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Abstract
Species across the tree of life can switch between asexual and sexual reproduction. In facultatively sexual species, the
ability to switch between reproductive modes is often environmentally dependent and subject to local adaptation.
However, the ecological and evolutionary factors that influence the maintenance and turnover of polymorphism as-
sociated with facultative sex remain unclear. We studied the ecological and evolutionary dynamics of reproductive
investment in the facultatively sexual model species, Daphnia pulex. We found that patterns of clonal diversity, but
not genetic diversity varied among ponds consistent with the predicted relationship between ephemerality and clo-
nal structure. Reconstruction of a multi-year pedigree demonstrated the coexistence of clones that differ in their
investment into male production. Mapping of quantitative variation in male production using lab-generated and
field-collected individuals identified multiple putative quantitative trait loci (QTL) underlying this trait, and we
identified a plausible candidate gene. The evolutionary history of these QTL suggests that they are relatively young,
and male limitation in this system is a rapidly evolving trait. Our work highlights the dynamic nature of the genetic
structure and composition of facultative sex across space and time and suggests that quantitative genetic variation in
reproductive strategy can undergo rapid evolutionary turnover.
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Introduction
The ability to oscillate between sexual and asexual repro-
duction is widely regarded as an optimal strategy that en-
ables species to capitalize on the benefits of asexual
reproduction, whereas also mitigating its detrimental ef-
fects (Meirmans et al. 2012; Hartfield 2016). Facultative
sexuality is common across the tree of life (Hartfield
2016; Kokko 2020), and its relative deficit among metazo-
ans has been regarded as one of the most important pro-
blems in evolutionary biology (Burke and Bonduriansky
2017). In many facultatively sexual species, sexual repro-
duction is coupled with dormancy and dispersal (Cáceres
and Soluk 2002; Simon et al. 2002; Ebert 2005; Schröder
2005; Hadany and Otto 2007; Gerber and Kokko 2018).
Thus, the relative investment into sexual versus asexual
reproduction will likely be subject to strong selection

imposed by ecological features such as the duration of
the growing season (Hairston and Van Brunt 1994; Innes
1997; Smith and Snell 2012) or the predictability of envir-
onmental change (Franch-Gras et al. 2017; Tarazona et al.
2017). As a consequence, reproductive investment strat-
egies are likely subject to local and rapid adaptation
(Walsh 2013). Genetic variation in reproductive invest-
ment strategies varies across broad biogeographical scales
(Lynch 1984; Dedryver et al. 2001; Hörandl 2006; Tilquin
and Kokko 2016) and has also been observed within popu-
lations (Vorburger, Sunnucks, et al. 2003; Barbuti et al.
2012), suggesting the action of both directional and balan-
cing selection.

Seasonal fluctuations in habitat suitability—ephemeral-
ity—can drive the evolution of plasticity and also maintain
genetic variation in reproductive investment strategies. In

A
rticle

© The Author(s) 2022. Published by Oxford University Press on behalf of Society for Molecular Biology and Evolution.
This is anOpenAccess article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/
licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in anymedium, provided the original work is properly
cited. Open Access
Mol. Biol. Evol. 39(6):msac121 https://doi.org/10.1093/molbev/msac121 Advance Access publication June 1, 2022 1

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/39/6/m
sac121/6596364 by U

niversity of Virginia Law
 Library user on 17 June 2022

mailto:barnarkb@jmu.edu
mailto:aob2x@virginia.edu
https://orcid.org/0000-0002-6853-3087
https://orcid.org/0000-0001-8420-995X
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/molbev/msac121
Alan Bergland



facultative sexuals, there is a direct trade-off between sex-
ual and asexual reproduction, and the relative costs and
benefits of these modes of reproduction vary across the
season (Gerber, Kokko, et al. 2018). In highly predictable
environments, theory predicts that investment into
sex—for example, the switch to male production and sex-
ual female reproduction—will be strongly dependent on
environmental conditions and will occur synchronously
across the population late in the growing season
(Hairston and Munns 1984; Gerber, Booksmythe, et al.
2018). However, when habitat suitability varies unpredict-
ably, investment into sexual versus asexual reproductive
strategies may become decoupled from environmental
cues causing investment into sex to occur throughout
the growing season (Spencer et al. 2001; Gerber,
Booksmythe, et al. 2018). In such a scenario, the relative in-
vestment into sex may be genetically variable and subject
to spatially and temporally varying selection pressures. For
instance, lineages that invest more into sex will produce
more offspring that can survive the unfavorable season
and thus sex promoting alleles will be at high frequency
early in the growing season. Clonal competition during
the growing season will select for lineages that invest less
into sex (Innes and Singleton 2000; Carmona et al. 2009),
and thus sex promoting alleles will decline in frequency.
Temporal fluctuations in the environment can therefore
promote genetic variation and can be seen as a form of bal-
ancing selection (Gillespie and Turelli 1989; Turelli and
Barton 2004). However, whether alleles underlying vari-
ation in reproductive investment strategy can be stably
maintained in a population (Hedrick 1976), or whether
they are quickly lost and regained (Bürger and Gimelfarb
2002; Cvijović et al. 2015), remains an open question.

Daphnia are excellent models to address this question
and thereby gain insight into the evolutionary dynamics
of variation in reproductive investment. Daphnia are
planktonic crustaceans that survive unfavorable condi-
tions (e.g., drying, freezing, high predation) via sexually
produced resting eggs (Cáceres 1997; Brendonck and De
Meester 2003). Multiple species of Daphnia harbor genetic
variation in reproductive investment strategies (Innes and
Dunbrack 1993; Hebert and Finston 2001; Tessier and
Cáceres 2004; Galimov et al. 2011; Roulin et al. 2013).
The most extreme example is the transition from cyclic
parthenogenesis to obligate parthenogenesis observed in
North American Daphnia pulex (Innes and Hebert 1988;
Paland et al. 2005; Lynch et al. 2008; Tucker et al. 2013).
The loss of sex originated as a result of hybriziation be-
tween the North American D. pulex and D. pulicaria, and
has been localized to regions on chromosomes 8 and 9
(Lynch et al. 2008; Tucker et al. 2013). Tucker et al.
(2013) found that extant asexual lineages exhibit an aver-
age age of 22 years, much younger than the estimated age
of the entire asexual clade (�1,250 years), suggesting that
recurrent turnover might be occurring. The rate of male
production is also genetically variable in Daphnia (Innes
and Dunbrack 1993; Tessier and Cáceres 2004; De
Meester et al. 2006; Fitzsimmons and Innes 2006;

Galimov et al. 2011; Roulin et al. 2013, 2015). QTL mapping
of genetic variation of male production in North American
D. pulex and European D. magna has identified multiple
loci found in nonoverlapping regions of the genome sug-
gesting a distinct genetic architecture (Roulin et al. 2013;
Reisser et al. 2017; Ye et al. 2019). Taken together, the
scope of genetic variation observed for reproductive in-
vestment strategies across multiple systems is consistent
with a model that investment is a dynamically evolving
trait within species subject to constant allelic turnover.

To test the basic idea that genetic variation in reproduct-
ive investment shows signals of recurrent allelic turnover and
varies across a localized ephemerality gradient, we character-
ized the patterns of clonal diversity and the genetic basis of
variation in male production of D. pulex across a series of
small ponds in the southern region of the United Kingdom
(fig. 1A–C).We focusedour attentionon three ponds located
in Dorset (fig. 1A) that were found to vary in ephemerality
and duration of asexual reproduction. Using whole-genome
sequencing of hundreds of clones sampled across multiple
years as well as lab phenotyping experiments, we show that
the genetic composition of the populations varies in a man-
ner consistent with ephemerality, that genetic variation in
male production has an independent evolutionary origin
from previously identified systems, and that this variation is
relatively young, suggesting rapid genetic turnover of an evo-
lutionarily unstable system.

Results
Focal Ponds Vary in Ephemerality
To characterize patterns of ephemerality for the three fo-
cal ponds (DBunk, DCat, and D8, fig. 1A), we assessed
water level over the course of the growing season and
the presence of various Daphnia species. We documented
that the ponds varied in ephemerality: DBunk dried com-
pletely each summer, D8 periodically dried to a large pud-
dle (e.g., during heatwaves in 2018 and 2019), and DCat
exhibited relatively minor reductions in water level (fig.
1B, supplementary table S1, Supplementary Material on-
line). The geographically distant Dorset pond (11 km
from focal ponds), D10, also exhibited only minor changes
in water level. The ponds rapidly filled in the fall after heavy
rains (supplementary fig. S1, Supplementary Material
online). Thus, the growing season for these Daphnia
populations is likely from fall into late spring or early sum-
mer. Multiple Cladocera species were found in the ponds:
D. pulexwas found in all ponds, D. obtusa only found in the
most ephemeral pond, DBunk, and Simocephalus spp.
found in the warmer spring months.

Clonal Diversity and Mating Dynamics Vary in a
Manner Consistent with Ephemerality
To characterize the clonal diversity of D. pulex from the
focal ponds, we sequenced �500 D. pulex genomes
from samples collected across three consecutive years.
These samples were taken between March and May.
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Thus, sampled populations had been exposed to clonal se-
lection for at least several months, as ponds that went dry
the previous summer refilled in the fall. These genomes
consisted of 169 individuals fixed in the field and 329 lab-
maintained isofemale lines (supplementary table S3,
Supplementary Material online). Reads were aligned to a
high-quality, chromosome-scale reference genome
(L50= 6, N50= 10,449,493 bp, total assembly length=
127,796,161 bp, BUSCO score= 95%; supplementary fig.
S2, Supplementary Material online) derived from aD. pulex
clone previously sampled fromD8 (cloneD8.4A, sampled in
2012). We assigned individuals to asexually related, clonal
lineages based on pairwise identity by state (IBS, fig. 2
and supplementary fig. S3A, Supplementary Material

online), and reconstructed a pedigree using IBS0 and kin-
ship estimates. We refer to clonal lineages that were
sampled multiple times in the field as “superclones” (sensu
Vorburger, Lancaster, et al. 2003) and individuals isolated
from the field and propagated in the lab as “isofemale lines.”

The relative abundance of clonal lineages varied across
time and space consistent with variation in pond ephem-
erality (figs. 2 and 3, supplementary fig. S4, Supplementary
Material online). The most permanent pond, DCat, was
dominated by a single superclone, leading to low clonal di-
versity across 3 years (Shannon’s H range: 0–1.33, mean=
0.51, supplementary fig. S4, Supplementary Material
online). In contrast, the most ephemeral pond, DBunk,
exhibited the highest clonal diversity (H: 2.04–3.59,

FIG. 1. Location and features of the focal ponds. (A) Location of D. pulex sampling sites. The left panel shows the location of the focal populations,
Dorset, and two distant ponds in Wales. The middle panel zooms in on the Dorset region and shows a neighboring pond, D10, along with the
focal metapopulation at the Kilwood Coppice Nature Reserve, situated just north of the Purbeck hills. The right panel shows the location of the
focal ponds DCat, D8, and DBunk, as well as two additional sampled ponds, DOily and DMud at the Kilwood Coppice Nature Reserve. (B)
Pictures depicting water level in the three focal ponds in February (2020) and July (2018), illustrating their variance in ephemerality. The outlined
area in the July picture of D8 shows the borders of a remnant puddle. Map credits and references shown in the data accessibility statement.
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mean = 2.67) with all time points having multiple clones
present. D8 was intermediate and exhibited large fluctua-
tions in clonal diversity across years (H: 1.02–3.05, mean=
2.09). D8 showed low clonal diversity with only two dom-
inant clones present after an extended period of asexual
reproduction (2016–2017). D8 then showed higher levels
of diversity after the pond dried to a puddle (2018,
2019) as only sexual offspring survived. The persistence
of clonal lineages across years also fits with observed pat-
terns of ephemerality, with clonal lineages observed across
multiple years in both DCat and D8, but never in DBunk. In
addition, patterns of mating varied with ephemerality.
Consistent with reduced clonal diversity, within-clone
mating and inbreeding between sexually produced siblings
were observed only in the more permanent ponds (i.e.,
DCat and D8, but not DBunk; fig. 3).

Patterns of genetic diversity within clonal lineages were
consistent with extended periods of asexual reproduction.
We found that new mutations within clonal lineages had
an elevated nonsynonymous-to-synonymous ratio (pN/
pS) relative to mutations in the same frequency
class among outcrossing, sexually related clones
(supplementary fig. S5, Supplementary Material online).
An elevated pN/pS is expected during asexual reproduction
as newmutations remain in the heterozygous state and are
somewhat shielded from selection.

Genetic Diversity Does Not Vary with Ephemerality
To examine patterns of genetic diversity across space and
time, we estimated the average heterozygosity for each

individual. Average within-individual heterozygosity
among sampled lineages was �0.0025 (supplementary
fig. S6, Supplementary Material online), about one-third
the magnitude of diversity estimates from North
American D. pulex (Lynch et al. 2017). In contrast to clonal
diversity and patterns of mating, within-individual hetero-
zygosity did not consistently vary with ephemerality
(supplementary fig. S6, Supplementary Material online),
however, within-individual heterozygosity diversity did
fluctuate from year to year in D8. The fluctuations in gen-
etic diversity in D8 appear to be driven by this pond’s spe-
cific clonal dynamics, mirroring fluctuations in clonal
diversity. Within-individual heterozygosity was high in
2016, then dropped in 2017 as two superclones, one of
which was the result of within-clone mating, came to dom-
inate the pond. Mating between these two superclones led
to an increase in heterozygosity in 2018, with inbreeding
between the resulting F1 hybrids leading to another reduc-
tion in heterozygosity in 2019.

Coexistence of Dominant Clones was Observed in the
Pond with Intermediate Ephemerality
One intriguing pattern in the spatio-temporal dynamics of
clonal diversity was the existence of two superclones in D8
(hereafter referred to as superclones A and C, fig. 3) that
were relatively rare in 2016 (both frequency of 5%),
came to dominate in 2017 (A: 68% and C: 22%), and
then mated such that the majority of the D8 population
in 2018 consisted of their F1 hybrids. Superclones A and
C are themselves the product of sexual reproduction and

FIG. 2. Assignment of clonal
identity via IBS. Pairwise IBS
matrix generated using whole-
genome sequence data. Matrix
includes 498 diploid genomes
from D10, DCat, D8, and
DBunk. The largest clonal
group identified in D8 is super-
clone A, the second largest is
superclone C.
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aremore distantly related thanmost individuals within the
focal ponds (supplementary fig. S3E, Supplementary
Material online). We examined the genetic relationship be-
tween superclones A and C relative to other focal pond
lineages and geographically distant D. pulex populations
using a genome-wide, sliding window analysis of IBS.
Although superclones A and C are more genetically diver-
gent than 96.6% of pairs of focal pond lineages, they are
less divergent than 100% of geographically distant compar-
isons (supplementary fig. S7, Supplementary Material on-
line), consistent with a structure analysis that assigns the
DCat, D8, and DBunk individuals to different groups
than the other samples (supplementary fig. S8,
Supplementary Material online). These patterns are con-
sistent with divergence between A and C being the result
of alleles segregating within the D8 population, with no
need to invoke gene flow from more distant populations.

Coexisting Dominant Lineages Exhibit a Trade-off
between Asexual and Sexual Reproduction
The fact that superclones A and C coexisted for some per-
iod of time (2016–2017), and then crossed to produce the
majority of the population the following year (2018) with
no evidence for within-clone mating (C×C or A×A off-
spring) suggests that either these superclones invest differ-
ently in sexual reproduction or they exhibit disassortative
mating. A lack of C×C offspring in the 2018 field samples is
particularly notable given that superclone C was found to
produce ample viable and fertile C×C offspring when
maintained in the lab (e.g., fig. 5A). In contrast, superclone
A rarely produced viable A×A offspring in the lab (e.g.,
fig. 4E), in large part because males were limiting.
Although a lack of C×C offspring in the field could be
due to inbreeding depression, the observation that selfed
Cs produced in the lab exhibited high survival and repro-
ductive ability (see Crossing Experiments Describe the
Genetic Architecture of Male Production) suggests differ-
ential sexual investment.

To test the hypothesis that superclones A and C have
differences in sexual investment, we established

mesocosms inoculated with either superclone A or C iso-
female lines. We tracked population size and demographic
composition over 7 weeks. Daphnia clones can invest in
sexual reproduction in two different ways. First, females
can continue to reproduce asexually, but produce clonal
male offspring instead of females. Second, females can
switch to sexual reproduction by producing an ephippium
(resting egg case) and then depositing one to two embryos
within if fertilized by a male. Thus, we recorded the follow-
ing metrics for each mesocosm: total population size, pro-
portion asexual females, proportion sexual females
(females with ephippia), proportion males, and sexual em-
bryo production. We then tested for a significant differ-
ence between superclones A and C using linear mixed
effect models and comparing the fit of the model with
or without the inclusion of superclone as a fixed effect
(lme4 in R; Bates et al. 2015).

We observed a clear trade-off between asexual and
sexual reproduction between superclones A and
C. Superclone A isofemale lines achieved a higher total
population size (fig. 4A, χ2= 8.8, df= 1, P= 0.0030) and
maintained a greater proportion of the population as
asexually reproducing females for a longer period of time
(fig. 4B, χ2= 6.7, df= 1, P= 0.0096) than superclone
C. In contrast, superclone C females began producing
ephippia earlier (as measured as the proportion of females
with ephippia), and to a greater extent, than superclone A
females (fig. 4C, χ2= 14.3, df= 1, P= 1.58× 10−4).
Perhaps most striking was the difference in male produc-
tion. Superclone C isofemale lines produced substantially
more males than superclone A and began doing so as
soon as populations expanded between weeks 3 and 4
(fig. 4D, χ2= 11.3, df= 1, P= 7.70× 10−4). This difference
in male production was maintained consistently through-
out the rest of the experiment, and was replicable in mul-
tiple culture volumes (1L, χ2= 14.7, df= 1, P= 1.27×
10−4; fig. 5A; 250 ml, χ2= 7.5, df= 1, P= 0.0063;
supplementary fig. S9, Supplementary Material online).
Differential investment intomale production and ephippia
led to a marked difference between superclones in sexual
embryo production (fig. 4E, χ2= 5.7, df= 1, P= 0.017).

FIG. 3. Inferred pedigree based on kinship and IBS0. Each diamond is a superclone, with the size of the diamond proportional to the abundance of
the superclone. Diamonds present across multiple years indicate superclones sampled across multiple time points. Vertical lines indicate within-
clone mating, whereas question marks indicate inferred, unsampled clones.
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Maximum weekly embryo production ranged from 84 to
770 for superclone C mesocosms, but only 5–13 for super-
clone A mesocosms.

Unique Mechanisms and Origins of Male Limitation
Male production was the most pronounced phenotypic
difference between superclones A and C in the mesocosm
experiment. Male production in Daphnia is triggered by
exposure to methyl farnesoate (MF), the Daphnia innate
juvenile hormone (Toyota, Miyakawa, Hiruta, et al. 2015).
This chemical is produced maternally, often in response
to environmental change, and when sensed by developing
embryos, causes male development (LeBlanc and Medlock
2015; Toyota, Miyakawa, Yamaguchi, et al. 2015). Thus, in
principle, the variation in male production that we observe
between A and C could be due either to changes in the
propensity to produce MF or in the ability of embryos to
detect and respond to this chemical signal. Previous
work has shown that nonmale-producing clones in D. pu-
lex (Ye et al. 2019) and in D. magna (Galimov et al. 2011)
fail to produce males in response to exogenous application
of MF, indicating that the loss of male production in these
clones is associated with a loss of the ability to detect or
respond to this chemical cue.

To determine whether low-male production in super-
clone A is similarly due to a loss of ability to detect or re-
spond to MF, we exposed single A and C females to MF
after their first clutch and tracked male production in sub-
sequent clutches. All clones demonstrated a strong re-
sponse to MF (40–60% male-production rate) compared

with controls (0–10%, fig. 4F, all data—treatment by time
interaction: χ2= 76.1, df= 1, P, 2.2× 10−16; postexpo-
sure data—treatment: χ2= 361.3, df= 1, P, 2.2×
10−16). Superclone C females produced more males when
exposed to MF than superclone A females (χ2= 8.4, df=
1, P= 0.0038), consistent with C clones being higher male
producers. Superclone A females also produced males
when not exposed to MF, though at low frequencies (figs.
4C, F and 5A and supplementary fig. S9, Supplementary
Material online). Thus, superclone A is more accurately de-
scribed as low-male producing rather than nonmale produ-
cing (sensu Galimov et al. 2011; Ye et al. 2019). The ability of
superclone A to respond to the presence of exogenous MF
via increased male production suggests its low-male pro-
duction may be the result of a failure to produce this hor-
mone in response to environmental change, rather than a
loss of ability to detect and respond to the chemical cue.

Previous work on variation in male production in North
American D. pulex has shown that nonmale production
can be caused by adaptive introgression from the sister
species, D. pulicaria (Ye et al. 2019). However, the
European D. pulex samples that we collected do not
show signatures of recent hybridization (supplementary
fig. S8C and D, Supplementary Material online), and the
fraction of the genome estimated to be derived from
British D. pulicaria or British D. obtusa is low (,1%). In par-
ticular, superclones A and C show trivial amounts of recent
ancestry with these two outgroup species (�0.001%).
Altogether, these findings indicate that the genetic archi-
tecture and evolutionary dynamics influencing variation
in male production in the focal ponds are likely distinct

A B C

D E F

FIG. 4. Superclones A and C invest differently in asexual and sexual reproduction. Demographic data over time for A and C isofemale lines pro-
pagated in mesocosms. Line types correspond to different isofemale lines. Two isofemale lines were used for each superclones (A: D8–179, D8–
349; C: D8–222, D8–515). (A) Total population size, (B) proportion of females reproducing asexually, (C ) proportion of females reproducing
sexually (producing ephippia), (D) proportion of males, (E) number of sexually produced embryos graphed on a log 10 scale, (F ) male production
of A and C females when exposed or not exposed to MF. Error bars represent 95% confidence intervals.
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FIG. 5. Genetic variation and mapping of variation in male production. Male production (A) rate and ephippial fill rate (B) in A, C, A×C F1s, and C×C F1s.
Points represent isofemale lines and vertical lines represent 95% confidence intervals. (C) Male production rate versus the number ofmale+ alleles across the
14 QTL identified via Pool-Seq (see E) for both the A×C cross (red) and C×C cross (blue). Each point represents an isofemale line. See text for statistics on
correlation between the number ofmale+ alleles andmale production rate. (D) QTLmapping in A×C F1 hybrids for ephippial fill rate andmale production
identified multiple peaks for each trait. Black points represent QTL regions that pass chromosome level permutation threshold. (E) Mapping of male pro-
ductionusing pooledfield samples identifiedmultiple peaks,with someoverlapwith theA×CF1hybridmapping. To visualize overlap, the pooled sequencing
peaks are plotted on the A×C F1 hybrid mapping figure as dashed lines. Horizontal line is the 5% FDR (false discovery rate) threshold. Values above the zero
line represent Pool-Seq replicate 1, and those below the zero line represent replicate 2. (F) Genotype for superclone A and C at each pooled sequencing QTL.
(G) TMRCA for the 12 pooled sequencing QTL plotted against the genome-wide distribution. (H ) RNA-seq identified many genes differentially expressed
between superclones A and C, some of which are located near QTL peaks. Blue points are genes within 50 kb of QTL identified in the Pool-Seq, red points are
all other genes, and genes that are near the Pool-Seq peaks and are in the top 10%of differential expression genome-wide are labeledwith their corresponding
QTL number. For both (G) and (H ), the number in the boxes corresponds to the QTL number as identified in (E).
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from that observed in nonmale-producing clones in previ-
ous work.

Crossing Experiments Describe the Genetic
Architecture of Male Production
Having established that genetic variation for male pro-
duction exists between superclones A and C, we next
examined the genetic architecture of this variation
through phenotypic and genetic characterization of
A×C (n= 22) and C×C (n= 20) F1s. We characterized
rates of male production by maintaining A×C and C×C
F1s, as well as A and C isofemale lines, in crowded con-
ditions over multiple weeks and measured two aspects
of male production. First, we tracked the number of sex-
ual embryos per ephippium (hereafter ephippial fill
rates) across multiple time points, and also directly
characterized the proportion of males at the end of
the experiment.

Segregation of male production in A×C F1 hybrids
suggests that male production is affected by dominant
male-limiting alleles, as most A×C F1 hybrids exhibited
low-male production rates, similar to superclone A
(fig. 5A). However, C×C F1s exhibited transgressive vari-
ation with male-production rate (fig. 5A) suggesting
that C is heterozygous for multiple loci affecting male
production. There was also a significant effect of clone
on male production when testing the A×C (binomial
glm; χ2= 97.8, df= 21, P= 6.95× 10−12) and C×C
crosses (binomial glm; χ2= 72.7, df= 19, P= 3.30×
10−8) separately, further supporting a heritable compo-
nent to the observed variation.

To gain insight into the genetic architecture of male
production, we sequenced the genomes of F1 indivi-
duals and performed QTL mapping for male-production
rate and ephippial fill rate. We identified multiple puta-
tive QTL for male production in the A×C cross, with
the strongest association on chromosome 10 (fig. 5D).
The large QTL region on chromosome 10 likely repre-
sents a single, linked QTL given the high linkage disequi-
librium (LD) between associated single nucleotide
polymorphism (SNPs) in the region (supplementary
fig. S10, Supplementray Material online). We also iden-
tified multiple QTLs for ephippial fill rate in the A×C F1
cross that partially overlapped with those identified for
male production (fig. 5D). Analysis of linkage between
the QTL we identified demonstrates that they segregate
relatively independently, especially for those QTL found
on separate chromosomes (supplementary fig. S10,
Supplementary Material online), suggesting that mul-
tiple QTL may be independently affecting male produc-
tion. Mapping of male-production rate and ephippial fill
rate in the C×C F1 offspring revealed a signal of associ-
ation, although the resolution was lower than for A×C
due to the inbred nature of this cross (supplementary
fig. S11, Supplementary Material online). Overall, these
results suggest multiple QTL influence male production
in this population.

Mapping of Male Production using Field Samples
Further Supports Multiple QTL
We took a second, complementary approach to investi-
gate the genetic architecture of male production by
performing pooled sequencing of males and parthenogen-
etically reproducing females that were sampled and pre-
served in the field. We sequenced two pools of males
(N= 35 each) and two pools of parthenogenetically repro-
ducing females (N= 50 each) that were sampled from D8
in April of 2018. All males were made by parthenogenetic-
ally reproducing females and are therefore genetically
identical to their male-producing mothers. Thus, when
parthenogenetically reproducing females vary in their pro-
pensity for male production, male and female pools will
differ in allele frequency at regions of the genome asso-
ciated with male production, allowing for the identifica-
tion of candidate loci.

Bulk-segregant analysis of the pooled sequencing data
(Magwene et al. 2011; Schlötterer et al. 2014) identified
14 putative QTL associated with male production
(fig. 5E). We used the identification and numbering of
QTL in the pooled sequencing for the remainder of our
analysis. Three of these QTL overlapped with peaks found
for male production in the A×C F1 hybrid mapping (QTLs
on chromosomes 2, 5, and 12), whereas one of the same
QTL (chr. 2) plus one additional QTL (chr. 13) overlapped
with peaks for ephippial fill rate. The overlap between
the pooled sequencing and A×C F1 hybrid mapping is
only significant for ephippial fill rate (pperm= 0.01,
supplementary fig. S13, Supplementary Material online).
However, given the relatively small sample size for the
two different experiments, any overlap is reassuring and
suggests that at least some peaks are likely true positives.
Next, we asked whether the sign of the allelic effects at
the 14 QTL identified via pooled sequencing is concordant
with differences in male production between superclones
A, C, and their F1 offspring. If the QTL identified via
Pool-Seq are enriched for true positives, we expect a great-
er frequency of male-producing alleles (male+) in super-
clone C, and a greater frequency of male-limiting alleles
(male−) in superclone A. Consistent with this prediction,
we observe that superclone C contains slightly more mal-
e+ alleles than superclone A (χ2= 4.86, df= 2, P= 0.087,
fig. 5F). Notably, superclone C is homozygous at five puta-
tive QTL for the male+ allele, whereas superclone A is
homozygous for the male+ at one QTL; superclone A is
homozygous for the male− allele at two QTL, whereas
superclone C is not homozygous for the male-limiting al-
lele at any QTL.

We also examined the relationship between male-
production rate in the F1s and genotype, as polarized by
the allelic effect inferred from the Pool-Seq QTL. Four of
the 14 QTL had a significant relationship between geno-
type and male production at P, 0.05 (two remained sig-
nificant after Bonferroni correction), and of those four,
three (including the two significant after correction) ex-
hibited the expected relationship of greater male
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production in clones that were homozygous for themale+

genotype (supplementary fig. S14, SupplementaryMaterial
online). We also observed a significant positive correlation
between male-production rate and the total number of
male+ alleles (fig. 5C) combined across both A×C and
C×C crosses (binomial GLM: χ2= 113.14, df= 1, P= 5×
10−26) and within the A×C (χ2= 18.87, df= 1, P= 1×
10−5) or C×C cross (χ2= 8.2, df= 1, P= 0.004). Taken to-
gether, the QTL experiments provide support for multiple
QTL associated with variation in male production, al-
though the presence of a single, main-effect locus cannot
be entirely discounted.

The Ecological and Evolutionary Dynamics of
Male-Production QTL
We hypothesized a positive correlation between the fre-
quency of the male+ alleles and degree of ephemerality
among ponds, as we expected male production to be un-
der stronger selection with greater ephemerality as sexual
reproduction is more frequently enforced. We examined
the allele frequency distribution of male-production QTL
among ponds and calculated the expected frequency of
the male+ alleles by summing over the observed
pond-level frequencies of each clonal lineage. In general,
we did not observe a consistent relationship betweenmal-
e+ allele frequency and the degree of pond ephemerality
across all QTL (supplementary fig. S15, Supplementary
Material online), although there are some QTL that
show striking patterns of differentiation consistent with
our prediction (see below, QTL12 is the best…).

We next investigated the evolutionary history of the
QTL associated with male production. We asked if alleles
underlying these QTL are highly divergent, perhaps repre-
senting either recent introgression or old, balanced poly-
morphisms. Alternatively, young alleles may represent
the product of rapid allelic turnover. To estimate allele

age, we calculated the time to the most recent common
ancestor (TMRCA), in generations, at every polymorphism
genome-wide using the individuals from the Dorset ponds
(fig. 5G). Of the 14 QTL identified via Pool-Seq, 11 are
younger than average but not exceptionally young. The
relatively young age of the QTL (one-sample proportion
test with null of 50%, χ2= 3.5, df= 1, two-tailed P=
0.06) suggests these alleles may turn over rapidly. Only
three QTL were older than the median genome-wide
age, including the best candidate QTL on chromosome 10.

RNA-seq Identifies Candidate Genes Affecting Male
Production
We next sought to identify candidate genes affecting male
production between superclones A and C using RNA-seq
on whole, adult females. We first document abundant
gene expression variation between the superclones
(supplementary fig. S16, Supplementary Material online).
Principal component 1 clearly separates A and C
(supplementary fig. S13A, Supplementary Material online;
t=−6.6, P= 0.0022) and explains �60% of the variation
in gene expression genome-wide. The magnitude of differ-
ential expression between these clones is similar to levels
of differential expression previously documented between
clonal lineages in other studies (Chowdhury et al. 2015;
Huylmans et al. 2016). There are 12 genes falling within
50 kb of five of the QTL peaks identified by Pool-Seq
that are differentially expressed (fig. 5H; Bonferroni cor-
rected P-value, 0.05), and we consider these as candidate
loci.

QTL12 is the Best Candidate Locus for Male
Production
QTL12, located on chromosome 10 (fig. 5E), is of particular
interest because of the confluence of multiple lines of evi-
dence. QTL12 has the strongest signal in the A×C F1 hybrid

FIG. 6. Attributes of QTL12.
(A) The proportion of male off-
spring versus dosage of the
male+ alleles for the F1 off-
spring of the A×C and C×C
cross, with the sign of allelic ef-
fect calculated from the
Pool-Seq data. (B) Overall fre-
quency of the QTL12 male+ al-
lele among ponds across
sample years. (C ) Expression
of Daphnia00787, one of the
genes within QTL12 in A and
C isofemale lines. The y-axis re-
presents gene expression, nor-
malized for library size. (D) A
haplotype spanning network
plot of Daphnia00787 with D.
pulicaria and D. obtusa as out-
groups. The male− allele and
male+ allele are labeled.
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mapping for male production (fig. 5D) and lines up with a
QTL identified in the pooled sequencing mapping (fig. 5E).
Superclone A is inferred to be homozygous for the male−

allele, and superclone C is inferred to be heterozygousmal-
e+/male− (fig. 5F). Among the F1 A×C and C×C offspring,
we find a strong association between genotype and male
production that goes in the expected direction (binomial
GLM: χ2= 13.468, df= 2, P= 0.0011; fig. 6A and
supplementary fig. S13, Supplementary Material online).
QTL12 is strongly differentiated between DCat, D8, and
DBunk in all 3 sampling years (fig. 6B). Notably, the fre-
quency of the male+ allele among populations varies in
the expected manner, with the highest frequency in the
most ephemeral pond, DBunk, and the lowest frequency
in the most permanent pond, DCat (fig. 6B). The male−

is closely related to the male+ allele (fig. 6D) and, consist-
ent with our predictions, the male− is derived.

There are four genes close to the peak of QTL12 that are
differentially expressed (figs. 5H and 6C; supplementary fig.
S16, Supplementary Material online). These four genes are
among the most differentially expressed, genome-wide
(top 7%). These genes are immediately adjacent to each
other (supplementary fig. S16, SupplementaryMaterial on-
line), and are consistently down-regulated in C compared
with A. It is likely that the correlated signal of differential
expression among these four genes is a consequence of un-
annotated UTRs associated with one gene, Daphnia00787,
overlapping with the open reading frames of the adjacent
three genes (supplementary fig. S16, Supplementary
Material online) and our use of unstranded RNA-seq of
superclones A and C. Daphnia00787 is the most plausible
candidate gene of the four (see Discussion).
Daphnia00787 was found to be orthologous to a
Tox-SGS domain-containing protein in North American
D. pulex (blastp; coverage= 100%, identity= 89.4%).

Discussion
Herein, we studied the genomic basis and evolutionary dy-
namics of reproductive investment in a facultative partheno-
gen,D.pulex.We characterizedhowdifferential investment in
reproductive mode by coexisting clones affects the temporal
dynamics of the genetic structure of D. pulex in a series of
ponds that vary in ephemerality. Our work highlights the dy-
namic turnover of population structure through time in a
facultatively sexual species and suggests that quantitative
genetic variation in life-history traits can arise de novo within
species and can undergo rapid evolutionary turnover.

Diversity and Genetic Structure through Time
Our basic understanding of Daphnia biology suggests that
clonal diversity should be strongly correlated with the de-
gree of ephemerality, as more permanent ponds enable a
longer asexual growing season and thus an increased dur-
ation of clonal selection (De Meester et al. 2006; Ortells
et al. 2006). Our results are consistent with this prediction
(fig. 2) in that clonal diversity was lowest in the permanent

pond, DCat, and highest in the ephemeral pond, DBunk.
Although previous studies have documented similar im-
pacts of ephemerality on clonal diversity in Daphnia
(Ruvinsky et al. 1986; Carvalho and Crisp 1987; De
Meester and Vanoverbeke 1999; Hamrová et al. 2011),
these studies used markers such as allozymes and microsa-
tellites which cannot conclusively identify unique geno-
types. Further, our results also demonstrate that reduced
clonal diversity can impact the genetic structure of popu-
lations by leading to a greater occurrence of inbreeding via
intraclone and full-sib mating (fig. 3).

Although clonal diversity and mating dynamics varied
among the ponds, average within-individual heterozygos-
ity did not (supplementary fig. S6, Supplementary
Material online). There are several possible explanations
for the consistently high levels of diversity despite the con-
sanguineous pedigree that we observe. On the one hand,
higher than expected levels of diversity could arise through
neutral processes. For instance, neutral simulations that in-
corporated cyclical parthenogenesis showed that an excess
of heterozygotes could be a consequence of drift early in
the growing season (Vanoverbeke and De Meester 2010).
Diversity could also be maintained at high levels through
migration and the subsequent reduction of inbreeding de-
pression (Ebert et al. 2002), although any migrant would
face significant competition from the established D. pulex
population (De Meester et al. 2002). On the other hand,
high levels of genetic diversity could be maintained via se-
lective mechanisms. Haag and Ebert (2007) found that het-
erozygosity increased following clonal selection in an
experimental D. magna system, potentially due to heter-
osis caused by associative overdominance (Ohta 1971).
Fluctuations in environmental factors over the course of
the growing season via microspatial variation in selection
pressures or biotic interactions (Wolinska et al. 2006;
Duffy and Sivars-Becker 2007) could also contribute to
the long-term persistence of variation.

We also provide clear evidence that clonal selection acts
over short time periods, consistent with previous reports in
Daphnia (Spaak 1996; De Meester and Vanoverbeke 1999;
Vanoverbeke and De Meester 2010; Yin et al. 2010, 2012)
and other facultatively sexual species (Ortells et al. 2006;
Rhomberg et al. 2011). Although we do not have time-
series data to directly observe clonal selection, our pedigree
in D8 (fig. 3) suggests that clonal selection occurred and
that the rise in frequency of a limited number of clones
was rapid. Alternatively, priority effects caused by the tim-
ing of ephippial hatching are another explanation for the
limited clonal diversity. Regardless, we were able to identify
most of the clones involved in sexual reproduction in D8—
despite sampling only a small portion of the total popula-
tion (21–117 out of hundreds of thousands)—indicating
an effective population size that was orders of magnitude
lower than the census population size. A striking example
is that D8 in 2018 was dominated by F1 hybrids between
only two superclones, suggesting that by the time sexual re-
production occurred in 2017, those two superclones had al-
most entirely taken over the population.
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Genetic Variation and Potential Mechanisms of Male
Limitation
Another striking finding was that even when clonal diver-
sity in the intermediate pond, D8, was reduced to two
dominant clones, genetic diversity for investment in sex-
ual reproduction was maintained; in particular, variation
in male production. Variation in male production is fre-
quently found in populations of Daphnia (Innes and
Dunbrack 1993; Tessier and Cáceres 2004; Fitzsimmons
and Innes 2006; Galimov et al. 2011; Roulin et al. 2013,
2015). The loss of male production in facultatively sexual
organisms likely confers a fitness advantage via higher
female-production rates and is expected to quickly rise
in frequency once it arises in a population
(Charlesworth and Ganders 1979). Loss of male produc-
tion is a common adaptive process in plants (gyno-
dioecy) and is often affected by selfish, maternally
inherited cytoplasmic elements and nuclear restorers
(Taylor et al. 2001; Delph 2009). In Daphnia, loss of
male production has not been linked to any cytoplasmic
element, and it is generally believed that variation in
male production is caused by the nuclear genome
(Roulin et al. 2013; Reisser et al. 2017; Ye et al. 2019).
At least for North American D. pulex, nonmale produc-
tion is a result of adaptive introgression from the sister
taxa D. pulicaria (Ye et al. 2019).

The evolutionary origin and genetic determinants of
male limitation in the Dorset populations are distinct
from loss of male production in the North American sys-
tem. First, our results suggest male limitation in the
Dorset populations is a quantitative trait, in contrast to
a single large-effect dominant allele found in North
America (Innes and Dunbrack 1993; Ye et al. 2019). The
candidate gene underlying the major effect QTL identified
in North American D. pulex (Ye et al. 2019) maps to
chromosome 1 at positions 8,156,029–8,159,968 in the
European D. pulex genome. This region is far from any pu-
tative QTL related to male production in the Dorset popu-
lations (fig. 5), supporting an independent evolutionary
origin and mechanism. Further, the loss of male produc-
tion in North American D. pulex is associated with a loss
of ability to respond to juvenile hormone (Ye et al.
2019), whereas Dorset clones retain the ability to respond
to this cue, regardless of male-production phenotype.
Although hybridization between closely related taxa has
been hypothesized to be a major driver of the evolution
of reproductive modes (Lynch 1984) and is the driver of
the loss of male production in North American D. pulex
(Ye et al. 2019), we do not observe any evidence of intro-
gression or hybridization between English D. pulex popula-
tions and English D. pulicaria or D. obtusa (supplementary
fig. S8, Supplementary Material online). These results indi-
cate that quantitative variation in male production in the
Dorset populations is likely caused by multiple loci which
are the result of alleles arising and segregating within this
species and are thus inconsistent with the destabilizing hy-
bridization hypothesis (Lynch 1984).

The best candidate gene that we identify could plausibly
affect aspects of male production. This candidate gene,
Daphnia00787, is a large (4,179 amino acids), intronless
gene (supplementary fig. S16, Supplementary Material on-
line), orthologous to a toxin-like protein (Tox-SGS; Zhang
et al. 2012). This gene is a member of a gene family with
orthologs only found in Daphnia, several blood-feeding in-
sects and, notably, intracellular microbial symbionts in-
cluding Wolbachia, Cardinium, and Rickettsiella (Baião
et al. 2021). These cytoplasmically inherited symbionts in-
fluence sex ratios in a variety of arthropods (Jiggins et al.
2001; Rosenwald et al. 2020; Lv et al. 2021) and it is therefore
plausible that this toxin gene could be involved in sex-
allocation in the Daphnia system that we identified here.

The Generation and Persistence Time of Variation in
Reproductive Investment
Maintenance of genetic variation for male production in
the Dorset populations may be facilitated by fluctuating
selection. Low-male producing clones are likely to establish
and spread during periods of favorable conditions, due to
the short-term advantage of asexual reproduction of fe-
male offspring (Nunney 1989; Wolinska and Lively 2008;
Serra and Snell 2009; Stelzer 2011; Gibson et al. 2017).
This predicted increase in the frequency of low-male pro-
ducing clones or clones with an overall lower propensity
for sexual reproduction has been observed in Daphnia in
the lab (Innes and Singleton 2000) and in rotifers in the
field (Carmona et al. 2009), supporting a cost of male pro-
duction. Similarly, we observed the male-producing super-
clone C to be at lower frequency in 2017 (22%) than the
male-limited superclone A (67%) the year before the
hatching of A×C F1s (fig. 3). We also did not observe
any C×C offspring in 2018 despite ample selfing in experi-
mental superclone C mesocosms in the lab, suggesting
that superclone C may have been at an even lower fre-
quency at the point in time ephippia were produced. In
the summer of 2017, D8 dried and in 2018 it consisted al-
most entirely of A×C F1 hybrids. This pattern demon-
strates that although male-producing clones may suffer a
short-term fitness disadvantage during the asexual grow-
ing season, ultimately they can achieve high fitness if
they are the primary source of males and dormancy re-
mains linked to sexual reproduction. As a consequence,
seasonal fluctuations in selection for asexual versus sexual
reproduction in facultative sexuals may facilitate the main-
tenance of genetic polymorphism in sexual investment.

Maintenance of genetic polymorphism via seasonal
fluctuations will also be influenced by the duration of
those fluctuations. In populations where favorable condi-
tions persist for an extended period of time, male-limited
clones may come to fully dominate the population.
Consistent with this idea, the dominant superclone in
our permanent population, DCat, was found to be a low-
male producer, similar to superclone A in D8
(supplementary fig. S16, Supplementary Material online).
On the other hand, when the asexual growing season is
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short or unpredictable, clones with low sexual investment
will not have sufficient time to reap the short-term bene-
fits of asexual reproduction and clones with high sexual in-
vestment will be favored (Galimov et al. 2011; Smith and
Snell 2012; Franch-Gras et al. 2017; Tarazona et al. 2017).
Thus, we expect to see variation in selection for male pro-
duction across populations, with male-producing alleles
favored in more ephemeral environments. Our best candi-
date locus, QTL12, did exhibit this pattern; however, there
was no consistent correlation across QTL between ephem-
erality and frequency of the male-producing allele. This
lack of pattern could be due to multiple causes. First,
our sample size is low, with only three ponds, giving us re-
duced power to pick up any overall pattern between
ephemerality and male production. Second, two of our
ponds, DBunk and D8 are intermittently connected in
the late fall and early winter when the water level is high-
est, and thus frequent migration could prevent differential
local adaptation between these two ponds (similar to
Roulin et al. 2015). Additional work is needed to determine
the role, if any, that variation in selection due to variation
in ephemerality plays in the maintenance of genetic vari-
ation for male production in this system.

The fluctuating seasonal dynamics of these populations
are also likely to influence rates of allelic turnover and thus
the evolutionary dynamics of male production. Although a
few of the putative QTL associated with male production
were older than the genome-wide average, including
QTL12, the majority were younger, suggesting these QTL
are predominantly the product of rapid allelic turnover ra-
ther than the maintenance of old, stable polymorphisms.
Rapid allelic turnover at QTL associated with variation in
male production is consistent with theoretical models
that predict faster rates of fixation and loss at functional
polymorphisms subject to temporally varying selection
(Bürger and Gimelfarb 2002; Cvijović et al. 2015).

Conclusion
We characterized the genetic structure of a D. pulexmeta-
population across an ephemerality gradient and identified
naturally segregating genetic variants affecting a key fitness
trait, male production. It is likely that substantial genetic
variation in other fitness related traits also segregates
among these clones, and that such variation is maintained
via selective processes. Due to the fact that the natural gen-
etic structure of these populations resembles amultiparen-
tal QTL mapping panel, we envision that future work on
the genetic basis of phenotypic variation in these, and other
similarly structured populations, will yield valuable insight
into the evolutionary forces thatmaintain genetic variation
within populations.

Materials and Methods
Characterization and Sampling of Ponds
All field work and sampling were carried out in the Dorset
region of the southern United Kingdom (fig. 1A). The focal

metapopulation consisted of three geographically close
(20–30 m) small ponds located in the Kilwood Nature
Reserve (50.642483, −2.091652). Two of these ponds,
DBunk and D8, are intermittently connected, with
DBunk downstream of D8; there are no obvious stream-
beds connecting DCat to either DBunk or D8. An addition-
al pond, D10, located �11 km away in the Higher Hyde
Heath Nature Reserve (50.709379, −2.206421) was also
part of this study and serves as a more distant population
reference.

To characterize changes in water level and clonal dy-
namics of the focal populations, we visited the four ponds
at multiple time points across multiple years (2016–2019;
supplementary tables S1 and S3, Supplementary Material
online). The water level of ponds was noted and in 2019,
time lapse cameras were installed at D8 and DBunk to
monitor changes in water level. Tows were taken from
each pond that still contained sufficient water to sample
the Daphnia population. For the 2016 and 2017 time
points, live individuals were shipped back to the lab and
clonal lineages were established for later sequencing and
phenotyping. For sampling points in 2018 and 2019,
Daphnia were primarily fixed in ethanol in the field.

Reference Genome
Initial reference genome assembly was carried out using
10× Chromium sequencing. The D. pulex clone (D8.4A)
used for the reference genome was sampled in 2012
from the D8 pond (fig. 1A) and maintained in the lab
asexually since collection. Several hundred individuals
from the clone were fed Sephadex G-25 superfine (cross-
linked dextran gel) beads for 48 h in order to clear their
guts and minimize algal reads in downstream sequencing.
After the 48 h, 70 mg (wet weight) of Daphnia were flash
frozen in liquid nitrogen and shipped to HudsonAlpha for
high molecular weight DNA extraction, 10× Chromium li-
brary preparation, and whole-genome sequencing on a sin-
gle lane of HiSeqX. Assembly was carried out using
Supernova-1.1.5 (supernova mkfastq, supernova run,
supernova mkoutput) (Weisenfeld et al. 2017), with the in-
put downsampled to 200 million reads and the output fas-
ta made using the pseudohap style. Only resulting scaffolds
over 1 kb were kept for downstream analysis. The 10×
Chromium reads were deposited at NCBI’s SRA:
SRR14333786.

Scaffolding of the reference genome was achieved via
Chicago and Hi-C sequencing (Dovetail Genomics, Scotts
Valley, CA, USA). Several hundred individuals from the
same reference genome clone D8.4A were exposed to
Sephadex G-25 beads and antibiotics (50 mg/l each of
streptomycin, tetracycline, and ampicillin) for 48 h to min-
imize algal and bacterial contamination, and then flash fro-
zen in liquid nitrogen, and sent to Dovetail for Chicago and
Hi-C sequencing. The input de novo 10× assembly,
Chicago library reads, and Dovetail HiC library reads
were used as input data for HiRise, a software pipeline de-
signed specifically for using proximity ligation data to
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scaffold genome assemblies (Putnam et al. 2016). An itera-
tive analysis was conducted. First, Chicago library se-
quences were aligned to the draft input assembly using a
modified SNAP read mapper (http://snap.cs.berkeley.
edu). The separations of Chicago read pairs mapped within
draft scaffolds were analyzed by HiRise to produce a likeli-
hood model for genomic distance between read pairs, and
the model was used to identify and break putative mis-
joins, to score prospective joins, and make joins above a
threshold. After aligning and scaffolding Chicago data,
Dovetail HiC library sequences were aligned and scaffolded
following the same method. The resulting assembly con-
sisted of 9,202 scaffolds. Due to the fact that the
Daphnia for the initial 10× Chromium assembly were
not treated with antibiotics, many of these scaffolds are
likely to be microbial in origin. By blasting the scaffolds
against previously published North American D. pulex ref-
erence genomes (TCO and PA42) (Colbourne et al. 2011;
Ye et al. 2017), 768 scaffolds were determined to be
Daphnia in origin (positive hit to both genomes). Of these
768 scaffolds, 13 were over 50 KB and 12 were over 5 MB.
These 12 largest scaffolds were determined to correspond
to the 12 chromosomes in the previously published D. pu-
lex genomes (supplementary table S5, Supplementary
Material online; Colbourne et al. 2011; Ye et al. 2017).

To improve the reference genome assembly, the refer-
ence genome clone was also sequenced on a Nanopore
Minion flow cell. Around 100 individuals of the reference
genome clone were exposed to antibiotics and Sephadex
G-25 beads for 48 h. DNA was extracted using
Beckman-Coulter’s Agencourt DNAdvance kit. The library
was constructed using Nanopore’s basic Ligation
Sequencing Kit (SQK-LSK-109) and run on a single
Minion SpotON flow cell (R9.4) for 48 h using default para-
meters. Reads were basecalled using Albacore (version
2.3.3, Oxford Nanopore Technologies, Oxford, UK). The re-
sulting MinIon reads (deposited at NCBI’s SRA:
SRR14567272) were combined with the original 10×
Chromium Illumina reads (filtered to only include reads
that mapped to the good Daphnia contigs, thus excluding
microbial reads) to make a hybrid genome assembly using
MaSuRCA (Zimin et al. 2013). To filter the 10× Chromium
reads, the reads were mapped to the HiC scaffolded gen-
ome, keeping only alignments where both read pairs over-
lapped with the 768 scaffolds determined to be Daphnia in
origin. The paired reads were then output to two fasta files
using samtools fastq. This hybrid genome assembly along
with the filtered 10× Chromium paired-end Illumina reads
were then used to close gaps of Ns in the Dovetail HiC gen-
ome using GMCloser (v1.6.2, Kosugi et al. 2015) with the -c
option. The final genome size was 127,796,161 bp and
98.8% of that was contained in the 12 largest contigs.
The genome sequence has been deposited at DDBJ/ENA/
GenBank under the accession JAHCQT000000000.
Additional information regarding aspects of
experimental design for this and following experiments
can be found in supplementary table S2, Supplementary
Material online.

Gene prediction was performed on the D. pulex genome
using MAKER (v2.31.10; Holt and Yandell 2011) in an itera-
tive manner. First, ab initio gene prediction was performed
by the programs SNAP (v2006-07-28; Korf 2004) and
Augustus (v3.2.3; Stanke and Morgenstern 2005; Stanke
et al. 2006) using a multi-tissue D. pulex transcriptome
(see RNA-seq library preparation, below) assembly ob-
tained using StringTie with default parameters (v2.0;
Pertea et al. 2015) and a protein database that combined
the UniProt/Swiss-Prot and NCBI nonredundant database
of reviewed arthropod proteins as well as the curated pro-
tein set for a related species, D. magna (http://arthropods.
eugenes.org/EvidentialGene/daphnia/daphnia_magna_
new/, accessed 5/6/2019). A total of three iterative runs of
SNAPwere used to refine the genemodels. A final round of
gene prediction was then performed using MAKER to pro-
duce the final gene set with an annotation edit distance
cutoff of 0.5 (Holt and Yandell 2011). This gene set consists
of 13,455 genes that encode 17,930 proteins. Genome an-
notation quality was assessed by BUSCO analysis (Seppey
et al. 2019) using the conserved core set of arthropod
genes (�94.2% BUSCO score). Using the set of complete
predicted D. pulex protein sequences, we used a functional
annotation pipeline previously described (Suryamohan
et al. 2020) to assign putative functions to each predicted
protein. The functional annotation information can be
found in supplementary table S4, Supplementary
Material online.

Repetitive elements were identified for masking in
downstream analysis using RepeatModeler (Smit and
Hubley 2008) and RepeatMasker (Smit et al. 2013). First,
the RepeatModeler BuildDatabase option was used to
construct a database from the D8.4A reference genome
file. Next, RepeatModeler was run on the newly con-
structed database file. The resulting repeat library was
then concatenated with the repeat family library con-
structed from the North American D. pulex genome,
PA42 (Ye et al. 2017). RepeatMasker was run on the
D8.4A reference genome using this combined repeat fam-
ily library. Both RepeatModeler and RepeatMasker were
run using the ncbi engine option.

We generated a list of regions that are masked from fu-
ture analysis. First, we identified regions of the genome
with very high or very low read depth, when mapping
the Illumina reads generated for 10× linked-read sequen-
cing back to the reference genome. We identified sites
with the 1.5% lowest coverage and sites with 7.5% highest
coverage sites and removed these sites from future ana-
lysis. In addition, we flagged stretches of Ns, the first and
last 500 bp of sequence for each chromosome, and repeti-
tive regions identified with RepeatMasker.

Sequencing
Individual males, females, and pools of individuals were se-
quenced from samples collected across 4 years
(supplementary table S3, Supplementary Material online).
For the 2016 and 2017 samples, individuals were sampled
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from lines that had been established in the lab. For each of
these lines, multiple individuals were exposed to antibio-
tics (streptomycin, tetracycline, and ampicillin, 50 mg/l of
each) and fed Sephadex G-25 beads. Five to 10 individuals
from each line were used for DNA extraction (Agencourt
DNAdvance kit, Beckman-Coulter). Individuals were
homogenized using metal beads and a bead beater before
DNA extraction. RNA was also removed using RNase fol-
lowed by an additional bead cleanup. DNA was quantified
using the broad-range Quant-iT dsDNA kit (ThermoFisher
Scientific) and normalized to 1 or 2 ng/μl before library
construction. Full genome libraries were constructed
using a scaled down Nextera protocol (Baym et al.
2015). Libraries were size-selected for fragments ranging
from 450 to 550 bp using a Blue Pippin and quality
checked using a BioAnalyzer. For 2018 and 2019 samples,
DNA was extracted from single individuals (females with
parthenogenetic eggs or males) fixed in ethanol in the
field. Normalization and library construction were carried
out in the same way as for 2016 and 2017 samples, except
the samples were not RNAse treated due to low DNA
concentration.

Pools of males and females were made up of individuals
sampled from D8 on 04/29/2018 and fixed in ethanol in
the field. There were two pools of 50 females and two
pools of 35 males. Libraries were constructed using NEB’s
NEBNext Ultra II DNA Library Prep Kit for Illumina.

Three additional individual D. pulex from twomore nor-
thern populations in the UK (W1 and W6), 15 D. obtusa
(14 from DBunk, and one from a nearby pond also in
the Kilwood Nature Reserve, DBarb), and 5 D. pulicaria
sampled from a single population in the UK (53.581442,
−0.312748) were also sequenced to serve as geographically
and taxonomically distant references.

Samples from 2016 (N= 52) were sequenced on two
lanes of HiSeqX. Samples from 2017 were sequenced in
three batches (N= 94, 94, and 190; 3, 3, and 6 lanes of
HiSeqX respectively), with some samples repeated be-
tween batches if initial read depth from early sequencing
runs was too low. Initial samples from 2018 (N= 94)
were run on a single lane of NovaSeq 6000 S4 300.
Samples from 2019 (N= 61), additional samples from
2018 (N= 33), and the male and female pooled samples
from 2018 were pooled and sequenced on a single lane
of NovaSeq 6000 S4 300. Fastq samples are available on
NCBI’s SRA (PRJNA725506). See supplementary table S3,
Supplementary Material online for accession numbers
for individual samples. Pooled samples: SAMN19227056–
SAMN19227059.

Mapping, SNP Calling, and Annotation
For each of the individual samples, Nextera adaptor se-
quences were removed using Trimmomatic v0.36 (Bolger
et al. 2014). Next, overlapping reads were merged using
PEAR v0.9.11 (Zhang et al. 2014). Assembled and unas-
sembled reads were separately mapped to the European
D. pulex genome using bwa mem (Li 2013). The entire

reference genome was used for mapping, but only reads
that mapped to Daphnia scaffolds were retained for fur-
ther analysis. Reads that were primary alignments and
had mapping quality scores (QS). 20 were output into
bam files. For samples that were sequenced across multiple
lanes, samtools (Li et al. 2009) was used to merge bam files
from each lane, and then PCR duplicates were removed
using MarkDuplicates function of Picard (Anon 2019).
GATK (v4.0; McKenna et al. 2010; Poplin et al. 2018) was
used to call SNPs. gVCFs for each sample were made using
GATK’s HaplotypeCaller tool, and then a single
VCF (variant call format) was made using GATK’s
GenotypeGVCF tool. We performed functional annotation
of the VCF file using SnpEff (v4.3t, Cingolani et al. 2012)
utilizing the gene predictions described above.

SNP Filtering
First, we filtered out SNPs that were within 10 base pairs of in-
dels; indels were also removed from analysis. SNPs were hard
filtered using GATK’s recommendations for organisms with
no reference SNP panel. Specifically, the following filters were
first set using GATK’s VariantFiltration tool (QualByDepth
(QD), 2, FisherStrand (FS). 60, RMSMappingQuality (MQ)
, 40, MappingQualityRankSumTest (MQRankSum) ,
−12.5, and ReadPosRankSumTest (ReadPosRankSum),−8),
and SNPs that did not pass this filter were removed using
GATK’s SelectVariants tool. Individual genotype calls with
lowGQ (GQ, 10) were then set asmissing data. The resulting
VCF consisted of 3,719,919 SNPs.

SNPs were removed if they fell in regions that were
flagged as being near stretches of Ns or the ends of chro-
mosomes, as well as in areas of high or low read depth (de-
scribed above in the Reference Genome section). Together,
this filtration resulted in a loss of 651,900 SNPS, leaving
3,068,019.

SNPs were filtered from regions flagged by Repeat
Masker (described above in the Reference Genome sec-
tion). Filtering SNPs from flagged repeat regions resulted
in a loss of an additional 320,003 SNPs. Triallelic SNPs
were also removed, resulting in a further loss of 81,624
SNPs. SNPs were then filtered based on read depth across
all samples, with the bottom and top 5% of SNPs being
dropped, which resulted in a loss of 266,515 SNPs, leaving
2,399,653 SNPs. This set of filtered SNPs included SNPs
polymorphic within D. pulex, as well as SNPs that are fixed
within D. pulex, but are either different between D. pulex
and one of the outgroups, or polymorphic within one of
the outgroups. This SNP set will be referred to as the “total
filtered SNP set.”

For analyses restricted to D. pulex samples, a second fil-
tered SNPs set was used. For this SNP set, only SNPs that
were polymorphic within the D. pulex samples and had
been genotyped in at least half the D. pulex samples
were retained. This SNP set, consisting of 510,805 SNPs,
will be referred to as the “variable pulex SNP set.” Finally,
this variable pulex SNP set was also LD pruned using the
snpgdsLDpruning function in SNPRelate (Zheng et al.
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2012), with a minor allele frequency (MAF) cutoff of 0.001,
a missing rate of 0.15, a maximum window size of 500 bp,
and an LD threshold of 0.1. This LD pruned SNP set had
150,455 SNPs and is referred to as the “LD pruned, variable
pulex SNP set.”

Clonal Assignment
Individual clones were assigned to clonal lineages using
genome-wide estimates of IBS calculated using the
snpgdsIBS function in SNPRelate (Zheng et al. 2012,
2017), excluding singleton SNPs (1/2N ) and SNPs with a
missing rate .15%, and using the LD pruned, variable pu-
lex SNP set. Based on the distribution of pairwise IBS
(supplementary fig. S3, Supplementary Material online),
an initial cutoff of 0.965 IBS was chosen as a threshold,
above which two individuals are considered to belong to
the same clonal lineage (asexually related to one another).
Note that these IBS values are calculated based on the ta-
ble of polymorphic sites, and not the whole genome and
thus the denominator for these statistics is the number
of polymorphisms and not the genome size. Assuming a
genome size of 120 Mb and that the number of poly-
morphisms used for this analysis is �500,000, maximum
divergence (Dxy) between individuals of the same super-
clone is 1.44× 10− Clonal diversity for each pond at
each time point was calculated using Shannon’s diversity
index in the R package vegan (Oksanen et al. 2020).

Genealogical Relationships Between Isolates
To further investigate patterns of relatedness, we calcu-
lated IBS0 and kinship coefficients using the program
KING (Manichaikul et al. 2010). KING was run using the
“kinship” command on the variable pulex SNP set
(non-LD pruned), with the input data filtered to include
SNPs with a MAF cutoff of 0.05. The distribution of IBS0
and Kinship mostly confirmed the clonal lineage assign-
ment based on the IBS threshold. However, there were
three individuals that appeared as outliers within their clo-
nal lineages in terms of Kinship. Specifically, the Kinship va-
lues were lower than that expected for clonal relationships,
but higher than expected for outcrossing parent–offspring
relationships (e.g., supplementary fig. S3C and D,
Supplementary Material online). In one case, based on pat-
terns of SNP segregation, the outlier individual was identi-
fied as the parent of the lineage, with the lineage resulting
from an intraclone cross. In three other examples of selfing,
the chosen IBS threshold did separate the parent from the
offspring lineage. In two other cases, the relationship was
not as clear, and the outlier individuals were classified in-
stead as close relatives of their respective clonal lineages.
All three outlier individuals were removed from their re-
spective clonal lineages.

The distribution of pairwise IBS0 and Kinship calculated in
KING were also used to identify parent–offspring relation-
ships and construct a pedigree. Similar to clonal relation-
ships, parent–offspring pairwise comparisons (whether due
to selfing or outcrossing events) are expected to have an

IBS0 of roughly 0, with Kinship values being highest for clonal
comparisons, followed by selfed parent–offspring, and then
outcrossed parent–offspring. Graphing IBS0 and Kinship re-
sulted in clear clustering of these three types of relationships
(supplementray fig. S3B, Supplementary Material online),
which were used to identify parent–offspring relationships
and construct a pedigree for the three focal ponds across
sample years. Selfed parent–offspring relationships were
confirmed by checking segregation patterns of parental het-
erozygous sites in the offspring. Segregation patterns of par-
ental SNPs were also used to check outcrossed parent–
offspring relationships where possible. For example, A×C
F1 hybrids were confirmed to be heterozygous for all SNPs
that are fixed differences between A and C.

Diversity Estimates and Runs of Homozygosity
ROHan v1.0 (Renaud et al. 2019) was used to estimate
genome-wide heterozygosity for each individual and to
identify runs of homozygosity. For this analysis, we used
the 12 major chromosomes and a transition/transversion
ratio of 0.81 (Flynn et al. 2017).

Mutation Accumulation
To study patterns of mutation accumulation in the wild,
we identified eight wild-caught individuals from four
superclones (range of individuals per superclone= 9–
127). We randomly selected eight individuals per super-
clone and estimated pN/pS for new mutations (those seg-
regating at ,25%) and for shared variants (those
segregating at �50%). We generated confidence intervals
on pN/pS by bootstrap resampling (n= 100).

Sliding Window IBS
A sliding window analysis of IBS was used to examine pat-
terns of divergence and relatedness between the two dom-
inant superclones in D8 (A and C) and determine if these
patterns were unique relative to patterns of divergence
among other D. pulex clonal lineages found in the focal
ponds. Pairwise IBS among all individuals (including out-
groups) was calculated using the snpgdsIBS function in
SNPRelate (Zheng et al. 2012) in overlapping windows of
250,000 bp with a 10,000 bp step size, using the total fil-
tered SNP set. Singleton SNPs (1/2N ) were removed
from the analysis as were SNPs with a missing rate
.15%. Windows with ,1,000 SNPs were removed from
the analysis. Individual clones with a median read depth
of ,5 were also removed from the analysis. Next, for
each window, mean pairwise IBS was calculated for each
pair of clonal lineages. For example, when calculating
mean IBS between the A and C superclones, IBS was aver-
aged across all pairwise comparisons between A and C in-
dividuals. For comparisons involving clonal lineages that
had only a single representative, the original pairwise IBS
value was used, as a mean could not be calculated for a sin-
gle value. Then, for each window, IBS for A versus C was
divided by the calculated IBS for each pair of comparison
clonal lineages to obtain an IBS ratio. Finally, a mean,
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genome-wide similarity ratio was calculated by averaging
across windows for each clonal lineage comparison.
Values ,1 indicate the comparison clones are more simi-
lar than A versus C, whereas values .1 indicate the com-
parison clones are more divergent than A versus C. A
versus C IBS was compared (1) to IBS between other clonal
lineages within D8, (2) to IBS between clonal lineages with-
in DCat and within DBunk, (3) to IBS between clones from
different focal ponds (between DCat, D8, and DBunk), and
(4) to IBS between focal pond clonal lineages and clonal
lineages from three geographically distant D. pulex ponds
(D10, W1, and W6).

Phasing and Imputation of Wild-Caught Individuals
We identified one representative per superclone among
the 169 wild-caught D. pulex (supplementary table S3,
Supplementary Material online) by selecting the clone
with the highest read depth. We performed read-backed
phasing using whatshap (v1.1; Patterson et al. 2015), and
performed population based phasing and imputation
using shapeit (v4; Delaneau et al. 2019). We generated con-
sensus genotypes for two outgroups, D. pulicaria and D.
obtusa, at sites that were polymorphic in the
phased-imputed dataset.

Hybridization and Introgression Analysis
We tested for potential hybridization and introgression be-
tween D. pulex and its outgroups in two ways. First, we
used Dsuite (Malinsky et al. 2021) to calculate f4 and f4-
-ratio statistics (Patterson et al. 2012) using the phased,
imputed dataset. Next, we used the snmf function in LEA
v3.12 (Frichot and François 2015) to estimate individual
admixture components using the phased, imputed data-
set. For the snmf analysis, we varied K from 1 to 20 and per-
formed 30 replicate runs. We selected the value of K with
the lowest cross-entropy score as the optimal number of
clusters (k= 8).

Phenotypic Differentiation between A and C
To test for phenotypic differences between the two dom-
inant superclones in D8 (A and C), two field-collected
(2017) isofemale lines of each superclone were expanded
in mesocosms (A: D8–179, D8–349, C: D8–222, D8–515).
We tracked population dynamics over the course of 8
weeks. First, each isofemale line was propagated in two
tanks containing 15 l of artificial hard water (ASTM;
Standard 2007) with seaweed extract (marinure; Wilfrid
Smith Std., Northans, UK) in a Percival incubator set at
18 °C under long days (16L:8D). Sixty females just before
first reproduction were isolated from the mesocosms
once in the expansion phase, and used to establish the ex-
perimental mesocosms.

Eight experimental mesocosms were established, two for
each isofemale line (two field isolates× two clonal lineages
× two replicates= eight tanks). Each experimental meso-
cosm consisted of a fish tank containing 15 l of ASTM
with marinure placed in the same Percival incubator set

at 18 °C under long days (16L:8D). For the first 5 weeks,
each tank was fed 95,000 cells/ml Chlorella vulgaris
Monday/Wednesday/Friday (M/W/F), and then were
switched to 142,000 cells/ml algae for weeks 6–7. Tanks
were checked weekly after initial establishment for 7 weeks.
To check the tanks, each tank was stirred up well to evenly
suspend all individuals, and then a liter of media was re-
moved from each tank and sieved to isolate the Daphnia.
These Daphnia were fixed in ethanol and later sorted
into the following demographic classes: females with
parthenogenic eggs, females with ephippia, females with
neither parthenogenic eggs or ephippia, female neonates,
juvenile males, and adult males.

At each sample time point, all loose ephippia were also
removed from each tank. All ephippia were counted and a
subset was dissected to determine fill rate. The number of
ephippia dissected varied widely depending on the total
number of loose ephippia produced (N= 1–70, mean=
22). These fill rates were used to estimate total sexual em-
bryo production (estimated fill rate× total number of
ephippia= estimated sexual embryo production). Total
population size was calculated as the total number of indi-
viduals in the sample times 15.

Linear mixed-effects models in R were used to test for
significant differences between the two superclones re-
garding total population size, proportion asexual females,
proportion sexual females, male production, and sexual
embryo production (lme4; Bates et al. 2015). Differences
in population size and sexual embryo production were
tested using lmer (gaussian error model), with isofemale
line and week included as random effects. To test for a sig-
nificant effect of superclone, ANOVAwas used to test for a
significant improvement in fit when including or not in-
cluding superclone as a fixed effect in the model.
Differences in proportion asexual females, sexual females,
and males were analyzed using glmer with a binomial error
model weighted by population size and isofemale line and
week included as random effects. A significant effect of
superclone was again determined by using ANOVA to
test for a significant improvement in fit when including
or excluding superclone in the model.

The same four isofemale lines used for the mesocosm
experiments (A: D8–179, D8–349, C: D8–222, D8–515)
were exposed toMF to determine their response in regards
to male production. Individual neonates released within
24 h were placed in 50 ml jars in ASTM with marinure.
The second clutch neonates from these individuals were
used for the experiment. Individual neonates were placed
in 50 ml jars in ASTM with marinure and checked M/W/F.
When the first clutch was observed, the female was moved
to a new jar and the neonates were counted and scored as
male or female. Females in the MF treatment were placed
in jars containing 50 ml of ASTM plus marinure and MF at
a concentration of 400 nM. Females in the control treat-
ment were placed in jars containing 50 ml of ASTM plus
marinure and ethanol to control for any side effects of
the ethanol in which the MF was resuspended. Females
were moved to new jars with corresponding media

Barnard-Kubow et al. · https://doi.org/10.1093/molbev/msac121 MBE

16

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/39/6/m
sac121/6596364 by U

niversity of Virginia Law
 Library user on 17 June 2022

http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac121#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac121#supplementary-data
https://doi.org/10.1093/molbev/msac121


(control or MF) every M/W/F and checked for neonates,
which were counted and scored as male or female. Jars
were followed for 4–6 clutches, although in a few cases in-
dividuals died before the fourth clutch. Altogether 83 neo-
nates were included in the experiment (N= 7–14 per
trmt/field isolate combination), 71 of which survived to
at least the third clutch (5–11 per trmt/field isolate com-
bination). Throughout the experiment, jars were fed
200,000 cells ml−1 C. vulgarisM/W/F and were maintained
under 16:8 light:dark conditions at 20 °C.

For analysis, the proportion of male neonates from the
first clutch was used as a pretreatment estimate of male
production. The summed proportion of males from
clutches three and higher were used for posttreatment es-
timates of male production. Clutch 2 was not included in
the analysis as this clutch was not evenly exposed to MF
across jars. Since jars were checked M/W/F and females
were moved into treatment after the first clutch was ob-
served, the exposure of the second clutch to MF was vari-
able, but the third and higher clutches were fully exposed
for all females. An overall significant effect of MF exposure
was tested in two ways. First, a significant interaction be-
tween treatment (MF vs. control) and pre/postexposure
was tested using glmer, with treatment and pre/postexpo-
sure included as fixed effects and maternal lineage as a ran-
dom effect, and comparing the fit of the model with and
without the interaction between treatment and exposure.
ANOVA was used to test for a significant improvement in
fit when including the interaction term. Second, restricting
the analysis to postexposure samples, a significant effect of
MF on proportion male was tested using glmer, with mater-
nal lineage as a random effect, and again using ANOVA to
compare the fit of the model with and without the inclu-
sion of treatment as a fixed effect. Finally, to test whether
the two superclones responded differently to MF, the
data were again restricted to postexposure samples.
Proportion male was modeled using glmer, with treatment
as a fixed effect and maternal lineage as a random effect
with and without superclone as a fixed effect. ANOVA
was used to test for a significant improvement in fit when
including superclone in the model. All analyses used a bino-
mial error model weighted by number of neonates.

Generation and Phenotyping of F1 A×C and C×C
Offspring
Patterns of segregation in ephippial fill rate and male pro-
duction were examined in both selfed C and A×C F1 hy-
brid clonal lineages. Selfed C and A×C F1 clonal lineages
were obtained from the mesocosms, described above.
Ephippia isolated from the mesocosms were hatched
and clonal lineages were maintained in the lab for several
months before the experiment. Selfed C lineages (N= 24)
came from C tanks as well as A/C mixed tanks. A×C F1 hy-
brid lineages (N= 26) came either from A/C mixed meso-
cosms or were isolated from the field. No selfed A or selfed
C clonal lineages were isolated from the field. The four A/C
superclone field isofemale lines (A: D8–179, D8–349; B:

D8–222, D8–515) were also included. One liter jars were
established for each clonal lineage and maintained at
high densities (average of 50 reproductively mature fe-
males, 125 individuals total) and maintained for multiple
weeks. The jars contained ASTM plus marinure, were fed
200,000 cells ml−1 C. vulgarisM/W/F, and weremaintained
under 16:8 h light:dark conditions at 20 °C. The artificial
hard water was changed via pouring over every 2 weeks
(leaving a small amount of original water in the jar), main-
taining high population sizes, and all loose ephippia were
collected, counted, and dissected to score fill rate. Most
clonal lineages were maintained in two replicates, whereas
a few had either one or three replicates, and the A/C iso-
female lines had five replicates. Jars were checked between
2 and 16 times, with a mean of 6. At the end of the experi-
ment, the jars were sieved and the Daphnia were fixed in
ethanol. Daphnia were sorted into demographic classes
and counted, and the proportion of males was calculated.
An effect of clone onmale production within the A×C and
within the C×C hybrids was modeled using a binomial glm
in R with proportion male as the response variable, clone
as the explanatory variable, and total population size as
a weighting factor. Significance was tested using the χ2

test option in the ANOVA ( ) function in R.

Phasing and Imputation of A×C and C×C F1
Offspring
We performed transmission-based phasing on 50 unique
lab- and field-generated F1s using rabbit v3.2 (Zheng
et al. 2018). All field-caught individuals (n= 10) were in-
ferred as A×C F1s based on patterns of segregation de-
scribed above (see Genealogical Relationships Between
Isolates). There were 16 lab-generated A×C and 24 lab-
generated C×C genomes sequenced. First, we built con-
sensus genotypes for the parental genomes (A and C)
and selected the 5,000 informative markers between these
strains. Next, we used themagicImpute function to impute
missing data in the offspring and to phase the parental
genomes. Finally, we used magicReconstruct to generate
phased genomes of the recombinant offspring using the
Viterbi decoding algorithm.

QTL Mapping Using F1s
Using the phased and imputed genomes of recombinant
individuals, we identified the 5,436 unique polymorphisms.
These SNPs represent “tag” SNPs and are in perfect linkage
with the remaining 115,399 informative markers identified
between A and C. We used this set of markers for QTL ana-
lysis, and later propagated the signals of association at the
tag-SNPs to the entirety of the linkage block.

We performed QTL mapping using lme4qtl (Ziyatdinov
et al. 2018) and generated the additive genetic relatedness
matrix (GRM) using the A.mat function in rrblup (v4.6.1,
Endelman 2011). We generated a new GRM for each of
the SNPs we tested in order to avoid proximal contamin-
ation (Yang et al. 2014). We performed 100 permutations
to generate an empirical false discovery rate (Churchill and
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Doerge 1994), which we calculated for each chromosome
separately.

We calculated linkage-disequilbium between tag-SNPs
underlying QTL identified here, and among the remaining
tag-SNPs using the snpgdsLDMat function in SNPRelate.

Bioinformatics and Analysis of Pool-Seq Samples
Pool-Seq samples of males and females bearing partheno-
genic offspring were generated, as described above. We
first estimated allele frequencies in the Pool-Seq samples
using the ASEReadCounter function of GATK (McKenna
et al. 2010) at the�500,000 SNPs that are part of the “vari-
able pulex SNP set.” Raw coverage ranged from 81 to 350
and effective coverage ranged from 45 to 76
(supplementary table S6, Supplementary Material online).

Previous sequencing of 2018 D8 clones in the lab had
indicated that in 2018 the D8 population predominantly
consisted of A×C F1 hybrids (fig. 3). We confirmed that
the Pool-Seq samples were primarily F1 hybrids between
A and C in two ways. First, we calculated the proportion
of sites segregating in the Pool-Seq data that are also
polymorphic between A and C. Superclones A and C
are different genotypes at 98% of sites with a MAF.
5% in the Pool-Seq data. Second, we partitioned allele fre-
quencies in the Pool-Seq samples based on the nine F1
genotypic combinations between A and C. We show
that observed allele frequencies are close to the expected
value (supplementary fig. S12, Supplementary Material
online). Because our Pool-Seq samples are composed of
genetically diverse F1s we are justified in performing bulk-
segregant analysis as typically applied to experimental
crosses.

We used the G′ test (Magwene et al. 2011) as implemen-
ted in QTLSeqR (Mansfeld and Grumet 2018) to perform
bulk-segregant analysis. First, we took the reference and al-
ternate allele counts calculated by ASEReadCounter and
downsampled them proportional to the effective read
depth (Kolaczkowski et al. 2011; Feder et al. 2012), which
factors out the double binomial sampling that occurs dur-
ing Pool-Seq. We calculated the G′ statistic filtering for
sites with MAF. 15%, minimum total read depth of 20,
minimum sample depth of 20, and a window size of
250,000 bp. We calculated G′ pairing one of each replicate
pool of females and males. We corrected for multiple test-
ing using the Benjamini–Hochberg FDR (false discovery
rate) method (Benjamini and Hochberg 1995).

QTL Overlap Analysis
To test whether QTL identified from lab-based F1mapping
and QTL identified from wild-caught Pool-Seq overlap, we
performed an enrichment test. First, we defined the QTL
boundaries from the F1 mapping by performing one-
dimensional position-based clustering of SNPs that
surpassed the significance threshold. Clustering was per-
formed using the R-package Ckmeans.1d.dp (Wang and
Song 2011), and QTL boundaries were defined as the min-
imum and maximum positions of each cluster. Pool-Seq

QTL boundaries were identified by the QTLSeqR package
(Mansfeld and Grumet 2018). To test if QTL identified
by each method overlap, we used the R package
regioneR (Gel et al. 2016). We calculated the null distribu-
tion of the overlap statistic (z, see supplementary fig. S13,
Supplementary Material online) using the permuted F1
QTL mapping analysis.RNA-seq Library Preparation

For genome annotation, we conducted RNA sequen-
cing on a D. pulex clone (D8.6A) that was collected
from the same pond as the reference genome (D8) in
2012 and maintained as isofemale lineages in artificial
hard water (ASTM) with seaweed extract (marinure) un-
der standard conditions in the lab. Before RNA extraction,
this clone was maintained under standard conditions for
three generations and fed daily. Animals were sieved,
rinsed with ASTM and snap-frozen in liquid nitrogen at
late embryonic stage (E4; 286 pooled embryos per sam-
ple), and early and late first instar (I1.1early, I1.1late;
143 pooled animals per sample each). For sample prepar-
ation, 896 µl diluted methanol was added to each sample,
and samples were homogenized for 2× 10 s bursts at
6,400 rpm (Precellys). Samples were placed on dry ice
and 300 µl sample was transferred into an RNAse free
tube and flash frozen in liquid nitrogen. RNA from sam-
ples was subsequently extracted using the RNAdvance
Tissue kit (Agencourt) following manufacturer’s instruc-
tions, including the optional DNase treatment step.
RNA integrity was verified using an Agilent Tapestation
2200 with High Sensitivity RNA screentapes (all RIN.
6.2). RNA libraries were produced using the Biomek
F×P (Beckman-Coulter A31842) with NEBNext Ultra II
Directional RNA Library Prep Kit (New England Biolab
E7420L) and NEBnext Multiplex Oligos for Illumina Dual
Index Primers (New England Biolabs E7600S), using pro-
vided protocols and 500 ng of total RNA. Constructed li-
braries were assessed for quality using the Tapestation
2200 with High Sensitivity D1000 DNA screentape.
Multiplex library clustering and sequencing was per-
formed upon the HiSeq2500 (four lanes rapid run 2×
100 bp) by BGI Copenhagen. Fastq files are available at
NCBI’s SRA (PRJNA727995).

We also conducted RNA sequencing on two A clones
and two C clones, using two biological replicates of each.
We snap-froze 20 females for each biological replicate in
liquid nitrogen and stored samples at −80 °C. We ex-
tracted RNA using the RNAdvance Tissue kit
(Agencourt) following manufacturer’s instructions, includ-
ing the optional DNase treatment step. RNA integrity was
verified using an Agilent Bioanalyzer (all RIN (RNA integ-
rity number). 6.2). We isolated poly-adenylated RNA
from 1 µg of total RNA using the NEBNext Poly(A)
mRNA Magnetic Isolation Module (NEB #E7490) and con-
structed sequencing libraries with the NEBNext Ultra II
RNA Library Prep kit (NEB #E7770) using dual indices
(NEB #E7600). We quantified libraries by Bioanalyzer and
with a Quant-iT kit (Thermo Fisher) and pooled the eight
libraries in equimolar concentrations. The pooled libraries
were sequenced in one lane of Illumina HiSeq X with
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150 bp paired-end reads. The resulting fastq files were de-
posited in NCBI’s SRA: SRR14572418-SRR14572425.

RNA-seq Bioinformatics
NA-seq reads were mapped to the reference genome
using STAR v2.7.2b (Dobin et al. 2013) using the following
parameters: –outFilterMatchNmin 0 –outSJfilterReads
Unique –outSJfilterCountUniqueMin 20 1 1 1 –align
IntronMax 25000 –outFilterMismatchNmax 20 –
outFilterIntronStrands RemoveInconsistentStrands –
sjdbOverhang 100. Quality control of mapped reads
and postmapping processing was performed using
QoRTS v1.3.6 (Hartley and Mullikin 2015). Differential
expression analysis between superclones A and C was
performed using DESeq2 (Love et al. 2014).

Haplotype Network Analysis
We estimated a haplotype network by using whole haplo-
type sequences extracted from the phased VCF containing
one representative per superclone and including se-
quences from outgroup taxa. Diploid haplotypes for the
Daphnia00787 gene were extracted using bcftools (Li
et al. 2009) (consensus function) and the reference gen-
ome of D. pulex sliced to the region corresponding to
Scaffold “2217_HRSCAF_2652” from 5,191,562 to
5,204,101 bp. Before analysis, haplotype sequences were re-
versed and complemented using the string unix functions
rev and tr ACGT TGCA, respectively. Individual haplotypes
were concatenated into a single FASTA file and loaded into
R using functions from ape (Paradis et al. 2004). Network
analysis was done using the package pegas (Paradis 2010).

Allele Age Analysis
Estimates of allele age (TMRCA) were done using the
GEVA program (Albers and McVean 2020) and using the
following population genetic parameters: recombination
rate= 1.60e−8, mutation rate= 5.69e−09, and effective
population size= 862,000. GEVA was implemented on
the phased VCF containing one representative per super-
clone excluding all outgroups. Before analysis, we filtered
SNPs with mAF, 0.01.

Daphnia00787 Orthology
Orthology of Daphnia00787 was assessed by blasting the
reference sequence of the gene against the NCBI database
using the blastp algorithm with default settings.

Statistical Analysis and Plotting
Statistical analysis was performed using R version 3.5–4.0.5
(R Core Development Team). The following packages were
used for general analysis and plotting: ggplot2 (Wickham
2016), cowplot (Wilke 2019), patchwork (Pedersen 2020),
viridis (Garnier et al. 2021), leaflet (Cheng et al. 2021), da-
ta.table (Dowle et al. 2021), foreach (Wallig, Analytics, et al.
2020), doMC (Wallig, Microsoft, et al. 2020), SeqArray
(Zheng et al. 2017).

Supplementary Material
Supplementary data are available atMolecular Biology and
Evolution online.
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table S1, Supplementary Material online with information
on all individuals sequenced are available on Dryad:
https://datadryad.org/stash/share/BEppQ_0gXxGRZg
suVmHwwD9T1-0XU4r2YXvpSRlblDc. Maps for figure
1A are available from (left panel: https://d-maps.com/
carte.php?num_car= 2554&lang= en; middle panel:
map taken from OpenStreetMaps; right panel: © Crown
copyright and database rights 2021 Ordnance Survey).
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