same two measures of
reproductive isolation.

I first analysed the data separating the heterogametic and
homogametic sexes. To avoid confusion between the words
hetero-/homogametic and hetero-/homomorphic, I refer to the
heterogametic and homogametic sexes as XY and XX, respec-
tively. For this analysis the IPI index was adapted to have three
different values (0, 0.5, 1.0), where a score of 0 indicates that
individuals of that sex are fertile and viable in both directions of
the cross, a score of 0.5 indicates that sex is sterile or inviable in
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one direction of the cross, and a score of 1.0 indicates that sex is
sterile or inviable in both directions of the cross. For the no sex
chromosome group, which does not have XY and XX sexes, the
scores are the same independent of which sex is analysed, since
the cross with a score of 0.5 has unidirectional compatibility (both
males and females are inviable in one direction of the cross, but
viable and fertile in the other).

For the XY sex data set the heteromorphic sex chromosome
group reached higher levels of postzygotic isolation at lower
genetic divergence than the homomorphic sex chromosome
group (t-test, P¼ 0.0042, FDR adjusted P¼ 0.0252, n¼ 19) and
the no sex chromosome group (t-test, P¼ 0.0001, FDR adjusted
P¼ 0.0009, n¼ 17). The homomorphic sex chromosome group
was intermediate and different from the other two groups
(homomorphic versus no sex chromosome groups: t-test,
P¼ 0.0346, but the difference is not significant when multiple
comparisons are accounted for: FDR adjusted P¼ 0.0967, n¼ 16;
Table 2 and Fig. 1a).

When considering only the XX sex, however, the same pattern
is not expected. If we assume incompatibilities appear at the same
rate in both autosomes and sex chromosomes, and they are on
average partially recessive (dominance theory, without any effect
of sex chromosomes), crosses from all three sex chromosome
groups should show similar amounts of postzygotic isolation for a
given amount of genetic divergence since all individuals are
heterozygous throughout their entire genome. Two conditions
would lead to higher levels of isolation in the XX sex of taxa with
sex chromosomes in this case: in a faster X scenario changes
would accumulate faster on the X chromosome versus autosomes,
which could increase the total number of incompatibilities
(including X-X incompatibilities), and in some cases where
dosage compensation inactivates one of the X chromosomes
(as in mammals) making it effectively hemizygous. In this case
however, the effect will not be as strong as in the heterogametic
sex because there will be a mosaic pattern of inactivation of either

of the X chromosomes across cells. In the XX sex data set, the
heteromorphic and homomorphic sex chromosome groups were
not significantly different from each other; nor was the
homomorphic and no sex chromosome groups. The hetero-
morphic sex chromosome group did however experience a higher
level of IPI than the no sex chromosome group (t-test, P¼ 0.0457,
n¼ 17), but this difference was not significant when multiple
comparisons were accounted for (FDR adjusted P¼ 0.1028;
Table 2 and Fig. 1b).

The main hypothesis, however, states that higher sex chromo-
some heteromorphism will be accompanied by an increase in IPI,
and this should hold if the effects on both sexes are combined.
When the sexes are analysed together, the resulting pattern is
somewhat intermediate to the one we see when the sexes are
analysed separately, and all groups are different from each other
(the difference between homomorphic and heteromorphic sex
chromosome groups, however, is marginally insignificant when
FDR adjusted, P¼ 0.0706; Table 2; Fig. 1c).

Haldane’s rule and unidirectional incompatibility. A compar-
ison between the XY and XX sex data sets within each sex
determination group shows that the difference between the two
sexes is higher for the heteromorphic sex chromosome group (the
difference between the intercepts of both sexes is 5.53 for the
logit transformed data, where the XY sex is significantly higher,
t-test, P¼ 0.0331, n¼ 20) than for the homomorphic sex
chromosome group (1.53 intercept difference, and the two
sexes are not significantly different, t-test, P¼ 0.3218, n¼ 18;
Fig. 2); as stated before, there is no difference between the
sexes for the no sex chromosome group. These results show
that Haldane’s rule evolves more readily with higher sex
chromosome heteromorphism, while unidirectional incompat-
ibility becomes more common with lower sex chromosome
differentiation.

Table 1 | Crosses data.

Cross Total IPI Inv. IPI ND SD

Drosophila melanogaster�D. sechellia 1.00 0.50 0.620 Het
Drosophila yakuba�D. santomea 0.50 0.00 0.300 Het
Drosophila p. pseudoobscura�D. p. bogotana 0.25 0.00 0.194 Het
Mus m. musculus�M. m. domesticus 0.50 0.00 0.180 Het
Mus musculus�M. caroli 1.00 0.75 0.300 Het
Anopheles gambiae�A. arabiensis 0.50 0.00 0.150 Het
Papilio eurymedon� P. glaucus 0.25 0.25 0.418 Het
Heliconius himera�H. erato 0.00 0.00 0.280 Het
Yponomeuta cagnagellus�Y. padellus 0.50 0.50 0.099 Het
Anas platyrhynchos�A. fulvigula 0.00 0.00 0.011 Het
Hyla cinerea�H. versicolor 1.00 0.00 0.900 Hom
Rana berlanderi� R. forreri 0.50 0.50 0.380 Hom
Hyla japonica (Tsushima)�H. japonica (Korea) 0.00 0.00 0.060 Hom
Silene latifolia� Silene dioica 0.00 0.00 0.038 Hom
Triturus cristatus� T. marmoratus 0.75 0.25 0.750 Hom
Gasterosteus aculeatus (PA)�G. aculeatus (JA) 0.25 0.00 0.732 Hom
Gasterosteus aculeatus (Limnetic)�G. aculeatus (Benthic) 0.00 0.00 0.018 Hom
Wyeomyia smithii (ON,ME)�W. smithii (FL) 0.00 0.00 0.330 Hom
Aedes triseratus�A. hendersoni 0.25 0.00 0.315 Hom
Tigriopus californicus (SD)� T. californicus (SC) 0.00 0.00 0.699 NS
Tigriopus californicus (PLA)� T. californicus (PMO) 0.50 0.50 1.290 NS
Tigriopus californicus (AB)� T. californicus (PLA) 1.00 0.50 1.600 NS
Oryza sativa (Japonica)�O. sativa (Indica) 0.00 0.00 0.112 NS
Mimulus guttatus�M. nasutus 0.00 0.00 0.200 NS
Dubautia latifolia�D. sheriffiana 0.00 0.00 0.473 NS
Xiphophorus maculatus�X. helleri 0.00 0.00 0.400 NS

Het, heteromorphic sex chromosomes; Hom, homomorphic sex chromosomes; NS, no sex chromosomes. Note—Intrinsic postzygotic isolation index (IPI), postzygotic isolation index considering only
inviability (Inv. IPI), Nei’s D genetic distance (ND) and sex determination mechanism (SD).
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Intrinsic postzygotic isolation due to inviability. Total IPI can
be caused by both sterility and inviability, and there is evidence
that sterility evolves more quickly than inviability22. Also, while

evidence supports the dominance theory as an explanation of
Haldane’s rule for both inviability and sterility, evidence for the
large X-effect is restricted to cases of sterility7,8. I therefore

Table 2 | Results from the linear model with the response variable (total IPI) logit transformed.

Comparison Estimate Std. err. t-stat P-value (22 d.f.) FDR-adjusted P-value

XY sex
(Intercept) �0.567 1.355 �0.419 0.6795 —
ND 10.343 2.228 4.643 0.0001 —
Hom versus Het � 5.783 1.810 � 3.190 0.0042 0.0252
NS versus Het � 10.433 2.140 �4.876 0.0001 0.0009
NS versus Hom �4.650 2.060 � 2.252 0.0346 0.0967

XX sex
(Intercept) � 6.038 1.440 �4.193 0.0004 —
ND 10.129 2.367 4.279 0.0003 —
Hom versus Het � 1.764 1.930 �0.916 0.3698 0.4438
NS versus Het �4.816 2.270 � 2.118 0.0457 0.1028
NS versus Hom � 3.053 2.190 � 1.392 0.1780 0.2465

Both sexes
(Intercept) � 2.936 1.085 � 2.706 0.0129 —
ND 10.647 1.784 5.968 0.0000 —
Hom versus Het � 3.655 1.450 � 2.518 0.0196 0.0706
NS versus Het � 8.272 1.710 �4.827 0.0001 0.0009
NS versus Hom �4.616 1.650 � 2.792 0.0106 0.0477

Het, heteromorphic sex chromosomes; Hom, homomorphic sex chromosomes; ND, Nei’s D genetic distance; NS, no sex chromosomes. Note—The three data sets have the same degrees of freedom. XY
and XX sex comparisons refer to analysis where the sexes are considered separately. The comparison between NS and Hom was attained by re-running the model with Hom as the reference group.
Po0.05 is shown in bold.
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Figure 1 | Strength of total intrinsic postzygotic isolation versus Nei’s D genetic distance. Regression lines were calculated through a logistic

normal model. Logit values were transformed back to the reproductive isolation index values (from 0 to 1) for the purpose of visualization.

Het¼ heteromorphic sex chromosomes (n¼ 10); Hom¼ homomorphic sex chromosomes (n¼9); NS¼ no sex chromosomes (n¼ 7). (a) F1 hybrids of the

XY sex. (b) F1 hybrids of the XX sex. (c) Both sexes analysed together. (a,c) Taxa with heteromorphic sex chromosomes suffer higher levels of intrinsic

postzygotic isolation at lower genetic distances compared to the other two groups (t-test, FDR adjusted P¼0.0252 for Het versus Hom, n¼ 19; FDR

adjusted P¼0.0009 for Het versus NS, n¼ 17). Species without sex chromosomes remain compatible until much higher levels of genetic differentiation

(t-test, Hom versus NS: P¼0.0346; FDR adjusted P¼0.0967, n¼ 16). (b) The heteromorphic sex chromosome group is significantly higher than the no

sex chromosome group (t-test, P¼0.0457, n¼ 17), but the difference is not significant if corrections for multiple comparisons are carried out (FDR

adjusted P¼0.1028), while all other comparisons are not significantly different. All comparisons are post-hoc pairwise t-tests with 22 degrees of freedom.

Colored bands are 95% bootstrap confidence intervals.
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analysed the data considering only viability (Table 1 and
Supplementary Table 1), as we would expect the difference
between the sex chromosome groups to be smaller if the pattern
observed in Fig. 1 is being driven by a combination of the
dominance theory and the large X-effect. Note that since we
cannot observe if inviable individuals are also sterile, the same
analysis cannot be performed for sterility only. When only
viability was considered, in the XY data set, the regression lines
for the homomorphic and no sex chromosome groups were
estimated to be nearly identical, while the difference between the
heteromorphic sex group and the other two groups was larger but
non significant (Table 3; Fig. 3a). In the XX data set there were no
differences between the groups (Fig. 3b), and when both sexes
were analysed together again the pattern was intermediate
compared to when the sexes were analysed separately, and only
the difference between the heteromorphic and no sex
chromosome groups was significant (t-test, P¼ 0.0376, n¼ 17),
but not when multiple comparisons are accounted for (FDR
adjusted P¼ 0.0967; Table 3; Fig. 3c). For the entire data set there
are 20 cases where a sex is sterile, and 15 where a sex is inviable.
The heteromorphic sex chromosome group has 10 sterile and 8
inviable sexes; the homomorphic sex chromosome group has 8
sterile and 3 inviable sexes; and the no sex chromosome group
has 2 sterile and 4 inviable sexes (Supplementary Table 1).

Discussion
In this study I showed that for a given amount of genetic
divergence between two hybridizing species increasing sex
chromosome heteromorphism is accompanied by a dispropor-
tionate increase in IPI (Fig. 1). The effects of the dominance
theory are clearly an important driver of this pattern, although
these results suggest that the large X-effect also contributes to the
observed pattern. Some support for this comes from a trend for

higher levels of IPI suffered by the XX sex of the heteromorphic
sex chromosome group compared to the no sex chromosome
group (although this difference is not significant when multiple
comparisons are accounted for (Table 2)). But more importantly,
the presence of a large X-effect explains why inviability by itself
does not separate the sex chromosome groups (Fig. 3 and
Table 3); this process appears to only lead to incompatibilities
affecting sterility6,7. The present results also show that the
prevalence of Haldane’s rule increases with increasing degeneracy
of sex chromosomes, which means unidirectional incompatibility
should become more common when the converse is true, as
chromosomes between the two sexes are more similar (Fig. 2).

No single process is thought to cause Haldane’s rule by itself23,
and this is also likely to be true for the large X-effect8. While
evidence for the dominance theory is widespread23, cases
supporting a large X-effect are less common at this point, but
evidence exists in Anopheles24, Mus25 and Drosophila7,26. The
best evidence for a large X-effect comes from crosses between
Drosophila mauritiana and D. sechellia7, where a higher density
of incompatibilities causing hybrid male sterility were found to
occur on the X chromosome than on autosomes, and these
incompatibilities were found to be on average recessive. The
mechanisms leading to a large X-effect are still debated, and both
faster X (due to efficient selection of recessive mutations due to
hemizygosity, or because of reduced effective population size of
the hemizygous chromosome) and the faster-heterogametic-sex
(due to genomic conflicts) could lead to a higher density of
incompatibilities in the X chromosome.

Evidence supporting a faster X as the cause of the large X-effect
is contradictory in Drosophila depending on the cross and data
set used, but is stronger in mammals, birds and moths (reviewed
in Presgraves8 and Meisel and Connallon27). On the other hand,
evidence that faster-heterogametic-sex (genomic conflict) can
lead to the large X-effect is still rare, but two cases are known in
Drosophila, where a correlation between genes that are involved
in drive or suppression within species also lead to male hybrid
sterility28,29, suggesting that these processes occur at least in some
cases. Interestingly, the large X-effect only contributes to the
evolution of sterility incompatibilities, which is evident in the
results from Masly and Presgraves7, where the majority of
incompatibilities that are X-linked contribute to sterility and not
inviability. The same appears to be true for the results presented
here, where inviability alone is not enough to explain the
difference in total IPI between the different sex chromosome
groups. Therefore, inviability may evolve at a similar rate in the
different sex chromosome groups, and if they are not often
X-linked their expression will also be more similar across the
different sex chromosome groups. These results also appear to
agree more with predictions from the faster-heterogametic-sex
theory than with the faster X theory, since the former will lead
only to sterility incompatibilities, while the latter, in theory, could
lead to both sterility and inviability. Although given the current
data set, where extremely divergent taxa are analysed together,
this assertion should be taken with caution as different processes
might be contributing to the evolution of DMIs in each group
of taxa.

The present study suggests that Haldane’s rule becomes
prevalent with higher sex chromosome heteromorphism, while
unidirectional incompatibilities are more important in taxa
without sex chromosomes. This is consistent with what was
observed in crosses between Drosophila species, where crosses
between taxa with large X chromosomes obey Haldane’s rule at
lower genetic distances than taxa with small X chromosomes26.
Here this pattern is extended to the entire sex chromosome
evolution spectrum, and it is observed that in taxa without sex
chromosomes males and females are affected by DMI at similar
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Figure 2 | Strength of intrinsic postzygotic isolation versus Nei’s

D genetic distance for XY and XX sexes in heteromorphic and

homomorphic chromosome taxa. Regression lines were calculated through

a logistic normal model. Logit values were transformed back to the

reproductive isolation index values (from 0 to 1) for the purpose of

visualization. (a) Crosses between taxa with heteromorphic sex

chromosomes. The XY sex reaches higher levels of intrinsic postzygotic

isolation at lower genetic distances than the XX sex (difference between

intercepts¼ 5.53; t-test, t(17)¼ 2.32; P¼0.0331, n¼ 20). (b) Crosses

between taxa with homomorphic sex chromosomes. Intrinsic postzygotic

isolation is not significantly different between the two sexes (difference

between intercepts¼ 1.53; t-test, t(15)¼ 1.02; P¼0.3218, n¼ 18). Colored

bands are 95% bootstrap confidence intervals.
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rates. In this case, because incompatibilities are on average
partially recessive, haploid uniparentally inherited factors may
become especially important for the appearance of postzygotic
barriers. If we consider the current results, where the IPI index
depends on hybrids crossing a threshold (where one of the sexes

is completely inviable or sterile) to reach a value of 0.25, there is
no a priori reason to think that either sex would become inviable
faster than the other in taxa without sex chromosomes. Similarly,
hybrid sterility evolves at similar rates in both sexes in some taxa
without sex chromosomes30,31 despite the fact that sterility

Table 3 | Results from the linear model with the response variable (IPI for viability only) logit transformed.

Comparison Estimate Std. err. t-stat P-value (22 d.f.) FDR-adjusted P-value

XY sex
(Intercept) �4.595 1.207 � 3.807 0.0010 —
ND 4.475 1.984 2.255 0.0344 —
Hom versus Het � 3.296 1.610 � 2.041 0.0534 0.1048
NS versus Het � 3.390 1.910 � 1.778 0.0891 0.1458
NS versus Hom �0.094 1.840 �0.051 0.9595 0.9595

XX sex
(Intercept) �6.064 0.973 �6.229 0.0000 —
ND 4.817 1.600 3.010 0.0064 —
Hom versus Het � 1.193 1.300 �0.916 0.3694 0.4438
NS versus Het � 2.155 1.540 � 1.402 0.1750 0.2465
NS versus Hom �0.961 1.480 �0.648 0.5236 0.5891

Both sexes
(Intercept) �4.672 1.007 �4.641 0.0001 —
ND 4.776 1.655 2.886 0.0086 —
Hom versus Het � 2.691 1.350 � 1.998 0.0582 0.1048
NS versus Het � 3.519 1.590 � 2.213 0.0376 0.0967
NS versus Hom �0.827 1.530 �0.540 0.5950 0.6300

Het, heteromorphic sex chromosomes; Hom, homomorphic sex chromosomes; ND, Nei’s D genetic distance; NS, no sex chromosomes. Note—The three data sets have the same degrees of freedom. XY
and XX sex comparisons refer to analysis where the sexes are considered separately. The comparison between NS and Hom was attained by re-running the model with Hom as the reference group.
Po0.05 is shown in bold.
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Figure 3 | Strength of intrinsic postzygotic isolation versus Nei’s D genetic distance considering only viability. Regression lines were calculated through

a logistic normal model. Logit values were transformed back to the reproductive isolation index values (from 0 to 1) for the purpose of visualization.

Het¼ heteromorphic sex chromosomes (n¼ 10); Hom¼ homomorphic sex chromosomes (n¼ 9); NS¼ no sex chromosomes (n¼ 7). (a) F1 hybrids

of the XYsex; (b) F1 hybrids of the XX sex. (c) Both sexes analysed together. None of the comparisons are significantly different, except for the comparison

of Het versus NS in (c), when both sexes are analysed together, where Het reaches higher levels of postzygotic isolation at lower genetic distance than

NS (t-test, P¼0.0376, n¼ 17), although this difference is not significant when multiple comparisons are accounted for (FDR adjusted P¼0.0967).

All pairwise comparisons are post-hoc t-tests with 22 degrees of freedom. Colored bands are 95% bootstrap confidence intervals.
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incompatibilities usually involve different loci for males and
females32. If both sterility and inviability evolve at similar rates in
both sexes, the IPI index will remain at 0, and will go to either 0.5
due to uniparentally inherited factors or 1 due to autosomal
incompatibilities, mostly skipping the IPI index values of 0.25 and
0.75. This is precisely what is seen in Tigriopus californicus, where
crosses between any two populations are fully compatible (IPI
index of 0), unidirectionally compatible (IPI index of 0.5) or fully
incompatible (IPI index of 1), in which case F1 hybrids of both
sexes are sterile in one direction and inviable in the other33,34.
Such a pattern indicates that uniparentally inherited factors
(likely cyto-nuclear incompatibilities in this case35) may be of
special importance for the formation of IPI in taxa without sex
chromosomes.

The different sex determination mechanisms form a con-
tinuum that goes from the complete absence of sex chromosomes
to the presence of highly heteromorphic ones. This continuum is
shown here to correlate with the level of IPI suffered between two
taxa: increasing sex chromosome differentiation increases the
severity of postzygotic isolation. Predictions from the two ‘rules of
speciation’ are consistent with this pattern, and the current results
accentuate the importance of sex chromosomes for the evolution
of IPI, and highlight patterns that may be important in taxa that
lack sex chromosomes.

Methods
Crosses selection. This survey included any crosses for which information was
published for reciprocal crosses, sex determination mechanisms and Nei’s D
genetic distances (Table 1 and Supplementary Table 1). I used the same index of
IPI as in Coyne and Orr21, where a score of 1 is assigned for every sex that is
completely sterile or inviable in both reciprocal crosses. This sum is divided by 4,
giving five possible scores: 0, 0.25, 0.50, 0.75 and 1. A score of 0 therefore indicates
both males and females are viable and fertile in both directions of the cross, while a
score of 1 indicates both males and females are either sterile or inviable. When
analysing the XX and XY sexes separately, the IPI index was adapted to take three
scores (0, 0.5 and 1), where a score of 0 indicates all individuals from this sex are
fertile and viable in both directions of the cross, and a score of 1 indicates that sex
is completely sterile or inviable in both directions of the cross.

To avoid that the pattern in any of the sex chromosome groups was driven by a
single taxon group, from all cases where information was available for more than
three crosses (that is, Drosophila21, Lepidoptera36, frogs37 and T. californicus33),
only three crosses with different IPI indexes were chosen. A large number of
Drosophila crosses meet all the criteria outlined in the previous paragraph;
however, some species of Drosophila have a neo-Y chromosome38; therefore, I only
included crosses for which I could confirm the Y chromosome was degenerate. For
Lepidoptera, only 11 crosses from Presgraves36 met all criteria, 7 of which had an
isolation index of 0. Three crosses with different isolation indexes were randomly
chosen in this case. In frogs, both male and female heterogamety exist, and the
degree of sex chromosome differentiation as well as which sex is XY varies even in
closely related species39. Of the crosses presented in Sasa et al.37, I included three
crosses where information on sex chromosomes exists. Crosses from T. californicus
were randomly chosen for three different isolation index values from Ganz and
Burton33.

Data that meet all the criteria are largely lacking for birds (mostly due to a lack
of Nei’s D genetic distance for cases where reciprocal cross information exists), and
only one cross was included. This is unfortunate since birds, in general, follow
Haldane’s rule, but are known to evolve IPI much slower than other groups of
animals40. The inclusion or omission of this single cross does not change the results
presented here.

In one cross, two types of sex determination mechanisms exist. Xiphophorus
maculatus has a multi-factor sex determination mechanism (X, Y and W sex
chromosomes), with male and female heterogamety, while X. helleri has
polyfactorial sex determination, and neither sex is heterogametic9. The results are
the same independent of assigning this cross to the no sex chromosome group or
the homomorphic sex chromosome group.

Genetic distance. In order to compare the strength of isolation between these
diverse groups of taxa, I only included taxa with published Nei’s D genetic
distance41. This metric was chosen because it has been previously used in studies of
this sort (i.e., refs 21,36,37,42,43) and it maximized the number of crosses in the
analysis. Nei’s D measures the accumulation of codon differences at a locus
between two taxa. Even if the molecular clocks are not the same between all the
taxa analysed here, Nei’s D would still be a good metric as long as it approximates
how divergent the genomes of the two hybridizing taxa are (Nei’s D is usually

calculated based on information on at least 10 loci). If the genomes are not
diverging at the same rate in distantly related taxa, we might expect DMIs to
accumulate at different rates with respect to time as well. Here I am interested in
finding how divergent the genomes are more so than time since divergence. Several
other methods were attempted, such as calculating Ks, or four-fold degenerate
transversions (4DTv) from DNA sequences. However, all of these methods yielded
a very small number of potentially comparable crosses due to the lack of
appropriate DNA sequences for many species, and in none of them was it possible
to include the no sex chromosome group.

Phylogenetic corrections. Due to the small amount of data available, performing
a traditional correction for phylogenetic dependence would render the data set too
small for analysis. Therefore, the data set contains two groups of taxa with non-
phylogenetic independent crosses (Mus, and T. californicus). To ameliorate this
issue in these two groups the following criteria were applied: For Mus, the two
crosses used are of increasing phylogenetic distance, which insures that the two
crosses only shared a small portion of phylogenetic branch. Also, these crosses have
different IPI indexes, meaning that even if a portion of the phylogenetic branch is
not independent (certain incompatibilities may be part of both comparisons), we
know that independent incompatibilities have evolved in each lineage since they
last shared an ancestor leading to the difference in IPI. For T. californicus, the
phylogenetic relationship of some of the populations is still unresolved; however,
since this is the only group of crosses that yields IPI indexes greater than 0 in
the no sex chromosome group, I decided to include three crosses that span the
different IPI index classes observed in this group (0, 0.5, 1.0).

Statistical analysis. All statistical analyses were performed in R 2.15.1 (R Core
Team 2012). Due to the nature of the IPI index, which is bounded by 0 and 1,
analysis using an ordinary linear regression is inappropriate. However, when a logit
transformation is applied to these values, this problem is eliminated. The IPI index
values were logit transformed, and treated as a continuous variable. The logit
function is undefined for values of 0 and 1, therefore I changed boundary values to
0.001 and 0.999 prior to logit transformation. Due to the small sample size in each
sex chromosome group I used a logistic-normal model, which is an ordinary linear
regression that uses the logit transformed IPI index as the response variable. This
test is appropriate for small sample sizes because it uses an F-distribution (and a
t-distribution for the post-hoc pairwise comparisons) with degrees of freedom that
are a function of the sample size. An additive model was used, as there was not
enough power to determine if the slopes were different (in an interactive model).
This method was used in all comparisons presented in this study. In the present
study, I am interested in the difference between the estimated regressions between
each of the sex chromosome groups; therefore, the reported P-values in the results
section refer to the post-hoc t-test for each pairwise comparison. To account
for multiple comparisons a false discovery rate (FDR)44 was used to adjust the
P-values.

Bootstrap confidence intervals. Bootstrap confidence intervals for the predicted
logit curves were obtained for each individual value of genetic distance using 1,000
bootstrap samples of the actual observations. This means that for each single
combination of the predictors ‘genetic distance’ and ‘sex determination group’
we are 95% confident that the true inverse mean logit lies within the displayed
interval for those specific predictor values.

Influential observations. Given the small number of observations in each sex
chromosome group, I used standard diagnostic statistics to identify possible
influential observations in the regression analysis. These were tests of leverage,
Cook’s distance, DFFITS, and DFBETAS, all of which were run in R 2.15.1 (R Core
Team 2012). The output of these tests is displayed in Supplementary Figs 1–4 and
Supplementary Table 2. None of the observations are influential given commonly
used threshold values for these statistics.

References
1. Dobzhansky, T. Studies on hybrid sterility. II. Localization of sterility factors in

Drosophila pseudoobscura hybrids. Genetics 21, 113–135 (1936).
2. Muller, H. J. Isolating mechanisms, evolution, and temperature. Biol. Symp.

6, 71–125 (1942).
3. Coyne, J. A. & Orr, H. A. in Speciat. Its Consequences. (eds Endler, J. A. &

Otte, D.) 180–207 (Sinauer Associates, 1989).
4. Haldane, J. B. Sex ratio and unisexual sterility in hybrid animals. J. Genet. 12,

101–109 (1922).
5. Schilthuizen, M., Giesbers, M. & Beukeboom, L. W. Haldane’s rule in the 21st

century. Heredity 107, 95–102 (2011).
6. Tao, Y., Chen, S., Hartl, D. L. & Laurie, C. C. Genetic dissection of hybrid

incompatibilities between Drosophila simulans and D. mauritiana. I.
Differential accumulation of hybrid male sterility effects on the X and
autosomes. Genetics 164, 1383–1397 (2003).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5743 ARTICLE

NATURE COMMUNICATIONS | 5:4743 | DOI: 10.1038/ncomms5743 | www.nature.com/naturecommunications 7

& 2014 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


7. Masly, J. P. & Presgraves, D. C. High-resolution genome-wide dissection of the
two rules of speciation in Drosophila. PLoS Biol. 5, e243 (2007).

8. Presgraves, D. C. Sex chromosomes and speciation in Drosophila. Trends Genet.
24, 336–343 (2008).

9. Bull, J. J. Evolution of Sex Determining Mechanisms (The Benjamin/Cummings
Publishing Company, 1983).

10. Rieseberg, L. H. Chromosomal rearrangements and speciation. Trends Ecol.
Evol. 16, 351–358 (2001).

11. Levin, D. A. The long wait for hybrid sterility in flowering plants. New Phytol.
196, 666–670 (2012).

12. Phillips, B. C. & Edmands, S. Does the speciation clock tick more slowly in the
absence of heteromorphic sex chromosomes? Bioessays 34, 166–169 (2012).

13. Orr, H. A. A mathematical model of Haldane’s rule. Evolution 47, 1606–1611
(1993).

14. Turelli, M. & Orr, H. A. The dominance theory of Haldane’s Rule. Genetics 140,
389–402 (1995).

15. Turelli, M. & Orr, H. A. Dominance, epistasis and the genetics of postzygotic
isolation. Genetics 154, 1663–1679 (2000).

16. Watson, E. T. & Demuth, J. P. Haldane’s rule in marsupials: what happens
when both sexes are functionally hemizygous? J. Hered. 103, 453–458 (2012).

17. Charlesworth, B., Coyne, J. A. & Barton, N. H. The relative rates of evolution of
sex chromosomes and autosomes. Am. Nat. 130, 113–146 (1987).

18. Mank, J. E., Vicoso, B., Berlin, S. & Charlesworth, B. Effective population size
and the faster-X effect: empirical results and their interpretation. Evolution 64,
663–674 (2009).

19. Tao, Y. & Hartl, D. L. Genetic dissection of hybrid incompatibilities between
Drosophila simulans and D. mauritiana. III. Heterogeneous accumulation of
hybrid incompatibilities, degree of dominance, and implications for Haldane’s
rule. Evolution 57, 2580–2598 (2003).

20. Orr, H. A. Haldane’s rule. Annu. Rev. Ecol. Syst. 28, 195–218 (1997).
21. Coyne, J. A. & Orr, H. A. Patterns of speciation in Drosophila. Evolution 43,

362–381 (1989).
22. Orr, H. A., Masly, J. P. & Presgraves, D. C. Speciation genes. Curr. Opin. Genet.

Dev. 14, 675–679 (2004).
23. Coyne, J. A. & Orr, H. A. Speciation (Sinauer Associates, 2004).
24. Slotman, M., della Torre, A. & Powell, J. R. The genetics of inviability and male

sterility in hybrids between Anopheles gambiae and An. arabiensis. Genetics
167, 275–287 (2004).

25. Good, J. M., Dean, M. D. & Nachman, M. W. A complex genetic basis to
X-linked hybrid male sterility between two species of house mice. Genetics
179, 2213–2228 (2008).

26. Turelli, M. & Begun, D. J. Haldane’s Rule and X-chromosome size in
Drosophila. Genetics 147, 1799–1815 (1997).

27. Meisel, R. P. & Connallon, T. The faster-X effect: integrating theory and data.
Trends Genet. 29, 537–544 (2013).

28. Orr, H. A. & Irving, S. Segregation distortion in hybrids between the Bogota
and USA subspecies of Drosophila pseudoobscura. Genetics 169, 671–682
(2005).

29. Tao, Y., Hartl, D. L. & Laurie, C. C. Sex-ratio segregation distortion associated
with reproductive isolation in Drosophila. Proc. Natl Acad. Sci. USA 98,
13183–13188 (2001).

30. Moyle, L. C. & Graham, E. B. Genetics of hybrid incompatibility between
Lycopersicon esculentum and L. hirsutum. Genetics 169, 355–373 (2005).

31. Willett, C. S. No evidence for faster male hybrid sterility in population crosses
of an intertidal copepod (Tigriopus californicus). Genetica 133, 129–136 (2008).

32. Orr, H. A. Haldane’s rule has multiple genetic causes. Nature 361, 532–533
(1993).

33. Ganz, H. H. & Burton, R. S. Genetic differentiation and reproductive
incompatibility among Baja California populations of the copepod Tigriopus
californicus. Mar. Biol. 123, 821–827 (1995).

34. Peterson, D. L. et al. Reproductive and phylogenetic divergence of tidepool
copepod populations across a narrow geographical boundary in Baja California.
J. Biogeogr. 40, 1664–1675 (2013).

35. Ellison, C. K. & Burton, R. S. Interpopulation hybrid breakdown maps to the
mitochondrial genome. Evolution 62, 631–638 (2008).

36. Presgraves, D. C. Patterns of postzygotic isolation in Lepidoptera. Evolution 56,
1168–1183 (2002).

37. Sasa, M. M., Chippindale, P. T. & Johnson, N. A. Patterns of postzygotic
isolation in frogs. Evolution 52, 1811–1820 (1998).

38. Bachtrog, D. Y-chromosome evolution: emerging insights into processes of
Y-chromosome degeneration. Nat. Rev. Genet. 14, 113–124 (2013).

39. Hillis, D. M. & Green, D. M. Evolutionary changes of heterogametic sex in the
phylogenetic history of amphibians. J. Evol. Biol. 3, 49–64 (1990).

40. Price, T. D. & Bouvier, M. M. The evolution of F1 postzygotic incompatibilities
in birds. Evolution 56, 2083–2089 (2002).

41. Nei, M. Genetic distance between populations. Am. Nat. 106, 283–292 (1972).
42. Coyne, J. A. & Orr, H. A. ‘Patterns of Speciation in Drosophila’ revisited.

Evolution 51, 295–303 (1997).
43. Yukilevich, R. Tropics accelerate the evolution of hybrid male sterility in

Drosophila. Evolution 67, 1805–1814 (2013).
44. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: a practical

and powerful approach to multiple testing. J. R. Stat. Soc. 57, 289–300 (1995).

Acknowledgements
I would like to thank C. Willett, M. Servedio, M. Noor, C. Jones, T. Vision and D. Hall for
their helpful discussions on this project; C. Willett, M. Servedio, M. Noor and R.
Aldredge for comments on the manuscript; and J. Weiss and J. Umbanhowar for
statistical assistance. T.G.L. was supported by funding from NSF grant IOS-1155325
to C. Willett.

Author contributions
T.G.L. designed the study, collected and analysed the data, and wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Lima, T. G. Higher levels of sex chromosome
heteromorphism are associated with markedly stronger reproductive isolation.
Nat. Commun. 5:4743 doi: 10.1038/ncomms5743 (2014).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5743

8 NATURE COMMUNICATIONS | 5:4743 | DOI: 10.1038/ncomms5743 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://www.nature.com/naturecommunications

	Higher levels of sex chromosome heteromorphism are associated with markedly stronger reproductive isolation
	Introduction
	Results
	Total intrinsic postzygotic isolation
	Haldane’s rule and unidirectional incompatibility
	Intrinsic postzygotic isolation due to inviability

	Discussion
	Methods
	Crosses selection
	Genetic distance
	Phylogenetic corrections
	Statistical analysis
	Bootstrap confidence intervals
	Influential observations

	Additional information
	Acknowledgements
	References




