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Abstract

Infectious disease can threaten host populations. Hosts can rapidly evolve resistance during
epidemics, with this evolution often modulated by fitness trade-offs (e.g., between resistance
and fecundity). However, many organisms switch between asexual and sexual reproduction,
and this shift in reproductive strategy can also alter how resistance in host populations persists
through time. Recombination can shuffle alleles selected for during an asexual phase,
uncoupling the combinations of alleles that facilitated resistance to parasites and altering the
distribution of resistance phenotypes in populations. Furthermore, in host species that produce
diapausing propagules (e.g., seeds, spores, or resting eggs) after sex, accumulation of
propagules into and gene flow out of a germ bank introduce allele combinations from past
populations. Thus, recombination and gene flow might shift populations away from the trait
distribution reached after selection by parasites. To understand how recombination and gene
flow alter host population resistance, we tracked the genotypic diversity and resistance
distributions of two wild populations of cyclical parthenogens. In one population, resistance and
genetic diversity increased after recombination whereas, in the other, recombination did not shift
already high resistance and genetic diversity. In both lakes, resistance remained high after
temporal gene flow. This observation surprised us: due to costs to resistance imposed by a
fecundity-resistance trade-off, we expected that high population resistance would be a transient
state that would be eroded through time by recombination and gene flow. Instead, low
resistance was the transient state, while recombination and gene flow re-established or
maintained high resistance to this virulent parasite. We propose this outcome may have been
driven by the joint influence of fitness trade-offs, genetic slippage after recombination, and

temporal gene flow via the egg bank.
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Introduction

Epidemics threaten many host populations — for organisms as different as blue whales and
bacteria, virulent infectious disease can drive population decline and, in some cases, extirpation
or extinction (Smith et al., 2006; Warner, 1968; Wyatt et al., 2008). Fortunately, most species
can evolve resistance if their populations contain enough standing genetic variation (Betts et al.,
2016; Bonneaud et al., 2011; Duffy & Hall, 2008; Duffy & Sivars-Becker, 2007; Laine, 2006).
Resistance can evolve on ecological timescales, potentially protecting host populations from
some of the harms of virulent parasites (Betts et al., 2016; Duncan & Little, 2007; Edeline et al.,
2008; Lohse et al., 2006; Penczykowski et al., 2011; Strauss et al., 2017).

Rapid evolution of host resistance has drawn scientific interest in the past, but most
perspectives focus on resistance evolution within a growing season (Betts et al., 2016; Duncan
& Little, 2007; Edeline et al., 2008; Lohse et al., 2006; Penczykowski et al., 2011; Strauss et al.,
2017) or across a span of multiple years to decades (Bonneaud et al., 2011; Dybdahl & Lively,
1998; Gandon et al., 2008). Relatively little attention has been paid to how population resistance
translates across an annual cycle of dormancy and growth (though see Frickel et al., 2018). Yet,
this scenario applies to organisms across the tree of life that engage in cyclical extinction-
repopulation dynamics. Adaptation in these populations is modulated not only by evolution
within a season, but also by annual genetic and phenotypic changes that occur during the (often
sexual) production of dormant stages, and during temporal gene flow (i.e., recolonization) from
the germ bank (Decaestecker et al., 2009; Gyllstrdm & Hansson, 2004). We need to broaden
our understanding of how germ banks alter rapid evolutionary dynamics if we want to predict if
resistance evolution will provide lasting protection in seasonal host-parasite systems.

Recombination and gene flow are two mechanisms that can maintain the genetic
variation necessary for natural selection, but they can also act in opposition to rapid local
adaptation (Forde et al., 2007; Garcia-Ramos & Kirkpatrick, 1997; Hendry et al., 2001;

Lenormand, 2002). Recombination can lead to genetic slippage, wherein the population mean
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for a phenotype under selection will shift away from a new population optimum, and instead
restore a previous phenotype distribution with lower mean fitness (Lynch & Deng, 1994).
Furthermore, cyclical sexual reproduction (i.e., cyclical parthenogenesis) is frequently
associated with the formation of diapausing propagules (Decaestecker et al., 2009; Gyllstrom &
Hansson, 2004). These propagules can persist through harsh environmental conditions and,
due to variable hatching rates, collect over time to create a genetic archive (or germ bank) of
past populations (e.g., Caceres, 1997; Cohen, 1966; Jones & Lennon, 2010; Locey et al., 2016;
Warr et al., 1993). Gene flow out of the germ bank reintroduces allele combinations from past
populations; this reintroduction can oppose recent adaptation. Therefore, a population that
rapidly evolves resistance to a virulent parasite during an asexual phase may then experience a
“reversal” to a more susceptible state due to sexual recombination and/or temporal gene flow
from the germ bank.

Do these mechanisms — recombination and temporal gene flow — impact resistance in
wild host populations? To explore this question, we sampled two populations of germ banking
cyclical parthenogens at the end of one active season and the beginning of the next. We
disentangled the effects of recombination and gene flow on host resistance in two phases. First,
we compared the resistance phenotypes and the genotypes of asexually produced animals to
their sexually produced offspring. Then, we compared resistance phenotypes and genotypes of
animals hatched from sexually produced diapausing propagules (which entered the egg bank in
the fall) to animals from the following spring (likely repopulated from the egg bank). Due to
fitness (fecundity) costs associated with resistance in this system, we expected host populations
to be susceptible to the pathogen unless a recent epidemic had selected for increased
resistance. Then, if a population had high mean resistance in the fall, we expected this
resistance to decrease after sexual recombination due to genetic slippage toward the pre-
epidemic (lower) mean resistance. As for the egg bank effect, if there was no temporal gene
flow (i.e., no gene flow from resting eggs created in previous years), then all springtime animals

3
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will have hatched from resting eggs produced the previous fall. Therefore, the null expectation
would be the resistance of the egg bank population would match that of the sexually produced
offspring collected the previous fall. We expected our populations to deviate from this null
hypothesis and show evidence of temporal gene flow. However, we acknowledge that these
predictions are based on scenarios where only the listed factors operate; natural ecosystems
are far more complex. A variety of factors, most notably predation regimes, have the potential to
lead to more complicated dynamics, as we discuss below. Overall, this study helps us
understand how two common phenomena — sexual recombination and gene flow from the egg
bank — combine to impact host resistance across years in cyclically parthenogenetic germ

banking species.

Study System

The host, a facultatively sexual parthenogen: Daphnia is a genus of freshwater
planktonic crustacean that hosts multiple parasites. Its short generation times and ability to
reproduce asexually make it a particularly tractable study system (Ebert, 2005; Stollewerk,
2010), and allow for rapid evolution through clone competition. Our study focused on Daphnia
dentifera, a daphniid commonly found in freshwater lakes across the midwestern United States
(Tessier & Woodruff, 2002). D. dentifera is cyclically parthenogenetic; animals hatch from the
resting egg bank in spring then reproduce asexually (clonally). During fall, female D. dentifera
produce male offspring and switch to sexual production of resting eggs (Gowler et al., 2021).
After the release of resting eggs, the active population dies off for winter.

The parasite and fitness components: This host species can suffer epidemics of
Metschnikowia bicuspidata (hereafter: Metschnikowia), a virulent fungal pathogen of D.
dentifera that reduces host lifespan up to 50% (Clay et al., 2019) and reduces host fecundity by
approximately 25% (Auld et al., 2012; Duffy & Hall, 2008). Fish also selectively prey on D.

dentifera infected by Metschnikowia, further increasing their mortality rate (Duffy & Hall, 2008).
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Infection occurs when the host consumes fungal spores while filter-feeding in the water column.
The spores pierce the host’s gut wall and enter the hemolymph, where they enter a rapid growth
phase and fill the host’s body cavity with transmission stages (Metschnikoff, 1884; Stewart
Merrill & Caceres, 2018). Upon host death, spores enter the water column (Ebert et al., 2000).
Resistance and trade-offs: Resistance to Metschnikowia is highly variable in D. dentifera
(Auld et al., 2013; Duffy & Sivars-Becker, 2007). Body size, feeding rate, and gut thickness in D.
dentifera correlate with resistance to Metschnikowia (Hall et al., 2010; Stewart Merrill et al.,
2021). Additionally, body size, feeding rate, and fecundity are positively correlated in D.
dentifera (Burns, 1969; Hall et al., 2010, 2012). Hence, fecundity in D. dentifera trades off
against resistance to Metschnikowia. This fitness trade-off may help explain complex
evolutionary outcomes in this host-parasite system, such as disruptive selection for either very
high or very low resistance (Duffy et al., 2008). It also raises the possibility that predation
regimes might influence resistance, as visual predators such as fish select for smaller body
sizes (Galbraith, 1967; Kitchell & Kitchell, 1980; Wells, 1970) while gape-limited Chaoborus
larvae select for larger body sizes (Pastorok, 1981; Spitze, 1991). Finally, we know fungal
epidemics can spur a rapid shift in host resistance within a single active (primarily asexual)
season for D. dentifera (Duffy et al., 2008, 2009, 2012; Duffy & Hall, 2008; Duffy & Sivars-
Becker, 2007). However, little is known about how such evolutionary shifts in host resistance

translate from one active season to the next.

Methods

Field Sampling

We collected Daphnia from two lakes, Midland and Hackberry Lakes, late in the year
(December 2015) and in the following spring (April/May 2016). Midland and Hackberry Lakes
are both dimictic lakes located in Greene County, Indiana, USA. These lakes were used

because Metschnikowia bicuspidata is a common parasite of D. dentifera in Greene County,
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Indiana, with prevalence as high as 60% (Shaw et al., 2020). In 2015, Hackberry Lake had very
few late-stage infections (annual maximum prevalence = 0.05%), while Midland Lake had a
moderate epidemic (annual maximum prevalence = 17%; S.R. Hall, unpublished data).

In December 2015, we collected uninfected female D. dentifera bearing ephippia (i.e.,
sexually produced resting eggs) from the two study lakes. Each subsample was taken from a
single whole-water column vertical net tow. Since parasitized animals do not spatially segregate
(Hall et al., 2005), this tow should provide a representative sample of the resistance trait among
sexually reproducing individuals. However, if clones vary in their propensity to reproduce
sexually (as in D. pulicaria; Caceres & Tessier, 2004a, Caceres & Tessier, 2004b), our sample
of sexually producing females might have captured genotypes that invest more in sexual
reproduction. Ephippial females (‘parents’) released their ephippia in the laboratory. We hatched
the ephippia, then maintained cultures of those offspring in standardized conditions (6
individuals/30 mL water, 20°C, 16:8 light/dark cycle, fed 108 cells/mL Ankistrodesmus falcatus 4
times weekly). Those conditions maintained isofemale (clonal) lines of each parent and their
offspring asexually. The following spring (i.e., in April and May 2016), we sampled active
populations (assumed to be newly hatched from the egg bank) with a single whole-water
column tow. We then maintained clonal lines of these animals using the same methods. This
yielded three sets of clones per lake — ‘parents’, ‘offspring’, and ‘egg bank’ — all maintained
under standardized conditions for resistance (phenotypic) assays and genotyping.

Resistance assays

Infection assays followed standard protocols (Duffy & Sivars-Becker, 2007), with the experiment
split into 4 blocks due to logistical constraints. Animals were maintained in standardized
conditions to standardize maternal effects. Additionally, the third (or later) clutches were used to
propagate the next generation. We maintained this procedure for at least three generations until
we accumulated 40 or more individuals of the same age for each clonal line.

For each clonal line, five Daphnia (6-8 days old) were distributed to each of eight 150 mL

6
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beakers (= 40 animals per clone) with 100 mL of filtered lake water. Each beaker received 1 mL
of 1x10° cells/mL of Ankistrodesmus falcatus phytoplankton as a food source. This ration
encouraged spore uptake during exposure to 250 cells/mL of Metschnikowia for 24 hours. The
Metschnikowia spores were from the “Standard” isolate from Baker Lake (Barry County, M,
USA). Resistance to Metschnikowia is a quantitative trait, and there is no evidence for host-
parasite genotype specificity (Duffy & Sivars-Becker, 2007), so observations from this one
fungal strain should generalize to the Metschnikowia species. Exposures were ended by
transferring animals to new beakers with 100 mL of spore-free filtered lake water. Animals were
fed 2 mL of 1x10° cells/mL of Ankistrodesmus falcatus 4 times per week and kept at 20°C and
on a 16:8 light/dark cycle throughout the experiment with weekly transfer to fresh water. We
examined animals for visible terminal infection 11-12 days after exposure, a time point when
infected hosts show symptoms but have not yet died from infection (Auld et al., 2012).
Genotyping

We also characterized the multilocus genotype of each clone to track shifts in genotypic
diversity. We genotyped clones used in the assays for three reasons. First, since the host
reproduces asexually through much of the year (Gowler et al., 2021), multiple isolated
individuals might have belonged to the same genotype. Second, populations might shift
genetically between the three periods without changes in the resistance phenotype. Third,
genetic identities were needed to evaluate recombination, gene flow, and population genetic
structure. Hence, we genotyped each clonal line collected.

We used six microsatellites from eight previously published sets of primers according to
their map position, ease of scoring and allelic diversity (primers: Dgm105, Dgm106, Dgm107,
Dgm109, Dgm112, Dgm113; Table S1; based on Fox, 2004). However, Dgm 107 did not
provide us with any detectable peaks, leaving us with five microsatellite loci. Each locus was
assigned one of four different fluorescent labels (6FAM; MAX; ATTO; ROX, Integrated DNA

Technologies) in such a manner that no two markers with the same fluorescent dye had
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overlapping allele size ranges. We extracted DNA from a single uninfected animal from each
clonal line using the standard protocol included in the DNeasy Blood & Tissue Kit (Qiagen).

Polymerase chain reaction (PCR) amplifications were performed in 96 well plates (one
reaction per well) using QIAGEN® Multiplex PCR kit. PCR reactions were carried out in a final
volume of 50 pL with 25 L of 2x Qiagen multiplex mastermix (QIAGEN, Hilden, Germany), 0.2
MM of each forward and reverse primer pair (for a final volume of 1.2 uM), and <1 ug of DNA,
with the remaining difference in volume made up by RNase-free water. Amplification conditions
were: 95°C (15 min), then 35 cycles of 94°C (30 s) / 58°C (3 min) / 72°C (1:30 min), and a final
extension at 72°C for 10 min. For genotyping, 1 ul of diluted (1:200) PCR products were added
into capillary electrophoresis loading plates containing 11 pl Hi-Di formamide and a LI1Z500 size
standard. Fragment analysis was performed by the University of Michigan DNA sequencing
core, and fragment lengths were read using GeneMapper (ThermoFisher Scientific).

We wanted to see if shifts in population genetics reflected the shifts in population
resistance and also wished to match genotype and phenotype data for each clone. To quantify
the impact of recombination on genetic variation, we compared the genotypic evenness and
diversity of parents with their sexually recombinant offspring. Similarly, we quantified how
temporal gene flow impacted genetic variation in a lake by comparing genotypic evenness and
diversity of that lake’s sexually recombinant offspring to the corresponding spring egg bank
population. We used the poppr package (version 2.0.2) in R (version 4.0.0) to measure
genotypic richness (number of multilocus genotypes (MLGs)) and genotypic diversity using
three indices: Shannon-Wiener index (H), Stoddart and Taylors (G), and Simpson (A). Using all
three indices allowed us to look for shifts in population diversity across multiple metrics (Fig 1).
We also quantified MLG evenness to help detect dominant genotypes and used clone-corrected
data to calculate the index of association (/4, a measure of linkage disequilibrium; Table S2) for
each group.

Due to logistical constraints, we could only assay a fraction of each population for the
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resistance trait. Moreover, due to a lab accident, we lost six isofemale lines that had been used
in the resistance assays before genotyping. Therefore, we could not assign a resistance
phenotype to every genotype.

Statistical analysis

For the main statistical analysis, resistance was calculated as the proportion of uninfected
animals for each Daphnia clonal line. To measure the effect of sexual recombination on the
resistance phenotype, we compared resistance to Metschnikowia between parents and their
sexually produced offspring by modeling the number of uninfected hosts per beaker using a
binomial GLMM fit by maximum likelihood (LaPlace approximation) with parent vs. offspring as
a fixed effect using the Ime4 package (v1.1-26; (Bates et al., 2014)). To incorporate the
dependency among observations from the same clonal line and between parent-offspring pairs,
we included ‘clone’ (i.e., whether individuals were the same multilocus genotype) and ‘family’
(i.e., whether the parent had produced the particular offspring) as random effects.

To measure the effect of temporal gene flow on the resistance phenotype, we analyzed
the resistance of sexually produced offspring vs. egg bank individuals. If there was no temporal
gene flow from resting eggs, then we expected that all springtime animals had hatched from
resting eggs produced during the previous fall. Therefore, our null expectation was that the
resistance of the egg bank population would match that of the sexually produced offspring
collected the previous fall; we tested this statistically with a binomial GLMM with number of
uninfected hosts per beaker as the response variable with time point (‘offspring’ vs. ‘eggbank’)
as a fixed effect and ‘clone’ as a random effect.

Due to logistical constraints, we could not run all resistance assays simultaneously.
Hence, we prioritized grouping based on the comparisons of interest. For example, since we
were not interested in comparing between lakes, we ran clones from the different lakes in
different blocks. Consequently, we only directly compared groups exposed within the same

block. The one exception is for Hackberry, where we compared resistance in Hackberry
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offspring to Hackberry egg bank animals using data from two exposure blocks after confirming
no block effects existed.

Finally, we calculated narrow-sense heritability for each lake population. To calculate it,
we regressed mean offspring resistance vs. mean parent resistance, where h?is twice the slope
of the regression (Falconer, 1981). If a parent had produced two offspring we used the mean
resistance scores of both offspring. Because this analysis required that we have estimates of
heritability for both the parent and at least one offspring, there are fewer parent (and offspring)

individuals included in this analysis than in the other analyses.

Results
Impact of sexual reproduction on mean resistance and genetic diversity
Mean resistance of the population increased after sexual recombination in Hackberry Lake
(from 0.47 in parents to 0.62 in offspring; z = -2.0, p = 0.046; Fig 1A). Genotypic diversity also
increased; the moderate genotypic diversity of parents (Simpson index = 0.72, 95% CI: 0.54 -
0.90; Fig 1E) increased significantly in their sexually produced offspring (Simpson index = 0.93,
95% CI: 0.89 - 0.96; Fig 1E; changes were qualitatively the same for the Shannon-Wiener and
Stoddart & Taylors indices; Table S2). Notably, one relatively susceptible and dominant (53%)
genotype drove both lower population-level resistance and genotypic diversity in Hackberry
parents (MLG.50; mean resistance = 0.36; Figs 2 and S1). This same genotype was also found
in sexually produced offspring, though at a lower frequency (14%). In most cases (19 out of 26),
offspring had a different multilocus genotype than their parent; in seven cases, a parent and its
offspring shared identical MLGs. Narrow-sense heritability (h?) of resistance was 0.52 in the
Hackberry population (Fig 3).

In contrast, sexual recombination had no effect on the mean resistance in Midland Lake.
This population had relatively high resistance in the fall ‘parent’ population (0.74) and this did
not change for ‘offspring’ (i.e., after sexual recombination; 0.72; z = 0.26, p = 0.79; Fig 1C).
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Similarly, genotypic diversity of this population was already high in parents and did not
significantly change after sexual recombination (Simpson index: parents = 0.96, 95% CI: 0.93 -
0.98; offspring = 0.96, 95% CI: 0.94 - 0.98; Fig 1F; again, all three diversity metrics had
qualitatively consistent results). Furthermore, in Midland Lake, no genotype obviously
dominated after sexual recombination, as 24 out of 30 offspring had unique MLGs (Fig. S1).
Narrow-sense heritability (h?) of resistance was 0.33; this lower heritability in Midland relative to

Hackberry was likely due to less variation in resistance in Midland (Fig 3).

Mean resistance and genetic diversity after hatching from the egg bank

The Hackberry Lake population maintained high resistance after gene flow from the egg bank
(Fig 1B): mean resistance in fall offspring (0.63) did not differ from that of spring egg bank
clones (0.71; z = -0.02, p = 0.98). However, genotypic diversity increased between fall offspring
and the spring egg bank clones (Fig 1E). While this increase was not statistically significant for
the Simpson index (fall offspring = 0.93, 95% CI: 0.89 - 0.96; spring egg bank = 0.96, 95% CI:
0.94 - 0.98), this index was near its upper bound, and the increase was significant for the other
two diversity indices (Shannon-Wiener: fall offspring = 2.81, 95% CI: 2.56 - 3.06; spring egg
bank = 3.41, 95% CI: 3.21 - 3.60; Stoddart and Taylors: fall offspring = 13.76, 95% CI: 10.48 -
17.05; spring egg bank = 23.56, 95% CI: 18.41 - 28.78). The Hackberry parent population also
stood out for having unusually high linkage disequilibrium, as quantified by the index of
association (/a = 0.54 for Hackberry parents vs. <0.16 for all other lake-time point combinations;
Table S2); however, we note that the relatively small number of loci in our study means /4
should be interpreted with caution.

In Midland Lake, the population also maintained high resistance after gene flow from the
egg bank (Fig 1D), similar to Hackberry Lake. However, in contrast, genotypic diversity in
Midland Lake did not increase for egg bank clones (Fig 1F); instead, the genotypic diversity of
the egg bank clones was the same as (Simpson: fall offspring = 0.96, 95% CI: 0.94 - 0.98;

11
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spring egg bank = 0.91, 95% CI: 0.85 - 0.96; Shannon-Wiener: fall offspring = 3.26, 95% CI:
3.05 - 3.48; spring egg bank = 2.87, 95% CI: 2.56 - 3.19) or lower than (Stoddart and Taylors:
fall offspring = 25.00, 95% CI: 21.37 - 28.63; spring egg bank = 10.77, 95% CI: 6.25 - 15.28)

that of the fall offspring.

Discussion

How do recombination and gene flow impact population resistance across a seasonal cycle of
extinction and recolonization? In our system, resistance and fecundity trade off as a result of
their joint relationships with host feeding rate (Hall et al., 2010; though this does not happen in
all populations: Auld et al., 2013). Given this trade-off, we expected populations would evolve
toward higher susceptibility (due to its fecundity advantages) unless an epidemic had recently
selected for resistance. If an epidemic did occur, we expected resistance to increase
temporarily. Then, due to sexual recombination and temporal gene flow, we expected the
population to shift back towards the recent susceptible state. Contrary to our expectations,
susceptibility was the transient state, with recombination and gene flow restoring and/or
maintaining high resistance. Moreover, we expected that fall offspring would show greater
genotypic diversity than their parents due to the effects of sexual recombination; this was
observed in Hackberry Lake but not in Midland, where genotypic diversity of parents was
already very high. We further expected that the eggbank clones would have higher diversity
than the fall offspring, since we anticipated hatching of individuals produced across multiple
years; again, this was observed in Hackberry but not in Midland. Given that logistical constraints
rendered it impossible to quantify selection (due to parasitism and/or other selective forces)
throughout the season, we cannot tell whether the differences in Hackberry vs. Midland are
driven by the difference in infection prevalence in those two lakes. However, our cross-season

study confirms that sexual recombination and temporal gene flow are both important players in
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determining inter-annual variation in host resistance in this study system, and that this area of
inquiry warrants further study.

Our data might indicate stronger selection in Hackberry Lake (which did not have an
epidemic) than in Midland. D. dentifera collected during the fall in Hackberry had the lowest
resistance, lowest genotypic diversity, and the highest index of association of either population
at any sampling time point in the study. Together, these results suggest recent selection
favoring increased susceptibility in this population. In contrast, Midland Lake, which had an
epidemic with an annual maximum prevalence of 17%, had high genetic diversity and low
linkage disequilibrium (Table S2). Low linkage disequilibrium suggests random genetic shuffling,
while high linkage disequilibrium can be a sign of strong selection, very high clonal reproduction,
and/or genetic drift (Slatkin, 2008). Genetic drift seems unlikely in these very large populations,
leaving high clonal reproduction and strong selection as possible explanations. Both are
possible.

Both Midland and Hackberry had high clonal reproduction during summer and into fall
(S.R. Hall, unpubl. data). When Daphnia shift from asexual to sexual reproduction, males first
appear in the population, followed by ephippial (sexual) females. In 2015, males were not
observed in these populations until October, and sexual females were not observed until the
end of October in Hackberry and beginning of November in Midland (S.R. Hall, unpubl. data).
Midland Lake invested more heavily in sexual reproduction, with 40% of the population being
males or ephippial females in November vs. 21% in Hackberry. Together, this suggests that
both populations had high levels of clonal reproduction, but that the impact of this in Midland
may have been somewhat mitigated by a greater shift to sexual reproduction. However, given
that the first ephippial females appeared in the population right around when we collected
ephippial females for this study, it is highly unlikely that any of the ‘parents’ that we collected for
this study were the result of sexual recombination during 2015, as there would not have been
enough time for those ephippia to be produced, released, hatch, and for the individual to reach

13



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

adulthood prior to us collecting our samples. Thus, it is likely that the strength of selection
differed between these two lakes.

Why would selection be stronger in the lake that did not experience an epidemic of a
highly virulent parasite? While prior work has focused particularly on a resistance-fecundity
trade-off, myriad other factors could influence the selective environment. Indeed, the genotype
data suggests this was the case. In Hackberry, one highly susceptible genotype, MLG.50,
dominated in the fall population while other susceptible genotypes that were present remained
rare. Perhaps, then, not all susceptible genotypes enjoyed fitness advantages in this population.
Overall, multiple relationships link traits such as resistance, fecundity, predation, and resource
acquisition with body size, with selective pressures shifting throughout the active season. For
example, if faster-feeding genotypes are more susceptible, then they are at a disadvantage
when food quality is low. This scenario could arise because D. dentifera experience trade-offs in
their ability to exploit high- versus low-quality food (Hall et al., 2012), and food quality changes
throughout the summer and fall (Hall et al., 2009). Another possible mechanism is predation by
invertebrate and vertebrate predators, which also correlates with body size of D. dentifera
(Strauss et al., 2016) and can therefore indirectly select on host resistance. These mechanisms
are at play in other host-parasite systems, as well. Resistance generally comes with a cost to
fitness (Roy & Kirchner, 2000; Simms & Triplett, 1994) and trade-offs between resistance and
fecundity, longevity, and rate of maturation are found across a diversity of hosts (Buckling &
Brockhurst, 2012; Gwynn et al., 2005; Kraaijeveld et al., 2002; Langand et al., 1998).
Additionally, ecological interactions such as predation and mate selection mediate the strength
of these trade-offs in these other systems (Clayton et al., 2015; Mgller, 2008; Toor & Best,
2015), similar to Daphnia. Ultimately, understanding the drivers of resistance evolution in any
host-parasite system will require understanding the impacts of multiple selective agents and

ecological processes.
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Alternatively, it's possible that the pattern actually reflects parasite mediated selection in
the lake that experienced an epidemic, Midland. Prior to the parasite outbreak, the selection
pressures in Midland may have been similar to those in Hackberry, which would have favored a
relatively susceptible genotype such as MLG.50. Once the epidemic began, we would expect
selection against susceptible genotypes, which would lead to a ‘parent’ population with high
mean resistance but that still had relatively high diversity (that is, a scenario that looks like the
Hackberry parents in Figure S1, except missing the one highly dominant, susceptible genotype).
Distinguishing between these two scenarios (stronger selection in Hackberry vs. Midland) will
require future studies that monitor changes in genetic composition more frequently while also
tracking ecological dynamics.

If mating was random, why did sexual recombination increase resistance in Hackberry?
One possible explanation involves genetic slippage. Depending on the mode of gene action and
the selection function, the action of segregation and recombination can cause the mean
phenotypic value of a population to move in a direction contrary to selection (Ameline et al.,
2021; Lynch & Deng, 1994). This has been seen in Daphnia pulicaria as well as facultatively
sexual rotifers (Becks & Agrawal, 2012), Chlamydomonas (Kaltz & Bell, 2002), and yeast
(Goddard et al., 2005). Non-random mating may also play a role, as noted in past work (Duffy et
al., 2008), though no studies have directly detected assortative or otherwise non-random mating
in Daphnia. Chemical signals or differences in habitat use could increase the likelihood of non-
random mating, which could shift the trait distribution of the population (in a direction dependent
on whether similar or dissimilar animals mate more frequently). Such non-random mating has
been described in a wide range of taxa and has significant ecological and evolutionary
consequences (Crespi, 1989; Janicke et al., 2019; Jiang et al., 2013).

Temporal gene flow out of the diapausing egg bank increased genetic diversity in
Hackberry but, if anything, decreased it in Midland. In both cases, we hypothesize that this was
due to the hatching of genotypes that had been produced in previous years. Two lines of
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evidence support this claim. First, in Hackberry Lake, the susceptible genotype MLG.50 hatched
out of the egg bank at a different frequency than it was deposited into it (Fig S1), resulting in a
more diverse (if equally resistant) population. We hypothesize that the novel resistant clones
that hatched from the egg bank may have been produced during previous years with large
epidemics; unfortunately, no long-term monitoring data exists for Hackberry Lake so we cannot
test this hypothesis with existing data. Second, during the ‘egg bank’ phase a new clone
became common in Midland (MLG.57, which made up 12 out of 48 (25%) of Midland egg bank
clones; Figs 2 and S1). This clone was not present in either the ‘parent’ or ‘offspring’ samples,
suggesting it emerged from the egg bank after having been deposited in years past. This clone
had moderate resistance. An additional possibility for the Midland Lake result, however, is that
the dominance of MLG.57 in the spring ‘egg bank’ clones may have resulted not from it being
dominant in the egg bank but, rather, from it not investing in sexual reproduction. In other
species of Daphnia, some genotypes invest less in sexual reproduction (Spaak 1995; Zeis et al.
2010; Tessier and Caceres 2004), instead maintaining populations in the water column even
through unfavorable conditions — this strategy is similar to a plant that invests in vegetative
growth rather than producing seeds. While we have not found D. dentifera under the ice, our
winter sampling has been quite limited. It would be interesting to better assess whether some D.
dentifera individuals persist in the water column through winter and, if so, if genotypes vary in
their propensity to do so.

In conclusion, our findings highlight the importance of recombination and germ banks in
maintaining genetic diversity in asexual or cyclically parthenogenetic organisms. Furthermore,
we found that both factors likely underpin interannual dynamics of resistance in germ banking
organisms. Future studies monitoring the genotypic and phenotypic values of populations
across multiple sequential (seasonal) extinction-recolonization events, while also tracking
epidemiological dynamics, would help determine the generality of our findings while better
connecting rapid interannual selection dynamics with longer-term evolution.

16



416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

Acknowledgments
We are very grateful to Katie Hunsberger, Becca Bilich, and Clara Shaw for laboratory
assistance. We are also grateful for feedback from two anonymous reviewers that improved this

manuscript.

Funding
This work was supported by NSF DEB-1353806 to MAD and DEB-1353749 to SRH. KDM was
supported by a Graduate Research Fellowship from NSF and a Rackham Merit Fellowship from

the University of Michigan.

Conflicts of interest/Competing interests

There are no conflicts of interest.

Ethics approval

Not applicable.

Consent to participate (include appropriate statements)

Not applicable.

Consent for publication (include appropriate statements)

All authors have read the manuscript and consented to its submission.

Availability of data and material (data transparency)

Data will be submitted to Dryad upon acceptance of this manuscript.

17



442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

Code availability (software application or custom code)

Code will be submitted to Dryad upon acceptance of this manuscript.

Authors’' contributions

MAD and SRH conceived of the study. CDG did field collections with assistance from SRH.
CDG hatched resting eggs. KDM and HZ completed phenotypic assays. HZ conducted
molecular work with guidance from KDM. KDM and MKD analyzed molecular data. KDM wrote
the manuscript with assistance from HZ and in consultation with MAD; all authors edited the

manuscript.

References

Ameline, C., Vogtli, F., Andras, J., Dexter, E., Engelstadter, J., & Ebert, D. (2021). Genetic
slippage after sex maintains diversity for parasite resistance in a natural host population. In
bioRxiv (p. 2021.07.11.451958). https://doi.org/10.1101/2021.07.11.451958

Auld, S. K. J. R., Hall, S. R., & Duffy, M. A. (2012). Epidemiology of a Daphnia-multiparasite
system and its implications for the red queen. PloS One, 7(6), €39564.

Auld, S. K. J. R., Penczykowski, R. M., Housley Ochs, J., Grippi, D. C., Hall, S. R., & Duffy, M.
A. (2013). Variation in costs of parasite resistance among natural host populations. Journal
of Evolutionary Biology, 26(11), 2479-2486.

Bates, D., Machler, M., Bolker, B., & Walker, S. (2014). Fitting Linear Mixed-Effects Models
using Ime4. In arXiv [stat. CO]. arXiv. http://arxiv.org/abs/1406.5823

Becks, L., & Agrawal, A. F. (2012). The Evolution of Sex Is Favoured During Adaptation to New
Environments. PLoS Biol 10(5): e1001317. https://doi.org/10.1371/journal.pbio.1001317

Betts, A., Gifford, D. R., Craig MacLean, R., & King, K. C. (2016). Parasite diversity drives rapid

host dynamics and evolution of resistance in a bacteria-phage system. Evolution, 70(5),

18



467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

969-978. https://doi.org/10.1111/ev0.12909

Bonneaud, C., Balenger, S. L., Russell, A. F., Zhang, J., Hill, G. E., & Edwards, S. V. (2011).
Rapid evolution of disease resistance is accompanied by functional changes in gene
expression in a wild bird. Proceedings of the National Academy of Sciences of the United
States of America, 108(19), 7866—7871.

Buckling, A., & Brockhurst, M. (2012). Bacteria-virus coevolution. Advances in Experimental
Medicine and Biology, 751, 347-370.

Burns, C. W. (1969). Relation between filtering rate, temperature, and body size in four species
of Daphnia.Limnology and Oceanography, (14(5), 693—700.
https://doi.org/10.4319/10.1969.14.5.0693

Caceres, C. E. (1997). Temporal variation, dormancy, and coexistence: a field test of the
storage effect. Proceedings of the National Academy of Sciences of the United States of
America, 94(17), 9171-9175.

Caceres, C. E., & Tessier, A. J. (2004). To sink or swim: Variable diapause strategies among
Daphnia species. Limnology and Oceanography, 49(4part2), 1333—1340.

Céaceres, C. E., & Tessier, A. J. (2004). Incidence of diapause varies among populations of
Daphnia pulicaria. Oecologia, 141(3), 425-431.

Clay, P. A, Dhir, K., Rudolf, V. H. W., & Duffy, M. A. (2019). Within-Host Priority Effects
Systematically Alter Pathogen Coexistence. The American Naturalist, 193(2), 187—-199.

Clayton, D. H., Bush, S. E., & Johnson, K. P. (2015). Coevolution of life on hosts: Integrating
ecology and history- University of Chicago Press. Chicago, lllinois.

Cohen, D. (1966). Optimizing reproduction in a randomly varying environment. Journal of
Theoretical Biology, 12(1), 119-129.

Crespi, B. J. (1989). Sexual Selection and Assortative Mating in Subdivided Populations of the
Thrips Elaphrothrips tuberculatus (Insecta: Thysanoptera). Ethology, 83(4), 265-278.
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1439-0310.1989.tb00534.x

19



493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

Decaestecker, E., De Meester, L., & Mergeay, J. (2009). Cyclical Parthenogenesis in Daphnia:
Sexual Versus Asexual Reproduction. In I. Schén, K. Martens, & P. Dijk (Eds.), Lost Sex:
The Evolutionary Biology of Parthenogenesis (pp. 295—-316). Springer Netherlands.

Duffy, M. A,, Brassil, C. E., Hall, S. R, Tessier, A. J., Caceres, C. E., & Conner, J. K. (2008).
Parasite-mediated disruptive selection in a natural Daphnia population. BMC Evolutionary
Biology, 8(1), 1-9.

Duffy, M. A., & Hall, S. R. (2008). Selective predation and rapid evolution can jointly dampen
effects of virulent parasites on Daphnia populations. The American Naturalist, 171(4), 499—
510.

Duffy, M. A, Hall, S. R., Caceres, C. E., & lves, A. R. (2009). Rapid evolution, seasonality, and
the termination of parasite epidemics. Ecology, 90(6), 1441-1448.

Duffy, M. A., Ochs, J. H., Penczykowski, R. M., Civitello, D. J., Klausmeier, C. A., & Hall, S. R.
(2012). Ecological Context Influences Epidemic Size and Parasite-Driven Evolution. In
Science (Vol. 335, Issue 6076, pp. 1636—1638). https://doi.org/10.1126/science.1215429

Duffy, M. A., & Sivars-Becker, L. (2007). Rapid evolution and ecological host-parasite dynamics.
Ecology Letters, 10(1), 44-53.

Duncan, A. B., & Little, T. J. (2007). Parasite-driven genetic change in a natural population of
Daphnia. Evolution, 61(4), 796—803. https://doi.org/10.1111/j.1558-5646.2007.00072.x
Dybdahl, M. F., & Lively, C. M. (1998). Host-parasite coevolution: Evidence for rare advantage
and time-lagged selection in a natural population. Evolution, 52(4), 1057-1066.

https://doi.org/10.1111/j.1558-5646.1998.tb01833.x

Ebert, D. (2005). Ecology, epidemiology, and evolution of parasitism in Daphnia. National
Library of Medicine.

Ebert, D., Lipsitch, M., & Mangin, K. L. (2000). The Effect of Parasites on Host Population
Density and Extinction: Experimental Epidemiology with Daphnia and Six Microparasites.
The American Naturalist, 156(5), 459-477.

20



519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

Edeline, E., Ari, T. B., Veallestad, L. A., Winfield, I. J., Fletcher, J. M., James, J. B., & Stenseth,
N. C. (2008). Antagonistic selection from predators and pathogens alters food-web
structure. Proceedings of the National Academy of Sciences of the United States of
America, 105(50), 19792-19796.

Forde, S. E., Thompson, J. N., & Bohannan, B. J. M. (2007). Gene Flow Reverses an Adaptive
Cline in a Coevolving Host-Parasitoid Interaction. The American Naturalist, 169(6), 794—
801). https://doi.org/10.1086/516848

Fox, J. A. (2004). New microsatellite primers for Daphnia galeata mendotae. Molecular Ecology
Notes, 4(4), 544-546.

Frickel, J., Feulner, P. G. D., Karakoc, E., & Becks, L. (2018). Population size changes and
selection drive patterns of parallel evolution in a host—virus system. Nature
Communications, 9(1), 1-10.

Galbraith, M. G., Jr. (1967). Size-selective predation on Daphnia by rainbow trout and yellow
perch. Transactions of the American Fisheries Society, 96(1), 1-10.

Gandon, S., Buckling, A., Decaestecker, E., & Day, T. (2008). Host-parasite coevolution and
patterns of adaptation across time and space. Journal of Evolutionary Biology, 21(6), 1861—
1866.

Garcia-Ramos, G., & Kirkpatrick, M. (1997). Genetic models of adaptation and gene flow in
peripheral populations. Evolution, 51(1), 21-28.

Goddard, M. R., Godfray, H. C. J., & Burt, A. (2005). Sex increases the efficacy of natural
selection in experimental yeast populations. Nature, 434(7033), 636—640.

Gowler, C. D., Rogalski, M. A., Shaw, C. L., Hunsberger, K. K., & Duffy, M. A. (2021). Density,
parasitism, and sexual reproduction are strongly correlated in lake Daphnia populations.
Ecology and Evolution, 11(15), 10446—-10456.

Grunwald, N. J., Everhart, S. E., Knaus, B. J., & Kamvar, Z. N. (2017). Best Practices for
Population Genetic Analyses. Phytopathology, 107(9), 1000—-1010.

21



545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

Gwynn, D. M., Callaghan, A., Gorham, J., Walters, K. F. A., & Fellowes, M. D. E. (2005).
Resistance is costly: trade-offs between immunity, fecundity and survival in the pea aphid.
Proceedings. Biological Sciences / The Royal Society, 272(1574), 1803—-1808.

Gyllstréom, M., & Hansson, L.-A. (2004). Dormancy in freshwater zooplankton: Induction,
termination and the importance of benthic-pelagic coupling. Aquatic Sciences, 66(3), 274—
295.

Hall, S. R., Becker, C. R., Duffy, M. A., & Céaceres, C. E. (2010). Variation in resource
acquisition and use among host clones creates key epidemiological trade-offs. The
American Naturalist, 176(5), 557-565.

Hall, S. R., Becker, C. R., Duffy, M. A., & Céaceres, C. E. (2012). A power-efficiency trade-off in
resource use alters epidemiological relationships. Ecology, 93(3), 645—656.

Hall, S. R., Duffy, M. A., Tessier, A. J., & Caceres, C. E. (2005). Spatial heterogeneity of
daphniid parasitism within lakes. Oecologia, 143(4), 635-644.

Hall, S. R., Knight, C. J., Becker, C. R., Duffy, M. A, Tessier, A. J., & Caceres, C. E. (2009).
Quality matters: resource quality for hosts and the timing of epidemics. Ecology Letters,
12(2), 118-128.

Hamrova, E., Mergeay, J., & Petrusek, A. (2011). Strong differences in the clonal variation of
two Daphnia species from mountain lakes affected by overwintering strategy. BMC
Evolutionary Biology, 11, 231.

Hendry, A. P., Day, T., & Taylor, E. B. (2001). Population mixing and the adaptive divergence of
quantitative traits in discrete populations: a theoretical framework for empirical tests.
Evolution, 55(3), 459—-466.

Janicke, T., Marie-Orleach, L., Aubier, T. G., Perrier, C., & Morrow, E. H. (2019). Assortative
Mating in Animals and Its Role for Speciation. The American Naturalist, 194(6), 865—-875.

Jiang, Y., Bolnick, D. I., & Kirkpatrick, M. (2013). Assortative mating in animals. The American
Naturalist, 181(6), E125-E138.

22



571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

Jones, S. E., & Lennon, J. T. (2010). Dormancy contributes to the maintenance of microbial
diversity. Proceedings of the National Academy of Sciences of the United States of
America, 107(13), 5881-5886.

Kaltz, O., & Bell, G. (2002). The ecology and genetics of fitness in Chlamydomonas. XII.
Repeated sexual episodes increase rates of adaptation to novel environments. Evolution,
56(9), 1743—1753. https://doi.org/10.1111/j.0014-3820.2002.tb00188.x

Kitchell, J. A., & Kitchell, J. F. (1980). Size-selective predation, light transmission, and oxygen
stratification: Evidence from the recent sediments of manipulated lakes1. Limnology and
Oceanography, 25(3), 389—-402.

Kraaijeveld, A. R., Ferrari, J., & Godfray, H. C. J. (2002). Costs of resistance in insect-parasite
and insect-parasitoid interactions. Parasitology, 125 Suppl, S71-S82.

Laine, A.-L. (2006). Evolution of host resistance: looking for coevolutionary hotspots at small
spatial scales. Proceedings of the Royal Society B: Biological Sciences, 273(1584), 267—
273.

Langand, J., Jourdane, J., Coustau, C., Delay, B., & Morand, S. (1998). Cost of resistance,
expressed as a delayed maturity, detected in the host—parasite system Biomphalaria
glabrata/Echinostoma caproni. Heredity, 80(3), 320—325.

Lenormand, T. (2002). Gene flow and the limits to natural selection. Trends in Ecology &
Evolution, 17(4), 183—189.

Locey, K. J., Fisk, M. C., & Lennon, J. T. (2016). Microscale Insight into Microbial Seed Banks.
Frontiers in Microbiology, 7, 2040.

Lohse, K., Gutierrez, A., & Kaltz, O. (2006). Experimental evolution of resistance in Paramecium
caudatum against the bacterial parasite Holospora undulata. Evolution, 60(6), 1177—1186.

Lynch, M., & Deng, H.-W. (1994). Genetic Slippage in Response to Sex. The American
Naturalist, 144(2), 242-261.

Metschnikoff, E. (1884). A disease of Daphnia caused by a yeast. A contribution to the theory of

23



597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

phagocytes as agents for attack on disease-causing organisms. Virchows Archiv Fur
Pathologische Anatomie Und Physiologie Und Fur Klinische Medizin, 96, 177-195.

Mgller, A. P. (2008). Interactions between interactions: predator-prey, parasite-host, and
mutualistic interactions. Annals of the New York Academy of Sciences, 1133, 180—186.

Pastorok, R. A. (1981). Prey vulnerability and size selection by Chaoborus larvae. Ecology,
62(5), 1311-1324.

Penczykowski, R. M., Forde, S. E., & Duffy, M. A. (2011). Rapid evolution as a possible
constraint on emerging infectious diseases. Freshwater Biology, 56(4), 689—-704.

Roy, B. A, & Kirchner, J. W. (2000). Evolutionary dynamics of pathogen resistance and
tolerance. Evolution, 54(1), 51-63.

Shaw, C. L., Hall, S. R., Overholt, E. P., Caceres, C. E., Williamson, C. E., & Duffy, M. A.
(2020). Shedding light on environmentally transmitted parasites: lighter conditions within
lakes restrict epidemic size. Ecology, 101(11), e03168.

Simms, E. L., & Triplett, J. (1994). Costs and benefits of plant responses to disease: Resistance
and tolerance. Evolution, 48(6), 1973—1985.

Slatkin, M. (2008). Linkage disequilibrium--understanding the evolutionary past and mapping the
medical future. Nature Reviews. Genetics, 9(6), 477—485.

Smith, K. F., Sax, D. F., & Lafferty, K. D. (2006). Evidence for the role of infectious disease in
species extinction and endangerment. Conservation Biology: The Journal of the Society for
Conservation Biology, 20(5), 1349-1357.

Spaak, Piet. (1995). Sexual Reproduction in Daphnia: Interspecific Differences in a Hybrid
Species Complex. Oecologia 104 (4): 501-7.

Spitze, K. (1991). Chaoborus predation and life-history evolution in Daphnia pulex: Temporal
pattern of population diversity, fitness, and mean life history. Evolution 45(1), 82-92.

Stewart Merrill, T. E., & Caceres, C. E. (2018). Within-host complexity of a plankton-parasite
interaction. Ecology, 99(12), 2864—2867.

24


http://paperpile.com/b/OO2Pjb/7stFA
http://paperpile.com/b/OO2Pjb/7stFA
http://paperpile.com/b/OO2Pjb/7stFA
http://paperpile.com/b/OO2Pjb/7stFA

623  Stewart Merrill, T. E., Rapti, Z., & Caceres, C. E. (2021). Host Controls of Within-Host Disease
624 Dynamics: Insight from an Invertebrate System. The American Naturalist 198(3), 317-332.
625 https://doi.org/10.1086/715355

626  Stollewerk, A. (2010). The water flea Daphnia--a “new” model system for ecology and

627 evolution? Journal of Biology, 9(2), 21.

628  Strauss, A. T., Hite, J. L., Shocket, M. S., Caceres, C. E., Duffy, M. A, & Hall, S. R. (2017).

629 Rapid evolution rescues hosts from competition and disease but—despite a dilution
630 effect—increases the density of infected hosts. Proceedings of the Royal Society B:
631 Biological Sciences, 284(1868), 20171970.

632  Strauss, A. T., Shocket, M. S., Civitello, D. J., Hite, J. L., Penczykowski, R. M., Duffy, M. A_,
633 Caceres, C. E., & Hall, S. R. (2016). Habitat, predators, and hosts regulate disease in
634 Daphnia through direct and indirect pathways. Ecological Monographs, 86(4), 393—411.

635 Tessier, A. J., & Woodruff, P. (2002). Trading off the ability to exploit rich versus poor food

636 quality. Ecology Letters, 5(5), 685—692. https://doi.org/10.1046/j.1461-0248.2002.00373.x
637 Tessier, Alan J., and Carla E. Caceres. (2004). Differentiation in Sex Investment by Clones
638 and Populations of Daphnia. Ecology Letters 7 (8): 695—703.

639 Toor, J., & Best, A. (2015). The evolution of host resistance to disease in the presence of

640 predators. Journal of Theoretical Biology, 365, 104—111.

641  Warner, R. E. (1968). The Role of Introduced Diseases in the Extinction of the Endemic

642 Hawaiian Avifauna. The Condor, 70(2), 101-120.

643  Warr, S. J., Thompson, K., & Kent, M. (1993). Seed banks as a neglected area of biogeographic
644 research: a review of literature and sampling techniques. Progress in Physical Geography:
645 Earth and Environment, 17(3), 329-347.

646  Wells, L. (1970). Effects of alewife predation on zooplankton populations in Lake Michigan.

647 Limnology and Oceanography, 15(4), 556-565.

648  Wyatt, K. B., Campos, P. F., Gilbert, M. T. P., Kolokotronis, S.-O., Hynes, W. H., DeSalle, R.,

25


http://paperpile.com/b/OO2Pjb/OEldT
http://paperpile.com/b/OO2Pjb/OEldT
http://paperpile.com/b/OO2Pjb/OEldT
http://paperpile.com/b/OO2Pjb/OEldT

649

650

651

652

653

654

Ball, S. J., Daszak, P., MacPhee, R. D. E., & Greenwood, A. D. (2008). Historical mammal

extinction on Christmas Island (Indian Ocean) correlates with introduced infectious disease.

PloS One, 3(11), €3602.

Zeis, B., W. Horn, U. Gigengack, M. Koch, and R. J. Paul. (2010). A Major Shift in Daphnia

Genetic Structure after the First Ice-free Winter in a German Reservoir. Freshwater Biology

55 (11): 2296-2304.

26


http://paperpile.com/b/OO2Pjb/RHWun
http://paperpile.com/b/OO2Pjb/RHWun
http://paperpile.com/b/OO2Pjb/RHWun
http://paperpile.com/b/OO2Pjb/RHWun
http://paperpile.com/b/OO2Pjb/RHWun

655
656

657
658
659
660
661
662
663
664

Hackberry Lake Midland Lake

A. Recombination B. Temporal gene flow C. Recombination D. Temporal gene flow
1.00+ — 1.00 1.00+ 1.001
gors 0.751 8 0.751 ] 0.751
c c
o ©
E 0.501 0.501 E 0.50 0.504
4 o
o 0257 0.25 o 0.251 0.25
0.00 0.00 0.00 0.00
Parent Offspring Offspring Eggbank Parent Offspring Offspring Eggbank
E. Hackberry Lake diversity and evenness indices F. Midland Lake diversity and evenness indices
Clonal evenness Shannon-Wiener index (H) Clonal evenness Shannon-Wiener index (H)
3.97 1.0 I 3.501
0.8 30_ 08- 325_
[ 20 o 061
5 0.4+ ; ; 3 2754
© 1.5 T 04
; Parent  Offspring Egg bank Parent Offspring Egg bank ; Parent  Offspring Egg bank Parent Offspring Egg bank
0 Simpson index Stoddart and Taylors index (G) @ Simpson index Stoddart and Taylors index (G)
o 30 @ I
= 091 = 005 251
0 s- 201 o 201 I
0.7 1 10+ 0.901 154
061 = 085 101
Parent  Offspring Egg bank Parent Offspring Egg bank o Parent Offspring Egg bank Parent Offspring Egg bank

Figure 1. Resistance and genotypic diversity significantly increased after recombination occurred in Hackberry Lake, but remained
constant in Midland Lake. Fig 1A and 1C show mean resistance of isofemale lines collected at two time points: ephippial females in December
2015 (‘Parent’) and offspring hatched from those ephippia (‘Offspring’). Fig 1B and 1D show mean resistance of offspring hatched from ephippia
produced in December 2015 (‘Offspring’) and individuals collected in Spring 2016 after the active population was refounded from the egg bank
(‘Egg bank’). Phenotype comparisons are paired by experimental blocks (one block shown in A, another in B, etc.), so resistance in parents and
egg bank animals cannot be directly compared. The violin plot outlines illustrate kernel probability density, i.e., the width of the shaded area
represents the proportion of the data located there. Fig E and F show the observed diversity measures and bootstrapped 95% confidence
intervals. The bootstrapped estimates often skew from the observed measures, and confidence intervals were centered around the observed
diversity measures as recommended by Grinwald et al., 2017.
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Figure 2. Multilocus genotype 50 (i.e., MLG.50, left plot) was the most prevalent genotype in the Hackberry parent lake-group. It was also
on average less resistant to infection by Metschnikowia bicuspidata compared to the majority of other, co-existing genotypes. Multilocus
genotype 57 (i.e., MLG.57, right plot) was the most prevalent genotype in the Midland egg bank lake-group even though it was not
detected in the fall prior. This is evidence of temporal gene flow, i.e., that resting eggs produced during earlier years help recolonize lakes

in the spring. MLG.57 does not have an extremely susceptible or resistant phenotype compared to other, coexisting genotypes.
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Figure 3. Both populations showed moderate heritability of resistance (h2); the Hackberry Lake
population (orange) had an h? of approximately 0.52, while the Midland Lake population (green) had h? of
approximately 0.33. Midland scored lower due to low variance (i.e., high similarity) in resistance for both
parents and offspring of the population. Narrow-sense heritability for both lake populations was found by

doubling the slope of the linear regression of parent vs. offspring resistance.
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SUPPLEMENTAL TABLES AND FIGURES
Table S1. Multi-locus genotype (MLG) scores and corrections. Variable peak readings were corrected by

rounding to the nearest likely value based on relative peak placement combined with the number of
nucleotides in and expected length of the microsatellites.

Locus Original peak(s) Final peak
182 181
Dgm 105
184 184
186, 187, 188 187
190 190
124 124
Dgm 106
127 127
130 130
132, 133 133
136, 137 136
243 243
Dgm 109
248, 249 249
251, 252 252
256 255
259 258
Dgm 112 109,110 109
111,112 112
Dgm 113 146, 147, 148 147
152, 153, 154 153
156 156
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684

685 Table S2. Genotypic data supports the hypothesis that the Hackberry parents group underwent a recent selection event. This group has the lowest
686  genotypic diversity and evenness scores out of all Lake-groups, as well as a high index of association (la; a measure of linkage disequilibrium).
687 Lake/group denotes the sampled group. N is the number of individual animals genotyped. MLG is the number of multilocus genotypes (MLGs) observed.
688 H is the Shannon-Wiener Index of MLG diversity (Shannon, 2001). G is Stoddart and Taylors Index of MLG diversity (Stoddart & Taylor, 1988). A is the
689 Simpson Index (Simpson, 1949). C.A is the Corrected Simpson Index (Griinwald et al., 2017; Hamrova et al., 2011). E.5 is a measure of evenness
690  (Pielou, 1975; Ludwig & Reynolds, 1988; Griinwald et al., 2003). la is the index of association (Brown, Feldman & Nevo, 1980; Smith et al., 1993). rp is
691 the standardized index of association. See Figure 1 for more information about these metrics.
Lake Group N MLG Evenness (E.5) Shannon-Wiener (H) Simpson (A) Stoddart & Taylors (G) Corrected Index of Std. Index
observed observed observed observed Simpson  Assoc.  of Assoc.
(95% CI) (95% CI) (95% CI) (95% CI) (C.A) (1a) (D)
Hackberry parents 31 16 0.40 2.00 0.72 3.55 0.74 0.54 0.14
(0.26, 0.53) (1.47, 2.53) (0.54, 0.90) (1.00, 5.65)
Hackberry offspring 35 20 0.82 2.81 0.93 13.76 0.95 -0.30 -0.08
(0.70, 0.93) (2.56, 3.06) (0.89, 0.96) (10.48, 17.05)
Hackberry eggbank 68 37 0.78 3.41 0.96 23.56 0.97 0.16 0.05
(0.66, 0.89) (3.21, 3.60) (0.94, 0.98) (18.41, 28.78)
Midland parents 30 26 0.91 3.20 0.96 22.50 0.99 -0.14 -0.04
(0.82, 1.01) (2.97, 3.43) (0.93, 0.98) (18.72, 26.28)
Midland offspring 30 27 0.96 3.26 0.96 25.00 0.99 -0.04 -0.01
(0.88, 1.03) (3.05, 3.48) (0.94, 0.98) (21.37, 28.63)
Midland egg bank 48 26 0.58 2.87 0.91 10.77 0.93 -0.03 -0.01
(0.42, 0.75) (2.56, 3.19) (0.85, 0.96) (6.25, 15.28)
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MLG counts for each Lake-group
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Fig S1. Numbers of each unique multi-locus genotype (MLG) detected within each Lake-group. MLG.50 (indicated with red arrows) was the dominant genotype in

Hackberry parents and remained the dominant genotype after sexual recombination and recruitment from the egg bank.
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