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Abstract

The masking hypothesis predicts that selection is more efficient in haploids than in diploids, because dominant alleles can
mask the deleterious effects of recessive alleles in diploids. However, gene expression breadth and noise can potentially
counteract the effect of masking on the rate at which genes evolve. Land plants are ideal to ask whether masking,
expression breadth, or expression noise dominate in their influence on the rate of molecular evolution, because they have
a biphasic life cycle in which the duration and complexity of the haploid and diploid phase varies among organisms. Here,
we generate and compile genome-wide gene expression, sequence divergence, and polymorphism data for Arabidopsis
thaliana and for the moss Funaria hygrometrica to show that the evolutionary rates of haploid- and diploid-specific genes
contradict the masking hypothesis. Haploid-specific genes do not evolve more slowly than diploid-specific genes in either
organism. Our data suggest that gene expression breadth influence the evolutionary rate of phase-specific genes more
strongly than masking. Our observations have implications for the role of haploid life stages in the purging of deleterious
mutations, as well as for the evolution of ploidy.

Key words: high throughput sequencing, haploid, diploid, biphasic life cycle, masking, expression breadth, expression

noise, evolutionary rate.

Introduction

The masking hypothesis suggests that the number of
chromosomal copies present in a cell affects the efficacy of
selection (Kondrashov and Crow 1991). According to this
hypothesis, selection is more efficient in haploids than in
diploids, because recessive mutations are directly exposed
to selection in haploids, whereas their phenotypic effect can
be masked in heterozygote diploids through dominant alleles.
As a consequence, evolutionary rates in haploids and diploids
should differ, provided that the majority of mutations are
recessive or partially recessive (Orr and Otto 1994 Otto
and Gerstein 2008). Predictions of the masking hypothesis
have been experimentally confirmed in unicellular organisms
(primarily yeast). Pertinent experiments showed that diploid
and tetraploid yeast strains are less sensitive to mutagens, but
they experience slightly slower fitness recovery than haploid
strains after mutagen treatment (Mable and Otto 2001).
Furthermore, adaptation is faster in haploid than in diploid
strains when the rate of adaptation is limited by selection
(Zeyl et al. 2003; Gerstein et al. 2011). Observations on

simple plant tissues, such as protoplasts, also led to similar
conclusions (Krumbiegel 1979; Destombe et al. 1993).

The masking hypothesis also predicts that in organisms
with life cycles that alternate between a haploid and a diploid
phase, genes with phase-specific expression should differ in
their evolutionary rate (Bell 2008). Recessive deleterious or
beneficial mutations will be more effectively purged or go
to fixation in genes whose expression is restricted to the
haploid phase. In contrast, genes silenced in the haploid
and only expressed in the diploid phase may be hidden
from haploid selection, and thus may accumulate recessive
deleterious or beneficial mutations without affecting haploid
fitness (Shaw and Beer 1997; Otto 2004). In other words,
diploid-specific genes should evolve more rapidly. This applies
especially to biphasic life cycles, in which both diploid and
haploid phases build a multicellular body, and exhibit exten-
sive phase-specific gene expression on which natural selection
can act (Charlesworth D and Charlesworth B 1992; Seoighe
et al. 2005; Bell 2008). Yet, whether predictions of the masking
hypothesis hold for complex multicellular organisms with
biphasic life cycles is not clear.
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Two major factors could counteract the effect of masking
on the evolutionary rate of genes, especially in multicellular
organisms with biphasic life cycles. The first is gene expression
breadth, which strongly affects the rate of evolution, so much
so that it is one of the best predictors of evolutionary rate
(Slotte et al. 2011; Woody and Shoemaker 2011; Yang and
Gaut 2011). Broadly expressed genes evolve more slowly than
genes with restricted expression (Park and Choi 2010). Genes
with phase-specific expression are by definition narrowly ex-
pressed, and should thus evolve fast, in contrast to what the
masking hypothesis would predict.

The second factor is gene expression noise, which has ef-
fects akin to those of decreasing effective population size, and
thus results in decreased efficacy of selection (Wang and
Zhang 2011). Because haploid-specific genes may be noisier
than diploid-specific genes (Cook et al. 1998; Yin et al. 2009),
they would experience relaxed selection and evolve faster,
again in contradiction to the masking hypothesis (Wang
and Zhang 2011). In sum, both expression breadth and
noise could decrease or even reverse the effect of masking
on the efficacy of selection. It is not clear whether masking or
these two factors dominate in their effect on evolutionary
rate.

Land plants are ideal to study the effect of masking, ex-
pression breadth, and noise on the evolutionary rate of genes
in multicellular organisms with biphasic life cycles. All land
plants possess a biphasic life cycle with multicellular haploid
and diploid phases showing variable morphological complex-
ity and extensive phase-specific gene expression (Honys and
Twell 2003; Pina et al. 2005; Ma et al. 2008; Haerizadeh et al.
2009; Wuest et al. 2010; Hafidh et al. 2012; Russell et al. 2012).
Here, we use Arabidopsis thaliana, an angiosperm, and
Funaria hygrometrica, a moss, to study the molecular evolu-
tionary rate of genes specific to haploid and diploid phases,
because these organisms are two end points of the relative
morphological complexity continuum. Arabidopsis thaliana
has a dominant diploid phase, the leafy shoot, and a highly
reduced haploid phase consisting of a few cells (Wuest et al.
2010). In contrast, the relative dominance of these phases is
reversed in F. hygrometrica, and a dominant haploid phase
(leafy shoot) alternates with a reduced diploid phase (Shaw
et al. 2011). Given that most mutations are recessive and
deleterious (Wright and Andolfatto 2008; Gossmann et al.
2010; Slotte et al. 2011; Yang and Gaut 2011), these plants
provide a unique opportunity to distinguish the effect of
masking, expression breadth and noise on the evolutionary
rate of proteins (fig. 1). If evolutionary rates are primarily
determined by masking in the diploid phase, haploid-specific
genes should evolve more slowly in both species than diploid-
specific or unspecific genes—genes expressed in both phases.
In contrast, if expression breadth predominates and genes
specific to the dominant phase are more broadly expressed
haploid-specific genes should evolve faster than diploid-
specific genes in A. thaliana, whereas they should evolve
more slowly in F. hygrometrica. Alternatively, if genes specific
to the dominant phase are less broadly expressed (e.g,
increasing complexity is associated with greater expression
specialization), we should observe the opposite pattern.
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Fic. 1. The predicted effect of masking, expression breadth and expres-
sion noise on the evolutionary rate of genes in organisms with biphasic
life cycles. Diameters of solid circles refer to the relative complexity of
phases: (A) diploid-dominant and (B) haploid-dominant biphasic life
cycle. Greater and smaller signs show the relative rate of evolution
(dN/dS) expected in the two phases when the effect of masking, ex-
pression breadth and expression noise is individually considered. Dashed
greater or smaller signs with question marks indicate the ambiguous
association between expression breadth and relative complexity of
phases.

Nevertheless, genes with unspecific expression should
evolve more slowly than genes with specific expression in
both species. Finally, if expression noise predominates, we
would expect haploid-specific genes to evolve more rapidly
than diploid-specific or unspecific genes in both species,
regardless of the complexity of the phases.

To distinguish the factors contributing to evolutionary
rate, we generated and compiled genome-wide data on the
expression of genes that are preferentially expressed in the
haploid (gametophyte) and diploid (sporophyte) phase in
each of the two species. By integrating these data with
sequence divergence and polymorphism data, we asked the
following questions: First, do evolutionary rates differ in genes
with haploid-specific, diploid-specific, and unspecific expres-
sion? Second, is selection more efficient in haploid-specific
genes? Third, can factors other than ploidy account for the
difference in evolutionary rates between phases? Finally, are
evolutionary rate differences among phases consistent
with the masking hypothesis, or do expression breadth and
expression noise exert a dominant influence on them?

Results

Relative Dominance of Phases Is Mirrored by the
Number of Genes Showing Phase-Specific Expression
We first identified genes with haploid-specific, diploid-
specific, and unspecific expression in two A. thaliana data
sets (see Materials and Methods), which differed in the
numbers of genes in these three categories. Specifically, the
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first data set contained 64 genes with haploid-specific, 2,598
genes with diploid-specific, and 8,806 genes with unspecific
expression. In the second data set, 425 genes showed haploid-
specific, 2,699 genes showed diploid-specific, and 8,246 genes
showed unspecific expression. Haploid-specific genes were
clearly outnumbered by diploid-specific and unspecific
genes, which is not surprising given the highly reduced hap-
loid phase in angiosperms. In A. thaliana, genes specific to the
reduced haploid phase were less broadly expressed than dip-
loid-specific and unspecific genes in both data sets investi-
gated (mean and [95% confidence interval (Cl)], data set 1:
Thaploidspecific = 0-3487 [0.3295-0.3680], Tdiploid-
specific = 026078 [0.2588-0.2628], Tynspecic = 0.2066 [0.2035—
0.2100]; data set 2: Thaploid.speciic = 0.3738 [0.3633-0.3843],
Taiploid.specific = 02822 [0.2788-0.2855],  Tungpecific = 02285
[0.2267-0.2304]).

Similarly to Arabidopsis, different definitions of expression
preference affected the number of genes falling into each of
the three categories in the moss F. hygrometrica. When we
used a fold-change [log,(fold-change)] threshold of two, 1,049
genes in the moss showed haploid-specific, 1,309 genes
showed diploid-specific, and 7,608 genes showed unspecific
expression. Applying a fold-change threshold of four, these
numbers changed to 542, 400, and 9,096 genes, whereas a
threshold of six resulted in 343, 243, and 9,461 genes in each of
the respective categories. In the last two cases, haploid-spe-
cific genes clearly dominated diploid-specific genes, but this
difference was less pronounced than the opposite difference
in A. thaliana. In contrast to A. thaliana, genes specific to the
reduced (diploid) phase of the life cycle were more broadly
expressed than genes specific to the dominant haploid
phase at all 3-fold-change thresholds (mean and [95% Cl],
fold-change  2:  Thapioid-specific = 02854 [0.2670-0.3040],
Tdiploid-specific = 0.1803  [0.1694-0.1911];  fold-change 4
Thaploid-specific = 04335 [04060_04610]1 Tdiploid-specific = 0.3065
(0.2838-0.3292]; fold-change 6:  Thapioid-specific = 0.5191
[0.4836-0.5546],  Taipioid.specific = 0.3476  [0.3157-0.3795)).
Nevertheless, genes with unspecific expression had the great-
est expression breadth similarly to what we observed in
A. thaliana (fold-change 2: Tnepecinc=0.0330 [0.0318-
0.0361]; fold-change 4: Tnspecific =0.0482 [0.0458-0.0506];
fold-change 6: T nspecific = 0.05675 [0.0542-0.0593]).

Haploid-Specific Genes Evolve Faster or at a Similar
Rate than Diploid-Specific Genes

Evolutionary rates in haploid- and diploid-specific genes
showed a similar trend in both A. thaliana and F. hygrometrica
(fig. 2; tables 1 and 2). Specifically, when we defined phase
specificity as a binary variable (see Materials and Methods),
haploid-specific genes evolved faster (higher dN/dS) than dip-
loid-specific genes in A. thaliana, and they did so in both
expression data sets we analyzed. F. hygrometrica showed a
similar trend but the difference in evolutionary rates among
haploid- and diploid-specific genes was less pronounced
(fig. 2 and table 2). On average, haploid-specific genes evolved
slightly faster than diploid-specific genes at all fold-change
thresholds investigated. Nevertheless, at a threshold of

fold-change 6 the significance of the difference diminished.
Genes with unspecific expression always showed slower evo-
lutionary rates than haploid-specific or diploid-specific genes
both in A. thaliana and F. hygrometrica. Furthermore, this
difference was independent on the data set investigated or
the fold-change threshold used (fig. 2; tables 1 and 2).
Defining phase specificity using strict threshold values is
subjective and might bias our conclusions. Therefore, we re-
peated our analysis taking into account the continuous
nature of phase specificity. Treating phase specificity as a
continuous variable (fold-change =log,[gene expression in
the haploid/gene expression in the diploid phase]) and ana-
lyzing its effect on the evolutionary rate of proteins (dN/dS)
led to very similar conclusions. In A. thaliana phase, specificity
of genes was significantly positively correlated with evolution-
ary rates (p = 02587, P < 2.2 x 10™ '®). In contrast, expression
specificity showed only a very weak positive correlation with
evolutionary rates in F. hygrometrica (p = 0.0242, P = 0.01513).

Haploid-Specific Genes Evolve under Relaxed Selective
Constraints

Faster evolutionary rates (higher dN/dS) in the haploid phase
may be either caused by rapid fixation of beneficial mutations
or by reduced selective constraints. To distinguish between
these two competing hypotheses, we first conducted a direct
test using genome-wide polymorphism data available for
A. thaliana (the same test was not possible in the moss, be-
cause no genome-wide polymorphism data are available
there). Beneficial mutations are expected to rapidly reach
fixation within species, whereas slightly deleterious mutations
should remain polymorphic for a longer period of time.
Therefore, if elevated among-species dN/dS ratios were
caused by the fixation of beneficial mutations, ratio of non-
synonymous to synonymous polymorphisms within-species
should be lower in haploid-specific than in diploid-specific
genes. In contrast, if elevated among-species dN/dS ratios
were mainly caused by relaxed selection, the ratio of nonsy-
nonymous to synonymous polymorphisms should be higher
for haploid-specific than for diploid-specific genes. To distin-
guish between these alternative hypotheses, we estimated the
number of nonsynonymous to synonymous polymorphisms
for haploid-specific, diploid-specific, and unspecific genes
using the 19 A. thaliana genome data set with A. lyrata
as an outgroup. The average ratio of nonsynonymous to syn-
onymous polymorphisms was significantly higher in haploid-
specific than in diploid-specific genes (table 3). Furthermore,
genes with phase-specific expression showed a higher ratio
than genes with unspecific expression (table 3).

We also conducted an indirect test using only among-spe-
cies divergence data. As an indicator of the efficacy of selec-
tion, we used the strength of correlation between expression
level and evolutionary rate. In A. thaliana, gene expression
level and evolutionary rates (dN/dS) of genes were more
weakly correlated in haploid-specific than in diploid-specific
genes, at a statistical significance that depended on the data
set used (table 4). Similarly, gene expression and evolutionary
rates were more weakly correlated (if at all) in haploid-specific
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Fic. 2. Evolutionary rates of genes (dN/dS) with haploid-, diploid-specific or unspecific expression in Arabidopsis thaliana and in the moss (Funaria
hygrometrica). In A. thaliana, white boxes refer to data set 1 and gray boxes to data set 2. Similarly, in F. hygrometrica white boxes refer to a fold-change
threshold of four and gray boxes to a threshold of six (log,[fold-change]). Asterisks indicate whether medians are significantly different according to a
Wilcoxon rank sum test after Bonferroni correction (¢’ = a/m) for multiple testing (n.s: P> 0.05; *P < 0.05; **P < 0.01; ***P < 0.001).

Table 1. Evolutionary Rate (Median and Mean dN/dS Values) of Haploid-Specific, Diploid-Specific, and Unspecific Genes in Arabidopsis thaliana.
dN/dS [Median (Mean)]

IQR Data Set 1

0.1375-0.3665

0.1069-0.2791
0.0879-0.2444

Expression Preference

Data Set 1
0.2277 (0.2976)*
0.1760 (0.2142)°
0.1504 (0.2004)°

Data Set 2
0.3311 (0.3914)*
0.1750 (0.2157)°
0.1421 (0.1779)°

IQR Data Set 2
0.2334-0.4740
0.1069-0.2777
0.0798-0.2334

Haploid specific
Diploid specific
Unspecific

Note.—IQR, interquartile range. Values marked with different superscript letters are significantly different within columns after Bonferroni correction (¢’ = a/m) for multiple
testing (P < 0.05, Wilcoxon rank sum test).

Table 2. Evolutionary Rate (Median and Mean dN/dS Values) of Haploid-Specific, Diploid-Specific, and Unspecific Genes in Funaria hygrometrica

at 3-Fold-Change Thresholds.

Expression Preference

dN/dS [Median (Mean)]

Fold-Change > 2 IQR

Fold-Change > 4 IQR

Fold-Change > 6 IQR

0.1813 (0.2262) 0.1076-0.3040
0.1714 (0.2076)" 0.1021-0.2724
0.1600 (0.1895)° 0.0892-0.2547

Haploid specific
Diploid specific
Unspecific

0.1932 (0.2343)°
0.1720 (0.2103)°
0.1619 (0.1928)°

0.1156-0.3210
0.1047-0.2854
0.0913-0.2573

0.1916 (0.2359)* 0.1135-0.3278
0.1794 (0.2270)° 0.1085-0.3140
0.1629 (0.1935)° 0.0917-0.2583

Note—IQR, interquartile range. Values marked with different superscript letters are significantly different within columns after Bonferroni correction (¢’ = a/m) for multiple

testing (P < 0.05, Wilcoxon rank sum test).

genes than in diploid-specific genes especially at higher fold-
change thresholds in the moss (table 5). Finally, expression
level and evolutionary rates were most strongly correlated for
genes with unspecific expression, both in A. thaliana and
F. hygrometrica (tables 4 and 5).

Variables Other than Ploidy Cannot Account for the
Evolutionary Rate Difference among Phase-Specific
Genes

Evolutionary rate differences between haploid-specific, dip-
loid-specific, and unspecific genes might also be caused by

1932

other factors known to be correlated with evolutionary rates
(Slotte et al. 2011; Yang and Gaut 2011). In the previous par-
agraph, we showed that the correlation between level of ex-
pression and evolutionary rates differ among haploid-specific,
diploid-specific, and unspecific genes. Therefore, level of ex-
pression cannot account for differential evolutionary rates in
the three categories of genes. Here, we explored this question
further and asked whether the differences in evolutionary
rates among the three gene categories (expression preference
treated as binary variable; see Materials and Methods) persist
if we account for the influence of three prominent such fac-
tors, namely gene length, GC content, and average intron
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Table 3. Nonsynonymous Polymorphism/Synonymous Polymorphism Ratio (Mean and Median Values, log,, Transfromed) in Haploid-Specific,
Diploid-Specific, and Unspecific Genes Using the 19 Arabidopsis Genome Data Set.

Expression Preference

Log(Nonsynonymous Polymorphism/Synonymous Polymorphism)

Data Set 1

95% Cl (Data Set 1)

Data Set 2 95% Cl (Data Set 2)

0.0949 (0.1290)
—0.2183 (—0.2973)°
—0.2796 (—0.4300)°

Haploid specific
Diploid specific
Unspecific

—0.0052 to 0.2631
—0.3501 to —0.2445
—0.4630 to —0.3970

0.3172 (0.5281)°
—0.1318 (—0.2245)°
—0.3309 (—0.4809)°

0.1730 to 0.8832
—0.2634 to —0.1856
—0.5183 to —0.4435

Note—Values marked with different superscript letters are significantly different within columns after Bonferroni correction (¢’ = /m) for multiple testing (P < 0.05, Wilcoxon

rank sum test).

Table 4. Strength and Significance of Nonparametric Correlation
among Evolutionary Rates (dN/dS Values) and Average Expression
Levels of Genes for Haploid-Specific, Diploid-Specific, and Unspecific
Genes in Arabidopsis thaliana.

Expression Preference Spearman’s Rho (Its Significance)

Data Set 1 Data Set 2
—0.0440 (NS)™A —0.2500 (P < 0.001)™*
—0.3300 (P < 0.001)* —0.3270 (P < 0.001)*
—0.3600 (P <0.001)°® —0.3900 (P < 0.001)"

Haploid specific
Diploid specific
Unspecific

Note—NS, not significant; NA, not analyzed (Spearman’s rho was not significant).
Values marked with different superscript letters are significantly different within
columns after Bonferroni correction (' = /m) for multiple testing (P < 0.05, Z-test).
*Significance between haploid- and diploid-specific genes is P =0.077.

length. Specifically, we conducted an analysis of covariance
(ANCOVA) with expression preference as the main variate
and these properties as continuous covariates. The result was
that none of the three factors affects the general observations
we had made for A. thaliana. In contrast, all covariates could
marginally account for the evolutionary rate difference be-
tween diploid-specific and unspecific genes in F. hygrometrica.
Nevertheless, evolutionary rates of haploid- and diploid-spe-
cific genes remained significantly different even after account-
ing for the effect of all covariates (supplementary tables S1
and S2, Supplementary Material online).

We repeated this analysis treating phase specificity as a
continuous variable (log,[expression in the haploid/expres-
sion in the diploid phase]) that led to similar conclusions.
In A. thaliana, nonparametric partial correlation between
phase specificity and evolutionary rates (dN/dS) remained
highly significant and positive even after accounting for the
effect of average gene expression, gene length, GC content,
and average intron length (opariai=0.2520, P < 1.1556 x
10~ "7°). We obtained very similar results for F. hygrometrica.
The partial nonparametric correlation between phase-speci-
ficity and evolutionary rate remained very weak even after
controlling for the effect of expression level, gene length, GC
content, and average intron length (Oparia=0.0238,
P =2.0782 x 10~°). Altogether, these results further confirm
that the covariates investigated do not considerably affect the
general conclusions we made in A. thaliana but they might
slightly modify the results obtained for F. hygrometrica.

Finally, we asked whether biased distribution of molecular
functions among haploid-specific, diploid-specific, and unspe-
cific genes could explain the evolutionary rate difference we

observed. We compared molecular function of haploid-spe-
cific, diploid-specific, and unspecific gene groups using the
molecular function ontology of the GO data base (Gene
Ontology Consortium 2005). GO annotation for phase-spe-
cific genes was sparse in both species. In A. thaliana, 201 (of
425) haploid specific, 1,371 (of 2,699) diploid-specific, and
4,306 (of 8246) unspecific genes had GO annotations. In
F. hygrometrica, 189 (of 542) haploid-specific, 120 (of 400)
diploid-specific, and 3,184 (of 9,096) unspecific genes had
annotations. We found that relative frequency of genes asso-
ciated to a particular GO term was very similar in the group of
haploid-specific, diploid-specific, and unspecific genes (sup-
plementary fig. S1, Supplementary Material online). On level
two of the molecular function ontology, no GO term showed
significantly different gene abundances (Fisher’s exact test)
among the three groups either in A. thaliana or in F. hygro-
metrica. Therefore, biased distribution of molecular functions
among the three groups of genes is unlikely to be the primary
determinant of the evolutionary rate difference observed.

Discussion

Our analysis provides three important observations on the
evolutionary rate of genes with phase-specific expression.
First, genes with haploid-specific expression do not evolve
more slowly than genes with diploid-specific expression.
Second, selection is no more efficient for haploid- than for
diploid-specific genes. Third, genes with unspecific expression
always evolve more slowly than genes with haploid-specific or
diploid-specific expression. In the following paragraphs, we
first confront our observations with available experimental
evidences. After that we discuss our findings in the light of
the three main candidate explanations—masking, expression
breadth and expression noise—for the evolutionary rate pat-
terns we observed.

Experimental Evidence on Complex Organisms
Support Our Finding

Our observation that genes with haploid-specific expression
evolve faster or with a similar rate than diploid-specific genes,
and the observation that this difference is due to relaxed
rather than to positive selection differs from previous obser-
vations made primarily in yeast (Mable and Otto 2001; Zeyl
et al. 2003; Otto and Gerstein 2008; Gerstein et al. 2011). The
likely reason is that yeast is a single-celled organism, because
other observations on multicellular plants with biphasic life
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Table 5. Strength and Significance of Nonparametric Correlation among Evolutionary Rates (dN/dS Values) and Average Expression for Haploid-
Specific, Diploid-Specific, and Unspecific Genes in F. hygrometrica at 3-Fold-Change [log,(fold-change)] Thresholds.

Expression Preference

Spearman’s Rho (Its Significance)

Fold-Change > 2

Fold-Change > 4 Fold-Change > 6

—0.1371 (P < 0.001)%
—0.1852 (P < 0.001)?
—0.2488 (P < 0.001)°

Haploid specific
Diploid specific
Unspecific

0.0102 (NS)™*
—0.1158 (P < 0.05)*
—0.2489 (P < 0.001)°

—0.0579 (NS)™*
—0.1663 (P < 0.001)?
—0.2488 (P < 0.001)°

Note.—NS, not significant; NA, not analyzed (Spearman’s rho was not significant). Values marked with different superscript letters are significantly different within columns after

Bonferroni correction (' =a/m) for multiple testing (P < 0.05, Z test).

cycles support our observations. First, imprinted genes (which
by definition have haploid expression) evolve faster than
nonimprinted genes in A. thaliana (Wolff et al. 2011).
Second, some gene families with pollen-specific, and thus
haploid-specific expression evolve rapidly in the same species
(Schein et al. 2004). Third, haploid-specific genes can experi-
ence less stringent selective constraints than diploid-specific
genes. Specifically, some deleterious mutations with a severe
impact on the diploid phase have only a slight effect on the
haploid phase and thus can be successfully inherited in
A. thaliana (Whittle and Johnston 2003; Onodera et al.
2008; Muralla et al. 2011). In sum, other observations in
plants are consistent with our observations.

Findings Contradict Predictions of the Masking
Hypothesis

According to the masking hypothesis, haploid-specific genes
should evolve more slowly than diploid-specific genes, be-
cause purifying selection is more efficient in haploids
(Kondrashov and Crow 1991; Orr and Otto 1994; Mable
and Otto 2001). Our finding that haploid-specific genes
evolve faster or with a similar rate than diploid-specific
genes in both species clearly contradicts this expectation.
Therefore, our data suggest that the masking hypothesis
alone is insufficient to explain evolutionary rate difference
of proteins with haploid-specific, diploid-specific, or unspeci-
fic expression in multicellular plants.

Neither the Expression Noise Nor the Expression
Breadth Hypothesis Alone Can Explain Our Findings

Haploid-expressed genes are predicted to suffer more expres-
sion noise than their diploid counterparts (Cook et al. 1998;
Yin et al. 2009). Increased expression noise has the same effect
as reducing effective population size, and thus makes selec-
tion less effective on genes with haploid-specific expression
(Wang and Zhang 2011). Thus, if expression noise were the
predominant factor governing evolutionary rate, then hap-
loid-specific genes would evolve more rapidly than genes with
diploid-specific expression. Furthermore, genes with unspeci-
fic expression should evolve faster than diploid-specific genes,
because they spend a part of each generation in the haploid
phase where selection is less effective. These predictions hold
regardless of the relative complexity of the phases, and should
thus be correct in both A. thaliana and the moss. However,
our data contradict them, because genes with unspecific ex-
pression evolve most slowly in both organisms. Furthermore,
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haploid-specific and diploid-specific genes evolve at a similar
rate in the moss, but not in A. thaliana. Therefore, our obser-
vations cannot be fully explained by expression noise either.

Gene expression breadth is one of the strongest predictor
of evolutionary rate in multicellular organisms (Koonin 2017;
Slotte et al. 2011; Yang and Gaut 2011). In particular, broadly
expressed genes evolve more slowly than genes whose expres-
sion is specific to one tissue or life-cycle stage. Assuming that
phase dominance is a proxy of expression breadth, genes
specific to the morphologically and structurally less complex
life-cycle phase would evolve most rapidly, regardless of
ploidy. We found that this assumption is valid for A. thaliana
but not for the moss where genes specific to the dominant
haploid phase appears to be less broadly expressed than those
specific to the reduced diploid phase. Therefore, haploid-spe-
cific genes should evolve fastest in both A. thaliana and the
moss if expression breadth were the primary determinant of
evolutionary rates. In contrast, we found that haploid-specific
genes evolve more rapidly than diploid-specific genes in
A. thaliana but this difference was very weak or nonexistent
in the moss. This contradicts our expectation because we
recorded similar expression breadth difference among the
three groups of genes in both species that should alter evo-
lutionary rates in a similar extent. In sum, none of the three
factors (masking, expression noise, and breadth) alone can
explain our findings in full.

Combined Effect of Gene Expression Breadth and
Masking Can Explain Our Data

We found that haploid-specific genes are less broadly ex-
pressed than diploid-specific genes in both species investi-
gated. Therefore, the effect of gene expression breadth and
noise is expected to point in the same direction and will
increase evolutionary rates of haploid- compared with dip-
loid-specific genes. In contrast, masking is expected to have an
opposing effect and will decrease evolutionary rates in hap-
loid- compared with diploid-specific genes. Consequently,
evolutionary rate difference between haploid-specific,
diploid-specific, and unspecific genes must arise by the
combined effect of these forces.

We found that haploid-specific genes are less broadly ex-
pressed than diploid-specific and unspecific genes in both
organisms. Nevertheless, evolutionary rate difference between
haploid- and diploid-specific genes was only significant in the
species with a reduced haploid phase (A. thaliana). This ob-
servation could be best explained by the combined effect of
expression breadth and a dominance dependent effect of
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masking on the evolutionary rate of genes. We hypothesize
that the relative life span of the haploid phase modulates the
strength of purging in the haploid phase. Purging of deleteri-
ous alleles can be more efficient in the long-lived haploid
phase of the moss (Szovényi et al. 2011) than in the relatively
short-lived haploid phase of A. thaliana (Wuest et al. 2010).
Therefore, intensified haploid purging in the moss can bal-
ance the effect of expression breadth leading to similar evo-
lutionary rates in haploid- and diploid-specific genes. This is in
sharp contrast to A. thaliana in which the effect of expression
breadth dominates over purging in the haploid phase. As a
result, we argue that the combined effect of gene expression
breadth and masking (in a dominance dependent manner)
can best explain the broad patterns of molecular evolution we
see in our two study species. Finally, the observation that
evolutionary rates of haploid- and diploid-specific genes are
similar in the moss suggests a negligible effect of expression
noise on the evolutionary rate of genes.

General Evolutionary Implications

As we discuss next, our observations have profound implica-
tions on the purging of the deleterious mutations that a
population harbors—the population’s genetic load—and
on life cycle evolution in general.

It has been argued that the exposure and purging of del-
eterious mutations during the haploid phase of a life cycle can
be crucial to decrease a population’s genetic load
(Charlesworth and Willis 2009), and especially so in organisms
with an extensive haploid phase. However, multiple observa-
tions suggest that the genetic load can only be partially
purged, even in species with an extensive haploid phase.
For instance, in rotifers with haploid and diploid phases of
similar complexities, haploid exposure to selection cannot
eliminate the genetic load completely (Tortajada et al.
2009). Similarly, in insects with haplodiploidy, deleterious mu-
tations are only partially purged (Henter 2003). Moreover, a
substantial genetic load accumulates in plant species in spite
of their complex haploid phase (Byers and Waller 1999).

Our observations can help explain these patterns, because
they show that haploid-specific genes are not necessarily
under greater selective constraints than diploid-specific
genes. The reason is the important influence of gene expres-
sion breadth that can potentially counteract the dominance-
dependent effect of masking (e.g, purging in the haploid
phase). As a result, when the haploid phase is highly reduced,
the effect of expression breadth will override the effect of
masking and haploid-specific genes will experience less effi-
cient selection than diploid-specific genes. In contrast, when
dominance of the haploid phase rises, haploid purging will
become more efficient and expression breadth of haploid-
specific genes is likely to increase (due to expression special-
ization). This may lead to either similar or lower evolutionary
rates in haploid-specific compared with diploid-specific genes
depending on the expression breadth of haploid-specific
genes. Our study shows that in the moss, the opposing
effect of gene expression breadth and haploid purging balance
each other out because haploid- and diploid-specific genes

evolve with a similar rate. This is likely due to the highly
specialized haploid developmental stages of the moss life
cycle (protonemata and leafy shoot) increasing expression
specialization and thus evolutionary rate of genes.
Therefore, when differentiation among haploid developmen-
tal stages is considerable, evolutionary rate of haploid- and
diploid-specific genes is expected to be similar even in organ-
isms with an extensive haploid phase. Nevertheless, haploid-
specific genes should experience more efficient selection in
species which have highly reduced diploid and an extensive
haploid phase that lacks highly specialized developmental
stages as it is in some red algae (Blouin et al. 2011).

Greater efficacy of selection on haploid-specific than on
diploid-specific genes is a central assumption made by theo-
retical models of life cycle evolution in eukaryotes (Bell 1997;
Thornber 2006). In such models, the mutational robustness of
the diploid phase is important for the prevalence of diploid-
dominant life cycles in nature (Otto and Gerstein 2008). The
diploid phase is expected to accumulate a greater number of
recessive deleterious mutations than the haploid phase, be-
cause such mutations can be masked by dominant alleles in a
heterozygous state. In contrast to these predictions, we show
that the accumulation of such mutations need not be driven
by masking. This suggests that future models of life cycle
evolution need to take additional other factors, such as
gene expression breadth into account. The role of masking
may be less important for the evolution of biphasic life cycles
than commonly thought.

Conclusions

Both theoretical and empirical evidence show that the effects
of ploidy on the evolutionary dynamics of DNA in unicellular
organisms can be best explained by the masking hypothesis
(Otto and Gerstein 2008): Selection is more efficient in hap-
loids and leads to slower rates of evolution in haploid-specific
genes. Our study shows that this is unlikely to be true in
complex multicellular organisms. That is, the rate at which
phase-specific genes evolve in complex multicellular organ-
isms with biphasic life cycles contradicts the masking hypoth-
esis. The effect of masking becomes small in such organisms
and is overridden by the opposing effects of gene expression
breadth.

Materials and Methods

Gene Expression Data Set

We compiled two gene expression data sets for A. thaliana
that contain information about the phase specificity of genes
(haploid-specific, diploid-specific, or unspecific expression), to
find out whether our conclusions are sensitive to variation in
the data. The first data set combines the AtGenExpress ex-
pression data (Schmid et al. 2005) and a data set published by
Wouest at al. (2010). We obtained the MAS5 normalized
AtGenExpress data from the database plexdb (http://www.
plexdb.org, last accessed June 1, 2012), which contains com-
prehensive microarray data for almost all sporophytic devel-
opmental stages, and for the male gametophyte. The data set
of Wuest et al. (2010) catalogs the male and female
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gametophyte transcriptomes using laser-dissected tissues
samples. We used presence and absence calls to identify
whether a gene is expressed in a particular developmental
stage. For the AtGenExpress data set, we derived these calls
from the MAS5 normalized version of the data, and com-
bined these data with presence/absence calls from supple-
mentary table 1 in Wuest et al. (2010) (“PANP” calls). We
applied a majority consensus rule wherever replicates of the
same developmental stage provided conflicting presence/ab-
sence values. In addition, wherever two or more replicate
measurements did not show an unambiguous presence/ab-
sence call (referred to as M after MAS5 normalization), we
removed the corresponding microarray probe from the anal-
ysis. Furthermore, we discarded probe sets mapping to more
than one Arabidopsis Genome Initiative identifier. We will
refer to the compilation of AtGenExpress data and the data
by Wuest et al. (2010) as our data set 1. This data set likely
misses many stage-specific genes and thus represents a min-
imum estimate of stage-specific expression (personal com-
munication by S. Wuest). For this reason, we also compiled a
data set 2 from published microarray data investigating hap-
loid gene expression in A. thaliana. Specifically, we combined
data describing gene expression in the male gametophyte
(supplementary table 1 in Becker et al. 2003; supplementary
table 1 in Honys and Twell 2003; supplementary table 1 in
Pina et al. 2005; supplementary table 1 in Borges et al. 2008;
supplementary table 1in Wang et al. 2008) and in the female
gametophyte (supplementary table 1 in Johnston et al. 2007).
We retrieved normalized gene expression values from the
original publications, and merged gene expression data sets
by their probe set identifiers. We then discarded probe sets
mapping to more than one gene identifier, and declared
genes with a zero expression intensity value as lacking expres-
sion in a particular developmental stage.

We experimentally generated a generation-biased
genome-wide gene expression data set for the moss F. hygro-
metrica, which is a close relative of the model moss
Physcomitrella patens (Szovényi et al. 2011). To this end, we
first collected samples of three important haploid develop-
mental stages, specifically germinating spores, protonemata,
and young gametophores (four biological replicates each). We
also collected three developmental stages of the diploid phase
(sporophyte), specifically sporophytes shorter than 5mm,
elongated needle-like sporophytes, and sporophytes with
swollen capsules (four biological replicates each). After extrac-
tion, we pooled the four biological replicates in equimolar
ratios for sequencing, and subjected the resulting six samples
to single-end RNA sequencing (75 bp). Each sample was run
on a single lane of an lllumina GAllx flow cell. Sequence data
obtained are available in the ArrayExpress database (www.ebi.
ac.uk/arrayexpress, last accessed June 1,2012) under accession
number E-MTAB-1664.

Prior to assembly, we filtered the raw sequence data by
removing all reads containing low quality (phred quality
value < 20) or ambiguous (“N”) base calls, using the
FASTX-toolkit (http://hannonlab.cshledu/fastx_toolkit/, last
accessed June 1, 2012). After this quality filtering, we checked
reads for possible adaptor contamination using Tagdust
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(Lassmann et al. 2009) by specifying a false discovery rate of
0.01, and discarded all reads with a significant match against
the adaptor data base. We then assembled reads into virtual
transcripts using the assembler Trinity (Grabherr et al. 2011),
which produces the most contiguous transcriptome assembly
(e.g, highest number of full-length transcripts with high sen-
sitivity) for nonmodel species (Grabherr et al. 2011). We then
obtained normalized gene expression estimates 7 (as in Li and
Dewey 2011) for each putative gene (and not for each single
transcript), using the expectation maximization algorithm
implemented in RNA-Seq by Expectation-Maximization
(RSEM) (Li and Dewey 2011).

Estimating Evolutionary Rates

We estimated evolutionary rates of A. thaliana proteins by
assessing their divergence from the closely-related A. lyrata
genome. To this end, we retrieved A. thaliana and A. lyrata
coding sequences and protein sequences from TAIR8 and
from the draft A. lyrata genome, respectively (Hu et al. 2017;
http://genome jgi-psf.org/Araly1/Araly1.download.html/Ara
ly1_GeneModels_FilteredModels6_ntfasta, ~Araly1_Gene-
Models_FilteredModels6_aa.fasta, last accessed June 10,
2012). We identified one-to-one orthologous proteins in
these genomes with a reciprocal mutual best hit strategy
using BlastP (Altschul et al. 1997), and kept protein pairs
showing at least 30% identity along 150 aligned amino acids
for further analysis (Rost 1999). To generate codon-based
alignments, we first pre-aligned protein sequences of A.
thaliana-A. lyrata using MUSCLE (with default options,
Edgar 2004), and then mapped these alignments onto nu-
cleotide alignments using pal2nal (Suyama et al. 2006). We
estimated evolutionary rates of proteins by computing the
number of nonsynonymous substitutions per nonsynon-
ymous site (dN), and the number of synonymous substitu-
tions per synonymous site (dS). To estimate dN, dS, and
their ratio (dN/dS), we used PAML (Yang 2007) applying
the F3 x 4 model with the pairwise option (runmode = —2).
We subjected the output of PAML to an extra filtering step
that retained only alignments with dS <2 and dN < 2.

In the moss F. hygrometrica, we estimated evolutionary
rates of predicted proteins through their divergence from
the P. patens v1.6 genome (Rensing et al. 2008; http://www.
phytozome.net/). We identified one-to-one orthologs be-
tween P. patens proteins and F. hygrometrica virtual tran-
scripts using blastx, applying the very same threshold as in
Arabidopsis. After that, we obtained protein translations of
virtual transcripts based on the orthologous P. patens gene
models, using Wise2 (ftp://ftp.ebiac.uk/pub/software/unix/
wise2/, last accessed June 1, 2012), and discarded virtual tran-
scripts containing internal stop codons. We computed align-
ments, dN/dS estimates, and filtered the data as described for
A. thaliana in the previous paragraph.

Expression Specificity and Its Effect on the
Evolutionary Rates of Genes

In the first set of analyses, we defined phase specificity of
genes as a binary variable. Using the A. thaliana data sets 1
and 2, we assigned genes to the three categories of
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haploid-specific, diploid-specific, and unspecific expression as
follows. In A. thaliana, we called a gene haploid-specific if it
was expressed in at least one haploid developmental stage,
but in none of the diploid stages. We called a gene diploid-
specific if it was expressed in at least one diploid but in none
of the haploid developmental stages. Finally, we called a gene
unspecific if it was expressed in at least one haploid and one
diploid developmental stage.

In F. hygrometrica, we distinguished genes with diploid-
from those with haploid-specific or unspecific expression by
their average fold-change value between haploid and diploid
tissues [log,(fold-change = gametophyte/sporophyte)]. We
calculated this ratio using the average gene expression esti-
mates obtained by RSEM (7 according to Li and Dewey 2011)
for each putative gene model, and used three fold-change
thresholds (log,(haploid/diploid) = 2, 4, and 6) in our analysis.
We called genes with a fold-change greater than 2, 4, or 6
haploid-specific whereas genes with a fold-change threshold
smaller than —2, —4, or —6 were called diploid-specific at the
3-fold-change thresholds (2, 4, and 6), respectively. The rest of
the genes we assigned to the unspecific category. We applied
pairwise two-tailed Wilcoxon rank sum tests (Sokal and Rohlf
2012) to compare dN/dS values among the three categories of
genes (haploid-specific, diploid-specific, or unspecific) in both
species.

Defining gene expression specificity as a binary variable is
subjective and might introduce biases in the analysis.
Therefore, we performed a second set of analyses to investi-
gate the effect of phase-specific expression on evolutionary
rates, taking into account the continuous nature of gene
expression. Using gene expression as a continuous variable
allowed us to apply the very same statistical methodology for
both the microarray and RNA seq data sets that is expected
to better account for the inherent technical differences
between the two expression measurement techniques. We
defined phase specificity as the average fold-change genes
experience between the two phases (log,[expression in the
haploid phase/expression in the diploid phase]) using the
normalized gene expression values of the A. thaliana (data
set 1) and the F. hygrometrica data sets. Then, we investigated
the relationship between gene expression specificity and
evolutionary rates of genes (dN/dS) using nonparametric
correlation analysis (Sokal and Rohlf 2012).

We quantified expression breadth of genes with the index
7 (Yanai et al. 2005) to investigate the relationship between
expression breadth and relative complexity of the phases:

[1— log, S(i, j)/ log, S(i, max)]

n
=1

J
T =

n—1
where n refers to the number of tissues, S(i, max) is the highest
expression of gene i across all tissues and S(j, j) is the expres-
sion of gene i in the jth tissue. T approaches 1 when the gene
is exclusively expressed in one tissue and 0 if it is equally
expressed across all tissue types investigated. We used gene
expression estimates of data set 1 (for A. thaliana) and
expression estimates obtained by RSEM (t according to Li

and Dewey 2011 for F. hygrometrica) to quantify the expres-
sion breadth (t) of genes.

The Causes of Evolutionary Rate Difference between
Specific and Unspecific Genes

To assess the causes of evolutionary rate difference among
haploid-specific, diploid-specific, or unspecifically expressed
genes, we performed a direct test using polymorphism data
and an indirect test using only divergence data. We per-
formed the direct test only for A. thaliana, using publicly
available genome-wide polymorphism data. To distinguish
positive from relaxed selection, we used the 19 Arabidopsis
genome data set, obtaining consolidated protein coding DNA
sequences and protein sequences from the 19 Arabidopsis
genome site (Gan et al. 2017; http://muswell.oxacuk/
19genomes/, last accessed May 3, 2012). With this data in
hand, we paired genes occurring in all 19 Arabidopsis acces-
sions with their previously identified A. lyrata ortholog, and
aligned protein sequences using muscle (Edgar 2004) with
default parameters. We then used the resulting protein align-
ments to guide nucleotide alignments with pal2nal (Mikita
et al. 2006).

To investigate whether differences in the dN/dS ratio are
due to relaxed selection or to the fixation of beneficial mu-
tations, we estimated the ratio of nonsynonymous to synon-
ymous polymorphisms for each gene using MK.pl (Holloway
et al. 2007). Beneficial mutations are expected to rapidly reach
fixation within species whereas slightly deleterious mutations
should segregate within species. Therefore, if elevated among-
species dN/dS ratios are mainly due to relaxed selection, a
higher nonsynonymous to synonymous polymorphisms ratio
is expected for haploid-specific than for diploid-specific genes.
In contrast, when elevated among-species dN/dS ratios are
caused by the fixation of beneficial mutations, species-wide
nonsynonymous to synonymous polymorphism ratios should
be lower in haploid-specific than in diploid-specific genes.
Finally, we compared log;-transformed values of these
ratios among the three major gene categories (haploid-
specific, diploid-specific, or unspecific) using Wilcoxon rank
sum tests (Sokal and Rohlf 2012).

We performed the second, indirect test for both species.
This test only relies on divergence data, as no polymorphism
data are available for the moss F. hygrometrica. It uses the
strength of correlation between gene expression and evolu-
tionary rate (dN/dS) as an indicator of the efficacy of selection
(Koonin 2011). We calculated nonparametric Spearman rank
correlations between mean gene expression levels (averaged
over all developmental stages) and evolutionary rates dN/dS
for the three main categories of genes (haploid-specific,
diploid-specific, or unspecific), and compared these nonpara-
metric correlation coefficients among the three categories
using a Z-test (Sokal and Rohlf 2012).

Controlling for the Influence of Confounding Factors

First, we investigated this question defining phase specificity
as a binary variable. We used ANCOVA to investigate
whether evolutionary rate difference among genes with
haploid-specific, diploid-specific, or unspecific expression
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can be accounted for by other factors not accounted for in
our major hypotheses (Slotte et al. 2011; Yang and Gaut
2011). To this end, we retrieved structural properties of
genes that are known to correlate with evolutionary rate
from the general feature files (gff) of the A. thaliana
(TAIR8) and P. patens (v6) genomes. Then, we assessed the
differences in the ratio dN/dS among the three gene catego-
ries by including total gene length, GC content, and average
intron length as covariates in the ANCOVA (Sokal and Rohlf
2012). To fulfill assumptions of the test, we log;, transformed
dN/dS values. We conducted the ANCOVA on both A. thali-
ana data sets (data set 1 and 2) and on the F. hygrometrica
data set with a fold-change [log,(fold-change)] threshold of 4.

We also investigated the effect of confounding factors not
accounted for in our primary analyses, treating gene expres-
sion as a continuous variable and defining phase specificity
as the average fold-change genes experience between the
two phases (log,[expression in the haploid phase/expression
in the diploid phase]). We performed partial nonparametric
correlation analysis (Sokal and Rohlf 2012) between expres-
sion specificity and evolutionary rates (dN/dS), whereas
controlling for the effect of average gene expression intensity,
total gene length, GC content, and average intron length.
Properties of genes were retrieved from the appropriate
general feature files (gff) (discussed earlier).

Molecular function is known to affect evolutionary rates
of genes. Therefore, we asked whether genes with haploid-
specific, diploid-specific, or unspecific expression show con-
siderably different molecular functions. This analysis was only
conducted for data set 2 of A. thaliana because the number of
phase-specific genes with GO annotation prohibited a mean-
ingful statistical analysis in data set 1. In F. hygrometrica, a
threshold value of log,(fold-change) = 4 was used to define
genes with phase-specific and unspecific expression. GO
annotation for each gene was retrieved from publicly available
annotation files (A. thaliana: ftp://ftp.jgi-psforg/pub/comp-
gen/phytozome/v9.0/Athaliana/annotation/Athaliana_167_
annotation_info.txt.gz, last accessed June 1, 2012; P. patens:
ftp://ftpjgi-psf.org/pub/compgen/phytozome/v9.0/Ppatens/
annotation/Ppatens_152_annotation_info.txt.gz, last
accessed June 1, 2012). After that, we compared the func-
tional annotation of haploid-specific, diploid-specific, and
unspecific gene groups using Fisher’s exact tests (applying
Bonferroni correction) for each GO term separately. In this
analysis, we only used GO terms on level two of the molecular
function ontology. We performed all statistical analyses using
R (R Development Core Team 2011).

Supplementary Material

Supplementary tables S1 and S2 and figure S1 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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