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Abstract

Whole-genome duplications (WGDs) have occurred in many eukaryotic lineages. However, the underlying evolution-
ary forces and molecular mechanisms responsible for the long-term retention of gene duplicates created by WGDs
are not well understood. We employ a population-genomic approach to understand the selective forces acting on
paralogs and investigate ongoing duplicate-gene loss in multiple species of Paramecium that share an ancient
WGD. We show that mutations that abolish protein function are more likely to be segregating in retained WGD para-
logs than in single-copy genes, most likely because of ongoing nonfunctionalization post-WGD. This relaxation of
purifying selection occurs in only one WGD paralog, accompanied by the gradual fixation of nonsynonymous muta-
tions and reduction in levels of expression, and occurs over a long period of evolutionary time, “marking” one locus
for future loss. Concordantly, the fitness effects of new nonsynonymous mutations and frameshift-causing indels are
significantly more deleterious in the highly expressed copy compared with their paralogs with lower expression. Our
results provide a novel mechanistic model of gene duplicate loss following WGDs, wherein selection acts on the sum
of functional activity of both duplicate genes, allowing the two to wander in expression and functional space, until
one duplicate locus eventually degenerates enough in functional efficiency or expression that its contribution to total
activity is too insignificant to be retained by purifying selection. Retention of duplicates by such mechanisms predicts
long times to duplicate-gene loss, which should not be falsely attributed to retention due to gain/change in function.

Key words: distribution of fitness effects, loss-of-function mutations, nonfunctionalization, Paramecium, whole-gen-
ome duplications.

the model organism Arabidopsis thaliana (Simillion et al.
2002).

Although WGDs are an important source of new gene
duplicates across eukaryotes, the short- and long-term
evolutionary forces responsible for the maintenance and
loss of resulting duplicates are not well understood.
Many models of preservation and loss of duplicates have
been proposed (Lynch 2007; Hahn 2009; Innan and
Kondrashov 2010), but it has been difficult to understand
the relative contributions of alternative mechanisms of re-
tention of paralogs. This issue is even more challenging in

Introduction

Gene duplications are a potentially important source of
new genes (Ohno 1970). Although segmental duplications
encompassing small numbers of genes are extremely com-
mon (Lynch and Conery 2000; Zhang 2003), duplications
of entire genomes, that is whole-genome duplications
(WGDs) have also occurred in multiple eukaryotic
lineages. For example, the model organisms
Saccharomyces cerevisiae (Shields and Wolfe 1997) and
Xenopus laevis (Morin et al. 2006) have each experienced
an ancestral WGD. Two additional WGDs preceded the ra-

diation of vertebrate lineages (Dehal and Boore 2005; Van
de Peer et al. 2010) with an additional third round of WGD
at the base of the teleost fish lineage (Postlethwait et al.
2000; Jaillon et al. 2004). At least two successive WGDs
have occurred below the base of the Paramecium aurelia
complex (Aury et al. 2006; McGrath, Gout, Johri, et al.
2014), and WGDs have occurred many times independent-
ly in various plant lineages (Jiao et al. 2011, 2014), including

the case of WGDs, which increase the scale of the study
and introduce novel considerations (such as preservation
of dosage) relative to single-gene duplicates. Studies in dif-
ferent model organisms have repeatedly shown a bias to-
ward the post-WGD retention of genes that encode
subunits of protein complexes or are involved in many dif-
ferent complexes (Blanc and Wolfe 2004; Maere et al. 2005;
Aury et al. 2006; Hakes et al. 2007), as well as genes with
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high expression levels and slow rates of evolution (Davis
and Petrov 2004; Aury et al. 2006; Gout et al. 2010;
McGrath, Gout, Doak, et al. 2014). These observations
have largely pointed toward the roles of dosage
and dosage-balance in maintaining gene duplicates
post-WGD (Gout and Lynch 2015).

Despite these advances in our understanding of gene-
duplicate loss and retention, the evolutionary mechanisms
responsible for the process of gene loss following WGD re-
main unclear. If the paralogs start off being identical and
are largely preserved for their ancestral function (because
of dosage or dosage-balance), then why does one get lost
eventually, and which evolutionary forces determine
which paralog will be lost? Do both members of a dupli-
cate pair experience similar or different selective forces?
How long does it take to lose a gene duplicate? The initial
phases of duplicate-gene loss must involve the increase in
frequency and eventual fixation of mutations that result in
loss-of-function or complete deletion of one of the two
duplicate-gene sequences. Thus, the probability and time
to fixation of such mutations depend on population-
genetic parameters such as the effective population size,
the strength of selection against or for the loss of gene du-
plicate, and the rate of input of loss-of-function mutations
into the population. Therefore, understanding evolution-
ary parameters that govern the fixation of loss-of-function
mutations or null alleles in a paralog and lead to its re-
moval is ultimately a population-genetic question.
However, such a perspective has been lacking, in that
most  previous studies have only examined
gene duplicate evolution via between-species comparative
and phylogenetic approaches (e.g, Scannell and Wolfe
2008; Inoue et al. 2015; Braasch et al. 2016).

We take a population-genomic approach to investigate
the evolutionary forces responsible for duplicate-gene loss
and retention by observing the process of ongoing loss of
gene duplicates in a large complex of Paramecium species,
following an ancient WGD event. The P. aurelia complex
(Sonneborn 1975) is a promising system for examining
the process of ongoing loss, as about 40-60% of all gene
duplicates from the most recent WGD are retained on a
phylogeny of 15 morphologically cryptic post-WGD spe-
cies. Because even the most recent WGD is extremely an-
cient (~320Ma), the WGD paralogs are easily
distinguishable by sequence from one another, with ex-
tremely high average divergence (~1.8) at synonymous
sites (McGrath, Gout, Johri, et al. 2014). This then allows
for the possibility of population-genetic studies of the
two paralogs separately, providing a unique opportunity
for understanding the evolutionary mechanisms and con-
sequences of retention of gene duplications.

Notably, whereas two rounds of WGDs at the base of
the vertebrates have been hypothesized to facilitate mor-
phological diversification (referred to as the 2R hypothesis;
Meyer and Van de Peer 2005; Freeling and Thomas 2006),
the WGDs in Paramecium species have instead been ac-
companied by morphological stasis: all P. aurelia species
are morphologically indistinguishable from each other
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(Sonneborn 1975). The Paramecium complex thus also
provides an interesting counterexample to the 2R
hypothesis.

To investigate the evolutionary forces acting on WGD
duplicates, we use population-genomic data in three spe-
cies of the P. aurelia complex and an outgroup species
P. caudatum that predates the WGD. By examining muta-
tions that are likely to abolish protein function (referred to
as loss-of-function mutations or null alleles) segregating in
populations, we identify WGD paralogs that may be
headed toward loss. Using population-genetic methods,
we infer the distribution of fitness effects (DFE) of new
base-substitution mutations at nonsynonymous sites and
of frameshift-causing indels for WGD paralogs, and dem-
onstrate how mutations in the lowly expressed paralog
are much less deleterious than those in the highly ex-
pressed paralog. Using the inferred DFE allows us to
more precisely estimate the expectation of time taken
for fixation of null alleles in WGD paralogs. This unique ap-
proach of combining comparative and population-
genomics along with transcriptomics sheds new light on
the mechanism of duplicate-gene loss following a WGD.

Results

Detection of Loss-of Function Variants

in Paramecium

The P. aurelia complex consists of about 15 species that
share two and possibly three rounds of WGDs, with
most species retaining between 40% and 60% of the dupli-
cates created by the most recent WGD (Aury et al. 2006;
McGrath, Gout, Doak, et al. 2014; Gout et al. 2019), which
is the focus of this study. To investigate the process of on-
going loss of gene duplicates in the P. aurelia species, we
used within-species genomic variation for three P. aurelia
species (P. tetraurelia, P. biaurelia, and P. sexaurelia) that
share the most recent WGD as well as for one outgroup
species, P. caudatum (fig. 1a), which predates the WGD.
The population-genomic data utilized in this project,
which are publicly available (see Materials and Methods;
Johri et al. 2017), are based on whole-genome sequences
of 10-13 individuals sampled globally for each species
and sequenced to high-depth (with ~40-80x coverage
for each individual).

In order to identify gene duplicates that might be head-
ing toward pseudogenization (also known as nonfunctio-
nalization), the population-genomic data were used to
detect segregating mutations that could abolish protein
function, also referred to as loss-of-function mutations
or null alleles, which are not necessarily lethal and might
result in only partial loss-of-function. As potential
loss-of-function variants, we considered single nucleotide
polymorphisms (SNPs) and indels that cause premature
termination codons (PTCs), frameshifts that cause mis-
translation, or missing start and stop codons (see
Materials and Methods). We also detected larger deletion
polymorphisms (up to 2,000 bp) in protein-coding genes
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Fic. 1. (a) Phylogenetic rela- (a)
tionships between postduplica-
tion (P. biaurelia, P. tetraurelia,
and P. sexaurelia) and outgroup
species (P. caudatum) consid-
ered in this study, where all
species retain paralogs
(filled black boxes) for the
same gene, whereas the out-
group species has the corre-
sponding single-copy
orthologs (white boxes). (b) (c)
Schematic representation of a
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Proportion of genes that have
segregating  loss-of-function
(LoF) mutations in P. tetraure-
lia in different categories of
genes—single-copy genes,
paralogs, paralogs that have
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tum genes orthologous to the
ones in figure 1c that have seg-
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tions. In (¢) and (d), statistical
significance of the difference
in the proportions of genes
with loss-of-function variants
between the set of paralogs
and single-copy genes s
shown as Bonferroni-corrected
P-values obtained via Fisher’s
exact test and this analysis is re-
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orthologs in all four species.
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single-copy

using CNVnator (Abyzov et al. 2011), which uses read
depth to search for deletions. Because it is difficult to pre-
cisely detect insertions/deletions (indels) from population-
genomic data, reduction of false positives of
loss-of-function variants was achieved by performing sev-
eral checks and by including a rigorous set of filters (see de-
tails in supplemental Methods, Supplementary Material
online).

Consistent  with  previous studies in  humans
(MacArthur 2012) and Drosophila (Lee and Reinhardt
2012), an elevated fraction of frameshift-causing indels
were observed at the 3’ ends of genes (supplementary
fig. S1, Supplementary Material online), a pattern that is
likely due to relaxation of purifying selection against
frameshift-causing indels toward the downstream ends
of genes. In addition, a slightly higher proportion of
frameshift-causing indels at the 5’ end of genes was also
observed, which was found to be primarily due to the

p=0.12

Orthologs of
paralogs

Ortholog of
paralogs
retained in all
species

Orthologs of
paralogs lost in
both sister taxa

presence of downstream alternative start codons that
can rescue the transcription of most of the rest of the pro-
tein (rendering the indels before the alternate start codons
to be less deleterious; supplementary fig. S1,
Supplementary Material online). Very similar patterns
have been found in protein-coding genes in previous
population-genomic studies (Lee and Reinhardt 2012;
MacArthur 2012), strongly indicating that the majority
of detected variants in this study are real.

Overall, a total of 2,218 protein-coding gene loci in
P. tetraurelia, 2,949 in P. biaurelia, 4,247 in P. sexaurelia,
and 1,296 in P. caudatum were found to harbor potential
loss-of-function variants at a high enough frequency to be
detected in our sample (supplementary table S1 and
methods, Supplementary Material online), representing
5.5%, 7.9%, 12.2%, and 7.0% of all genes in each species, re-
spectively. After including larger deletions detected using
CNVnator, these proportions increase to 6.5%, 10.6%,
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14.7%, and 11.9% in P. tetraurelia, P. biaurelia, P. sexaurelia,
and P. caudatum, respectively. On average, we estimate
that ~700 genes in P. tetraurelia, ~1,000 in P. biaurelia,
~1,100 in P. sexaurelia, and ~500 in P. caudatum are
homozygous null in at least one individual in our samples.
Interestingly, whereas the nucleotide diversity at 4-fold de-
generate sites in the P. aurelia species (0.006, 0.009, and
0.027 in P. tetraurelia, P. biaurelia, and P. sexaurelia) is
much lower than in P. caudatum (0.069; Johri et al.
2017), the proportion of genes with loss-of-function var-
iants is similar or higher in P. aurelia species than in P. cau-
datum. Although factors such as specific demographic
histories (e.g., the extent of population structure, presence
of recent bottlenecks reducing the efficacy of selection),
sample sizes, and different criteria for sampling are likely
to contribute to the between-species differences in the
prevalence of null alleles, the higher proportion of genes
with null alleles in the P. aurelia species could also be
due to ongoing duplicate-gene loss post-WGD.
Moreover, because the approximate minimal observed
frequency in a sample of size n is 1/n, many of
the loss-of-function variants detected are likely relatively
common, and could thus represent ongoing
nonfunctionalization.

Loss-of-Function Variants are Overrepresented in
WGD Paralogs versus Single-Copy Genes Due to
Ongoing Nonfunctionalization

If a significant number of the loss-of-function variants in
the P. aurelia species are due to progression toward
post-WGD nonfunctionalization, there should be observ-
able differences between genes that have lost their dupli-
cate (referred to as single-copy genes) versus those that
still retain their duplicate created by the WGD. Only 1.9,
3.3, and 7.1% of single-copy genes in P. tetraurelia, P. biaur-
elia, and P. sexaurelia have loss-of-function variants, where-
as much larger proportions, ~3.3%, 5.8%, and 10.6%, of
retained WGD paralogs have segregating loss-of-function
variants respectively (fig. 1c; supplementary figs. S2 and
S3, Supplementary Material online). Thus, paralogous
genes are 1.5-1.7x more likely to harbor loss-of-function
variants than are single-copy genes in the postduplication
species (p=5.38 x 1076, p=110x10"°, p=108x
107" in P. tetraurelia, P. biaurelia, and P. sexaurelia
respectively).

Interestingly, in the subset of genes whose WGD para-
logs are only retained in one of the three P. aurelia species
(i.e, have been lost in the other two species; fig. 1b), the
species with retained duplicates has an even higher pro-
portion of genes with segregating loss-of-function
variants—7.3%, 11.3%, and 13.3% in P. tetraurelia, P. biaur-
elia, and P. sexaurelia, respectively (fig. 1¢c; supplementary
figs. S2 and S3, Supplementary Material online). Thus,
WGD paralogs that are retained in only one of the three
P. aurelia species are 3.8 x (P. tetraurelia), 3.4x (P. biaure-
lia), and 1.9 (P. sexaurelia) more likely than single-copy
genes to harbor segregating loss-of-function variants,
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strongly supporting the idea that the majority of segregat-
ing loss-of-function variants in WGD paralogs in the P. aur-
elia species are due to ongoing nonfunctionalization.
Concordantly, among genes whose WGD paralogs are re-
tained in all three postduplication species (fig. 1a), a sign
of selection for joint retention, only 2.5%, 4.6%, and
10.1% of them in P. tetraurelia, P. biaurelia, and P. sexaur-
elia, respectively, have loss-of-function variants (fig. 1b;
supplementary figs. S2 and S3, Supplementary Material
online).

One could argue that all of the observed trends above
are simply due to differences in evolutionary constraints
(predating the WGD) among the sets of genes tested. In
other words, it is possible that genes under weak selective
constraints are more likely to be lost and more likely to
harbor loss-of-function variants than genes under
stronger purifying selection. We therefore looked at
loss-of-function variants in orthologous genes from P. cau-
datum (the outgroup species not sharing the WGD). In
P. caudatum, there is no significant difference between
the proportion of loss-of-function variants in genes whose
orthologs still retain their WGD paralogs in P. aurelia spe-
cies versus those that have reverted to single copies in
P. aurelia species (fig. 1d; supplementary figs. S2 and S3,
Supplementary Material online). Thus, differences in the
proportion of genes harboring null alleles between WGD
paralogs and single-copy genes do not predate the WGD,
reinforcing our hypothesis that retained paralogs are
undergoing pseudogenization. Because comparisons of
prevalence of loss-of-function variants in the above ana-
lyses were conducted entirely within-species, our results
should not be overly sensitive to differences in sample sizes
and genome-wide levels of variation across species due to
differences in population-genetic parameters such as
demographic histories.

Asymmetric Relaxation of Purifying Selection and
Reduction of Expression in One WGD Paralog

To further distinguish between the possibility of ongoing
nonfunctionalization post-WGD versus relaxed evolution-
ary constraints on both WGD paralogs, other population-
genetic and transcriptomic signatures of selective
constraints were evaluated. Although in the latter scen-
ario, both paralogs would show evidence of relatively
weak purifying selection, asymmetric relaxation of select-
ive constraints on only one paralog would be expected if
just one of the two paralogs is on its way toward nonfunc-
tionalization. We therefore compared other measures of
evolutionary constraints between WGD paralogs where
one paralog had segregating loss-of-function variants,
whereas the other did not, referred to as intact (fig. 2).
As a comparison, we also show the same measures for
(1) a set of well-conserved paralogs retained in all three
postduplication species, and with identifiable orthologs
in the outgroup and without loss-of-function variants
and (2) WGD paralogs that were not observed to have
any loss-of-function variants.
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Fic. 2. Relaxation of purifying selection in only one of the two paralogs. (a) Schematic of WGD paralogs analyzed in this figure. Dark gray squares
represent paralogous loci where neither of the two were found to harbor loss-of-function polymorphisms. Red squares represent WGD paralogs
where one paralog harbors loss-of-function (LoF) polymorphism (patterned squares) and the other is intact (solid square). Black star represents a
loss-of-function mutation. (b) Nucleotide diversity at nonsynonymous sites (7,,) relative to that at synonymous sites () in WGD paralogs.
(c) Nucleotide diversity and fraction of indels per base in 150 bp upstream of genes. (d) Expression levels shown in logarithm of FPKM values.
For (b), (c), and (d), patterned red bars represent WGD paralogs that harbor segregating loss-of-function mutations, solid red bars represent
their corresponding intact paralogs that do not have segregating loss-of-function mutations, gray bars represent all WGD paralogs where
both copies were intact, and black bars represent a set of highly conserved WGD paralogs that have been retained by all three P. aurelia species.
Asterisks represent significant differences between the paralogs that have loss-of-function polymorphisms (patterned red bars) and their re-
spective WGD paralogs that did not have loss-of-function polymorphisms (solid red bars).
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Paralogs with segregating loss-of-function variants have
significantly higher ratios of nonsynonymous to synonym-
ous diversity (zy/7s) compared with their intact paralogs
(0.33 vs. 0.13 in P. tetraurelia; 0.39 vs. 0.14 in P. biaurelia;
0.44 vs. 0.21 in P. sexaurelia; fig. 2), whereas intact paralogs
have similar levels of my/7s as the set of well-conserved
paralogs (0.13 vs. 0.10 in P. tetraurelia; 0.14 vs. 0.15 in P.
biaurelia; 0.21 vs. 0.18 in P. sexaurelia; fig. 2). A caveat of
this analysis is that indels, which are responsible for
many loss-of-function variants, can cause misalignments
of nearby sites and result in false-positive SNP calls. To ac-
count for this issue, 7y/7s was also calculated by excluding
individuals or haplotypes with the loss-of-function variant,
revealing that for paralogs with segregating
loss-of-function variants, even haplotypes without
loss-of-function variants exhibit an elevated level of diver-
sity at nonsynonymous sites (supplementary fig. S4,
Supplementary Material online). In addition, nonsynon-
ymous polymorphisms in paralogs with segregating
loss-of-function variants typically caused more radical
amino-acid changes (as scored by the BLOSUM62 matrix)
than those in their respective intact paralogs
(supplementary fig. S5, Supplementary Material online).

Because there is also a significantly higher density of
both SNPs and indels in upstream (5") intergenic regions
of duplicate loci with loss-of-function variants (fig. 2), sug-
gesting relaxed selection on the regulatory elements of
these genes, we examined expression levels of these para-
logs, which had been measured in the reference genome
strains (Gout and Lynch 2015). As the reference genome
by definition has the intact version of most genes that
were detected to have loss-of-function variants, expression
levels should not have been affected by the presence of
loss-of-function variants and/or PTCs in their sequences
(which might induce nonsense-mediated decay and thus
reduce expression).

Duplicate loci harboring loss-of-function variants have
significantly lower expression levels (given in logarithm
of FPKM values; see Materials and Methods) than their in-
tact paralogs in all postduplication species (—0.19 vs. 2.48
in P. tetraurelia; 0.34 vs. 2.22 in P. biaurelia; 1.28 vs. 2.85 in P.
sexaurelia; fig. 2), whereas expression levels of the intact
paralogs were close to those of the set of conserved para-
logs (2.48 vs. 2.90 in P. tetraurelia; 2.22 vs. 2.75 in P. biaur-
elia; 2.85 vs. 3.39 in P. sexaurelia). It is possible that in a
minority of cases, the reference genome has the
loss-of-function variant and would thus result in lowered
expression level due to nonsense-mediated mRNA decay.
For instance, if a PTC was present in the reference genome,
it would be identified as a missing stop codon in the rese-
quenced individuals. On excluding all cases where the
presence of termination codons was polymorphic in the
population (which would exclude any scenarios where
the reference genome might have loss-of-function muta-
tions), there continues to be a drastic difference in levels
of expression between paralogs with and without
loss-of-function variants (—0.20 vs. 2.47 in P. tetraurelia;
0.45 vs. 2.23 in P. biaurelia; 1.49 vs. 3.09 in P. sexaurelia),
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suggesting that this observation is not a technical artifact
and that duplicate loci exhibiting reduced selective con-
straints indeed have lower levels of expression. Because
the average expression levels could be biased by a few ex-
treme outliers, we also looked at the proportion of cases
where the paralog with segregating loss-of-function var-
iants has lower expression than the intact paralog in the
reference genome and found this to be the case in
~79%, ~71%, and ~69% of WGD-derived paralogs in P.
tetraurelia, P. biaurelia, and P. sexaurelia, respectively. We
therefore conclude that segregating loss-of-function var-
iants at a retained WGD duplicate-gene harbor a signature
of relaxed selective constraints associated with both pro-
tein function and expression.

It has been demonstrated that the rate of evolution at
coding sites is higher for lowly expressed genes
(Drummond et al. 2005). We tested whether the observa-
tion of reduced selective constraints at paralogs with lower
levels of expression was more than expected when control-
ling for the levels of expression. We find that both the
paralog with the lower expression and single-copy genes
that no longer retain their WGD paralogs follow a very
similar trend of being more likely to segregate with
loss-of-function variants when they are lowly expressed
(supplementary fig. S6, Supplementary Material online).
Thus, genes with low levels of expression, whether they
have retained or lost their WGD paralogs, exhibit relaxed
selective constraints and are more likely to have segregat-
ing null alleles. Interestingly, however, on restricting this
analysis to well-conserved genes (i.e, single-copy
and WGD paralogs that have an identifiable ortholog in
P. caudatum), we find that for similar expression levels,
WGD paralogs are much more likely than single-copy
genes to have segregating loss-of-function variants
(supplementary fig. S7, Supplementary Material online).
This suggests that when all else is equal, the WGD paralog
with lower expression might be more likely to harbor null
alleles even after controlling for lower levels of expression.
Future work in other species might help confirm this
observation.

Differences in Divergence and Expression Between
Paralogs Precede the Acquisition of Null Alleles
Although relaxation of constraints was found to be se-
lectively experienced by one of the two WGD paralogs,
the length of time to reach this point may provide in-
sight into the mechanism of loss and retention of
gene duplicates. We therefore investigated how long
ago WGD paralogs with loss-of-function variants started
experiencing divergent selective constraints and expres-
sion levels, in particular, whether this preceded the ac-
quisition of null alleles. Because the WGD paralogs are
extremely old (~320 My), the divergence in sequence
and expression level between WGD paralogs can be in-
vestigated phylogenetically using additional P. aurelia
species with high-quality genome assemblies (Gout
et al. 2019). Because the clade comprising the closely
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related species, P. tetraurelia, P. octaurelia, P. decaurelia,
P. dodecaurelia, and P. biaurelia, offers the best reso-
lution to track small changes in selective constraints
over evolutionary time (fig. 3), we focused on the
WGD paralogs retained in these five species. By evaluat-
ing the divergence in levels of expression and rates of
amino-acid substitutions between the WGD paralogs re-
tained in these five species, it is possible to approxi-
mately date how long ago the paralogs started diverging.

Overall, it appears that the decrease in levels of expres-
sion and concomitant increase in amino-acid substitution
rates in one paralog can be tracked phylogenetically and
appear to have started at the time when the ancestor of
P. tetraurelia and P. biaurelia split. More specifically,
when the samples for neither WGD paralog in P. tetraurelia
exhibit loss-of-function variants (left panel of fig. 2a), ~11-
14% of the corresponding WGD orthologous paralogs in P.
octaurelia, P. decaurelia, P. dodecaurelia, and P. biaurelia ex-
hibit asymmetry in amino-acid substitutions (tested using
the relative rate test by Tajima 1993). However, when one
of the two WGD paralogs in P. tetraurelia has segregating
loss-of-function variants (right panel of fig. 2a), a signifi-
cantly higher fraction of the corresponding duplicate pairs
in all four related species exhibit asymmetry in amino-acid
substitutions (fig. 3): 29% in P. octaurelia (p =3.2 x 10~ °
for comparison to cases with no loss-of-function variant),
27% in P. decaurelia (p = 5.9 x 10~ %), 24% in P. dodecaur-
elia (p=15x10"7), and 16% in P. biaurelia (p = 0.04).
Moreover, of the WGD paralogs with significantly asym-
metric rates of amino-acid substitution in P. octaurelia,
in 85% of the cases the increased substitution rate was
found to be in the ortholog of the P. tetraurelia locus
with segregating loss-of-function variants (p=1.6 x 10°
in comparison to 50:50 expectation). This fraction de-
creases with increasing phylogenetic distance to P. tetraur-
elia, with about 77% in P. dodecaurelia (p =15 x 1073),
64% in P. decaurelia (p=0.081), and 50% duplicates in
P. biaurelia.

Similar trends are observed with expression levels
(fig. 3). Specifically, we find that in P. octaurelia, P. dode-
caurelia, and P. decaurelia the copy orthologous to that
with loss-of-function variants in P. tetraurelia is typically
less expressed than the copy orthologous to the intact
copy in P. tetraurelia (0.44 vs. 1.42 in P. octaurelia, p <
2.2 x 107'% 133 vs. 1.57 in P. dodecaurelia, p = 0.02; 1.1
vs. 1.45 in P. decaurelia, p=2.12x10"“, Wilcoxon rank
sum test). These observations strongly suggest that
between-paralog changes in both protein-coding se-
quence and expression levels started occurring around
the time when the ancestors of P. tetraurelia and P. biaur-
elia diverged (~236N, generations; see Materials and
Methods) or perhaps shortly before, and therefore pre-
date the acquisition of loss-of-function variants (which
would on average be younger than 4N, generations, the
approximate maximum age of alleles within populations).
Moreover, both the lowering of expression level and ac-
cumulation of amino-acid changing substitutions started
occurring preferentially in one paralog.

Paralogs with Loss-of-Function Variants are Not
Likely to have Undergone Expression
Neofunctionalization

The reduced expression of one paralog could also reflect
cases of expression neofunctionalization. For instance, it
is possible that paralogs undergoing expression neofunc-
tionalization have gained expression in different condi-
tions or life stages at the expense of their expression
during vegetative growth, which is the state during which
expression levels were measured in this study. First, we
asked whether expression neofunctionalization is preva-
lent, by looking at the difference in levels of expression be-
tween paralogs across different environmental conditions
—starvation and four different time points during the pro-
cess of autogamy in P. tetraurelia (Arnaiz et al. 2017).
Interestingly, we found that differences in expression levels
between paralogs are largely highly correlated across vari-
ous environmental conditions (supplementary fig. S8,
Supplementary Material online), suggesting that expres-
sion neofunctionalization is not extremely prevalent in
paralogs created by the most recent WGD, at least under
the measured conditions. We then obtained a set of para-
logs (resulting from the most recent WGD) for which one
of the two loci could be a putative candidate for expres-
sion neofunctionalization using a very nonconservative
outlier approach (see Materials and Methods).
Interestingly, we observe that WGD paralogs with putative
candidates for expression neofunctionalization have
lower mean levels of expression (0.666 in log[FPKM];
supplementary fig. S9, Supplementary Material online)
compared with WGD paralogs that do not possess such
candidates (2.461 in log[FPKM]), suggesting that lowly ex-
pressed paralogs might be more likely to be neofunctiona-
lized. Fortunately, we find that the putative candidates
of expression neofunctionalization only comprise of 8%
of the WGD paralogs that were found to have
loss-of-function variants. Thus, whereas it is possible that
a minority of the paralogs segregating with null alleles
have undergone expression neofunctionalization instead
of pseudogenization, neofunctionalization does not ap-
pear to be the common outcome and the majority of para-
logs we have identified are indeed heading toward
nonfunctionalization.

New Mutations in WGD Paralogs with Higher Levels
of Expression are More Deleterious Than in Paralogs
With Lower Expression Levels

We hypothesized that mutations might be less deleterious
in the paralog with a lower level of expression because of
its prior descendance down a path of nonfunctionaliza-
tion. To test this hypothesis, we contrasted the DFE of
new mutations between highly and lowly expressed
WGD paralogs in the P. aurelia species. Because mutations
of different selection coefficients (s) are expected to segre-
gate at different allele frequencies in populations, the dis-
tribution of allele frequencies of variants can be used to
infer the most likely distribution of selection coefficients.

7

220z 1snBny 7z uo 1s8nb Aq 90E¥659/81 LOBSW/9/GE/BI01HE/AGW/UWO0 dNO"OlWaPESE//:SARY WO POPEOJUMOQ


http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac118#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac118#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac118#supplementary-data
https://doi.org/10.1093/molbev/msac118

Johri et al. - https://doi.org/10.1093/molbev/msac118

MBE

Expression Number of
level amino-acid
substitutions
per codon
1.50 *
0.15
r/
. 1.00
—— P. dodecaurelia % 0.10 *
0.50 / 008 %
0.00 0.00 |_|
1.50 * 0.15
—— P. decaurelia 1.00 0.10 *
0.50 0.05 |_|
0.00 0.00
1.60 *
1.10 0.15
0.60 H 0.10
— P. tetraurelia 0.10 o
o Z T

1.50

0.00
1.50

— P, biaurelia 1.00

0.50

1.00
—— P. octaurelia 050

0.00

|:’ intact paralog

7 paralog with segregating
% loss-of-function variants

0.15

*
0.10
v o ] @
0.00

0.15

0.10

) Cnx

0.00

*p<0.05

Fic. 3. Lowering of expression level and accumulation of amino-acid substitutions in the nonfunctionalizing paralog in P. tetraurelia, as observed
phylogenetically in orthologs in sister species. The patterned bar in P. tetraurelia corresponds to the duplicate-gene loci that were observed to
have segregating loss-of-function mutations in P. tetraurelia, whereas the gray bar corresponds to their intact WGD paralogs (without loss-
of-function variants). For all other species—P. octaurelia, P. decaurelia, P. dodecaurelia, and P. biaurelia—the gray and patterned bars show ex-
pression levels and rates of amino-acid substitution for the orthologs of the corresponding genes in P. tetraurelia. The number of amino-acid
substitutions per codon was calculated as the unique number of amino-acid differences (divided by total length of the gene) obtained for each
WGD paralog with respect to the ortholog in the outgroup P. caudatum (using Tajima’s relative rate test).

We inferred the DFE of single base-pair mutations at 0-fold
degenerate sites (i.e,, amino-acid changing mutations) and
those of 1- and 2-bp indels that result in frameshifts, using
the site frequency spectrum (SFS) of these polymorphisms
(fig. 4). To this end, we employed the method of DFE-a
(Keightley and Eyre-Walker 2007), which uses the SFS of
putatively neutral sites (like 4-fold degenerate sites) to in-
fer the demographic history and then estimates the DFE at
selected sites conditional on the estimated demography
and assuming that the selection coefficients are gamma
distributed.

8

This analysis was restricted to P. biaurelia and P. sexaur-
elia, the two species with sufficient numbers of individuals
to infer the DFE (see Materials and Methods). Using the
4-fold degenerate sites from both WGD paralogs and
single-copy genes, we inferred an extremely recent
9.3-fold expansion in population size in P. biaurelia and a
less recent 2-fold expansion in P. sexaurelia (details pro-
vided in supplementary table S2, Supplementary
Material online). Although it is possible that both of these
species have experienced population growth, it should be
noted that unknown subpopulation structure (Chikhi
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et al. 2010; Mazet et al. 2015, 2016), effects of background
selection (Ewing and Jensen 2016; Johri et al. 2021), and se-
lection on synonymous sites (Johri et al. 2020) could all
lead to a false inference of recent population growth.
However, inference of the DFE has been shown to be rela-
tively robust to the presence of above-mentioned con-
founding factors (Keightley and Eyre-Walker 2007; Huber
et al. 2017; Kim et al. 2017; Huang et al. 2021).

To test our hypothesis, we contrasted the DFE of WGD
paralogs with a >5-fold difference in their level of expres-
sion. Paralogs with 5-fold lower expression than their
counterparts have a much larger proportion (~40% vs.
20%) of amino-acid changing mutations with no or effect-
ively neutral fitness effects (i.e, |N.s|<1; fig. 5c).
Moreover, whereas ~80% of frameshift-causing indels
are strongly deleterious in highly expressed paralogs, only
~60% are strongly deleterious in the lower expressed para-
logs, with most of them being moderately and mildly dele-
terious instead (fig. 5d). We observe this pattern
consistently in both P. biaurelia and P. sexaurelia (fig. 5).
In addition, the DFE observed in the highly expressed para-
logs is similar to the DFE of well-conserved genes (i.e.,
genes that have identifiable orthologs in all three P. aurelia
species)—with both those that retain paralogs and those
present as single copies having very similar DFE shapes
(fig. 5a and b).
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The DFE of nonsynonymous mutations of well-
conserved genes is skewed toward highly deleterious mu-
tations in both species, with ~70% of all mutations being
strongly deleterious with N <<—100, and with a small
proportion (~10-20%) of mutations that are effectively
neutral (fig. 5a). The DFE of frameshift-causing indels is
skewed even more excessively toward strongly deleterious
mutations in all WGD paralogs as well as in single-copy
genes, with ~90-95% of all mutations predicted to have
N,s < —100 (fig. 5b), which is expected because frame-
shifting indels are likely to have a larger effect on the
protein-coding sequence than base mutations. The large
proportion of the class of strongly deleterious nonsynon-
ymous mutations is consistent with the expectation that
populations with large effective sizes have a smaller pro-
portion of effectively neutral mutations, because the effi-
cacy of selection is higher in populations with large
long-term N,. The high levels of observed silent-site diver-
sity in Paramecium species (Johri et al. 2017), along with
observations of very low mutation rates (Sung et al.
2012) suggest large population sizes in these species.
Although it is possible that our sample sizes are too small
to accurately obtain the proportions of weakly and mod-
erately deleterious mutations, the observation of reduced
fitness cost of amino-acid changing and loss-of-function
mutations in lowly expressed paralogs implies that
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paralogs with lower expression levels experience less strin-
gent purifying selection, most likely because of a lower
contribution to the total function of the encoded protein.

Discussion

Duplicate-Gene Loss is Irreversible and Occurs via
Selection on the Total Activity of a Protein Encoded
by Paralogs

Paralogs resulting from WGDs have been studied phylo-
genetically for decades and much has been learned about

10

dels is shown as patterned bars.

patterns of retention and loss from various eukaryotic spe-
cies (Lynch 2007). It is still unclear why and how certain
gene duplicates are retained, and a complete understand-
ing of this issue will require multiple approaches, including
genetic and molecular techniques to differentiate func-
tions of paralogs. Taking a population-genetic approach
to better understand the processes of loss of paralogs aris-
ing from WGD, we find that often one of the two WGD
paralogs is under relaxed purifying selection, revealed by
an increased probability of harboring loss-of-function
polymorphisms. Moreover, the same locus was found to
have accumulated nonsynonymous substitutions and
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experienced a concomitant decrease in expression level
over a long period (~236N, generations in P. tetraurelia,
corresponding to the expected time to the common an-
cestor of P. tetraurelia and P. biaurelia; see Materials and
Methods), thereby sealing its eventual fate down a long-
term path toward complete silencing.

These observations collectively imply that the slow ac-
cumulation of slightly deleterious mutations in one dupli-
cate locus is a major path to nonfunctionalization. Earlier
studies of duplicates created by WGDs in Paramecium
(Gout and Lynch 2015) and in plants (Schnable et al.
2012) have invoked the quantitative subfunctionalization
model of duplicate-gene loss (Force et al. 1999;
Thompson et al. 2016), wherein selection acts on the
sum of expression levels of the two loci, such that over
time the two loci can evolve differences in expression level,
with the paralog with lower expression being eventually
lost. However, the current study suggests that nonfunctio-
nalization likely proceeds via mutations in both regulatory
and coding regions, as selection must act on the total per-
formance of the encoded protein. In other words, the total
performance of a protein must be the product of the ex-
pression level as well as the functional efficiency of the pro-
tein itself, governed separately by sequences at the
intergenic and coding regions respectively. Thus, the two
paralogs are allowed to wander both in expression and
in protein-sequence space as long as the total activity per-
formed by the sum of the gene products remains equiva-
lent to that of the ancestor. The implication is that
eventually one copy degenerates enough in sequence
and/or expression that its contribution to the total activity
is not significant, allowing loss-of-function mutations to
segregate and eventually fix in the population.

Consistently, we find that the DFE of new nonsynon-
ymous mutations and frameshift-causing indels in the para-
log with lower levels of expression is skewed toward neutral
or mildly deleterious mutations relative to their highly ex-
pressed counterparts. Although the quantitative subfunc-
tionalization model assumes that changes in levels of
expression precede those in coding regions, we here pro-
pose that deterioration of functional efficiency encoded
by the coding sequence could be equally likely to initiate
the process of duplicate-gene loss (as higher quantities of
an inefficient protein product is less likely to be favored
by selection). The question of whether duplicate-gene loss
proceeds via fixations of deleterious mutations in protein-
coding regions or regulatory regions first remains open
and is probably dependent on their mutational target size
as well the DFE of both coding and noncoding regions.
However, it is clear that the process of duplicate-gene loss
eventually becomes nearly irreversible, that is, once one of
the two paralogs has begun to fix an excess of slightly dele-
terious mutations impairing its function or expression, that
paralog is far more likely to be lost in the future, although
eventual silencing still requires a very long time.

The proposed model here also suggests that the degen-
eration of one paralog could accompany the improvement
of the corresponding paralog, resulting in either increase in

levels of expression or an increased functional efficiency.
Although detecting improvement in functional efficiency
would be challenging, increase in levels of expression of
the “better” paralog might be possible. However, only a
slight increase in expression in the intact paralog was ob-
served (see fig. 3). A rigorous phylogenetic study that takes
into account the noise in the measurement of expression
levels across species would be required in the future to ex-
plicitly test this hypothesis. It is also possible that the in-
crease in expression of the highly expressed paralog is
either significantly less likely or simply not observable.
For instance, the fixation of weakly beneficial mutations
that increase levels of expression or functional efficiency
in the highly expressed paralog might be much less prob-
able because beneficial mutations are extremely rare
(Eyre-Walker and Keightley 2007). Moreover, new muta-
tions that increase levels of expression of highly expressed
genes are likely to be even rarer (e.g, Metzger et al. 2015)
and most WGD paralogs currently retained belong to
highly expressed genes. Thus, an increase in expression
might not occur in all retained paralogs. Additionally, fixa-
tions of weakly beneficial mutations do not leave detect-
able signatures in patterns of polymorphism (Kim and
Stephan 2002; Crisci et al. 2013) and would thus be difficult
to identify using population-genomic data. However,
divergence-based tests such as the McDonald—Kreitman
(McDonald and Kreitman 1991) and Hudson-Kreitman-
Aguadé (HKA) test (Hudson et al. 1987) performed in
the coding and intergenic region, respectively, could be
used to test this hypothesis more explicitly in the future.
Adding to the above difficulties, the highly expressed para-
log might instead fix mutations in the coding region that
improve the functional efficiency of the protein product,
which might not result in detectable increase in expression
level.

Retention Due to Dosage or Dosage Compensation
can Result in a Long Time to Duplicate-Gene Loss
The time to loss of a duplicate gene can shed light on me-
chanisms responsible for retention. Paramecium species
have retained ~50% of WGD paralogs for ~320 Ma,
such that the synonymous site divergence between para-
logs is saturated, and it remains unclear why paralogs
have been retained for such a long period of time. To an-
swer this question, we require an expectation for the time
to loss of gene duplicates once a polyploid has fixed in a
population. This mean time to fixation of null alleles in
gene duplicates, which has attracted much attention in
population genetics (Bailey et al. 1978; Kimura and King
1979; Takahata and Maruyama 1979; Li 1980; Watterson
1983; Walsh 1995), is expected to be long in populations
of large effective size, when the null mutation rate per lo-
cus is low, and when the selective disadvantage of null al-
leles is large. Consistently, previous work has suggested
that base-pair mutation rates in Paramecium species are
among the lowest in eukaryotes (Sung et al. 2012; Lynch
et al. 2016; Long et al. 2018) and that their effective
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population sizes (~10"-10%) are very large (Catania et al.
2009; Johri et al. 2017). In addition, the current study has
concluded that the fitness effects of loss of a single locus
are strongly deleterious relative to the power of drift
(i.e, 2N.s << —100). Moreover, because ciliates use only
one stop codon, the rate of input of null alleles is further
reduced relative to other species with similar population
sizes, suggesting potentially long times to fixation of null
alleles in gene duplicates.

On accounting for large population sizes and mutation
rates, and assuming that the selective disadvantage of the
double homozygote null follows the DFEs of frameshift-
causing indels inferred in this study (whereas all other geno-
types have equal fitness; with the caveat that the DFE was in-
ferred assuming additive effects), it is expected to take on
average ~16N, ~20N, and ~40N, generations (with
~300N, generations for the shortest genes) for one of the
two gene duplicate loci to be lost (obtained using egs. 1
and 2 in Materials and Methods) when null mutation rates
are 1.0x, 0.1x, and 0.01x the average base-pair mutation
rate in Paramecium populations, respectively (table 1).
Considering different possible values of mean selection
against the double homozygote null (table 1), it is clear
that genes under stronger purifying selection and those
with a smaller null mutation rate (i.e, smaller total length)
take much longer to be lost in a population than genes

Table 1. Expected Time to Fixation of Null Alleles in Gene Duplicates in
P. tetraurelia and P. biaurelia Assuming Different Rates of Mutation to a
Null Allele per Gene and Assuming That the Fitness Disadvantage of the
Double Homozygote is s Compared With All the Other Genotypes
(which have equal fitness).

2N,s (of Mean Time to Fixation of a Loss-of-function Allele in N,
Homozygote Generations (Minimum, Maximum)
Null)

Null Mutation  Null Mutation Rate = Null Mutation Rate =
0.01 x Base-Pair
Mutation Rate

0.1 x Base-Pair
Mutation Rate

Rate = Base-Pair
Mutation Rate

P. tetraurelia

—10 1.0(0,57) 4.8 (0.5, 35.5) 27.3 (3.6, 330.0)

—100 3.3 (0.4,8.0) 7.1(2.8,37.8) 29.6 (5.9, 332.0)

—1,000 5.6 (2.7, 10.3) 9.4 (5.1, 40.1) 31.9 (8.2, 334.3)

—2N, 17.6 (146, 214 (17.0,52.1)  43.9 (20.1, 346.2)
22.3)

DFE of indels 16.6 (13.6,  20.4 (16.0,51.1)  42.9 (19.1, 345.2)
21.3)

P. biaurelia

—-10 0.8 (0.0, 4.5) 3.8 (0, 24.6) 19.1 (2.8, 220.7)

—100 2.9 (0.0, 6.8) 6.1 (2.3,26.9) 21.4 (5.1, 223.0)

—1,000 52(2.3,9.1) 8.4 (4.6,29.2) 23.7 (7.4, 225.3)

—2N, 17.3 (14.4, 205 (16.7, 41.3)  35.8 (19.6, 237.5)
21.2)

DFE of indels 16.3 (13.4, 19.5 (15.7, 40.3)  34.9 (18.6, 236.5)
20.2)

NoTe.—The population-scaled fitness of the double homozygote is presented
above as 2N,s where N, is the effective population size of the Wright-Fisher diploid
population and 2N,s >> 0. The “DFE of indels” corresponds to expected time to loss
when the distribution of 2N,s is assumed to follow the inferred DFEs of frameshift-
causing indels from this study. Mean, minimum, and maximum values of expected
time to loss correspond to those obtained using the mean, maximum, and
minimum lengths of all protein-coding sequences respectively in P. tetraurelia,
P. biaurelia, P. sexaurelia, and P. caudatum genomes.
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that are less important and/or physically longer (table 1).
However, only ~13% and 15% of WGD paralogs have been
lost in the P. tetraurelia and P. biaurelia lineages, respectively,
after their split about 236N, generations ago. On the one
hand, this raises the possibility that most of the gene dupli-
cates currently retained (~50%) have undergone neofunctio-
nalization or subfunctionalization (which seems less likely
from supplementary fig. S8, Supplementary Material online).
However, the more likely possibility is that the relatively sim-
plistic model assumptions about only the homozygous nulls
having a selective disadvantage (i.e, there is a fitness cost only
when both diploid loci of the two paralogs have a
loss-of-function mutation) do not hold well and all functional
copies of the WGD paralogs are often required to maintain
wild-type (i.e, ancestral) fitness, in which case the mean ex-
pected time to loss would greatly increase (Takahata and
Maruyama 1979) and be more consistent with observations.
Further theoretical models need to be developed to obtain
appropriate null expectations of time to duplicate-gene
loss accounting for more complex fitness scenarios. For in-
stance, in this study, WGD paralogs were observed to develop
differences in expression levels gradually over a long evolu-
tionary time, and were found to have different distributions
of selection coefficients of new mutations, depending
on their specific levels of expression. Thus, incorporation of
(1) a DFE which is a function of the level of expression,
(2) population-size changes, and (3) more accurate estimates
of rates of new mutations that result in null alleles, will bring
us closer to more realistic null expectations of the time to fix
a null allele in a gene duplicate.

Moreover, whereas fixation of null alleles has been more
thoroughly investigated, broader theoretical models of
duplicate-gene loss are needed that allow for more gradual
accumulation of single-base mutations with mildly dele-
terious effects. A recent study by Thompson et al. (2016)
used a diffusion-based approach to account for mutations
of weaker effects (although they assumed a DFE constant
in time) and modeled the change in levels of expression of
the two paralogs such that selection acts only on the sum
of their expression levels (i.e., dosage compensation). They
showed that the time to gene-duplicate loss can increase
substantially under such scenarios, with about half of the
duplicates expected to be lost in ~6,000N generations.
We believe that we have caught this gradual loss of dupli-
cates in progress and observe that it can take a long time
for complete nonfunctionalization of one locus.
Interestingly, when the strength of dosage compensation
is stronger, the time to loss of duplicate loci is longer
and the probability of neofunctionalization is higher
(Thompson et al. 2016), possibly in the same locus that
contributes less to the total activity of the protein, and
is therefore allowed to explore previously inaccessible gen-
otypes (Ohno 1970). Although this remains to be tested
empirically, it seems clear that gene-duplicates created
by WGDs can take an extremely long time to pseudogenize
due to selective constraints such as dosage compensation.
Although that could increase the probability of neofunc-
tionalization in the long term, retention of gene duplicates
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for a long evolutionary time does not necessarily imply
preservation by gain or change of function.

Materials and Methods

Obtaining Paramecium Reference Genomes and
Expression Level Data
Complete genomes of P. tetraurelia, P. biaurelia, P. sexaur-
elia, and P. caudatum were downloaded from
ParameciumDB (Arnaiz et al. 2007; https://paramecium.
i2bc.paris-saclay.fr/download/Paramecium/; Arnaiz
and Sperling 2011) along with the annotations (ptetraure-
lia_mac_51_annotation_v1.0.gff3; biaurelia_V1-4_
annotation_v1.gff3; sexaurelia_AZ8-4_annotation_v1.gff3;
caudatum_43c3d_annotation_v1.gff3). Ortho-paralog rela-
tionships as well as functional annotations were retrieved
from the supplementary information, Supplementary
Material online provided in McGrath, Gout, Doak,
et al. (2014) (supplementary files S2 and S10,
Supplementary Material online). RNAseq data for all
four species were downloaded and processed as in
Gout and Lynch (2015).

Reference genomes, annotations, and RNAseq data of
P. octaurelia, P. decaurelia, and P. dodecaurelia were down-
loaded from ParameciumDB. Reads were mapped to the
reference genome using tophat2/bowtie2 (Kim et al.
2013) and FPKM (Fragments Per Kilobase of transcript
per Million mapped reads) values were obtained with cuf-
flinks 2.2 (Trapnell et al. 2010). Expression levels are de-
fined as log(FPKM 4 0.01). The small 0.01 value is added
to avoid performing a log-transform of zero values. For
between-species comparisons, log-transformed expression
levels were normalized using the quantile methods imple-
mented in Bioconductor limma (Ritchie et al. 2015) so that
the distributions of expression levels perfectly overlap for
all the species considered.

Variant Calling

Whole-genome sequencing raw reads from five to ten iso-
lates of P. tetraurelia, P. biaurelia, P. sexaurelia, P. cauda-
tum, and P. multimicronucleatum were downloaded
from SRA (SRA accession: SRR8698631-SRR8698604;
Bioproject: PRJNA525710; Biosample: SAMN11059622—
SAMN11086832), and SNPs were called as described by
Johri et al. (2017). Briefly, reads were trimmed using
Trimmomatic (version 0.36; Bolger et al. 2014) and
mapped to reference genomes using bwamem (0.7.12; Li
and Durbin 2010) under default parameters. Duplicate
reads were marked wusing picard (2.8.0; https://
broadinstitute.github.io/picard/). Sites were only consid-
ered for further analysis if the mapping quality was above
30, base quality was above 20, per-base alignment quality
was above 15, and the sum of the depth of coverage for
all individuals was about five times the number of indivi-
duals and less than twice the average population coverage.
Variants were called using bcftools (Li et al. 2008) and fil-
tered using vcftools (Danecek et al. 2011). An additional

script vcfutils.pl provided by vcftools was used to filter var-
iants (perl vcfutils.pl varFilter -d 50 -D 800 -1 -2 -3 -4 spe-
cies_snps.vcf > species_snpsfiltered1.vcf), which was the
only filter applied only to variants and not all sites in the
genome. Only those sites were considered whose quality
value (-minQ) was above 20. Genotypes whose genotype
quality score (-minGQ) was lower than 30 or those that
were supported by <4 reads (-minDP) were excluded or
considered missing. In addition, protein-coding genes
that had more than one heterozygous indel present in
the same strain were excluded from further analyses in or-
der to avoid false positives due to mis-mapping.

Detecting Genes with Inactivating Polymorphisms
The final filtered list of SNPs, indels, and all sites that passed
the above filters were used to obtain nucleotide sequences
for all protein-coding genes in each strain in every species
separately, with missing or ambiguous genotypes encoded
as “N.” Sequences where indels were detected to be larger
than 30 bp and not a multiple of 3, were considered to
have “large deletions” leading to loss-of-function mutations.
If indels were smaller than 30 bp, all nucleotide sequences
were translated to identify the presence of stop codons
that appeared before the stop codon present in the reference
genome, which was assumed to represent the longest open-
reading frame. Such sequences were identified to have PTCs.
Cases where multiple indels did not result in a PTC (i.e, the
sum of numbers of nucleotides inserted/deleted in a gene
were a multiple of 3) were not included in this analysis.
Gene sequences with indel lengths that did not add up to
multiples of 3 but also did not have PTCs were categorized
as sequences with frameshift mutations only. Sequences
with missing start and stop codons were also considered to
have loss-of-function mutations. In order to avoid false posi-
tives generated by potential misalignments of the intergenic
sequence upstream, gene sequences that did not have any in-
frame start codons within the first 15 nucleotides at the 5’
end were identified to have “missing start codons.”

Loss-of-function mutations and larger deletions that
were fixed in the population (i.e, allele frequency = 1.0)
were excluded from any analyses in order to reduce detec-
tion of false positives due to reference genome assembly
errors. We also restricted our analysis to genes where the
average depth of coverage per individual for a gene was al-
ways >10x and where the average depth of coverage per
individual for that gene was not higher than 2-fold of the
mean coverage. These filters resulted in a total of 40,184;
37,764; 34,828; and 18,409 genes in P. tetraurelia, P. biaur-
elia, P. sexaurelia, and P. caudatum, respectively, with the
mean coverage per individual per gene as ~31, ~50,
~45, and ~80 for each species, respectively.

Detecting Deletions and Duplications with CNVnator
We used CNVnator (0.3.2) (Abyzov et al. 2011) to identify
isolate-specific duplications and deletions that are larger
than 150 bp (length of our paired-end reads). Bam files
were created using Samtools. Bin sizes were chosen such
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that the ratio of average and standard deviation of the
read depth was around 4 (as instructed by the
CNVnator manual). We used bin sizes of 100 for P. tetraur-
elia, 50 for P. biaurelia, 100 for P. sexaurelia, and 400 for P.
caudatum. Because the average length of a protein-coding
gene in Paramecium species is about 1,350 bp, we re-
stricted all analyses of deletions to <<2,000 bp. Most dele-
tions within a gene were found in a single individual, with
the frequency spectrum following a typical exponential
distribution (supplementary fig. S10, Supplementary
Material online).

Tajima’s Relative Rate Test

Protein-coding sequences of both the WGD paralogs from the
reference genomes of each species were aligned to the P. cau-
datum ortholog using MUSCLE (Edgar 2004). Tajima’s relative
test was conducted using MEGA (megacc-7.0.26; Kumar et al.
2016) with default parameters for obtaining asymmetry in
rates of amino-acid change between the two paralogs with re-
spect to the outgroup (P. caudatum). The total number of un-
ique amino-acid differences in each WGD paralog, as
calculated by the relative rate test, was normalized by the to-
tal length of the protein to calculate the number of
amino-acid changes per codon for figure 3.

Calculation of Generations Since the Split Between
P. tetraurelia and P. biaurelia

The time (T,) in number of generations since the split be-
tween P. tetraurelia and P. biaurelia was calculated using
dS = 2Tgu, where dS is the average value of divergence at
synonymous sites between P. tetraurelia and P. biaurelia
estimated to be 0.8 (McGrath, Gout, Johri, et al. 2014),
whereas u is the mutation rate per site/generation.
Mutation rate was assumed to be the average (=2.19 x
10~"" per site per generation) of rates in P. tetraurelia
and P. biaurelia measured by mutation accumulations
studies—2.44 x 10~ ' and 1.94 x 10" per site per gener-
ation respectively (Sung et al. 2012; Long et al. 2018). T, can
also be expressed in terms of the number of N, genera-
tions, where N, is the effective population size of P. tetra-
urelia and was estimated assuming equilibrium conditions
using e, ~ 4N, where 7,,,,, is nucleotide site diversity at
4-fold degenerate sites measured previously to be 0.006
(Johri et al. 2017). Under these assumptions the N, of P. tet-
raurelia was estimated to be 7.7 x 10” and T, is obtained
to be ~236N, generations.

Identifying Putative Candidates for Expression
Neofunctionalization

Raw RNAseq data generated under vegetative condition,
starvation, and different time points during autogamy in
P. tetraurelia were downloaded from the SRA BioProject
PRJEB19343  (https://www.ncbi.nlm.nih.gov//bioproject/
PRJEB19343). The reads were mapped to protein-coding
sequences using kallisto (Bray et al. 2016) to obtain expres-
sion levels in TPM (transcript per million). A value of 1.1
was added to the TPM values and they were log
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transformed, in order to have only positive and nonzero
numbers. The relative difference in expression levels for
each paralog pair for every condition was obtained as
Arel, condition — (prarm,condition - pramZ, condition)/(xpparm,
condition+ praraZ, condition)- For every condition (Other
than vegetative), the distribution of AA = A, egerative —
Avel, condition Was obtained and all paralogs that lay in the
tails of this distribution (defined as all values >2 x
SD[AA]), were identified as putative candidates for neo-
functionalization. It should be noted that this is a very gen-
erous list of candidates and will most likely contain a large
number of false positives.

Calculating the SFS and the DFE
The SFS was calculated from distinct individuals, that is, in-
dividuals that seemed identical were excluded from this
analysis as seen in PCA plots in Johri et al. (2017). SFS
was calculated using the following strains from P. biaure-
lia—Sample_256-UB2, Sample_31, Sample_379,
Sample_44, Sample_45, Sample_562alpha, Sample_76,
Sample_7K, Sample_USBL-3611. For P. sexaurelia, the fol-
lowing individuals were used—Sample_126, Sample_127,
Sample_128, Sample_130, Sample_131, Sample_134,
Sample_137, Sample_265, Sample_Indo1-7I, Sample_
Moz13BlIll. Folded SFS was calculated for 4-fold degenerate
sites, 0-fold degenerate sites, and for indels of 1 or 2 bp
which cause frameshift mutations (as determined above).
In order to calculate the number of sites in the bin where
allele frequency is zero (i.e,, fixed sites), all sites that passed
the depth of coverage cut-offs were used in the case of
4-fold and 0-fold degenerate sites. For indels, the total
number of fixed sites (i.e, the “0” class) was multiplied
by 0.1 in order to account for the difference between
the mutation rate of base-pair mutations and indels. It
was assumed that the mutation rate of indels is 0.1-fold
that of base mutations, a number close to the average ob-
served across eukaryotic species from previous mutation
accumulation studies (Sung et al. 2016) including the
one in P. tetraurelia (Sung et al. 2012). The “0” class for
frameshift mutations for each protein-coding gene was ob-
tained by calculating the total number of insertions/dele-
tions of one or two base-pair that would result in a PTC
downstream. The DFE was inferred by est_dfe in DFE-a
(Keightley and Eyre-Walker 2007) assuming 1-epoch
changes in population history, where time of change was
variable. For every scenario, the DFE was estimated, five
bootstrapped replicates were run with starting value of
mean s of —0.01 and S of 0.5; another five set of boot-
strapped replicates with starting values of —0.01 (mean
s) and 2.0 (f); another five bootstrapped replicates with
starting values of —0.001 (mean s) and 0.5 (f); another
set of five bootstrapped replicates with starting values of
—0.001 (mean s) and two (B). Thus, for every specific
SFS, 20 replicates were used to infer the DFE and to obtain
standard deviation for each class of mutations.

In order to compare across species, the DFE was esti-
mated for WGD paralogs that have been retained in all
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P. aurelia species, as well as genes that are present in single
copies in all three P. aurelia species. When identifying para-
logs with differential expression, paralogs that had expres-
sion levels in FPKM, 5-fold higher or lower were chosen,
conditional on both paralogs being expressed (i.e., paralogs
where one copy was not expressed were excluded from
this analysis).

Calculating Time to Fixation of Null Mutations

in Gene Duplicates

The expected time to fixation (z) of null alleles in gene du-
plicates provided by Watterson (1983) was calculated using

T = Ne[In (2Nes) — ‘p(ZNel-Lnull)] Q)

where N, is the effective population size (calculated in a
previous section), s is the selective disadvantage of a double
homozygote null, u,, is the mutation rate of
loss-of-function mutations, and v is the digamma function
(Abramowitzm and Stegun 1970). This mathematical ex-
pression assumes that populations are finite, that there is
no back mutation from a null allele to a functional gene se-
quence, and that only one complete gene copy is required
to have wild-type function. The time to fixation accounting
for a DFE (eq. 2) is derived in the Appendix.

The null mutation rate (i) in P. tetraurelia is difficult
to estimate precisely as null mutations could include mul-
tiple types of mutations (for instance larger deletions) and
was assumed to be 1x, 0.1x, and 0.01x the base-pair mu-
tation rate of 1.94 x 10~ """ per site per generation (Sung
et al. 2012). Because the distribution of length of protein-
coding sequences was found to be extremely similar be-
tween all Paramecium species included in this study, the
mean (1,360 bp), minimum (102 bp), and maximum
(22,932 bp) lengths of the genes across all four species
were used to obtain the upper and lower bounds of
time to fixation of null alleles in a protein-coding gene.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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Data availability

All scripts and files used to perform analyses (including
a list of genes with loss-of-function variants and putative

candidates for neofunctionalization) are publicly avail-
able at https://github.com/paruljohri/WGD_Popgen_
Paramecium. In addition, the following files have been
made publicly available at https://figshare.com/projects/
WGD_Popgen_Paramecium/136079—(1) reference gen-
omes of all species (P. tetraurelia, P. biaurelia, P. sexaur-
elia, and P. caudatum) used to map resequenced data
and call variants, (2) annotation of all reference gen-
omes, (3) the final list of SNPs, (4) the final list of indels,
(5) the list of all utilizable sites when calling variants, (6)
nucleotide diversity per site across the genome, (7) nu-
cleotide sequences of all protein-coding genes for each
sequenced strain, and (8) the list of all genes with
loss-of-function variants (including which type).

Appendix

Expected Time to Fixation of Null Alleles When
Selection Against the Null Allele Follows a Uniform
Distribution

A randomly mating Wright-Fisher diploid population is as-
sumed. Two unlinked loci are of interest. At the first locus
two alleles are segregating—A (functional) and a (null al-
lele), whereas at the second locus the two alleles are B
(functional) and b (null allele) such that functional alleles
can mutate to null alleles at rate u,,, irreversibly. It is as-
sumed that the mutant double homozygote (aabb) is at
a selective disadvantage s with respect to all other geno-
types, which have equal fitness. The expected time to fix-
ation of a null allele (z) in one of the two duplicates, when
the selection coefficient (s) of the double homozygous null
was a constant was calculated using the approximation
provided by Watterson (1983) as

T = N¢[log (2Ngs) — W(2N.w,,,;0]

where ¥ is the digamma function (Abramowitzm and
Stegun 1970). Now we assume that selection against the
null allele is given by a distribution ¢(s) and that this dis-
tribution comprises of four nonoverlapping uniform distri-
butions in the following bins: 0 <2N,s <1, 1 <2N,s < 10,
10 <2N,s < 100, and 100 < 2N,s < 2N, such that f,, f;, f>,
and f; represent the proportion of all mutations that
have fitness effects uniformly drawn from those bins re-
spectively. In this case, on integrating 7 with respect to s,
we obtain

3

N X

T= E i [Sit1 1N (2NeSi1) — siln (2Nesj) — sip1 + si]
=0 Si+1 7 Si

- NE‘I’(ZNEI"L”MII) (2)
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