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Introduction

(Charlesworth B and Charlesworth D 2000; Bachtrog 2013).
This leads in turn to an imbalance in sex-linked gene dose,
with the dose halved in the heterogametic sex compared with
the ancestral situation still present in the homogametic sex,
with potentially harmful effects.
Sex-linked dosage compensation is a well-known phenomenon that occurs in many male heterogametic systems
through a variety of molecular mechanisms (Disteche 2012;
Mank 2013). In eutherian mammals, female X chromosome
inactivation balances the number of active X chromosomes
between females and males (Lyon 1974), but does not in itself
restore ancestral expression levels of sex-linked genes. If anything, it increases the problem by halving the effective gene
dose in both sexes, relative to that of autosomes; recall that
most protein–protein interactions including sex-linked genes
are likely to involve autosomal interaction partners. It has
subsequently been suggested that the expression of autosomal and sex-linked genes is equalized in humans and other
mammals by upregulation of gene expression in the single
active X chromosome of both sexes (Nguyen and Disteche
2006; Deng et al. 2011; Kharchenko et al. 2011; Yildirim et al.
2012), although there are opposing views on such a potential
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One important scenario for adaptive regulation of gene expression is when there are changes or differences in gene dose
(Veitia et al. 2008, 2013). Maintaining ancestral protein levels
to sustain stoichiometric relationships in networks and pathways might in such cases be critical for proper function of
protein–protein interactions (Zhang et al. 2010). A classical
question in genetics to which this applies is the potential need
for sex-linked dosage compensation upon sex chromosome
evolution and the concomitant degeneration of nonrecombining genes (Ohno 1967; Disteche 2012). A common model
of sex chromosome evolution posits that selection for linkage
disequilibrium between a sex-determining locus and sexually
antagonistic genes on the same chromosome promotes cessation of recombination in intervening regions, for example,
by fixation of inversion mutations (Charlesworth et al. 2005;
Ellegren 2011b). The nonrecombining chromosome—the Y
chromosome for male heterogamety or the W chromosome
for female heterogamety—will then inevitably suffer from a
number of degenerative forces associated with lack of recombination. As a consequence, it is likely to degenerate and
eventually lose a large fraction of its original gene content
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There is increasing evidence that dosage compensation is not a ubiquitous feature following sex chromosome evolution,
especially not in organisms where females are the heterogametic sex, like in birds. Even when it occurs, compensation can
be incomplete and limited to dosage-sensitive genes. However, previous work has mainly studied transcriptional regulation of sex-linked genes, which may not reflect expression at the protein level. Here, we used liquid chromatography–
tandem mass spectrometry to detect and quantify expressed levels of more than 2,400 proteins in ten different tissues of
male and female chicken embryos. For comparison, transcriptome sequencing was performed in the same individuals,
five of each sex. The proteomic analysis revealed that dosage compensation was incomplete, with a mean male-to-female
(M:F) expression ratio of Z-linked genes of 1.32 across tissues, similar to that at the RNA level (1.29). The mean Z
chromosome-to-autosome expression ratio was close to 1 in males and lower than 1 in females, consistent with partly
reduced Z chromosome expression in females. Although our results exclude a general mechanism for chromosome-wide
dosage compensation at translation, 30% of all proteins encoded from Z-linked genes showed a significant change in the
M:F ratio compared with the corresponding ratio at the RNA level. This resulted in a pattern where some genes showed
balanced expression between sexes and some close to 2-fold higher expression in males. This suggests that proteomic
analyses will be necessary to reveal a more complete picture of gene regulation and sex chromosome evolution.
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there is so far only a single report using large-scale proteomic
data for addressing dosage compensation, in humans (Chen
and Zhang 2015). However, provided a well-annotated transcriptome or proteome is available, it should in principle have
wide applicability.
Here we use LC-MS/MS to measure protein abundance in
multiple tissues of male and female chicken, and perform deep
transcriptome sequencing in the same individuals, with the
aim of studying the relationship between sex-linked gene dose
and gene expression at the functionally relevant protein level.
The main conclusion of this work is that avian dosage compensation is generally incomplete also at the protein level,
although for individual genes the relative levels of male and
female expression differ between RNA and protein.

Results
We collected samples from ten different tissues (brain, bursa,
heart, kidney, liver, lung, muscle, ovary, spleen, and testis) of
five female and five male chicken, and analyzed all 90 samples
with RNA-seq and tandem mass spectrometry for transcriptomic and proteomic quantification, respectively. Based on
Ensembl annotations, the transcriptome analysis detected
and quantified RNA expression from a total of 14,575 genes
in at least one tissue (11,380–12,787 per tissue). The proteome analysis, based on Uniprot annotations, identified and
quantified 2,420 unique proteins (764–1,291 per tissue) by
the iBAQ label-free approach. In total, 2,388 genes were
common to the RNA and protein sets, of which 108 were
located on the chicken Z chromosome (18–51 per tissue).
RNA and protein expression data from these genes constitute
the primary data set for analysis of regulation of Z-linked
genes at the transcription and translation levels, respectively.
RNA-seq corroborated previous work in chicken, demonstrating largely male-biased expression and thus incomplete
dosage compensation of Z-linked genes (median male-tofemale [M:F] ratio per tissue ranging from 1.17 to 1.44, with
a mean of 1.29; table 1 and supplementary fig. S1,
Supplementary Material online). Proteomic data revealed a
similar pattern, with a median M:F ratio per tissue of 1.19–
1.49 (mean 1.32; table 1 and supplementary fig. S1,
Supplementary Material online). The ratios were not significantly different between RNA and protein levels, neither in
tests within each tissue nor in a paired test of the mean values
of each tissue (V = 12.5, P = 0.48, Wilcoxon signed rank test).
As a comparison, the median M:F ratio of autosomal genes
was 0.98 and 1.00 for RNA and proteins, respectively. Overall,
this directly indicates that full dosage compensation of avian
sex-linked genes was not achieved by compensatory regulation at translation. Moreover, we found that levels of RNA
and protein expression from Z-linked genes were well correlated (fig. 1), both in males (Spearman’s r = 0.272–0.713 for
the different tissues, P < 0.05 in all but one tissue) and in
females (r = 0.303–0.705, P < 0.05 in all but one tissue) (supplementary table S1, Supplementary Material online).
The M:F ratio of expression levels for Z-linked genes
showed considerable variation at both RNA and protein
levels (fig. 2). Ratios at the RNA level were approximately
normally distributed. This included some genes with equal
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mechanism (Xiong et al. 2010; Lin et al. 2012; Chen and Zhang
2015) with an on-going debate related to way of data analysis
(Deng et al. 2011). Nevertheless, depending on their dosagesensitivity, genes may very well vary as to whether they are
compensated or not, and to what extent (Julien et al. 2012;
Pessia et al. 2012).
Dosage compensation was previously considered ubiquitous and the default expectation in organisms with differentiated sex chromosomes (Ohno 1967; Mank 2013; Gartler
2014). However, this view had to be revised when the first
large-scale transcriptome studies in a female heterogametic
system (males ZZ, females ZW) revealed that chromosomewide dosage compensation of chicken sex chromosomes was
absent or, better phrased, incomplete (Ellegren et al 2007; Itoh
et al 2007). This was later confirmed for other bird species
(Itoh et al. 2010; Naurin et al. 2011; Wolf and Bryk 2011;
Adolfsson and Ellegren 2013; Uebbing et al. 2013) as well as
for other organisms with female heterogamety including butterflies and other insects, trematods, and snakes (Vicoso and
Bachtrog 2011; Harrison et al. 2012; Vicoso et al. 2013; but see
Smith et al. 2014). In birds, mRNA levels of expressed Z-linked
genes are on average &1.5 times higher in males than in
females, with considerable variation among genes (Mank
and Ellegren 2009). This variation could be taken to suggest
that compensatory regulation has evolved on a gene-by-gene
basis according to the dosage-sensitivity of individual genes
(Mank and Ellegren 2009; Naurin et al. 2010; Julien et al. 2012).
As for most other genome-wide aspects of gene regulation,
sex-linked dosage compensation has up until now only been
studied on a large scale by examining the output of gene
expression at the RNA level, not at the functionally more
relevant protein level. In general, whether it is appropriate
to use mRNA concentrations as proxies for the abundance
of the corresponding proteins has been an open question
(Abreu et al. 2009; Vogel and Marcotte 2012). Emerging evidence now suggests that this is not necessarily the case (de
Sousa Abreu et al. 2009; Ghazalpour et al. 2011; Juschke et al.
2013). Regarding dosage compensation it cannot be excluded
that regulation of sex-linked gene expression occurs after
mRNA synthesis, resulting in balanced expression at the protein level between sex-linked and autosomal genes, and between sex-linked genes in males and females. This may
include regulation in connection with processing and degradation of mRNA, at translation and/or through posttranslational degradation; we will for simplicity collectively refer to
these posttranscriptional stages as “translation.”
Testing the possibility of dosage compensation at the
translation stage has been hindered by a lack of quantitative,
high-throughput proteomic methods for measuring the
abundance of large sets of proteins from biological samples.
This is bound to change by the introduction and development of quantitative mass spectrometry methodologies, such
as liquid chromatography–tandem mass spectrometry (LCMS/MS) (Vogel and Marcotte 2008), which can simultaneously quantify thousands of annotated proteins (Lu et al.
2007; Wilhelm et al. 2014). Such data are still limited to a
handful of model species (Laurent et al. 2010; Ghazalpour
et al. 2011; Johansson et al. 2013; Wilhelm et al. 2014) and
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expression levels in the two sexes, as expected at fully compensated gene dose, whereas others approached 2-fold higher
expression in males than in females, corresponding to the
difference in gene dose. Despite a similar mean value, the
distribution of M:F ratios at the protein level was more heterogeneous (fig. 2 and supplementary fig. S2, Supplementary
Material online).
We next compared expression levels of Z-linked and autosomal genes. In contrast to the analyses of M:F ratios, which
always implied comparing expression of the same set of genes
between two groups (males and females), by necessity this
Table 1. Median M:F Expression Ratios of Z-Linked Genes and
Autosomal Genes per Tissue.
Tissue
RNA
1.35
1.22
1.44
1.27
1.28
1.17
1.26
1.34
1.29

Protein
1.24
1.21
1.49
1.44
1.30
1.28
1.40
1.19
1.32

Autosomal
n
20
19
16
26
26
16
13
18

RNA
0.98
0.98
1.01
0.97
0.99
0.97
0.98
1.00
0.98

Protein
1.01
0.99
0.93
1.01
0.98
1.03
1.01
1.00
1.00

n
645
576
471
654
508
528
382
570

FIG. 1. Correlation between protein and mRNA expression for Z-linked genes in females (red) and males (blue).
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Brain
Bursa
Heart
Kidney
Liver
Lung
Muscle
Spleen
Mean

Z-Linked

implied comparing expression in completely different sets of
genes between two groups (Z chromosome and autosomes).
Coupled with the much smaller sample size of Z-linked than
autosomal genes, this meant that estimates of the Z-to-A
(Z:A) ratio were associated with large variances (supplementary fig. S3, Supplementary Material online) and should be
treated with some caution. However, the prediction under
incomplete dosage compensation is that the Z:A ratio in
males should be higher than that in females. Moreover, although in males the Z:A ratio should be close to 1, in females
it should be lower than 1.
At the RNA level, the Z:A ratio in males (ZZ:AA; mean for
nine tissues = 0.836  0.192 SD) was higher than that in females (Z:AA; 0.682  0.146). There was considerable variation
in median Z:A ratios among tissues (table 2 and supplementary fig. S3, Supplementary Material online), a likely consequence of the high variances, but the trend of a higher ratio in
males than in females per tissue was seen more often than
expected by chance (in eight of eight tissues; sign test,
P = 0.004, one-tailed). The same overall pattern was seen at
the protein level, with mean ratios of 1.047  0.624 in males
and 0.837  0.448 in females (P = 0.004), again with significant
variation among tissues. These findings corroborate the
notion that translation generally does not seem to act as
an alternative means for dosage compensation of sex-linked
genes. As a consequence, sex-linked expression was on
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Table 2. The Ratio between Mean Expression Level of Z-Linked and
Autosomal Genes in Females (Z:AA) and Males (ZZ:AA).
Tissue

Female (Z:AA)

RNA
Brain
0.60
Bursa
0.52
Heart
0.66
Kidney
0.74
Liver
1.01
Lung
0.60
Muscle
0.75
Spleen
0.58
Ovary
0.67
Testis
Mean 0.68 (0.62)

Protein
0.58
0.48
0.68
0.83
1.61
0.52
1.56
0.44
0.83

Male (ZZ:AA)
RNA
0.76
0.62
0.88
0.91
1.23
0.69
0.85
0.68

Protein
0.75
0.61
0.79
1.13
1.94
0.69
2.15
0.56

0.91
0.80
0.84 (0.62) 0.84 (0.78) 1.05 (0.76)

nZ

nA

45
43
31
51
40
39
18
40
49
50

1,217
1,101
974
1,108
849
974
716
1,078
1,205
1,178

NOTE.—Mean values in parentheses are with liver and muscle excluded.

average lower than the expression of autosomal genes in females, but not in males.
Although the results presented above do not support a
general mechanism for chromosome-wide complete dosage
compensation at the translation level, we asked whether
there are individual genes for which translational regulation
significantly alters the sex-differences in expression seen at the
RNA level. Specifically, we screened for Z-linked genes where
j (log2 M:FRNA)  (log2 M:Fprotein) j 4 0.5; the screening was
thus not set to enrich for genes that reached a certain M:F
ratio at the protein level, but simply queried for a pronounced
change in M:F ratio between RNA and protein levels (fig. 3
4

and supplementary fig. S5, Supplementary Material online).
Five genes had (log2 M:FRNA)  (log2 M:Fprotein) 4 0.5 in at
least one tissue and generally showed close to balanced sexspecific levels of protein expression (supplementary table S2,
Supplementary Material online). Another 14 genes had (log2
M:FRNA)  (log2 M:Fprotein) < 0.5 (supplementary table S2,
Supplementary Material online). In contrast to the former
category of genes, this group had close to 2-fold higher protein expression in males than in females. Thus, in total, 19 of
63 (30%) genes showed a pronounced change in the M:F ratio
between the RNA and protein levels. These genes were evenly
distributed along the Z chromosome and showed no evidence of clustering (fig. 4).
It was clear that these changes were consistent among
tissues for the same genes (fig. 3 and supplementary fig. S5,
Supplementary Material online), with one gene, RPS6, showing (log2 M:FRNA)  (log2 M:Fprotein) 4 0.5 in seven of eight
tissues in which it was expressed, in all cases resulting in
almost balanced expression between sexes. Intriguingly, 8 of
the 14 genes that had (log2 M:FRNA)  (log2
M:Fprotein) < 0.5 showed translation regulation in liver
(five with liver-specific expression), compared with 0–3
genes with translation regulation in the other tissues.
We asked whether additional regulation at translation level
was more prevalent for Z-linked genes than for autosomal
genes. Indeed, the proportion of genes with j (log2
M:FRNA)  (log2 M:Fprotein) j 4 0.5 was significantly higher
among Z-linked genes than among autosomal genes (250
of 1,344, 19%; 2 = 5.23, P = 0.022, two-tailed). Moreover, the
correlation between RNA and protein levels was less strong
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FIG. 2. Distribution of log2 M:F expression ratios of Z-linked genes for proteins (upper part, proteome) and RNA (lower part, transcriptome).
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FIG. 4. Distribution of genes along the chicken Z-chromosome. The figure shows the location of all ENSEMBL annotated genes (bottom), genes
analyzed in this study for which both proteomic and RNA-seq data were available (middle) and genes that showed a consistent difference in the M:F
expression ratio between RNA and protein levels.
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FIG. 3. Examples of Z-linked genes showing a consistent difference in the M:F expression ratio (log2) between RNA and protein levels. Each line
represents data from one tissue. Note that genes may differ in the number of tissues in which they were expressed and detected. Supplementary figure
S5, Supplementary Material online, shows all 19 genes with a consistent difference in the M:F expression ratio (log2) between RNA and protein levels.
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for Z-linked genes than for autosomal genes (supplementary
tables S1 and S3, Supplementary Material online; mean r for
Z-linked genes = 0.520, for autosomal genes = 0.642; r was
lower for Z-linked genes than for autosomal genes in 14 of
18 sex-tissue combinations, P = 0.031 binomial test, twotailed).

Discussion

6

expression might actually be selected for Ellegren and
Parsch (2007). Accumulation of male-beneficial genes on
the Z chromosome (Ellegren 2011a) may thus introduce
trade-offs between masculinization and dosage compensation (Naurin et al. 2010; Mank et al. 2011; Wright et al.
2012). Both these models are consistent with observations
at both RNA (e.g., Mank and Ellegren 2009; Itoh et al. 2010)
and protein (this study) levels, demonstrating considerable
variation among Z-linked genes in the M:F expression ratio.
Our other major conclusion has bearing on the mentioned
variation among genes, namely the observation of genespecific changes in the M:F expression ratio from RNA to
the protein level in 30% of the Z-linked genes. Specifically,
for individual genes we found evidence for regulation at translation leading either to a reinforced excess of male expression
(14 genes; supplementary table S2, Supplementary Material
online) or to equalized expression between males and females
(from a stage of moderate male excess at the RNA level; 5
genes; supplementary table S2, Supplementary Material
online). For the latter category of genes, translational regulation could be seen as a complementary means for reaching
balanced expression in males and females, that is, dosage
compensation. Formally, the present data cannot reveal if
this restored ancestral expression levels prior to sex chromosome differentiation, although that would seem reasonable. If
so, compensation may have been in the form of increased
expression from the single Z chromosome in females or the
result of lowered expression from the Z chromosomes in
males. That regulation of protein expression to equalize sexspecific expression levels would occur for some but not all
genes is in line with the idea that avian dosage compensation
is mediated on a gene-by-gene basis, depending on the
dosage sensitivity and “masculinity” of individual genes
(Mank and Ellegren 2009; Naurin et al. 2010; Mank 2013;
Uebbing et al. 2013). We note that the frequency of genes
with significant regulation at the translation level was higher
for Z-linked than for autosomal genes, indicating that translation constitutes an important means to handle differences
in gene dose of sex-linked genes. Two of the five genes with
close to sex-equal expression after translation regulation are
members of large mitochondrial membrane complexes; the
RBF protein is a subunit of ATP synthase and NDUFS4 is part
of respiratory chain complex 1. A third, RPS6 (ribosomal protein S6) is part of the ribosomal complex. As imbalanced
expression of protein complex members can be detrimental
(Birchler and Veitia 2012), the impetus for reaching sex-equal
expression of these genes may be particularly strong.
The pattern seen in the group of genes for which the sex
difference in expression was reinforced at the protein level
is perhaps less intuitively understood. A common denominator for these 14 genes was a M:F expression ratio in the range
1–1.5 at the RNA level and in the range 1.5–2 at the protein
level. This would suggest that the difference in gene dose
between males and females was to some extent overly/inadequately compensated at transcription. Subsequent regulation at translation to render sex-differences in protein levels
more similar to the sex-difference in gene dose could potentially be related to male-beneficial functions of the
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The use of transcriptome data for assessing how regulation of
gene expression affects biological function generally assumes
that RNA levels adequately reflect protein levels, that is, that
gene regulation mainly occurs at transcription, not translation. A body of recent literature testifies that this can be a
gross oversimplification and that the correlation between
gene expression at transcript and protein levels in some
cases is only modest (Lu et al. 2007; de Sousa Abreu et al.
2009; Ghazalpour et al. 2011). In principle, this means that
conclusions on protein abundance, and thereby their biological activity, from transcriptome studies may be misleading.
We focused on chicken as previous work in this main avian
model (as well as in other female heterogametic species) had
indicated that sex chromosome dosage compensation is incomplete. These observations were based on RNA data from
microarray experiments (Ellegren et al. 2007; Itoh et al. 2007)
or RNA-seq (e.g., Wolf and Bryk 2011) and it cannot be excluded that sex-specific regulation of protein expression modulates or alters the patterns seen at the RNA level. To test this,
we made an extensive proteomic analysis of chicken by identifying and quantifying 2,420 different proteins in multiple
tissues using tandem mass spectrometry. The two main conclusions from this work were that 1) overall, dosage compensation in chicken is incomplete also at the protein level, and 2)
there are consistent changes in various tissues in the M:F
expression ratio between RNA and protein levels for individual genes.
Complete dosage compensation implies hypertranscription or hypertranslation of the entire X- or Z-chromosome
in the heterogametic sex; epigenetically mediated hypertranscription of the X-chromosome is seen in Drosophila
(Larschan et al. 2011; Conrad and Akhtar 2012) and
Caenorhabditis elegans (Ercan et al. 2007). Our results exclude
a chromosome-wide mechanism for dosage compensation at
translation in the avian model and confirm conclusions from
studies at the RNA level that avian dosage compensation is
incomplete. Indeed, such a mechanism is not easily perceived
unless mRNA encoded from sex chromosomes would carry a
mark that affects ribosomal translation or the stability of
mRNA during the transport from the nucleus. With incompleteness of dosage compensation thus confirmed at the
protein level, the question that naturally follows is why complete compensation has not evolved. At least two models
have been put forward to explain this situation (Mank
2013). First, due to feedback regulation and other network
interactions, a change in gene dose does not necessarily give
rise to a change of the corresponding magnitude at the RNA/
protein level (Malone et al. 2012). Second, due to their special
inheritance, sex chromosomes are hotspots for sexually antagonistic loci (Rice 1984), at which sex-biased gene

MBE

Dosage Compensation at Protein Level . doi:10.1093/molbev/msv147

Materials and Methods
Sample Collection
Chicken eggs (White Leghorn) were purchased from Ova
Production AB (Vittinge, Sweden). Eggs were incubated at
37.5  C and 60% relative humidity with automatic turning
every 6 h until sampled. Five embryos of each sex were collected after incubation of the eggs for 18 days and a number
of tissues were sampled and flash frozen in liquid nitrogen.
Spleen, testicles, ovarium, bursa Fabricii (hereafter referred to
as just bursa), and brain were collected whole, whereas pieces
of tissue were taken from heart, liver, kidney, lung, and breast
muscle (muscle). Samples were stored at 80  C until
analysis.

RNA-seq and Transcriptome Analysis
A minimum of 4 mg and a maximum of 25 mg of each sampled tissue was put in RNase-free, round-bottom Eppendorf
tubes together with RNA Stabilization Reagent (Qiagen Inc.,
Valencia, CA) and 5-mm steel bullets, baked at 190  C for 4 h
followed by tissue rupture by shaking at 25 Hz for 30 s using
the Retsch MM300 mixer mill (Retsch Inc., Haan, Germany).
Total RNA was extracted from a partition of the homogenate
using the RNeasy Mini Kit (Qiagen Inc.); the yield of total RNA

ranged between 3 and 58 mg for individual tissue samples.
First flow through from the RNA extraction was used for
subsequent protein mass spectrometry analysis.
Sequencing libraries (each for every individual/tissue combination) were prepared using the TruSeq stranded mRNA
sample preparation kit (Illumina, San Diego, CA; cat# RS-1222101, RS-122-2102). Libraries were sequenced on an
Illumina HiSeq instrument at the Uppsala University SNP &
SEQ technology platform for 100 cycles and produced more
than 48 million read pairs per sample (48.9–112.6 million).
Three samples were subsequently found to be mislabeled and
were excluded from downstream analyses (one female liver,
one female spleen, and one male liver).
RNA-seq reads were mapped onto the chicken genome
(Galgal4, ENSEMBL release 77) using TopHat v. 2.0.12 (Kim
et al. 2013) and summarized per gene (ENSEMBL annotations,
release 77) using Cufflinks v. 2.2.1 (Trapnell et al. 2012) with
multiread correction option (-u). All samples had a mapping
rate of 76.9–88.0%, except for one female spleen sample that
had 64.5%. The number of mapped reads ranged from 39.4 to
92.1 million, with a mean value of 50.0 million. We extracted
FPKM (Fragments Per Kilobase of exon model per Million
mapped fragments) normalized gene expression values and
normalized further using the method of Hart et al. (2013), a
between-sample normalization method of log2 FPKM values
similar to a z-transformation (zFPKM). We applied an expression cutoff of 0.125 zFPKM as suggested in that study.
M:F ratios were calculated for genes with data available for
all five males and all five females; inclusion of genes with
partially missing data did not affect the results other than
adding noise. Gonads were excluded from estimates of M:F
expression ratios as testis and ovary are different tissues. Z
chromosome-to-autosomal (i.e., female Z:AA and male
ZZ:AA) expression ratios were calculated by dividing the
median expression of Z-linked genes by the median expression of autosomal genes. All genes with data available for at
least one individual were in this case included as it was important to maximize the amount of data when two completely different gene sets (Z-linked and autosomal, respectively)
were compared. Confidence intervals of the ratios were determined by 10,000 bias-corrected (using the cumulative
normal distribution) bootstrap replicates, see Uebbing et al.
(2013). Gonadal tissues were included in Z chromosome-toautosome comparisons in males (testes) and females (ovary).

Protein Sample Preparation and Mass Spectrometry
During RNA extraction the first flow through of each sample
was saved and used for protein sample preparation. Proteins
were precipitated at 20  C for 1 h using ice-cold acetone,
sedimented, and dissolved in SDS (sodium dodecyl sulfate)
lysis buffer (4% SDS in 100 mM Tris/HCl pH 7.6) at 70  C for
30 min. Protein concentration was determined by DC (detergent compatible) protein assay (Bio-Rad, Hercules, CA).
Enzymatic fragmentation of proteins was performed by insolution digestion (Andersen et al. 2005). In brief, precipitation of proteins by acetone was repeated prior to dissolving
the protein pellet in urea buffer (6 M urea, 2 M thiourea,
7
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corresponding genes. However, it is not intuitive from the
genes’ functional annotations why this would be the case—
most are involved with general metabolic functions that
should be important for both sexes. The number of genes is
too small to make a gene ontology analysis meaningful although we note that 5 of the 14 proteins localize to mitochondria (DMGDH, OXCT1), peroxisomes (HSD17B4), or
both (AMACR, HSDL2). Neither this group of genes or the
group of five genes reaching sex-equal expression after translational regulation showed any evidence of clustering along
the Z chromosomes.
Seen in a wider context, this study illustrates a general
development in the fields of molecular evolution and evolutionary genomics, with an increased focus on the proteome
(Diz et al. 2012). The concept of “evolution at two levels”
originally introduced by King and Wilson (1975) refers to
that phenotypic evolution may either be due to changes in
gene sequences or changes in the way expression of gene
sequences is regulated. In a functional context, this translates
into changes in protein sequences and changes in the levels
(and the temporal and spatial distribution) of encoded proteins. The relative role of these genetic mechanisms for evolutionary change is an issue of long-standing debate in
evolutionary biology (Carroll 2005; Hoekstra and Coyne
2007). Although gene expression is by now appreciated as
important to phenotypic evolution, the vast majority of
work has been on RNA, not proteins (but see, e.g., Laurent
et al. 2010; Artieri and Fraser 2013). With proteomic methods
becoming both more widely accessible and applicable to
many different organisms, we foresee that quantitative studies such as this will come to provide a more comprehensive
portray of how regulation of gene expression contributes to
evolution.
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peptide were considered as identified and used for further
data analysis.
Similar to RNA, M:F protein ratios were calculated for
genes without missing data whereas Z:A ratios were calculated for all genes where at least one individual produced
data, in order to maximize the number of genes included.
This way, M:F ratios were calculated for 13–26 constitutively
expressed Z-linked genes per tissue, whereas Z:A ratios were
derived from 18–51 Z-linked and 716–1,217 autosomal genes
per tissue. Z:A ratios were calculated from iBAQ values. iBAQ
is a quantification algorithm designed for label-free abundance measurements (Schwanhausser et al. 2011). Although
we used a chemical labeling approach, application of iBAQ
measurements was important for getting absolute quantity
estimates in the comparisons between protein and RNA expressions, and between protein expression from autosomal
and Z-linked genes. M:F expression ratios correlated well between dimethyl labeling ratios and ratios derived from iBAQ
(mean Spearman’s r = 0.74 over tissues, range: 0.65–0.87),
suggesting that iBAQ measurements adequately capture
the biological signals.
RNA sequence data have been deposited to the European
Nucleotide Archive under the accession number PRJEB8390.
The mass spectrometry proteomics data have been deposited
to the ProteomeXchange via the PRIDE partner respository
with the dataset identifier PXD002403.

Supplementary Material
Supplementary tables S1–S3 and figures S1–S5 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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