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The effect of mutant dominance on the evolution of dosage compensation. Gene expression
evolution is shown for males (blue) and females (red) when mutants are recessive (dotted line),
additive (dashed line) and dominant (full line). In many cases, the different curves overlap. A and B
show equal selection in males and females (S, = Ss= 0.5); C and D show stronger selection in males
(5n =1, S; = 0.1). The initial degradation of expression in the heterogametic sex is set at -1. Other
parameters were held equal across the two sex chromosome systems in order to aid comparison
(i.e., p=0.8, Nex = Nz = 1125, u =0.0003). Dominance has little effect. Rather, the overshoot in the
expression of the homogametic sex is mitigated when mutants are dominant. This is because the
phenotypic effects on the homogametic sex are initially amplified when mutants are dominant, and
as a consequence, selection can pick up mutants that are beneficial to that sex more easily and drive
them to fixation. Similarly, because recessive mutants initially cause weaker phenotypic effects on

the homogametic sex, the overshoot in expression is amplified when mutations are recessive.
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The effect of gradual W- or Y-degradation on the evolution of dosage compensation. Gene
expression evolution is shown for males (blue) and females (red), of the W- or Y-copy (dotted line),
of the Z- or X-copy in the heterogametic sex (dashed line), and of the total expression of both gene
copies (full line). A and B show rapid decay of the W- or Y-chromosome (a = 0.01); C and D show
slower decay (a = 0.001). The optimal total level of expression in both sexes is set at 2, and selection
is stronger on males than on females (S,, = 1, S;= 0.1). Other parameters were held equal across the
two sex chromosome systems (i.e., p = 0.8, Nex = Nez = 1125, u =0.0003). As the expression from one
gene copy is lost in the heterogametic sex, expression of the other copy increases, so that overall
expression in the heterogametic sex initially decreases but then converges back to its ancestral level.
If selection is stronger on males, female expression is initially offset from its optimal level in XY
systems. Unsurprisingly, with a slower decay of expression of the Y-linked gene copy, the evolution
of dosage compensation is slower (2C-D). In that case, the offset in female X expression is weaker
(2D). This is because selection on the heterogametic sex for compensation is weaker when the decay
of the W- or Y-gene copy is slow, and it can therefore evolve with less detrimental effects to the

homogametic sex.
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Selection on gene expression and dosage compensation in the chicken heart and gonad. The figure

shows the strength of sexually concordant selection and the measure of male bias in selection

strength for the heart- and gonad-expressed genes used in our analysis. Dosage compensated genes

(0.8 < male-to-female expression ratio < 1.2) are shown in red, and non-dosage compensated genes

are shown in grey.



Supplementary Table 1

Species or clade References
Caenorhabditis elegans Lae
Drosophila melanogaster 3,4
Teleopsis dalmani 5
Anopheles gambiae 6,7
Tribolium castaneum g

Xenos vesparum 9
Gasterosteus aculeatus 10,11, 12
Ornithorhynchus anatinus 13
Monodelphis domestica =
Eutherian mammals 13)114,15
Silene latifolia 16,17, 18
Rumex hastatulus =
Schistosoma mansoni 20
Lepidoptera 21,22,23,24
Cynoglossus semilaevis %
Serpentes 26

Aves 27,28

References for current status of dosage compensation.
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Sex-specific expression in

male and female heterogametic systems with gradual expression

decrease in heterogametic sex. See methods for details. The resident allele (R) causes expression

level z,, in males and z; in females of the Z- or X-gene copy. The mutant allele (M) causes a small

guantitative shift of 6., and &; in males and females respectively. Meanwhile, the expression of the

W- or Y-gene copy depends on time t, and is independent from mutations affecting expression of the

Z- or X-gene copy.
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Tissue N Sex Spearman's rho P-value
Male -0.229 <0.001

Liver 9196
Female -0.234 <0.001
Male -0.267 <0.001

Heart 9790
Female -0.251 <0.001
Male -0.418 <0.001

Gonad 11210
Female -0.305 <0.001

Correlations between BCV and average expression levels. The table shows the results of correlation
tests between BCV and average expression (RPKM). Tests were performed across autosomal and Z-
linked genes and performed separately for each tissue and sex. The table provides the sample size
(N), the estimate of the Spearman's rank correlation coefficient rho and the associated P-value,

based on an asymptotic t approximation.
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Tissue Predictor
Expression level
Liver
BCV
Expression level
Heart
BCV
Expression level
Gonad

BCV

E
4.319
34.132
57.112
14.002
125.327
6.518

Pr
0.039
<0.001
<0.001
<0.001
<0.001
0.011

-0.029
0.677
-0.101
0.424
-0.175
0.257

Py
0.096
<0.001
<0.001
<0.001
<0.001
0.011

Tissue-specific relationships between rates of protein evolution and average expression levels and
BCV in males and females. The table shows the results of multiple regression of dy/ds on expression
levels and BCV averaged across males and females. Analyses were performed on log,-transformed
data and separately for each tissue. For each predictor, the table provides the F ratio and associated
P-value from an Analysis of Variance performed on the regression model, as well as the estimated
slope and it's associated P-value from a t-test comparing the estimate to zero. We therefore find a
significant association between BCV and rates of protein evolution. Thus, BCV has a positive

significant effect on dy/ds even when the (negative) effect of average expression level has been

accounted for.
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a) Males
Tissue Predictor F Pt b P,
Expression level 4.448 0.035 -0.023 0.092
Liver
BCV 31.929 <0.001 0.543 <0.001
Expression level 59.124 <0.001 -0.108 <0.001
Heart
BCV 3.231 0.072 0.176 0.072
Expression level 111.903 <0.001 -0.157 <0.001
Gonad
BCV 2.847 0.092 0.092 0.092
b) Females
Tissue Predictor F Pt b P,
Expression level 4.333 0.037 -0.025 0.068
Liver
BCV 19.334 <0.001 0.472 <0.001
Expression level 55.105 <0.001 -0.097 <0.001
Heart
BCV 22.984 <0.001 0.484 <0.001
Expression level 1299.661 <0.001 -0.179 <0.001
Gonad
BCV 6.989 0.008 0.250 0.008

Tissue and sex-specific relationships between rates of protein evolution and expression levels and
BCV. The table shows the results of multiple regression of dy/ds on expression levels and BCV.
Analyses were performed on log,-transformed data and separately for each sex and tissue. For each
predictor, the table provides the F ratio and associated P-value from an Analysis of Variance
performed on the regression model, as well as the estimated slope and it's associated P-value from a
t-test comparing the estimate to zero. Some of the significance tests lack power due to the
collinearity between average expression and BCV (see Supplementary Table 2). However, in all of

these cases the BCV term is significant when entered first, ahead of expression level (results not

shown).
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Model term

Seleonc

Selm-to-r

Tissue

Selconc: Selm-to-r
Seleonc:Tissue
Sely.to-r:Tissue

Seleonc: Selytor:Tissue

Residuals

df

1201

SS
0.107
1.818
17.140
0.023
1.816
1.099
0.059
130.483

Ms
0.107
1.818
8.570
0.023
0.908
0.550
0.030
0.109

0.988
16.736
78.881

0.210

8.356

5.059

0.273

P-value
0.32
<0.0001
<0.0001
0.65
0.0003
0.0065
0.76

Analysis of Variance of gene expression. The table shows the ANOVA table for a linear model of log,
male-to-female expression ratio as a function of the strength of sexually concordant selection
(Selconc), male bias in the strength of selection (Sely.of), tissue and their interactions (indicated by
colons). Provided are figures for the degrees of freedom (df), Sums of Squares (SS), Mean Squares

(MS), the value of the F-ratio (F) and the associated P-value for

each model

term.



Supplementary Table 7

Tissue Model term df SS MS F P-value Slope P-value

Liver Selconc 1 1.816 1.816  35.038 <0.0001 -0.271 <0.0001
Sely-to-r 1 2.705 2.705 52.209 <0.0001 0.636 <0.0001
Seleonc :Sely-tor 1 0.303 0.303 5.842 0.0162 0.587 0.0165
Residuals 360 18.654  0.052

Heart Selconc 1 0.011 0.011 0.112 0.73 0.113 0.29
Sely-tor 1 0.036 0.036 0.367 0.55 0.028 0.81
Selconc :SelptoF 1 0.128 0.128 1.290 0.26 0.402 0.26
Residuals 418  41.542  0.099

Gonad Selcone 1 0.700 0.700 4.212 0.0408 0.149 0.14
Selyvitor 1 0.421 0.421 2.535 0.11 0.371 0.10
Selconc :Selptor 1 0.107 0.107 0.644 0.42 0.263 0.42
Residuals 423 70.286  0.166

Tissue-specific linear model of gene expression. The table combines Analyses of Variance and
parameter estimates (regression slope and associated P values of a t-test against 0) for the effects of
sexually concordant and male-biased selection (Sel.nc and Selyto.£) On log, male-to-female

expression ratio in liver, heart and gonad.
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Supplementary Table 8

Model term df SS MS F P-value
Selconc 1 0.190 0.190 1.750 0.19
Selyto-r 1 0.643 0.643 5.915 0.0152
Tissue 2 8.333 4.167 38.35 <0.0001
Age 1 0.065 0.065 0.600 0.44
Selconc: Selmto-r 1 0.014 0.014 0.126 0.72
Selconc:Tissue 2 1.707 0.853 7.853 0.0004
Selyto-r:Tissue 2 0.681 0.341 3.135 0.0441
Selonc: Age 1 0.077 0.077 0.712 0.40
Sely.to-r:Age 1 0.037 0.037 0.338 0.56
Tissue:Age 2 0.053 0.027 0.244 0.78
Selconc:Sely-to-r: Tissue 2 0.005 0.003 0.025 0.98
Selconc:Tissue:Age 1 0.243 0.243 2.236 0.14
Sely.to-r:Tissue:Age 2 0.392 0.196 1.802 0.17
Seleonc:Sely.to-r:Tissue:Age 2 0.120 0.060 0.553 0.58
Residuals 750 81.488 0.109

Linear model of gene expression including stratum age. The table shows the ANOVA table for a
linear model of log, male-to-female expression ratio as a function of the strength of sexually
concordant selection (Sele,nc), male bias in the strength of selection (Sely..of), tissue, stratum age
(Age) and their interactions (indicated by colons). Provided are figures for the degrees of freedom
(df), Sums of Squares (SS), Mean Squares (MS), the value of the F-ratio (F) and the associated P-value
for each model term. Thus, we do not detect an effect of stratum age, nor a significant interaction
between stratum age and any of the other variables. Qualitatively identical results were found when

modelling stratum number (1-3) instead of stratum age.
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Supplementary Table 9

Tissue Stratum 1

Z:AA
P-value
0.285
p=0.056
0.267
p<0.001
0.560
p<0.001

Liver 20

Heart 26

Gonad 35

33

34

39

Stratum 2

Z:AA
P-value
0.300
p=0.074
0.201
p=0.002
0.373
p<0.023

Stratum 3

190

217

263

Z:AA
P-value
0.880
p<0.001
0.518
p<0.001
0.651
p<0.001

Spearman’s rho

-0.739

-0.559

-0.075

P-value

0.471

0.623

0.952

Dosage compensation status across Z chromosome strata. The table shows the expression ratio

between the single Z chromosome and autosomes in females (Z:AA) in each tissue. Significant

differences between Z-linked and autosomal female expression were assessed using Wilcox tests.

The Spearman's rank correlation coefficient rho and associated P-value describe the correlation

between Z:AA ratio and stratum age. So, Z-linked expression in females is significantly lower than

autosomal expression across all strata, with the exception of Strata 1 and 2 in the liver, which are

marginally non-significant. This is consistent with a lack of global dosage compensation. However,

for each tissue, we find no significant difference in female expression between strata (all p > 0.100)

and Spearman’s rank correlations reveale no significant correlation between Z:AA ratio and stratum

age. There is also no significant difference in male expression between strata (all p > 0.08).

12



Supplementary Discussion

Care needs to be taken when using the model to generate quantitative predictions, as a number of
simplifying assumptions have been made in order to reach tractable results. First, the parameter we
use to describe evolutionary time is not the same as real time or numbers of generations.
Evolutionary time here ignores periods during which alleles segregate. This should not make any
difference to our general conclusions as effective population size has opposing effects on the
expected time taken for initially rare adaptive mutants to fix. On the one hand, the probability of
fixation of rare adaptive mutations increases with N.. On the other hand, the number of generations
taken by an initially rare mutant to fix increases linearly with N, *°. As a result, adaptive rate only
increases weakly with effective population size *°. Strong selection on both sexes could also affect
segregation times by delaying the fixation of alleles with sexually antagonistic effects, as opposing
forces of selection maintain polymorphism for extended periods of time. However, this concerns
only a small subset of possible mutations whose fitness effects in males and females closely balance
each other out *°. Therefore, unless differences in N, are very large, or selection is very strong, our
measure of evolutionary time is a good proxy to compare the evolution of X and Z dosage

compensation.

A second simplifying assumption is that we modelled the evolution of expression of a single gene by
cis-acting mutations with additive effects. Mechanistic models of dosage compensation systems
suggest rather a combination of cis and trans effects that affect expression at a regional level *..
Mutation in the regulation of trans elements should have dominant rather than additive effects on
expression in the homogametic sex as trans elements will affect the expression of both gene copies.
It seems unlikely that this difference will have a large consequence for our model results as we
found that dominant, recessive or additive cis mutants had little effect on the overall rate at which
dosage compensation evolves, but a full investigation of trans mutants is needed to confirm this.
Third, another consequence of regional regulation is that the expression of multiple genes will be
affected by mutation. The conclusions of our model can be readily extended to multiple loci if their
expression is under similar selection pressure and their expression has additive effects on fitness.
However, it is more complicated to infer the consequences of regional regulation when individual
genes are subject to variation in the strength of sex-specific selection and different degrees of
imbalance in expression. We nonetheless expect the broad-brush conclusion of our model to hold,

and that adaptation on the X to male function should be faster than adaption on the Z to female

function.
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Finally, variation in the overall mutation rates and sex-differences in mutation rates, need to be
considered with care. Male bias in mutation rate is relatively common ** and would have two
consequences. First, it would supply the Z with a greater input of mutants (relative to the X), thereby
permitting dosage compensation to evolve faster. Second, it would entail a slower decay of the W
relative to the Y **, which might allow the Z chromosome more time to adapt to dose effects *, and,
as we have shown in our model (Supplementary Figure 2), to evolve with fewer sexually antagonistic

effects for the homogametic sex than the X. Our model and the data * %

suggest that selection is
generally less effective on Z than X chromosomes, and this will in general counteract any effects
resulting from sex difference in mutation rate. Data on dosage compensation from a greater number

of species would make it possible to disentangle these effects.
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