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Polymorphic Y Chromosomes Harbor
Cryptic Variation with Manifold
Functional Consequences
Bernardo Lemos,* Luciana O. Araripe, Daniel L. Hartl

The paucity of polymorphisms in single-copy genes on the Y chromosome of Drosophila contrasts with
data indicating that this chromosome has polymorphic phenotypic effects on sex ratio, temperature
sensitivity, behavior, and fitness. We show that the Y chromosome of D. melanogaster harbors substantial
genetic diversity in the form of polymorphisms for genetic elements that differentially affect the
expression of hundreds of X-linked and autosomal genes. The affected genes are more highly expressed in
males, more meagerly expressed in females, and more highly divergent between species. Functionally,
they affect microtubule stability, lipid and mitochondrial metabolism, and the thermal sensitivity of
spermatogenesis. Our findings provide amechanism for adaptive phenotypic variation associated with the
Y chromosome.

Ychromosomes experience strong selec-
tive pressures for increased male fit-
ness due to sexual selection, and they

accumulate deleterious mutations owing to the
lack of recombination (1, 2). In most species
of Drosophila, the Y chromosome has few
protein-coding loci but shows a high density
of transposable elements and other repetitive
sequences (3, 4). Only about 10 to 20 single-
copy protein-coding loci are known to reside
in the D. melanogaster Y chromosome, all of
which are also exceptional in their megabase-
sized introns embedded within heterochro-
matin of largely unknown sequence (3, 5).
This gene content represents less than 0.2% of
the Drosophila genome [~13,000 coding genes
(6)]. The small number of genes is particularly
noteworthy in that the Y chromosome com-
prises some 40 Mb of DNA, or 23% of the
haploid genome. The Y chromosome is about
the same size as the X chromosome, whereas
the latter contains >2500 genes. Extremely low
levels of DNA sequence polymorphism are
observed for single-copy Y-linked genes (7),
and population genetics theory implies that the
Y chromosome can maintain stable polymor-
phisms only under restrictive conditions (1, 2, 8).
These observations stand in contrast to manifold
phenotypic consequences of Y-linked polymor-
phisms, including effects on sex ratio (9, 10), heat
adaptation (11), behavior (12, 13), and male fit-
ness (14).

To address this apparent contradiction, we
examined genome-wide variation in gene ex-
pression among lines of D. melanogaster dif-
fering only in the origin of the Y chromosome
(15) (figs. S1 to S3). Extraneous sources of
variation were minimized by use of a common
isogenic genetic background of X chromo-

some, autosomes, mitochondrial DNA, and
cytoplasm, as well as by careful control of
environmental variables including tempera-
ture, humidity, and light. The five Y chromo-
somes tested include isolates from diverse
geographical origins representing both temper-
ate and tropical climates. The Y chromosomes
were originally derived from flies collected in
Massachusetts (Ymass) and Ohio (Ycs) in the
United States as well as the Democratic Re-
public of Congo (Ycongo) and Zimbabwe (Yz53)
in Africa. The effects of these chromosomes
were compared among themselves as well as
with those of the Y chromosome (Y4361) in
a genetically marked laboratory strain into
which the diverse Y chromosomes had been
introduced.

A substantial number of genes were differ-
entially expressed between the original Y4361
genotype and the Y-chromosome substitution
lines [123 to 1010 genes; Bayesian posterior
probability > 0.999 to 0.995; false discovery
rate (FDR) < 1 to 15%; Fig. 1A]. This result
contrasts with control comparisons between
females of the Y-chromosome substitution
lines, which showed no differential expression
(15). Approximately 14%, 37%, 47%, and <1%
of the Y-linked regulatory variation can be
assigned to genes in the X, second, third, and
fourth chromosomes, respectively. Moreover,
four Y-linked genes [Su(Ste), Kl-5, Ccy, and
Occludin-related Y ] themselves showed evi-
dence for differential expression across the
Y-chromosome substitution lines (Fig. 1, B to
E), a significant enrichment over random ex-
pectations (P < 0.05; Fisher’s exact test). These
results indicate that polymorphic variation in
the Y chromosome has manifold consequences
in the regulation of genes located on the X
chromosome and autosomes. Furthermore,
the genes affected by Y-linked regulatory ele-
ments showed significant patterns in regard to
their sex bias in expression, levels of poly-
morphism and divergence, and association with
temperature.

Polymorphic regulatory variation due to
the Y chromosome might be expected to af-
fect traits expressed in males. In agreement
with this prediction, we found that Y-linked
variation is enriched for genes that are more
highly expressed in males (P < 0.0001, Kruskal-
Wallis, and other similar tests below; Fig. 2A).
Conversely, genes affected by Y-linked regu-
latory variation are expressed at significantly
lower abundances in females (P < 0.0001;
Fig. 2B). Such a pattern might be expected
of sexually antagonistic variation that is ben-
eficial in one sex while detrimental in the
other (16), and the pattern suggests a role for
Y-linked polymorphisms in mediating the ex-
pression of these genes. Moreover, Y-linked
regulatory polymorphisms may help to ex-
plain some of the diversity in gene expression
patterns observed within and between species
of Drosophila (17, 18). We found that genes
whose expression is affected by the Y chro-
mosome show significantly greater divergence
in gene expression between D. melanogaster
and D. simulans (P < 0.0001; Fig. 2C), as
well as higher levels of gene expression poly-
morphism relative to other genes (P < 0.0001;
Fig. 2D). These patterns indicate that Y-linked
regulation of gene expression may result in
dynamic evolutionary histories within and be-
tween species of fruit flies.

Evidence for adaptive polymorphism in
the Y chromosome comes from its contribu-
tion to variation in the sensitivity of Drosophila
spermatogenesis with respect to temperature
(11, 19). Thermal heat sterility thresholds dif-
fer across species, from 23°C in heat-sensitive
species up to 31°C in heat-tolerant species. In
D. melanogaster, genetic variation in thermal
tolerance is observed among geographical pop-
ulations. Flies from tropical populations are
more tolerant to heat-induced sterility and
recover fertility more rapidly than those from
temperate populations. Genetic analysis re-
veals that the Y chromosome alone accounts
for about 50% of the difference in heat sen-
sitivity observed between natural populations
of D. melanogaster (11, 19). We hypothesize that
variation in thermal sensitivity may be, at least
in part, due to regulatory variation exerted by
the Y chromosome. Indeed, we found that
genes affected by Y-linked regulatory varia-
tion are more responsive to heat shock than
are other genes (P < 0.0001; Fig. 3A). To in-
vestigate this connection in greater detail, we
reared flies containing a Y chromosome from
a temperate climate (Ymass) with those con-
taining a Y chromosome from a tropical cli-
mate (Ycongo) at two temperatures (16°C and
25°C) and assayed their levels of gene ex-
pression at both temperatures (fig. S4). We
found 14 genes to be up-regulated and 16
genes down-regulated in Ymass relative to
Ycongo at both temperatures, whereas fewer
than one such gene is expected by chance
alone. The genes identified to be up-regulated
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in Ymass include SOX100B, a gene known
to be associated with male gonadal develop-
ment (20), and OS-C, a gene presumably in-
volved in olfactory coding (21). The genes
identified to be down-regulated in Ymass in-
clude CG7311 and CG9389, both of whose
products are targeted to the mitochondria and
are implicated in the metabolism of lipids.
These findings point to consistent differences
in gene expression among the isogenic lines
that correlate with the Y chromosome inde-
pendent of temperature.

We also investigated whether Y chromo-
somes may harbor variation that is apparent
at only one temperature. This hypothesis pre-
dicts that the Ycongo line (with the tropical Y
chromosome) would show, at 16°C, a more
disrupted pattern of gene expression than the
Ymass line (with the temperate Y chromo-
some). The opposite pattern would be ex-
pected at 25°C. We found that the Ycongo
line showed about twice as many genes up-
regulated at 16°C relative to Ymass, whereas
the Ymass line showed about twice as many
genes up-regulated at 25°C relative to Ycongo
(P < 10−7, Fisher’s exact test; Fig. 3B). These
findings point to temperature-dependent dif-
ferences between Y-chromosome substitution
lines, including cases in which the sign of the
difference between strains was reversed at the
two temperatures (Fig. 3, C and D). Taken
together, these results suggest that genes re-
sponding to Y-linked variation are functional-
ly coherent in showing association with male
functions including spermatogenesis and tem-
perature adaptation. These processes have
also been linked to lipid metabolism in Dro-
sophila, and indeed we found Y-linked varia-
tion for genes associated with lipid and fatty
acid metabolism as well as with the mitochon-
dria and the cytoskeleton (tables S1 and S2).
Our findings indicate that Y-linked regulatory
variation is expressed through dynamic inter-
actions with temperature, and they provide a
mechanism for understanding the effects of the
Y chromosome on the heat sensitivity of
spermatogenesis as well as other evolutionary
and ecologically relevant phenotypes.

Y chromosomes are known to harbor struc-
tural polymorphism in heterochromatic se-
quences and copy-number polymorphisms in
repetitive sequences both in humans and flies
(22–24), and they can influence transcription
epigenetically, as revealed by their ability to mod-
ify position-effect variegation in flies (25–27).
We therefore suggest that structural polymor-
phisms in the Y chromosome may result in a
variety of epigenetic effects, including the dif-
ferential regulation of autosomal or X-linked
transposable elements through such mecha-
nisms as the homology-dependent RNA inter-
ference pathways (28). In agreement with this
prediction, we found that Y-linked polymor-
phisms result in differential expression of 13
out of 53 families of transposable elements

Fig. 2. Genes showing
Y-linked regulatory var-
iation are expressed at
higher abundances in
males (A) and lower
abundances in females
(B); they show higher
levels of divergence be-
tween D. melanogaster
and D. simulans (C) and
higher levels of poly-
morphism within D.
melanogaster (D). Error
bars denote two SEs
around the mean. Back-
ground refers to the
subset of genes not dif-
ferentially expressed
across Y-chromosome
substitution lines.
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Fig. 1. (A) Number of genes differentially expressed among Y-chromosome substitution lines (black bars) as
a function of the Bayesian posterior probability of differential expression. Gray bars indicate the estimated
number of genes expected by chance. (B to E) Four Y-linked genes [Su(Ste), Kl-5, Ccy, and Occludin-related Y
(Ory)] with significant expression variation among Y-chromosome substitution lines. Estimated relative
differences in expression are shown. Black bars denote 95% credible interval for estimated relative difference.
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represented in our data, a highly significant en-
richment over random expectations (P = 0.0003;
Fig. 4, A to D).

Our data reveal substantial levels of Y-
chromosome polymorphism with consequences
for gene regulation. This diversity is manifested
functionally as significant differences in the ex-

pression of autosomal and X-linked genes from
one Y chromosome to the next. Polymorphic
Y-linked regulatory variation appears to be
manifold, evolutionarily dynamic, preferential
for male-biased genes, and influenced by
temperature. One model for the mechanism of
these effects is that polymorphisms in the con-

tent or lengths of heterochromatic blocks har-
boring transposable elements and other repetitive
sequences might alter the availability of lim-
iting transcription factors or chromatin regu-
lators throughout the genome (29). Our results
also raise the question of how widespread Y-
linked regulatory variation may be in other
organisms with similarly heterochromatin-rich
Y chromosomes, including humans and other
mammals.
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Fig. 4. Four transposable elements [(A) F-element; (B) mdg1; (C) flea; (D) juan] with significant
expression variation across Y-chromosome substitution lines. Estimated relative differences in ex-
pression are shown. Black bars denote 95% credible interval for estimated relative difference.
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