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Abstract

Daphnia are well-established ecological and evolutionary models, and the interaction between D. magna and its micro-
parasites is widely considered a paragon of the host-parasite coevolutionary process. Like other well-studied arthropods
such as Drosophila melanogaster and Anopheles gambiae, D. magna is a small, widespread, and abundant species that is
therefore expected to display a large long-term population size and high rates of adaptive protein evolution. However,
unlike these other species, D. magna is cyclically asexual and lives in a highly structured environment (ponds and lakes)
with moderate levels of dispersal, both of which are predicted to impact upon long-term effective population size and
adaptive protein evolution. To investigate patterns of adaptive protein fixation, we produced the complete coding
genomes of 36 D. magna clones sampled from across the European range (Western Palaearctic), along with draft
sequences for the close relatives D. similis and D. lumholtzi, used as outgroups. We analyzed genome-wide patterns of
adaptive fixation, with a particular focus on genes that have an a priori expectation of high rates, such as those likely to
mediate immune responses, RNA interference against viruses and transposable elements, and those with a strongly male-
biased expression pattern. We find that, as expected, D. magna displays high levels of diversity and that this is highly
structured among populations. However, compared with Drosophila, we find that D. magna proteins appear to have a
high proportion of weakly deleterious variants and do not show evidence of pervasive adaptive fixation across its entire
range. This is true of the genome as a whole, and also of putative ‘arms race’ genes that often show elevated levels of
adaptive substitution in other species. In addition to the likely impact of extensive, and previously documented, local
adaptation, we speculate that these findings may reflect reduced efficacy of selection associated with cyclical asexual
reproduction.

Key words: Daphnia magna, adaptive evolution, arms race, distribution of fitness effects, McDonald-Kreitman, im-
mune genes, RNA interference.

Introduction spread in response to natural selection. However, an increas-
ing body of empirical data finds no clear relationship between
effective population size and the rate of adaptive fixation
across species (e.g, Galtier 2016; Kern and Hahn 2018). The
absence of this relationship between N, and adaptive fixation
is in contrast with the increased efficacy of purifying selection
in large populations. A reduction in the number of nonadap-
tive amino-acid substitutions and a relative reduction in non-
synonymous pairwise diversity (1) has been shown to be
significantly correlated with N, (estimated from synonymous
diversity, 7ts) (Galtier 2016; Chen et al. 2017).

Two explanations for the lack of a relationship between N,
and the rate of adaptive evolution have been proposed. First,
more complex population genetic models suggest the impact
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Estimates of the rate of adaptive protein evolution vary enor-
mously among species (Wright and Andolfatto 2008;
Gossmann et al. 2012; Galtier 2016). But, despite substantial
theory and empirical data, the primary causes of this variation
remain uncertain (Galtier 2016; Rousselle et al. 2020). To a
first approximation, the rate of adaptive fixation is expected
to correlate with population size (reviewed in Lanfear et al.
[2014]). This is because the supply of mutations is greater in
larger populations and the impact of genetic drift is reduced
(ie, effective population size, N, is larger, though see
Rousselle et al. [2020]). With a larger effective population
size, even mutations with a very small beneficial effect can
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of population size is not clear-cut when the relationship be-
tween selective interference and the distribution of fitness
effects (DFE) is considered (reviewed in Lanfear et al.
[2014]), or when the ability of populations to track pheno-
typic optima is considered (Lourenco et al. 2013; Huber et al.
2017). Second, and inherent to many of the analytical frame-
works for quantifying rates of adaptive evolution, is that the
approaches used may be inadequate or biased. Most esti-
mates derive from extensions to the McDonald—Kreitman
(MK) test for detecting selection (McDonald and Kreitman
1991). These approaches contrast the ratio of nonsynony-
mous to synonymous fixed differences between species
(Dn/Ds) with the same ratio for polymorphisms within spe-
cies (Py/Ps) (Smith and Eyre-Walker 2002). In its original for-
mulation this framework can be extended to estimate the
number of adaptive amino acid substitutions between species
as a = Dy — Dg(Pn/Ps), that is, the observed number of
amino acid substitutions (Dy) minus the expected number
of nonadaptive substitutions (Ds(Pn/Ps)). This is valid under
the assumption that synonymous variants are unconstrained
and that segregating alternative nonsynonymous alleles are
neutral with respect to each other (Eyre-Walker 2006). A
problem with the MK approach is that nonsynonymous
alleles that are neither quickly removed by purifying selection
nor fixed by positive selection increase Py but not Dy, and so
give spuriously low or even negative estimates of « (the frac-
tion of nonsynonymous differences driven to fixation by pos-
itive selection). This includes alleles under balancing selection
and those mediating local adaptation, which tend to remain
at intermediate frequencies. It also includes weakly deleteri-
ous alleles, which can segregate for an extended period before
they are lost. Mitigating the impact of weakly deleterious
alleles, and accounting for the presence of segregating bene-
ficial alleles, has driven much of the recent development of
the field (Keightley and Eyre-Walker 2007; Charlesworth and
Eyre-Walker 2008; Eyre-Walker and Keightley 2009; Schneider
et al. 2011; Messer and Petrov 2013; Tataru et al. 2017).
Nevertheless, it should be noted that MK-based approaches
such as these are not intended to detect local adaptation,
adaptive fixation at noncoding sites (though see Keightley
et al. 2005; and Williamson et al. 2014 where MK-like tests
are applied to noncoding genomic regions), or other forms of
adaptive evolution—such as that mediated by adaptive gene
duplications.

Despite their potential shortcomings, estimates of adap-
tive fixation rates derived from the MK framework do reflect
the underlying biology (e.g, Huber et al. 2017). For example,
theory predicts that selective interference among linked loci
will impede adaptive fixation (Hill and Robertson 1968;
Charlesworth 2012), and the MK framework does estimate
lower rates of adaptive protein evolution for genes in regions
with low or no recombination (e.g, Jackson et al. 2015). In
Drosophila, it has been suggested that this interference
reduces the impact of positive selection by nearly 30%
(Castellano et al. 2016). Estimates of adaptive fixation also
vary with genomic context and the level and pattern of
gene expression, such that genes on the X- (or Z-) chromo-
somes often show higher rates of adaptive evolution than
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autosomal genes (reviewed in Meisel and Connallon
[2013]). Finally, and perhaps most compellingly, it is precisely
those protein-coding genes that we expect to display high
rates of adaptive fixation a priori, such as genes potentially
engaged in resistance to parasites and pathogens, that give
the highest estimated rates (e.g, Haerty et al. 2007; Obbard
et al. 2009; Enard et al. 2016; Castellano et al. 2019).

Such contrasting comparisons between gene classes pro-
vide a powerful way to gain a deeper understanding into rates
of adaptive fixation. For example, house-keeping genes are
expected to show lower rates of adaptive fixation than non-
house-keeping genes (Hurst and Smith 1999), whereas genes
involved in coevolutionary arms races are notorious for their
accelerated rates of adaptive fixation. For example, male—fe-
male conflict over optimal investment and male-male com-
petition to fertilize eggs are thought to have led to the high
rates of evolution seen in the gamete recognition and fertil-
ization proteins of many species and in some of the accessory
proteins of Drosophila (Begun et al. 2000; Swanson et al. 2003;
Kern et al. 2004; Proschel et al. 2006a; Haerty et al. 2007;
Vacquier and Swanson 2011). Conflict between genomic
components that can “cheat” Mendelian inheritance, either
through biased transmission (such as segregation and sex-
ratio distorters) or through over-replication (such as endog-
enous retroviruses and transposable elements) also appear to
drive high rates of adaptive protein fixation (Presgraves 2007;
Rowley et al. 2018). Notably, proteins that mediate hetero-
chromatin formation have been implicated in the suppres-
sion of both classes of genetic parasites (Czech and Hannon
2016; Helleu et al. 2016), and show high rates of adaptive
fixation in invertebrates (Blumenstiel et al. 2016; Palmer
et al. 2018).The antagonistic interaction between hosts and
parasites is thought to explain why genes related to immune
function display significantly higher rates of adaptive protein
fixation than other genes (Downing et al. 2009; Enard et al.
2016; Ebel et al. 2017). Some specific immune pathways—
such as the IMD pathway of Drosophila and the antiviral
RNAI pathways of insects and nematodes—show consistently
high rates (Obbard et al. 2009; Palmer et al. 2018; but see Hill
et al. 2019). These can be several-fold higher than the
genome-wide average, suggesting that host—parasite interac-
tions may drive a disproportionate high fraction of amino-
acid fixations in species (Obbard et al. 2009; Enard et al. 2016).

To obtain a clearer picture of the association of adaptive
fixation with protein function on the one side and genomic
context on the other side, we need whole-genome data sets
from species that not only differ in their life history and ecol-
ogy but also have substantial molecular and genetic charac-
terization. Suitable population-genomic data sets are typically
drawn from medically important species, or from experimen-
tal models such as Drosophila, Arabidopsis, yeast, and mice
(Carreto et al. 2008; Horton et al. 2012; Lack et al. 2015; et al.
2016; Lusis et al. 2016). However, the strong historical focus on
laboratory models such as Drosophila may have led to a bi-
ased perspective. The freshwater planktonic crustacean
D. magna instead offers an ideal combination of genomic
characterization and ecological context, allowing us to test
whether insights from population-genetics archetypes like
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Drosophila can be generalized. Daphnia magna has been the
subject of sufficient transcriptomic and genetic analysis that
we can place their molecular evolution into a genomic and
functional framework (Colbourne et al. 2011; Ye et al. 2017).
Daphnia magna is also well studied in terms of its ecology,
particularly the ecology and evolution of potential “arms-
race” traits such as sex (Daphnia are facultatively asexual;
Decaestecker et al. 2009), predator/prey interactions
(Roozen and Lirling 2001), and parasitism (Ebert 1995;
2005; Toenshoff et al. 2018). The interactions between
D. magna and its bacterial parasite Pasteuria ramosa is one
of the best studied examples of coevolution (Decaestecker
et al. 2007; Bento et al. 2017, 2020).

Here, we present a genome-wide analysis of adaptive pro-
tein fixation in the cyclic parthenogen D. magna, based on
high coverage genomic sequencing of 36 diploid clones sam-
pled across the Western Palaearctic, and outgroup sequences
from the closely related species D. similis and D. lumholtzi. In
contrast to Drosophila melanogaster and many other small
invertebrates with large effective population size, we find low
rates of adaptive protein fixation that are statistically indis-
tinguishable from zero. This did not change after attempting
to account for weakly deleterious mutation by modeling the
DFE in several different ways. The inferred DFE suggests that,
relative to Drosophila, there are low levels of constraint acting
on amino acid polymorphism in D. magna. Finally, genes that
are only expressed in one sex—which show high levels of
adaptive protein fixation in many taxa—show rates of adap-
tive fixation and levels of constraint significantly lower than
the genomic background in Daphnia, an observation that is
consistent with selective efficacy differing between sexes.
Using forward genetic simulations, we explore possible rea-
sons for the low estimated rates of adaptive evolution.

Results and Discussion

Genome Sequencing and Annotation

We sequenced one diploid clone of D. magna from each of 36
locations in central and western Europe and the Middle East,
and Eastern Asia (fig. 1) to high coverage (mean = ~44X, std.
dev. = 20.1) using the lllumina platform. Raw data are avail-
able under accession PRJNA480405. We mapped reads to the
D. magna reference genome (daphmag2.4; GenBank
GCA_001632505.1 PRJNA298946). To provide outgroup
sequences, we additionally sequenced the genomes of D.
magna’s close relatives, D. similis, and D. lumholtzi using
lllumina short paired-end sequencing. Although not as con-
tiguous as the D. magna genome, these outgroup sequences
provided a comparable degree of biological completeness in
coding sequences. To provide the primary outgroup se-
quence, we assembled a draft D. similis genome using
MaSuRCA (Zimin et al. 2013) and identified the protein-
coding sequences using both highly conserved BUSCO, re-
lated species, and species specific RNAseq data (BioProject
accession number PRINA533017). Using ORTHO-mcl (Li et al.
2003), we identified ~12,000 putative 1:1 orthologs between
D. magna and D. similis protein-coding genes. We aligned
these as proteins, and excluded those with greater than 0.6

synonymous substitutions per site, which probably represent
unidentified paralogs. After filtering, ~11,000 coding sequen-
ces with a total length of ~20 Mb remained. This represents
approximately 42% of the protein-coding sequences originally
annotated in D. magna 2.4 reference, suggesting either that a
large proportion of D. magna proteins are recent in origin and
so lack 1:1 orthologs with D. similis, or that the initial gene
annotation of the D. magna genome was too permissive (Ye
etal. 2017), or that the orthology detection approach we used
has limited power in determining precise evolutionary rela-
tionships of a large number of highly similar genes of recent
evolutionary origin. Molinier et al. (2018) identified a similar
number of 1:1 orthologs when comparing de novo transcrip-
tomes of D. magna, D. pulex, and D. galeata, showing that our
observed counts are similar to other published studies on
related systems. Finally, in comparing the D. pulex-arenata
genome (clone TCO)—the first published genome in the
genus—to the PA42 genome of D. pulex, two genomes that
are much more closely related than D. magna and D. similis,
(Ye et al. 2017) identified ~12,000 1:1 orthologs. To provide a
second outgroup to aid the polarization of D. magna poly-
morphisms, we additionally used a reference-assisted assem-
bly of D. lumholtzi. This provided information for all of the
focal protein-coding sites.

Daphnia magna Effective Population Size and High
Levels of Population Structure

Synonymous variants experience relatively little constraint
compared with nonsynonymous variants, so that their
mean pairwise diversity within species (7s) can be treated
as a proxy for unconstrained diversity. Overall synonymous
diversity in our sample of European and Asian D. magna was
s = 1.5% (consistent with a previous analysis on a smaller
subset of genes by Haag et al. 2009), and mean within-
population synonymous heterozygosity (based on a single
diploid individual per pond) was 1.1% (fig. 2). This is lower
than that of D. melanogaster in its native African range (s =
1.65%; e.g, Lack et al. 2015), and the North American daph-
niid, D. pulex (s =1.83%; Lynch et al. 2017). The de novo
mutation rate for D. magna has very recently been estimated
at 896 x 10 (Cl: 6.66-11.97 x 10~°) mutations site '
generation™ ', but with a very wide range among clones span-
ning 3.57-33.53 x 10"~ (Ho et al. 2020). Assuming an island-
model structured population, this corresponds to a global N,
in the range of 80-800 thousand (under such a model, local
within-deme 75 is expected to be 4Ndp where d in the num-
ber of demes and N the size of each deme; note that under
such a model the within-population 7 is not affected by the
degree of structure; Charlesworth and Charlesworth 2010,
equation 7.4, p. 318). This is slightly lower than that of other
small, highly abundant, and broadly distributed arthropods
(Petit and Barbadilla 2009). However, diversity shows a clear
South—North cline (fig. 1; see also Walser and Haag 2012): the
highest diversity was observed in Southern Europe (Greece, 7s
= 2.1%) and the lowest in Northern Europe (Finland, 75 =
0.37%). This variation is much greater than that seen in
D. melanogaster over the same geographic range (7. in
the range 0.50-0.62%; Kapun et al. 2020). This cline is
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Fic. 1. Synonymous genetic diversity (7s) across the sampling range. ms has a mean value of 0.009 (range 0.002-0.021), with a clear pattern of
decreasing genetic diversity in moving from Southeastern Europe and the Middle East to Northern and Western Europe.

consistent with three, nonexclusive, explanations. First,
D. magna is thought to have undergone a large postglacial
range expansion from the South-East of the European range,
which could result in colonization bottlenecking and thus
reduced diversity at the range margins (Fields et al. 2018).
Second, regular local extinction/colonization dynamics in
short-lived ponds, as they are common in the north of its
range (“rockpools”), could also lead to recurrent bottleneck-
ing, which would reduce diversity (Pannell and Charlesworth
2000; Haag et al. 2005). Third, D. magna is cyclically asexual,
and very strong clonal dynamics in more ephemeral ponds
may lead to high rates of drift and strong inbreeding and thus
low heterozygosity (Ingvarsson 2002; Hartfield et al. 2016).
Overall, genetic differentiation among subpopulations is
often quantified using estimates of Fsy, which can be consid-
ered as a deviation from Hardy—Weinberg equilibrium (HWE)
caused by population subdivision (or as the variance in allele
frequencies due to differences among populations). With a
single diploid individual per location, it is not possible to
separate Fgr from Fis (the deviation from HWE caused by
nonrandom mating within subpopulations). But, as most
Daphnia populations are reported to be close to HWE fol-
lowing sexual reproduction (Haag et al. 2005 Walser and
Haag 2012), Fy is likely to be close to Fsr, and we refer to
this statistic as Fs below, though it could be an overestimate
when rates of asexuality and thus intra-clone mating are high.
Our data suggest that D. magna populations are substruc-
tured, with overall Fst = 0.26 for synonymous sites (fig. 3).
This observed level of population substructure is very high
when compared with European D. melanogaster, for which
Fst across a similar geographic range is approximately 0.05
(Kapun et al. 2020). This pronounced substructure is consis-
tent with the biology of D. magna, with its high variance in
opportunities for dispersal between water bodies, persistent
founder effects and potential for local extinction, strong
clonal dynamics within ponds, and the combination of these
dynamics with local adaptation (Walser and Haag 2012).
Genetic structure is also clearly detectable in the overall

4

folded site frequency spectrum (SFS), in which doubleton
SNP numbers (those appearing twice in the data set) are
substantially elevated (figs. 4 and 5). This doubleton excess
reflects the relatively high rate of coalescence within ponds
compared with migration between them (i.e, increases in Fsy
correlate with more rapid coalescence between samples
within populations compared with samples among popula-
tions; Whitlock 2011), that is, a low rate of dispersal (or an
ancient timing of vicariance) among ponds, relative to local
effective subpopulation size (see supplementary fig. 6,
Supplementary Material online; Walser and Haag 2012
Fields et al. 2018).

The D. magna Proteome Appears to Have a Relatively
High Proportion of Weakly Deleterious Mutations
Selection on protein sequences alters nonsynonymous diversity
(7a) and divergence (K,) relative to an unconstrained, neutral,
expectation. In general, most amino-acid changing mutations
are deleterious, reducing ma/ms and Ka/Ks ratios below one,
and skewing the nonsynonymous SFS toward low-frequency
variants. The impact of constraint is clearly evident in D. magna
proteins, with overall mean ma/ms = 024 and K,/Ks = 0.18
(fig. 2), which is similar to sexual D. pulex (documented 7a/7s
= 0.24 and K,/Ks = 0.25 [Tucker et al. 2013; Ye et al. 2017]).
Although far below one—thus indicative of strong con-
straint—these ratios are similar to those seen in many large
vertebrates and eusocial insects (Galtier 2016), but higher than
that seen in D. melanogaster and many other arthropods (Chen
et al. 2017), consistent with relatively low levels of constraint
given the effective population size in D. magna.

The skew in the SFS of nonsynonymous mutations (rela-
tive to the less constrained synonymous sites; figs. 4 and 5)
can be used to estimate the DFE across mutations (Keightley
and Eyre-Walker 2007; Eyre-Walker and Keightley 2009). The
DFE is often parameterized as a gamma distribution and can
be summarized as the proportion of mutations estimated to
fall in different discrete categories of Nes (with s being the
estimated selective disadvantage of the mutant). Using the
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Fic. 2. Diversity and divergence, as measured by 7 (left: A, B, C) and K (right: D, E, F), for synonymous sites (s and Ks in A and D), nonsynonymous
sites (1 and K, in B and E), and the ratio of synonymous and nonsynonymous sites (a/ms and Ka/Ks in C and F), respectively. Diversity and
divergence measures are given for each gene class (see main text for explanation), including Control, which is an aggregate of all other genes not
included in a subgene class. P values represent tests against “control” genes, with an additional test for the difference between male and female-
biased genes. Note that the very small sample size leads to the confidence “notch” for the median of female-biased genes being wider than the

inter-quartile range.

program ‘DFE-alpha’ (Keightley and Eyre-Walker 2007; Eyre-
Walker and Keightley 2009) to estimate the deleterious DFE,
we found strongly deleterious mutations to be common in
D. magna, with 77% in the category Ns = 100+ (fig. 6). This is
similar to several insect species for which large-scale popula-
tion-genomic data are available, for example, 80-86% of var-
iants in D. melanogaster, Apis mellifera, and Anopheles
gambiae are similarly strongly deleterious (Palmer et al.
2018). However, D. magna displayed a larger estimated frac-
tion of very weakly deleterious mutation with 19% having N,s
< 1 as compared with only 3-6% in Drosophila, Apis, and
Anopheles. This high proportion of very weakly deleterious
mutations is consistent with the observation that ma/ms >
Ka/Ks, as weakly deleterious mutations are likely to persist on
average in the population for longer periods than more
strongly deleterious mutations, which are more quickly re-
moved by selection. We also explored potential alternative

distributions for the DFE using the program multiDFE
(Kousathanas and Keightley 2013). Using MultiDFE, we iden-
tified two-step and three-step distributions to be a better fit,
based on the Akaike Information Criterion (supplementary
table 1, Supplementary Material online). However, the results
were qualitatively similar, with 79% of mutations strongly
constrained (Nes > 100) and 21% in the range 0.1 < Ngs <
1, and the models differed little when characterized in four
discrete categories.

The D. magna Proteome Shows Low Levels of Global
Adaptive Fixations

Under the MK framework (reviewed in Booker et al. [2017])
the amount of adaptive global fixation at potentially selected
sites (here taken to be nonsynonymous) can be estimated
from the ‘excess’ substitution over that predicted under the
assumption that segregating amino-acid polymorphisms and
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Fic. 3. Mean population differentiation Fsy, for (A) synonymous and
(B) nonsynonymous sites across different gene classes. Note that the
very small sample size leads to the confidence “notch” for the median
of female-biased genes being wider than the inter-quartile range.

all synonymous mutations behave effectively neutrally, that is,
an excess of Ka/Ks over ma/7s. In this context, a ‘fixation’
corresponds to a difference between species that is not poly-
morphic within species. This excess fixation is most often
quantified as o, the proportion of amino acid substitutions
that are adaptive, or @,, the number of adaptive amino acid
substitutions per site, normalized by the putatively uncon-
strained synonymous substitutions per site, that is, K,qapcive/
Ks (Booker et al. 2017). A traditional single-gene MK analysis
of 10,687 D. magna genes identified 4,360 genes with signif-
icantly positive estimates of o (supplementary table 3,
Supplementary Material online), but only 247 of these remain
significant at a false-discovery rate (FDR) of 0.05. Among
these, notable cases include genes with known, putative func-
tions (Voltage-dependent L-type calcium channel subunit al-
pha, Calponin-homology [CH] domain-containing protein—
actin binding, pre-mRNA-processing factor 19, and Histone
chaperone ASF1A) but also uncharacterized proteins.
However, for our data overall, the excess of 7wa/7s over Ka/
Ks necessarily gives simple estimates that are negative. This
was true both when summing polymorphism and divergence
across all genes using the naive estimator Dy — (Ds Py)/Ps (o
= —0.08, w, = —0.018) and when using maximum likelihood
to fit a single o parameter, but with gene-specific diversity and
constraint (¢ = —0.15 supplementary table 1,
Supplementary Material online; Welch 2006).

Negative estimates of o are generally thought to reflect the
downward bias introduced by the presence of weakly delete-
rious amino acid variants. Methods that account for this bias
by excluding rare variants (Charlesworth and Eyre-Walker

6

A os
04
c
203
t [l Control, Synonymous
% Control, Non-synonymous
02
o
0.1
0
0 10 20 30
Allele Count
B 05
04
c
203
L] limmune, Synonymous
é: limmune, Non-synonymous
02
o
0.1
0
0 10 20 30
Allele Count
c 05
04
8os
€ lRNAI, Synonymous
§U 5 .RNAl. Non-synonymous
£o
01
0 -.l-
0 10 20 30
Allele Count
D 05
04
c
203
§ .Male, Synonymous
Sia [l Male, Non-synonymous
&
01
0 e —
0 10 30

20
Allele Count

FiG. 4. Folded SFS for (A) control (nonimmune, nonsex-biased), (B)
immune, (C) RNAI, and (D) male-limited gene classes. We exclude the
female-limited gene class due to the small number of genes leading to
a very sparse SFS. Note that the excess of doubleton variants is con-
sistent with the sampling of single diploid individuals from demes
within a highly structured population, see supplementary figure 6,
Supplementary Material online.

2008) or by explicitly modeling the DFE, generally obtain pos-
itive and/or higher estimates (Booker et al. 2017). However,
for D. magna we found that, although estimates were higher
when we explicitly modeled the DFE (described above; o =
—0.009, 95% Cl —0.014 to —0.004), they were still not signif-
icantly greater than zero (fig. 8). Our estimate of o was similar
regardless of whether the DFE was assumed to follow a
gamma, log-normal, spike, or step distribution (supplemen-
tary table 2, Supplementary Material online). It was also true
for the asymptotic estimate of o (supplementary fig. 1,
Supplementary Material online), which generalizes the exclu-
sion of rare alleles by considering the asymptotic estimate of o
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the excess of doubleton variants is consistent with the sampling of single diploid individuals from demes within a highly structured population, see

supplementary figure 6, Supplementary Material online.

with increasing allele frequencies (Haller and Messer 2017a).
For DFE-alpha, these findings were also robust to the use of all
data (both alleles per population, including all populations) or
subsampled data (one allele per population resulted in an
increase in the estimated o, of 0.01, or excluding divergent
Asian sample resulted in an increase in the estimated w, of
0.0006, for our control gene set). For Multi-DFE and asymp-
totic-MK, they were robust to the use of one or two out-
groups to infer ancestral state for the unfolded SFS
(supplementary fig. 1, Supplementary Material online).
These results appear to suggest that across the entire ge-
nome, the amount of global adaptive fixation in protein-cod-
ing sequences of D. magna is indistinguishable from zero,
which contrasts sharply with many other small arthropods
that have similar levels of synonymous diversity (e.g, Galtier
et al. 2018). Given Daphnia’s cyclical asexuality and high levels
of population structure, it is tempting to speculate that this
may partly reflect the reduced efficacy of selection associated
with increased selective interference (Hill and Robertson
1968; Comeron et al. 2008), particularly in the most extreme
form of clonal interference (Neher 2013). However, estimates
may also be downwardly biased by the presence of locally
adapted nonsynonymous variants, as described above in the
context of the DFE. Local adaptation is likely to be a wide-
spread (Hereford 2009) and this is perhaps the most likely
explanation of the deceptively limited signal of adaptive

substitution here. Indeed, a recent study by Lynch et al.
(2017) has shown that, within a single large population of
D. pulex, positive selection can be efficient. Numerous studies
in D. magna have suggested an important role of local adap-
tation in driving species-wide patterns of genetic diversity
across a number of genes of ecological and evolutionary im-
portance (Weider and Hebert 1987; Teschner 1995; Cousyn
et al. 2007; Fisk et al. 2007; Allen et al. 2010; Agra et al. 2017;
Miner and Kerr 2011; Roulin et al. 2013; Yampolsky et al. 2014;
Radzikowski et al. 2018; Seefeldt and Ebert 2019). In principle,
such local adaptation might be detectable in the MK frame-
work, by considering differences among populations or
regions as “fixed differences.” However, the timescales over
which such local “fixations” could occur in Daphnia (tens of
thousands of years) are so short compared with the diver-
gence among species (millions of years), that they are unlikely
to be detectable.

Finally, it is also possible that estimates are downwardly
biased by the presence of “balanced” nonsynonymous alleles,
which are maintained as polymorphisms for an extended
period by negative frequency dependent selection (thus in-
creasing m,) and are less likely to fix. Although such alleles,
whereas they probably exist in all species and are implicated
in the well-studied Daphnia—Pasteuria coevolutionary inter-
action (Routtu and Ebert 2015; Bento et al. 2017, Ameline
et al. 2021; Bento et al. 2020), they only represent a small
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Fic. 6. The estimated discretized DFE (distribution of deleterious fit-
ness effects) across variants (Keightley and Eyre-Walker 2007; Eyre-
Walker and Keightley 2009) for each gene class with the proportion of
mutation with N.s values in each category. Both the control, and
especially the male and female-biased gene classes, showed an up-
ward bias for weakly deleterious mutations. Significant differences
between individual DFEs were assessed using a likelihood-ratio test,
wherein a model containing both control and class-specific genes as a
single group and a model of each gene class having its own DFE were
compared, with two degrees of freedom. A similar test was conducted
between male and female-biased gene classes.

fraction of all genes (Andrés et al. 2009; Roux et al. 2013;
Fijarczyk and Babik 2015; Croze et al. 2017) and are unlikely
to have a large impact on genome-wide estimates.

Biased Estimates of the DFE and o Caused by
Population Structure Alone Are Unlikely to Explain
These Results

Local adaptation and/or the reduced efficacy of selection due
to population structure and clonal interference are likely
explanations for our low estimate of «, but it is also possible
that the demographic history and/or our sampling strategy
have led to biased estimates. DFE-alpha (Keightley and Eyre-
Walker 2007; Eyre-Walker and Keightley 2009) and Multi-DFE
(Kousathanas and Keightley 2013) do attempt to account for
deviations from a standard neutral SFS caused by population
size changes by modeling a step-change in size. Simulations
have shown that this makes their inferences surprisingly ro-
bust to a more complex history of population sizes, enabling
them to accurately recover alpha and the form and param-
eters of the DFE from simulated data (Keightley and Eyre-
Walker 2007; Eyre-Walker and Keightley 2009; Kousathanas
and Keightley 2013). However, our data differ from previous
work in two ways. First, the D. magna population is substan-
tially more structured than many other species (overall Fst
=0.26 in our data, above), and second, our sampling strategy
used a single diploid individual from each of many distinct

demes. To assess the likely impact of these factors, even in the
absence of local adaptation, we used forward simulation with
SLiM 2.0 (Haller and Messer 2017b) to examine the perfor-
mance of DFE-alpha, Multi-DFE, and asymptotic-MK on data
sampled from a finite island population of 36 demes. We
chose natural selection parameters to match those inferred
for D. melanogaster (with which we wished to contrast our
Daphnia estimates), but (scaled) mutation and recombina-
tion parameters to mimic our D. magna estimates, with low,
medium, and high rates of migration (Fst = 0.76, 0.26, 0.05,
respectively) and low, medium, and high rates of sexual re-
production (every generation, every 8™ and every 80th gen-
eration, in addition to a low background rate of 1% sexual
individuals in an asexual generation). We also examined the
impact of three different sampling strategies: 1) one diploid
per deme (as in our data), 2) an equal-effort approach of 36
diploids from a single deme (as done in most similar studies),
and 3) a higher-effort approach of 360 individuals spread
evenly across demes.

We found that, despite the extreme mismatch between
the population structure we simulated and the one we fitted,
we found a surprisingly good match between the true (sim-
ulated) parameters and those inferred by DFE-alpha, at least
for intermediate and low levels of population structure and
asexual reproduction (fig. 7 and supplementary figs. 6-8,
Supplementary Material online). DFE-alpha, which assumes
a gamma-distributed DFE (as was simulated), did appear to
slightly over-estimate alpha. However, the effect was generally
quite small (supplementary fig. 7, Supplementary Material
online). Multi-DFE performed similarly, albeit with a greater
degree of bias, but was consistently misled as to the form of
the DFE, preferring (by AIC) the step and spike distributions
over a gamma distribution. In contrast, asymptotic-MK gen-
erally slightly underestimated o. Importantly, because none of
the three methods gave zero or negative estimates with this
sampling strategy, and the model-based methods generally
gave over-estimates of the proportion of adaptive substitu-
tion (o), our unusually low estimates of alpha cannot easily be
ascribed merely to the impacts of population structure and
structured sampling (supplementary fig. 7, Supplementary
Material online).

Although we sampled one diploid individual per popula-
tion, most similar studies took multiple individuals from a
single local population. We were therefore interested to see
whether the MK-framework approaches were similarly misled
by the presence of population structure when sampling all
individuals from the same deme. We found that this, stan-
dard, approach was no better than sampling one individual
per deme, and may in fact be slightly worse in terms of the
accuracy of the DFE—especially for very high levels of popu-
lation structure and asexuality (supplementary fig. 7,
Supplementary Material online). The proportion of adaptive
substitutions was generally under-estimated, especially when
structure was high and asexual reproduction dominant (sup-
plementary fig. 8, Supplementary Material online), and Multi-
DFE consistently mis-inferred the form of the DFE, preferring
spike and step distributions over the simulated gamma
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Fic. 7. Simulated (black) and estimated (gray, as shown for the controls in fig. 6) DFE proportions for three levels of frequency of sexual
reproduction and population subdivision (Fst), respectively. Using SLiM 2.0, we simulated coding DNA sequence-like data for one diploid
individual sampled from each deme of a 36-deme structured population and inferred the DFE and o. Mutation and recombination rates were
selected to match those of D. magna (after scaling, see Materials and Methods), and selection coefficients were chosen to reflect those estimated
for D. melanogaster, which generally shows a high proportion of adaptive substitutions and a small proportion of weakly deleterious mutations.
Combinations of population subdivision (and thus migration) and sexual reproduction rates were explored, bracketing credible values for
D. magna. Consistent with theoretical expectations, strong population subdivision (low migration) reduced the efficacy of natural selection,
and rare sex reduced the efficacy of positive selection, at least in part through the constraint which arises from link sites. The estimated proportions
of DFE were broadly consistent with estimates of o observed in the simulation (table 1; see supplementary table 3, Supplementary Material online
for observed values). These results suggest the effects of population structuring and asexuality (which are unaccounted for by DFE-alpha or
asymptotic MK) are in the general direction of but still insufficient to completely obscure Drosophila-like levels of adaptive protein substation.

distribution. Even sampling 10-fold more individuals, evenly than the nonimmune genes o = 0.33 versus —0.27,
spread across the structured population, did not substantially P =0.049 (McTaggart et al. 2012). We tested for an elevated
improve the outcome over sampling one individual per deme rate of adaptive protein evolution in potential “arms race”
(supplementary fig. 9, Supplementary Material online). gene classes, including 69 putative immune-related genes, 30
Although our simulations were limited in scope and more antiviral RNAi and piRNA genes, and 78 genes that show an
replication is required, they suggest that further investigation strong male-bias in their expression. We did this in three ways.
of the sensitivity of these methods to SFS deviations intro- First, we used a maximum-likelihood implementation of the

multigene MK test to estimate overall o and o for each class
of gene function (Welch 2006). Second, to mitigate the im-
) ) » . . pact of weakly deleterious variants, but conditional on a
Little EwdenFe fgr Arm.s Race” Evolution and Very shared demographic history for the different gene classes,
Low Constraint in ng-Blased Gengs ' ‘ we used the software DFE-alpha (Keightley and Eyre-Walker
Although the overall evidence for adaptive protein evolution 2007; Eyre-Walker and Keightley 2009) to infer the DFE, ¢, and

duced by population structure may be warranted.

in D. magna is limited, genes that are widely presumed to be ,, for each gene class and tested among them using likeli-
engaged in evolutionary “arms race” conflicts often display hood ratio tests and permutation tests. Note that, in light of
higher rates of adaptive protein evolution that the genome- our simulations (above), we chose to limit our analysis to the
wide average. For example, a previous analysis of D. pulex that more widely used DFE-alpha rather than to explore a wider
compared 27 putative immune-pathway genes with 20 other range of functional forms for the DFE. Third, we used a
genes reported a significantly higher o in the immune genes SniIPRe-like analysis, which recasts the MK test as a

9
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Table 1. Estimates of oo from SLiM Simulation.

_
o

Asymptotic-MK o

Multi-DFE o

DFE-
(best)

True o¢ Naive® o

Multi-DFE
w, (best)

DFE-
Alpha o,

True

4

A Local

75 Local
(%) (%)

Ka®

(%)

Ks®

'

Sex Expected Fsy

Migration

Alpha o

(%)

0.40
0.27
0.07
0.39
0.27
0.01
0.35
0.25
0.09

0.71
0.33
0.08
0.59
0.51
0.01
0.49
0.50
0.49

0.69
0.26

0.

—0.02
—0.17
—0.42
—0.20
—0.34
—0.59
—0.23
—0.38
—0.67

0.43
0.28
0.09
0.43
0.32
0.13

0.

0.126
0.061

0.174
0.052

0.077

0.33
0.18
0.09
0.39
0.26
0.13
0.40
0.28

0.72
0.31
0.11
0.90
0.51
0.18
0.93
0.56
0.20

2.19

12.39
14.06
14.75
14.03
14.55
14.98

14.31

0.76
0.77
0.80
0.25
0.28
0.36
0.04
0.04
0.08

0.76
0.76
0.76
0.25
0.25
0.25
0.05
0.05
0.05

1
8

0.000158
0.000158
0.000158
0.001418
0.001418
0.001418
0.00898

0.053

2.64
3.09
2.24

01

0.016

0.001

0.018

0.48
0.39
0.19
0.45
0.40
0.20

0.094
0.086

0.081

0.068

1
8

0.067

0.053

2.43
2.77

0.002

0.036

0.025

0.077 42

0.073

0.066
0.053

2.24

1
8
80

0.33
0.15

0.080

0.066
0.036

2.36
2.64

14.70
15.06

0.00898

0.086

0.025

0.14

0.00898

Note.—The table shows key simulation parameters, simulated values of differentiation, divergence, diversity, o, and , in a structured facultatively asexual population with no local adaptation. It also shows model-based estimates of w, and o

obtained from DFE-alpha, Multi-DFE and asymptotic-MK. For Multi-DFE, we show the estimate from the best-fitting model, as inferred using the Akaike information criterion. A naive estimate of « based on simple counts is downwardly biased,

estimates from DFE-alpha and Multi-DFE tend to be slightly upwardly biased, and estimates from asymptotic MK are remarkably robust. Rows show increasing rates of migration (decreasing FST) and increasing rates of asexuality (every generation,

1-in-8 generations, 1-in-80 generations), and sampling is based on a single diploid individual from each deme.

*Total inbreeding, as used as a proxy for Fs in our analysis.

bp: g
Divergence from ancestral population.

“Mean within-deme diversity, calculated from a single diploid individual.

“Rate of adaptive substitution observed in the simulation.

Estimated from simulated data, using 1 — (DyPs/DsPy).

generalized linear mixed model (Eilertson et al. 2012;
Palmer et al. 2018), to provide a more formal statistical
test of the differences in selection between gene classes.

Surprisingly, despite our expectation that “arms race”
genes would show a different level of constraint, the s/
s and K /Ks ratios forimmune and RNAI genes were not
significantly different from those of the genome-wide
background (fig. 2). Similarly, the gamma-distributed
SFS did not differ substantially between these gene clas-
ses, suggesting only a small—albeit nominally signifi-
cant—difference in the DFE (fig. 6). This resembles
what is seen for RNAI genes in D. melanogaster, A. melli-
fera, and A. gambiae, where the DFE of RNAi-pathway
genes is also slightly, but significantly, different to the
genome-wide background (Palmer et al. 2018).

When ignoring the impact of weakly deleterious var-
iants, maximum-likelihood estimates of the rate of adap-
tive amino-acid fixation did vary among the gene classes
(AAIC =115 between a single-o and five-o. model; sup-
plementary table 2, Supplementary Material online), but
bootstrap intervals for o overlapped zero for immune (o
= —0.00 [—0.34, 0.24]), RNAi (o = 0.08 [—0.06, 0.18]),
male («x = —0.08 [—0.41, 0.15]) and female biased (o
=0.07 [—0.64, 0.35]) gene classes, whereas o for other
genes (“control”: « = —0.16 [—0.13, —0.19]) genes was
significantly negative. The SnIPRe-like analysis gave similar
results, with strongly negative genome-wide and
immune-pathway estimates of the selective effect, but
with substantially higher and marginally significant esti-
mates for RNAi genes (figz 8B; mean selection
effect = 0.015; P < 0.05). Explicitly modeling the DFE in
D. magna did not lead to significantly higher or positive
estimates of o or e, for immunity genes than other genes
(fig. 8A; although the RNAi-pathway genes were substan-
tially, but not significantly, higher,
®, = 0.0067, P > 0.05). This is in contrast to the im-
pact of modeling the DFE in MK-like analyses of
D. melanogaster, A. mellifera, and A. gambiae, where ac-
counting for the presence of weakly deleterious muta-
tions leads to positive estimates of o. Together, these
results suggest that the rate of adaptive protein fixation
occurring in D. magna immune-related proteins is not
substantially different to that occurring in the proteome
as a whole, and could again reflect an impact of cyclical
asexuality and high population structure on the efficacy
of selection. As neither 7 nor Fsr, at either synonymous or
nonsynonymous sites, was significantly elevated in RNAI
or immune-pathway genes (figs. 2 and 3) this is not easily
attributable to generally increased balancing selection or
local adaptation obscuring elevated adaptive substitution
in these gene classes relative to the genome average.

Unlike the immune and RNAi-pathway genes, 1a/7s
and Ka/Ks ratios of male-biased genes were both signifi-
cantly elevated compared with the genomic background
(0.52 and 0.37 respectively; fig. 2). This was matched by an
extremely large increase in the estimated proportion of
very weakly deleterious mutations (45% 0.1 < Nes < T;
fig. 6) and a concomitant decrease in strongly deleterious
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Fic. 8. (A) w, (estimated with DFE alpha) estimates for each gene
class including 95% bootstrap confidence intervals and (B) the pos-
terior distribution of selection effects as estimated with our SnIPRe-
like analysis associated with each gene type.

mutations (35% N.s >100). It also corresponded to more
negative estimates of o and w,, and the SnIPRe-like selective
effect (p<0.01). Together, these results suggest that the most
strongly male-biased genes of D. magna show low levels of
constraint, and likely low rates of adaptive nonsynonymous
substitution. This contrasts sharply with the higher estimates
of o seen for male-specific genes in other taxa (Proschel et al.
2006) and could perhaps suggest that the relative infrequency
of sexual reproduction in D. magna has reduced the strength
of selection acting on male-specific genes. However, an equiv-
alent analysis of five genes expressed in asexual females but
not in males gave quantitatively very similar results, showing
high levels of nonsynonymous polymorphism and a high pro-
portion of very weakly deleterious alleles. Although the small
number of genes meant that the power of this analysis was
low, it could suggest that the particularly low constraint in
male/female-specific genes relative to the genome as a whole
was not attributable to their role in sexual reproduction given
that female-specific genes may be under selection even if
sexual reproduction is not occurring every generation.

Conclusions

We studied samples of D. magna that covered about a third
of this species’ Holarctic distribution (we did not include East
Asian and North American sites). Overall, we found that
D. magna displayed relatively high synonymous site diversity,
only slightly lower than that of other small invertebrates with
large census population sizes, and consistent with a large
coalescent effective population size. However, in contrast to

Drosophila, diversity was very variable among populations
and there was a high level of genetic structure, suggesting
relatively low levels of dispersal. Although Daphnia is well
known for local adaptation of diverse traits (Cousyn et al.
2001; Roulin et al. 2013; Reger et al. 2018; Seefeldt and
Ebert 2019), we found little evidence for pervasive species-
wide adaptive fixation in protein-coding genes, either in the
genome as a whole or in putative “arms race” gene classes
such as those involved in immunity, RNAi-based defence
against viruses and transposable elements, and male-specific
functions. This finding is in contrast to other arthropods such
as Drosophila and Apis, as well as more broadly in other
systems including humans and mice. Low rates of adaptive
protein fixation were evident regardless of whether or not we
attempted to account for the presence of weakly deleterious
mutations. We speculate that this finding partly reflects an
overall reduction in the efficacy of selection in the cyclical
parthenogen D. magna, as might be expected from an in-
crease in selective interference caused by this mode of repro-
duction and the highly structured geography of the
populations. Furthermore, it is likely to be a consequence of
pervasive local adaptation, which is well described for
Daphnia in general and D. magna specifically (Cousyn et al.
2001; Roulin et al. 2013; Reger et al. 2018; Seefeldt and Ebert
2019), leading to downwardly biased estimates of species-
wide adaptive fixation.

Materials and Methods

Samples and DNA Sequencing

We analyzed whole-genome sequences of 36 D. magna
clones, 1 clone of D. similis, and 1 clone of D. lumholtzi. The
D. magna genotypes (clones; D. magna can be maintained as
stable, asexually propagated, genotypes) used in this study
originated either from field collected plankton samples,
were hatched from field-collected resting eggs, or resulted
from inbred crosses in the laboratory (two clones). Field-col-
lected planktonic females were brought to the laboratory,
and individual females were allowed to reproduce asexually.
Field-collected resting eggs (ephippia) were collected on the
surface of pond sediments and were washed and stimulated
to hatch by exposure to continuous light under room tem-
perature in well-oxygenated medium. Hatchlings were iso-
lated and clonal lines were produced and kept under
conditions of continuous asexual reproduction. Two clones
(D. similis and D. lumholtzi) were obtained by selfing of field-
collected females. Selfing was achieved by allowing asexually
produced sons to fertilize sexual eggs of their clonal sisters.
The D. similis clone (from lIsrael) is the result of three rounds
of selfing the D. lumholtzi clone (from Zimbabwe, Africa)
resulted from three rounds of selfing.

To reduce nonfocal DNA in our sequencing libraries (from
microbiota and food items), individuals were treated for 72 h
with three antibiotics (streptomycin, tetracycline, ampicillin)
at a concentration of 50 mg/l each. Antibiotics were refreshed
every 24 h. Clones were fed with dextran beads (Sephadex
“Small” by Sigma Aldrich: 50 m diameter) at a concentration
of 0.5g/100ml to aid gut evacuation (Duki¢ et al. 2016).
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Animals were moved out of antibiotics and into 1.5-ml
Eppendorf microcentrifuge tubes and excess fluids removed
with a sterile pipette. Extraction buffer (Qiagen GenePure
DNA Isolation Kit) was subsequently added to the tubes
and tissue was disrupted using sterile and DNA-free plastic
pestle. The resultant solution was incubated overnight with
Proteinase K at 55 °C. RNA was degraded using RNAse treat-
ment for 1 h at 37 ° C. Protein removal and DNA precipita-
tion, including the addition of glycogen (Qiagen) to aid DNA
precipitation, were done using the Qiagen GenePure DNA
Isolation Kit instructions. Resultant purified DNA was sus-
pended in 40 ul of Qiagen DNA hydration solution and sub-
sequently tested for purity and concentration using a
Nanodrop and Qubit 2.0, respectively. Libraries were either
prepared using Kapa PCR-free kits and sequenced by the
Quantitative Genomics Facility service platform at the
Department of Biosystem Science and Engineering (D-BSSE,
ETH), in Basel, Switzerland, on an lllumina HiSeq 2000, or were
provided to Edinburgh Genomics (NCBI BioProject number
PRJNA480405) for library preparation using TruSeq DNA
Nano gel free kits and paired-end 125 nt sequencing using
HiSeq v.4.

Read quality was assessed using FastQC v.0.10.1 (http://
www.bioinformatics.babraham.acuk/projects/fastqc;, released
on March 5, 2012). Paired-end sequences were adapter
trimmed and quality filtered using Trimmomatic v.0.36
(Bolger et al. 2014). After trimming of adapter sequences, ter-
minal bases with a quality score below three were removed
from both ends of each read. Then, using the sliding window
function and again moving in from both sides, further 4 bp
fragments were removed as long as their average quality score
was below 15. Read quality was rechecked with FastQC to
confirm quality and adapter trimmed succeeded. These
high-quality reads were mapped to the D. magna reference
genome (NCBI database; Assembly name: daphmag2.4;
GenBank assembly accession: GCA_001632505.1, Bioprojects
accession: PRINA298946), consisting of 28,801 scaffolds, 38,559
contigs and a total sequence length of 129,543,483 bp) using
BWA MEM (Li and Durbin 2009; Li 2013), the resulting sam
alignment file being subsequently converted to a bam, coor-
dinate sorted, and filtered for mapping quality >20 using
SAMtools (Li et al. 2009).

To identify SNP polymorphisms we applied GATK v.3.8
(McKenna et al. 2010) HaplotypeCaller according to GATK
Best Practices recommendations (DePristo et al. 2011; Van
der Auwera et al. 2013), including a QD (quality by depth) >6
and a GQ (genotype quality) >20. We then used vcflib
(https://github.com/vcflib/vcflib), specifically the vcfgeno2ha-
plo module, to generate a revised version of the D. magna
reference genome that includes the identified polymorphisms
for individual clones. For each of these individual’s updated
references, we extracted coding sequences using gffread from
the gffcompare package (https://github.com/gpertea/gffcom-
pare). We note that the large number of recent paralogs
within the D. magna genome (Orsini et al. 2016) could lead
to high rates of cross-mapping. However, because these reads
will have low mapping quality, the affected genes will be
excluded from our analysis.
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Daphnia similis Assembly

We used the MaSuRCA assembler (Zimin et al. 2013) to as-
semble the nuclear genome of the D. similis clone. The
lllumina paired-end reads were used as input for MaSuRCA
and were assembled into super-reads. The assembly proce-
dure used default settings but varying the kmer size over
larger ranges (21, 31, 41, 51, 61, 71, 81, and 91) and subse-
quently over a smaller, more targeted kmer range (63, 65, 67,
and 69). The resulting assembly showing the lowest number
of scaffolds was considered the most reliable for our purpose
and used for further analyses. An assessment of the complete-
ness of the newly assembled nuclear genomes was performed
using BUSCOv3 (Waterhouse et al. 2018). A total of 1,066
single-copy arthropod genes were searched against our de
novo genome assemblies. Annotation was made using the
MAKER 2 (Holt and Yandell 2011 pipeline, which included
the eukaryotic gene predictors GeneMark-ES 4.33 [Ter-
Hovhannisyan et al. 2008]), Prodigal 2.6.3 (Hyatt et al.
2010), and Augustus 3.2.3 (Stanke et al. 2008). We used pro-
tein hints derived from the D. magna genome as well as
paired-end, lllumina sequenced RNAseq data derived from
the same D. similis clone (NCBI BioProject PRINA744861).

Daphnia lumholtzi Assembly

A single, short-insert PE library was generated for a second
outgroup, D. lumholtzi (NCBI BioProject PRJNA744886).
Because a high-quality assembly is unlikely to result from
such a data set, we applied a reference assisted assembly
approach in order to provide additional context for polarizing
variants. Specifically, as with reads sampled directly from
D. magna, reads from D. lumholtzi were aligned to the
D. magna reference and the same procedures were used to
generate variant calls using the GATK variant caller. Next, we
used the GATK FastaAlternateReferenceMaker approach in
order to replace variants ascertained from D. lumholtzi in the
D. magna reference genome.

Orthology

The MK approach to inferring adaptive fixations requires di-
vergence between two sequences, limiting the analysis to
those genes with 1:1 homologs. Although it is, in principle,
possible to instead use pairs of paralogs rather than orthologs,
such analyses are prone to mis-inference as they violate one of
the central assumptions: that constraint is thought constant
over the interval that gave rise to both polymorphism and
divergence data (Hahn 2009). Therefore, to identify 1:1 ortho-
logs for analysis, protein sequences of D. magna (v2.4
GenBank: LRGB00000000), and D. similis genomes were
used as inputs for OrthoMCL (Li et al. 2003), a fast method
for inferring orthologous groups from protein sequences. For
further analysis, we retained only those genes that were iden-
tified by OrthoMCL as single copy, one-to-one orthologs in
both species. Following alignment (see more details below)
we set a threshold of Ks < 0.6 (based upon visual inspection
of the full distribution of Ks values) to consider homologs as
orthologs, rather than likely paralogs.
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Alignment

Alignments of orthologous coding sequences of D. magna
and D. similis were made using a custom R script which would
initially utilize the R package seginr (Charif and Lobry 2007) to
import individual coding sequences for each respective spe-
cies, followed by identification of the correct reading frame,
and finally a codon based alignment using PRANK (Loytynoja
and Goldman 2005, 2008). To assess the quality of the align-
ment procedure, we calculated gene-wise Ka, Ks, and Ka/Ks
using the codeml function from the package PAML (Yang
1997, 2007). To further improve the quality of aligned coding
sequences we excluded regions that contained stop codons,
and very poorly aligned regions. Poorly aligned regions were
identified as those with multiple consecutive codons possess-
ing no aligned bases, and regions in which K or K5 was > 0.5.
These parameters were selected after manually examining the
impact of alternative masking strategies on the most diver-
gent genes and those with the highest K5/Ks ratios to confirm
that, even in the most divergent proteins, only poorly aligned
regions were masked. Gene sequences deriving from the
above variant calling approach were added into the
D. magna and D. similis reference alignments using the
MAFFT (Katoh et al. 2002; Katoh and Standley 2013) —add
function, which aligns sequences to a previously generated
multiple sequence alignment.

Focal Gene Classes

We defined focal gene classes based on orthology and expres-
sion patterns. To identify orthologous sequences of well-
characterized immune genes from a broad range of systems,
we used an additional run of OrthoMCL which included pro-
tein sequences derived from D. melanogaster, Caenorhabditis
elegans, and Homo sapiens. To identify male and female spe-
cific genes, we used RNAseq data derived from the study of
Molinier et al. (2018; NCBI SRA PRJNA533017).

Briefly, the data set of (Molinier et al. 2018) is composed of
high-coverage paired-end 100 bp lllumina reads derived from
our different genotypes (clones) as biological replicates
(Moscow, Russia, 55.763514, 37.581667). One library was pre-
pared per genotype and sex, resulting in a total of eight li-
braries. Quality and adapter trimming procedures were the
same as used above for whole-genome DNA sequencing.
Reads were mapped to the same D. magna reference assem-
bly as above (NCBI database; Assembly name: daphmag2.4;
GenBank assembly accession: GCA_001632505.1, Bioprojects
accession: PRJNA298946), but included this time the associ-
ated annotation file (in GFF) format, as well as a genome
annotation with 26,646 genes, using the RNA-Seq aligner
STAR (Dobin et al. 2013). The raw counts (number of
mapped reads per transcript per sample) were obtained
with the software featureCounts (Liao et al. 2014). We ana-
lyzed differential gene expression using DESeq2 (version
1.10.1) implemented in R (Love et al. 2014). Raw read counts
were used as input data, and the subsequent analyses used
the normalizations of read counts as performed by DESeq2.
The male versus female comparison was carried out with a
two-factor design taking into account clone identity and sex.
We defined male and female-specific genes as those that

displayed zero or nearly zero expression in the nonfocal sex
and at least a 5-fold greater expression in the other sex.

Population Genetics

We used a modified set of python scripts (https://github.
com/tatumdmortimer/popgen-stats), which relied primarily
on the Egglib (De Mita and Siol 2012) python library to cal-
culate gene-wise T and s, as well as generate the MK tables
(Pn, Ps, Dy, and Ds) to be used in subsequent analysis. For
our SNIPre like analysis, which requires counts of synonymous
and nonsynonymous codon sites, we used a perl script from
SNAP v.2.1.1 (Korber 2000) to calculate these values based on
mutational opportunity using the Nei and Gojobori method
(https://www.hiv.lanl.gov/content/sequence/SNAP/perlsnap.
html). To derive an estimate of Fsy for synonymous and non-
synonymous sites (Fsr s and Fsr n, respectively) we used ma
and 7 estimates, and calculated Fsy = (7 — 7y;) /775, where
j represents a separate calculation for both synonymous and
nonsynonymous sites (Weir 1996, egn. 5.3, p. 174).

To quantify both the genome wide and gene-class specific
signal of adaptive protein evolution in D. magna we used a
subset of the approach described in Palmer et al. (2018), re-
lying principally on two approaches derived from the MK test
(McDonald and Kreitman 1991). The underlying logic of the
MK test remains consistent within these methods, where the
polymorphism and divergence data from putatively neutral
and potentially selected variants are used to infer an excess of
nonsynonymous fixations that can be attributed to positive
selection (Booker et al. 2017).

First we used the maximum-likelihood approach of Welch
(2006), which does not take into account the likely presence
of weakly deleterious segregating polymorphisms. Using per-
gene counts of the numbers of fixed differences and poly-
morphisms, we fitted a range of models that either fix « at
zero, allow a single value of «, or allow each gene class to have
a different o. We also fitted models that allowed constraint (f,
in the terminology of Welch 2006) and the population mu-
tation rate (0) to vary among genes or gene classes, and we
selected among models using Akaike weights (supplementary
table 1, Supplementary Material online). Despite the large
number of parameters, we found that models allowing all
genes to differ in f and 0 were the best supported, and it is
these that we report. For the two best-fitting models, we used
1,000 bootstrap analysis (resampling within gene classes) to
provide 95% bootstrap intervals around the estimates.

Second, we used DFE-alpha which uses an explicit
population-genetic model to estimate the number of adap-
tive nonsynonymous substitutions per site, whereas simulta-
neously accounting for changes in population size and the
distribution of deleterious fitness effects (Keightley and Eyre-
Walker 2007; Eyre-Walker and Keightley 2009). We used 1,000
boot-strap iterations to generate a confidence interval around
the observed DFE for each gene class type. Significant differ-
ences in the DFE for each gene class were assessed by using a
likelihood-ratio test with two degrees of freedom. To confirm
that our findings were not wholly dependent on the gamma
distributed DFE assumed by DFE-alpha, we also explored al-
ternative parameterizations using multiDFE, which permitted
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models with lognormal, gamma, and beta, 1-6 spike (point
density), and 1-5 step (multiple continuous uniform, with
estimated boundaries and densities) DFE.

Third, we used AsymptoticMK (Keightley and Eyre-Walker
2007; Eyre-Walker and Keightley 2009), which attempts to
mitigate the impact of weakly deleterious alleles by finding
global o in the limit of increasing derived-allele frequency.
This is done by fitting a saturating curve to o inferred from
polymorphism pooled into 20 “slices” of the unfolded SFS
with 5% boundaries. Given the small number of genes in
the immune, RNAI, and sex-biased classes, we did not apply
AsymptoticMK to any subsets of the data. To infer an un-
folded SFS we polarized variants as ancestral versus derived
using the approach employed by est-sfs (Keightley and
Jackson 2018). We used both D. similis and D. lumbholtzi as
outgroups to identify if an allele was ancestral or derived.

Finally, we used an extension of the SnIPRE model (Eilertson
et al. 2012), which re-frames the MK test as a linear model in
which polymorphism and substitution counts are predicted
by synonymous or nonsynonymous state (Palmer et al. 2018).
We used the re-implementation of the SnIPRE model by
Palmer (Palmer et al.), which utilizes the Bayesian generalized
linear mixed modeling R package MCMCglmm (Hadfield
2010). Briefly, we modeled the number of mutation counts
in each of four classes: synonymous polymorphism, nonsynon-
ymous polymorphism, synonymous divergence, and nonsy-
nonymous divergence. The fixed effects portion of the
model included effects for the nonsynonymous state, the di-
vergence state, and a nonsynonymous: divergence interaction,
effectively capturing constraint, divergence time, and the ex-
cess contribution of nonsynonymous mutations to species
divergence, respectively. These fixed effects were estimated
separately for the genome-wide background, immune genes,
RNAI genes, and male or female-specific genes. We also fitted a
fixed effect for gene length, although this was close to 1, indi-
cating similar mutation rates across gene lengths. Finally, we
estimated gene-specific random deviations from each of the
four mutation classes, assumed to come from a multivariate
normal distribution with an unstructured covariance matrix.
From this model, the genome-wide “selection effect” is the
nonsynonymous: divergence effect, and selection effects for
specific gene groups (e.g, RNAI, sex-specific) are obtained by
adding the genome-wide nonsynonymous: divergence effect
to the nonsynonymous: divergence effect for the group in
question. To test whether the selection effects of specific
gene group significantly differed from the genome-wide aver-
age, we determined the proportion of the posterior distribu-
tion that overlapped zero for each of the gene group-specific
nonsynonymous: divergence effects.

SLiM Simulation

To explore the behavior of DFE-alpha and AsymptoticMK
when used to analyze data drawn from a structured popula-
tion, we used the forward genetic simulator SLiM 2.0 (Haller
and Messer 2017b). We simulated a 500-kb chromosome
encoding ten 5-kb “coding” loci separated by 5 kb “noncoding”
regions, evolving in a finite island model (symmetric migration)
with 36-demes of 500 diploid individuals for 1 million
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generations. Within coding regions, 24% of mutations were
unconstrained (representing “synonymous” mutations) and
76% were potentially selected. The mutation rate and recom-
bination rate were constant across the “chromosome,” with
scaled values chosen to reflect empirical values (L = 5.6 X
102, as estimated for D. pulex (Keith et al. 2016), and within
the range recently reported across D. magna genotypes (Ho
et al. 2020) local 75 = 0.011 (above) giving a scaled mutation
rate of 1.53 X 10" ; estimated recombination rate of 1.655 x
107 and scaled recombination rate of 452 x 10 °. Three
different migration rates were used, to span a range of degrees
of population structure: m = 0.00898 (i.e, Fst = 0.05, similar to
European D. melanogaster); m = 0.00142 (Fs = 0.26, equal to
the overall mean seen in D. magna); and m = 0.000158 (Fst =
0.76, 3-fold greater than the mean). Three different rates of
sexual reproduction were used, to bracket the range that is
credible for D. magna: no clonality (all individuals result from
sexual reproduction), daphniid-like clonality (7 of 8 generations
99% clonal individuals, 1 in 8 generations fully sexual), and
extreme clonality (79 of 80 generations 99% clonal individuals,
1 in 80 generations fully sexual). We confirmed that observed
local s and Fst were close to the values predicted by theory for
unconstrained sites. As our primary objective was to establish
whether the estimate of o, and high estimate of the propor-
tion of weakly deleterious nonsynonymous polymorphisms,
obtained from D. magna were an artifact of our sampling strat-
egy and population structure, we chose selection parameters
based on those previously used to reflect D. melanogaster
(Campos and Charlesworth 2019), which displays high rates
of adaptive protein evolution, and fewer weakly deleterious
amino-acid variants. Deleterious mutations were drawn from
a gamma distribution, with a mean 2N,s of —2,000, and a shape
parameter of 0.3 (scaled mean s of —0.056), and beneficial
mutations all had 2N,s of 250 (scaled s = 0.007). Both beneficial
and deleterious nonsynonymous mutations were additive in
their effects at a locus (no dominance), and 0.022% of non-
synonymous mutations were beneficial. For each of the nine
sex and migration parameter combinations we ran 20 inde-
pendent simulations for one million generations, and we only
analyzed fixations and polymorphisms that arose after genetic
diversity had equilibrated (supplementary figs. 1-3,
Supplementary Material online). For each parameter combina-
tion, all mutations were combined across replicates to provide
the estimates presented. We analyzed these simulations with
three different sampling strategies, 1) one diploid per deme, 2)
an equal-effort approach of 36 diploids from a single deme, and
3) 360 diploids sampled evenly across demes. The SLiM script
and R code necessary to parse the output is provided as sup-
porting material, Supplementary Material online.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.

Acknowledgments

We would like to thank Jiirgen Hottinger and Phil Wilson for
laboratory assistance, and members of the Ebert group for

220z aunr g uo Jesn NYYHJNE Ad 61£2759/8700BSW/E/6E/2[01B/a0W/WOod"dNo-dlwapede//:sdyy wolj papeojumoq


https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac048#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac048#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac048#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac048#supplementary-data

Adaptive Protein Evolution in Daphnia magna - doi:10.1093/molbev/msac048

MBE

helpful suggestions. This work was funded by the UK Natural
Environmental Research Council through a grant (NE/
J010790/1) to DJ.O. and TJ.L, and D.E. and P.D.F. are sup-
ported by the Swiss National Science Foundation and the
University of Basel.

Data Availability

All D. magna reads used for the present analysis are available
under BioProject accession number PRJNA480405. Reads as-
sociated with D. lumholtzi and D. similis are available at
BioProject  accession numbers  PRINA744886  and
PRINA744861, respectively. All scripts used for the present
analysis and simulation are available at https://github.com/
peterdfields/Fields_etal_2022_MBE.

References

Agra AR, Soares AMVM, Barata C. 2011. Life-history consequences of
adaptation to pollution. Daphnia longispina clones historically ex-
posed to copper. Ecotoxicology 20(3):552-562.

Allen MR, Thum RA, Caceres CE. 2010. Does local adaptation to resour-
ces explain genetic differentiation among Daphnia populations? Mo/
Ecol. 19(15):3076-3087.

Ameline C, Bourgeois Y, Vogtli F, Savola E, Andras J, Engelstadter J, Ebert
D. 2021. A two-locus system with strong epistasis underlies rapid
parasite-mediated evolution of host resistance. Mol Biol Evol.
38(4):1512-1528.

Andrés AM, Hubisz M), Indap A, Torgerson DG, Degenhardt |D, Boyko
AR, Gutenkunst RN, White TJ, Green ED, Bustamante CD, et al. 2009.
Targets of balancing selection in the human genome. Mol Biol Evol.
26(12):2755-2764.

Begun DJ, Whitley P, Todd BL, Waldrip-Dail HM, Clark AG. 2000.
Molecular population genetics of male accessory gland proteins in
Drosophila. Genetics 156(4):1879-1888.

Bento G, Fields PD, Duneau D, Ebert D. 2020. An alternative route of
bacterial infection associated with a novel resistance locus in the
Daphnia—Pasteuria host—parasite system. Heredity 125(4):173-183.

Bento G, Routtu J, Fields PD, Bourgeois Y, Du Pasquier L, Ebert D. 2017.
The genetic basis of resistance and matching-allele interactions of a
host-parasite system: the Daphnia magna-Pasteuria ramosa model.
PLoS Genet. 13(2):1006596.

Blumenstiel JP, Erwin AA, Hemmer LW. 2016. What drives positive se-
lection in the Drosophila piRNA machinery? The genomic autoim-
munity hypothesis. Yale | Biol Med. 89(4):499-512.

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for
lllumina sequence data. Bioinformatics 30(15):2114-2120.

Booker TR, Jackson BC, Keightley PD. 2017. Detecting positive selection
in the genome. BMC Biol. 15(1):98.

Campos )L, Charlesworth B. 2019. The effects on neutral variability of
recurrent selective sweeps and background selection. Genetics
212(1):287-303.

Carreto L, Eiriz MF, Gomes AC, Pereira PM, Schuller D, Santos MAS. 2008.
Comparative genomics of wild type yeast strains unveils important
genome diversity. BMC Genomics. 9:524.

Castellano D, Coronado-Zamora M, Campos JL, Barbadilla A, Eyre-
Walker A. 2016. Adaptive evolution is substantially impeded by
Hill-Robertson interference in Drosophila. Mol Biol Evol.
33(2):442-455.

Castellano D, Uricchio LH, Munch K, Enard D. 2019. Viruses rule over
adaptation in conserved human proteins. bioRxiv:555060.

Charif D, Lobry JR. 2007. SeqinR 1.0-2: a contributed package to the R
project for statistical computing devoted to biological sequences
retrieval and analysis. In: Bastolla U, Porto M, Roman HE,
Vendruscolo M, editors. Structural approaches to sequence evolu-
tion: molecules, networks, populations. Berlin, Heidelberg: Springer.
p. 207-232.

Charlesworth B. 2012. The effects of deleterious mutations on evolution
at linked sites. Genetics 190(1):5-22.

Charlesworth B, Charlesworth D. 2010. Elements of evolutionary genet-
ics. Greenwood Village (CO): Roberts & Company. p. 318.

Charlesworth J, Eyre-Walker A. 2008. The McDonald—Kreitman test and
slightly deleterious mutations. Mol Biol Evol. 25(6):1007-1015.

Chen J, Glémin S, Lascoux M. 2017. Genetic diversity and the efficacy of
purifying selection across plant and animal species. Mol Biol Evol.
34(6):1417-1428.

Colbourne JK, Pfrender ME, Gilbert D, Thomas WK, Tucker A, Oakley
TH, Tokishita S, Aerts A, Arnold GJ, Basu MK, et al. 2011. The
ecoresponsive  genome  of  Daphnia  pulex.  Science
331(6017):555-561.

Comeron JM, Williford A, Kliman RM. 2008. The Hill-Robertson effect:
evolutionary consequences of weak selection and linkage in finite
populations. Heredity 100(1):19-31.

Cousyn C, De Meester L, Colbourne JK, Brendonck L, Verschuren D,
Volckaert F. 2001. Rapid, local adaptation of zooplankton behavior
to changes in predation pressure in the absence of neutral genetic
changes. Proc Natl Acad Sci U S A 98:6256.

Croze M, Wollstein A, Bozicevic V, Zivkovic D, Stephan W, Hutter S.
2017. A genome-wide scan for genes under balancing selection in
Drosophila melanogaster. BMC Evol Biol. 17(1):12.

Czech B, Hannon GJ. 2016. One loop to rule them all: the ping-pong cycle
and piRNA-guided silencing. Trends Biochem Sci. 41(4):324-337.

De Mita S, Siol M. 2012. EggLib: processing, analysis and simulation tools
for population genetics and genomics. BMIC Genet. 13:27.

Decaestecker E, De Meester L, Mergeay J. 2009. Cyclical parthenogenesis
in Daphnia: sexual versus asexual reproduction. In: Schon |, Martens
K, Dijk P, editors. Lost sex: the evolutionary biology of parthenogen-
esis. Dordrecht: Springer Netherlands. p. 295-316.

Decaestecker E, Gaba S, Raeymaekers JAM, Stoks R, Van Kerckhoven L,
Ebert D, De Meester L. 2007. Host—parasite ‘Red Queen’ dynamics
archived in pond sediment. Nature 450(7171):870-873.

DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C,
Philippakis AA, del Angel G, Rivas MA, Hanna M, et al. 2011. A
framework for variation discovery and genotyping using next-
generation DNA sequencing data. Nat Genet. 43(5):491-498.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P,
Chaisson M, Gingeras TR. 2013. STAR: ultrafast universal RNA-seq
aligner. Bioinformatics 29(1):15-21.

Downing T, Cormican P, O'Farrelly C, Bradley DG, Lloyd AT. 2009.
Evidence of the adaptive evolution of immune genes in chicken.
BMC Res Notes. 2:254.

Duki¢ M, Berner D, Roesti M, Haag CR, Ebert D. 2016. A high-density
genetic map reveals variation in recombination rate across the ge-
nome of Daphnia magna. BMC Genet. 17(1):137.

Ebel ER, Telis N, Venkataram S, Petrov DA, Enard D. 2017. High rate of
adaptation of mammalian proteins that interact with Plasmodium
and related parasites. PLoS Genet. 13(9):e1007023.

Ebert D. 1995. The Ecological interactions between a microsporidian
parasite and its host Daphnia magna. | Anim Ecolo. 64(3):361-369.

Ebert D. 2005. Some parasites of Daphnia. In: Ecology, epidemiology, and
evolution of parasitism in Daphnia [Internet]. Bethesda (MD):
National Center for Biotechnology Information (US).

Eilertson KE, Booth )G, Bustamante CD. 2012. SnIPRE: selection inference
using a Poisson random effects model. PLoS Comput Biol.
8(12):21002806.

Enard D, Cai L, Gwennap C, Petrov DA. 2016. Viruses are a dominant
driver of protein adaptation in mammals. eLife 5:¢12469.

Eyre-Walker A. 2006. The genomic rate of adaptive evolution. Trends Ecol
Evol. 21(10):569-575.

Eyre-Walker A, Keightley PD. 2009. Estimating the rate of adaptive mo-
lecular evolution in the presence of slightly deleterious mutations
and population size change. Mol Biol Evol. 26(9):2097-2108.

Fields PD, Obbard DJ, McTaggart SJ, Galimov Y, Little TJ, Ebert D. 2018.
Mitogenome phylogeographic analysis of a planktonic crustacean.
Mol Phylogenet Evol. 129:138-148.

15

220z aunr g uo Jesn NYYHJNE Ad 61£2759/8700BSW/E/6E/2[01B/a0W/WOod"dNo-dlwapede//:sdyy wolj papeojumoq


https://github.com/peterdfields/Fields_etal_2022_MBE
https://github.com/peterdfields/Fields_etal_2022_MBE

Fields et al. - doi:10.1093/molbev/msac048

MBE

Fijarczyk A, Babik W. 2015. Detecting balancing selection in genomes:
limits and prospects. Mol Ecol. 24(14):3529-3545.

Fisk DL, Latta LC, Knapp RA, Pfrender ME. 2007. Rapid evolution in
response to introduced predators I: rates and patterns of morpho-
logical and life-history trait divergence. BMC Evol Biol. 7(1):22.

Galtier N. 2016. Adaptive protein evolution in animals and the effective
population size hypothesis. PLoS Genet. 12(1):1005774.

Galtier N, Roux C, Rousselle M, Romiguier J, Figuet E, Glémin S, Bierne N,
Duret L. 2018. Codon usage bias in animals: disentangling the effects
of natural selection, effective population size, and GC-biased gene
conversion. Mol Biol Evol. 35(5):1092-1103.

Gossmann TI, Keightley PD, Eyre-Walker A. 2012. The effect of variation
in the effective population size on the rate of adaptive molecular
evolution in eukaryotes. Genome Biol Evol. 4(5):658—667.

Haag CR, McTaggart ), Didier A, Little T), Charlesworth D. 2009.
Nucleotide polymorphism and within-gene recombination in
Daphnia magna and D. pulex, two cyclical parthenogens. Genetics
182(1):313-323.

Haag CR, Riek M, Hottinger JW, Pajunen VI, Ebert D. 2005. Genetic
diversity and genetic differentiation in Daphnia metapopulations
with subpopulations of known age. Genetics 170(4):1809-1820.

Hadfield JD. 2010. MCMC methods for multi-response generalized linear
mixed models: the MCMCglmm R package. |/ Stat Softw. 33:22.

Haerty W, Jagadeeshan S, Kulathinal RJ, Wong A, Ravi Ram K, Sirot LK,
Levesque L, Artieri CG, Wolfner MF, Civetta A, et al. 2007. Evolution
in the fast lane: rapidly evolving sex-related genes in Drosophila.
Genetics 177(3):1321-1335.

Haller BC, Messer PW. 2017a. asymptoticMK: a web-based tool for the
asymptotic ~ McDonald-Kreitman  test. ~ G3  (Bethesda).
7(5):1569-1575.

Haller BC, Messer PW. 2017b. SLiM 2: flexible, interactive forward genetic
simulations. Mol Biol Evol. 34(1):230-240.

Hartfield M, Wright SI, Agrawal AF. 2016. Coalescent times and patterns
of genetic diversity in species with facultative sex: effects of gene
conversion, population structure, and heterogeneity. Genetics
202(1):297-312.

Hahn MW. 2009. Distinguishing among evolutionary models for the
maintenance of gene duplicates. ] Hered. 100(5):605-617.

Helleu Q, Gérard PR, Dubruille R, Ogereau D, Prudhomme B, Loppin B,
Montchamp-Moreau C. 2016. Rapid evolution of a Y-chromosome
heterochromatin protein underlies sex chromosome meiotic drive.
Proc Natl Acad Sci U S A. 113(15):4110-4115.

Hereford ). 2009. A quantitative survey of local adaptation and fitness
trade-offs. Am Nat. 173(5):579-588.

Hill T, Koseva BS, Unckless RL. 2019. The genome of Drosophila innubila
reveals lineage-specific patterns of selection in immune genes. Mol
Biol Evol. 36(7):1405—1417.

Hill WG, Robertson A. 1968. Linkage disequilibrium in finite populations.
Theor Appl Genet. 38(6):226-231.

Ho EKH, Macrae F, Latta LC 4th, Mcllroy P, Ebert D, Fields PD, Benner M|,
Schaack S. 2020. High and highly variable spontaneous mutation
rates in Daphnia. Mol Biol Evol. 37(11):3258-3266.

Holt C, Yandell M. 2011. MAKER2: an annotation pipeline and genome-
database management tool for second-generation genome projects.
BMC Bioinformatics. 12:491.

Horton MW, Hancock AM, Huang YS, Toomajian C, Atwell S, Auton A,
Muliyati NW, Platt A, Sperone FG, Vilhjalmsson B), et al. 2012.
Genome-wide patterns of genetic variation in worldwide
Arabidopsis thaliana accessions from the RegMap panel. Nat
Genet. 44(2):212-216.

Huber CD, Kim BY, Marsden CD, Lohmueller KE. 2017. Determining the
factors driving selective effects of new nonsynonymous mutations.
Proc Natl Acad Sci U S A. 114(17):4465—4470.

Hurst LD, Smith NGC. 1999. Do essential genes evolve slowly? Curr Biol.
9(14):747-750.

Hyatt D, Chen G-L, LoCascio PF, Land ML, Larimer FW, Hauser L. 2010.
Prodigal: prokaryotic gene recognition and translation initiation site
identification. BMC Bioinformatics. 11:119.

16

Ingvarsson P, 2002. A metapopulation perspective on genetic diversity
and differentiation in partially self-fertilizing plants. Evolution
56(12):2368-2373.

Jackson BC, Campos JL, Zeng K. 2015. The effects of purifying selection
on patterns of genetic differentiation between Drosophila mela-
nogaster populations. Heredity 114(2):163-174.

Kapun M, Barron MG, Staubach F, Obbard D), Wiberg RAW, Vieira J,
Goubert C, Rota-Stabelli O, Kankare M, Bogaerts-Marquez M, et al.
2020. Genomic analysis of European Drosophila melanogaster pop-
ulations reveals longitudinal structure, continent-wide selection, and
previously unknown DNA viruses. Mol Biol Evol. 37(9):2661-2678.

Katoh K, Misawa K, Kuma K-I, Miyata T. 2002. MAFFT: a novel method
for rapid multiple sequence alignment based on fast Fourier trans-
form. Nucleic Acids Res. 30(14):3059-3066.

Katoh K, Standley DM. 2013. MAFFT multiple sequence alignment soft-
ware version 7: improvements in performance and usability. Mol Biol
Evol. 30(4):772-780.

Keightley PD, Eyre-Walker A. 2007. Joint inference of the distribution of
fitness effects of deleterious mutations and population demography
based on nucleotide polymorphism frequencies. Genetics
177(4):2251-2261.

Keightley PD, Jackson BC. 2018. Inferring the probability of the derived
the ancestral allelic state at a polymorphic site. Genetics
209(3):897-906.

Keightley PD, Lercher M, Eyre-Walker A. 2005. Evidence for widespread
degradation of gene control regions in hominid genomes. PLoS Biol.
3(2):e42.

Keith N, Tucker AE, Jackson CE, Sung W, Lucas Lledd JI, Schrider DR,
Schaack S, Dudycha JL, Ackerman M, Younge A, et al. 2016. High
mutational rates of large-scale duplication and deletion in Daphnia
pulex. Genome Res. 26(1):60-69.

Kern AD, Hahn MW. 2018. The neutral theory in light of natural selec-
tion. Mol Biol Evol. 35(6):1366—1371.

Kern AD, Jones CD, Begun D). 2004. Molecular population genetics of
male accessory gland proteins in the Drosophila simulans complex.
Genetics 167(2):725-735.

Korber B. 2000. HIV signature and sequence variation analysis. In:
Rodrigo AG, Learn GH, editors. Computational analysis of HIV mo-
lecular sequences. Dordrecht (Netherlands): Kluwer Academic
Publishers. p. 55-72.

Kousathanas A, Keightley PD. 2013. A comparison of models to infer the
distribution of fitness effects of new mutations. Genetics
193(4):1197-1208.

Lack JB, Cardeno CM, Crepeau MW, Taylor W, Corbett-Detig RB, Stevens
KA, Langley CH, Pool JE. 2015. The Drosophila genome nexus: a
population genomic resource of 623 Drosophila melanogaster
genomes, including 197 from a single ancestral range population.
Genetics 199(4):1229-1241.

Lack JB, Lange JD, Tang AD, Corbett-Detig RB, Pool JE. 2016. A thousand
fly genomes: an expanded Drosophila genome nexus. Mol Biol Evol.
33(12):3308-3313.

Lanfear R, Kokko H, Eyre-Walker A. 2014. Population size and the rate of
evolution. Trends Ecol Evol. 29(1):33—41.

Li H. 2013. Aligning sequence reads, clone sequences and assembly
contigs with BWA-MEM. arXiv:1303.3997.

Li H, Durbin R. 2009. Fast and accurate short read alignment with
Burrows—Wheeler transform. Bioinformatics 25(14):1754—1760.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R; 1000 Genome Project Data Processing
Subgroup. 2009. The sequence alignment/map (SAM) format and
SAMtools. Bioinformatics 25(16):2078-2079.

Li L, Stoeckert CJ, Roos DS. 2003. OrthoMCL: identification of ortholog
groups for eukaryotic genomes. Genome Res. 13(9):2178-2189.
Liao Y, Smyth GK, Shi W. 2014. featureCounts: an efficient general pur-
pose program for assigning sequence reads to genomic features.

Bioinformatics 30(7):923-930.

Lourenco JM, Glémin S, Galtier N. 2013. The rate of molecular adapta-

tion in a changing environment. Mol Biol Evol. 30(6):1292-1301.

220z aunr g uo Jesn NYYHJNE Ad 61£2759/8700BSW/E/6E/2[01B/a0W/WOod"dNo-dlwapede//:sdyy wolj papeojumoq



Adaptive Protein Evolution in Daphnia magna - doi:10.1093/molbev/msac048

MBE

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol.
15(12):550.

Loytynoja A, Goldman N. 2005. An algorithm for progressive multiple
alignment of sequences with insertions. Proc Natl Acad Sci U S A.
102(30):10557-10562.

Loytynoja A, Goldman N. 2008. Phylogeny-aware gap placement pre-
vents errors in sequence alignment and evolutionary analysis. Science
320(5883):1632-1635.

Lusis AJ, Seldin MM, Allayee H, Bennett BJ, Civelek M, Davis RC, Eskin E,
Farber CR, Hui S, Mehrabian M, et al. 2016. The hybrid mouse
diversity panel: a resource for systems genetics analyses of metabolic
and cardiovascular traits. J Lipid Res. 57(6):925-942.

Lynch M, Gutenkunst R, Ackerman M, Spitze K, Ye Z, Maruki T, Jia Z.
2017. Population genomics of Daphnia pulex. Genetics
206(1):315-332.

McDonald JH, Kreitman M. 1991. Adaptive protein evolution at the Adh
locus in Drosophila. Nature 351(6328):652-654.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A,
Garimella K, Altshuler D, Gabriel S, Daly M, et al. 2010. The genome
analysis toolkit: a MapReduce framework for analyzing next-
generation DNA sequencing data. Genome Res. 20(9):1297-1303.

McTaggart S), Obbard D), Conlon C, Little T). 2012. Immune genes un-
dergo more adaptive evolution than non-immune system genes in
Daphnia pulex. BMC Evol Biol. 12:63.

Meisel RP, Connallon T. 2013. The faster-X effect: integrating theory and
data. Trends Genet. 29(9):537-544.

Messer PW, Petrov DA. 2013. Frequent adaptation and the McDonald-
Kreitman test. Proc Natl Acad Sci U S A. 110(21):8615-8620.

Miner BE, Kerr B. 2011. Adaptation to local ultraviolet radiation con-
ditions among neighbouring Daphnia populations. Proc Biol Sci.
278(1710):1306-1313.

Molinier C, Reisser CMO, Fields P, Ségard A, Galimov Y, Haag CR. 2018.
Identification of general patterns of sex-biased expression in
Daphnia, a genus with environmental sex determination. G3
(Bethesda) 8(5):1523-1533.

Neher RA. 2013. Genetic draft, selective interference, and population
genetics of rapid adaptation. Annu Rev Ecol Evol Syst. 44(1):195-215.

Obbard D), Welch JJ, Kim K-W, Jiggins FM. 2009. Quantifying adaptive
evolution in the Drosophila immune system. PLoS Genet.
5(10):e1000698.

Orsini L, Gilbert D, Podicheti R, Jansen M, Brown JB, Solari OS, Spanier K,
Colbourne JK, Rusch DB, Decaestecker E, et al. 2016. Daphnia magna
transcriptome by RNA-Seq across 12 environmental stressors. Sci
Data. 3:160030.

Palmer WH, Hadfield JD, Obbard DJ. 2018. RNA-interference pathways
display high rates of adaptive protein evolution in multiple inverte-
brates. Genetics 208(4):1585-1599.

Pannell JR, Charlesworth B. 2000. Effects of metapopulation processes on
measures of genetic diversity. Philos Trans R Soc Lond B Biol Sci.
355(1404):1851-1864.

Petit N, Barbadilla A. 2009. Selection efficiency and effective population
size in Drosophila species. J Evol Biol. 22(3):515-526.

Presgraves DC. 2007. Does genetic conflict drive rapid molecular evolu-
tion of nuclear transport genes in Drosophila? Bioessays
29(4):386-391.

Préschel M, Zhang Z, Parsch J. 2006. Widespread adaptive evolution of
drosophila  genes with  sex-biased expression.  Genetics
174(2):893-900.

Radzikowski J, Krupinska K, élusarczyk M. 2018. Different thermal stimuli
initiate hatching of Daphnia diapausing eggs originating from lakes
and temporary waters. Limnology. 19(1):81-88.

Reger J, Lind MI, Robinson MR, Beckerman AP. 2018. Predation drives
local adaptation of phenotypic plasticity. Nat Ecol Evol. 2(1):100-107.

Roozen F, Liirling M. 2001. Behavioural response of Daphnia to olfactory
cues from food, competitors and predators. | Plankton Res.
23(8):797-808.

Roulin AC, Routtu J, Hall MD, Janicke T, Colson |, Haag CR, Ebert D. 2013.
Local adaptation of sex induction in a facultative sexual crustacean:

insights from QTL mapping and natural populations of Daphnia
magna. Mol Ecol. 22(13):3567-3579.

Rousselle M, Simion P, Tilak M-K, Figuet E, Nabholz B, Galtier N. 2020. Is
adaptation limited by mutation? A timescale-dependent effect of
genetic diversity on the adaptive substitution rate in animals. PLoS
Genet. 16(4):1008668.

Routtu J, Ebert D. 2015. Genetic architecture of resistance in Daphnia
hosts against two species of host-specific parasites. Heredity
114(2):241-248.

Roux C, Pauwels M, Ruggiero MV, Charlesworth D, Castric V, Vekemans
X. 2013. Recent and ancient signature of balancing selection around
the S-locus in Arabidopsis halleri and A. lyrata. Mol Biol Evol.
30(2):435-447.

Rowley PA, Patterson K, Sandmeyer SB, Sawyer SL. 2018. Control of yeast
retrotransposons mediated through nucleoporin evolution. PLoS
Genet. 14(4):21007325.

Schneider A, Charlesworth B, Eyre-Walker A, Keightley PD. 2011. A
method for inferring the rate of occurrence and fitness effects of
advantageous mutations. Genetics 189(4):1427-1437.

Seefeldt L, Ebert D. 2019. Temperature- versus precipitation-limitation
shape local temperature tolerance in a Holarctic freshwater crusta-
cean. Proc Biol Sci. 286(1907):20190929.

Smith NGC, Eyre-Walker A. 2002. Adaptive protein evolution in
Drosophila. Nature 415(6875):1022—1024.

Stanke M, Diekhans M, Baertsch R, Haussler D. 2008. Using native and
syntenically mapped cDNA alignments to improve de novo gene
finding. Bioinformatics 24(5):637-644.

Swanson W], Nielsen R, Yang Q. 2003. Pervasive adaptive evolution in
mammalian fertilization proteins. Mol Biol Evol. 20(1):18-20.

Tataru P, Mollion M, Glémin S, Bataillon T. 2017. Inference of distribu-
tion of fitness effects and proportion of adaptive substitutions from
polymorphism data. Genetics 207(3):1103-1119.

Ter-Hovhannisyan V, Lomsadze A, Chernoff YO, Borodovsky M. 2008.
Gene prediction in novel fungal genomes using an ab initio algo-
rithm with unsupervised training. Genome Res. 18(12):1979-1990.

Teschner M. 1995. Effects of salinity on the life history and fitness of
Daphnia magna: variability within and between populations.
Hydrobiologia 307(1-3):33-41.

Toenshoff ER, Fields PD, Bourgeois YX, Ebert D. 2018. The end of a 60-
year riddle: identification and genomic characterization of an irido-
virus, the causative agent of white fat cell disease in zooplankton. G3
(Bethesda). 8(4):1259-1272.

Tucker AE, Ackerman MS, Eads BD, Xu S, Lynch M. 2013. Population-
genomic insights into the evolutionary origin and fate of obligately
asexual Daphnia pulex. Proc Natl Acad Sci U S A
110(39):15740—15745.

Vacquier VD, Swanson WJ. 2011. Selection in the rapid evolution of
gamete recognition proteins in marine invertebrates. Cold Spring
Harb Perspect Biol. 3(11):a002931.

Van der Auwera GA, Carneiro MO, Hartl C, Poplin R, del Angel G, Levy-
Moonshine A, Jordan T, Shakir K, Roazen D, Thibault J, et al. 2013.
From FastQ data to high-confidence variant calls: the genome anal-
ysis toolkit best practices pipeline. Curr Protoc Bioinformatics.
43:11.10.11-11.10.33.

Walser B, Haag CR. 2012. Strong intraspecific variation in genetic diver-
sity and genetic differentiation in Daphnia magna: the effects of
population turnover and population size. Mol Ecol. 21(4):851-861.

Waterhouse RM, Seppey M, Simao FA, Manni M, loannidis P,
Klioutchnikov G, Kriventseva EV, Zdobnov EM. 2018. BUSCO appli-
cations from quality assessments to gene prediction and phyloge-
nomics. Mol Biol Evol. 35(3):543-548.

Weider LJ, Hebert PDN. 1987. Ecological and physiological differentiation
among low-Artic clones of Daphnia pulex. Ecology 68(1):188—198.

Welch JJ. 2006. Estimating the genome wide rate of adaptive protein
evolution in Drosophila. Genetics 173(2):821-837.

Weir BS. 1996. Genetic data analysis Il. Sunderland (MA): Sinauer
Associates.

Whitlock M. 2011. G st and D do not replace Fst. Mol Ecol.
20(6):1083-1091.

17

220z aunr g uo Jesn NYYHJNE Ad 61£2759/8700BSW/E/6E/2[01B/a0W/WOod"dNo-dlwapede//:sdyy wolj papeojumoq



Fields et al. - doi:10.1093/molbev/msac048

MBE

Williamson R, Josephs EB, Platts AE, Hazzouri KM, Haudry A, Blanchette
M, Wright SI. 2014. Evidence for widespread positive and negative
selection in coding and conserved noncoding regions of Capsella
grandiflora. PLoS Genet. 10(9):e1004622.

Wright SI, Andolfatto P. 2008. The impact of natural selection on the
genome: emerging patterns in Drosophila and Arabidopsis. Annu
Rev Ecol Evol Syst. 39(1):193-213.

Yampolsky LY, Zeng E, Lopez ), Williams P), Dick KB, Colbourne JK,
Pfrender ME. 2014. Functional genomics of acclimation and adap-
tation in response to thermal stress in Daphnia. BMC Genomics.
15:859.

18

Yang Z. 1997. PAML: a program package for phylogenetic analysis by
maximum likelihood. Comput Appl Biosci. 13(5):555—556.

Yang Z. 2007. PAML 4: phylogenetic analysis by maximum likelihood.
Mol Biol Evol. 24(8):1586—1591.

Ye Z, Xu S, Spitze K, Asselman }, Jiang X, Ackerman MS, Lopez J, Harker B,
Raborn RT, Thomas WK, et al. 2017. A new reference genome as-
sembly for the microcrustacean Daphnia pulex. G3 (Bethesda).
7(5):1405-1416.

Zimin AV, Margais G, Puiu D, Roberts M, Salzberg SL, Yorke JA. 2013.
The MaSuRCA genome assembler. Bioinformatics 29(21):
2669-2677.

220z aunr g| uo Jasn NYYHANA Ad 61 £259/8709ESW/E/6€/2I01E/aGW/WOod dNo-dlWapede//:sd)y wody papeojumod





