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Abstract

Natural genetic diversity describes the historical patterns of selection, demography, and
drift that act upon populations. With the widespread proliferation of next generation sequencing
(NGS) technologies and abundance of genomic tools, we can investigate the evolutionary
mechanisms that leave distinct signals across the genome. By utilizing genome-wide diversity
information and population-based datasets, we can begin to elucidate the ways in which
organisms evolve and predict how they might respond to novel environmental changes. My
dissertation studies the population genetics and natural selection pressures on several taxa
within the Daphnia pulex species complex, a group of freshwater microcrustaceans that rapidly
adapt to changing environments. | also studied the patterns of genetic diversity and
demography influencing a metapopulation of Drosophila melanogaster (i.e., the common fruit
fly) within Charlottesville, Virginia, USA. In my first chapter, | analyze general patterns of gene
family evolution and selection across Daphnia genomes. My second chapter delves into the
evolutionary mechanisms that maintain variation between cryptic species of D. pulex. My third
chapter examines the demographic consequences of overwintering bottlenecks in Drosophila
melanogaster. Ultimately, my dissertation contributes to the evolutionary mechanisms that
influence genetic diversity within and between species. Through detailed genomic analyses, |
laid the groundwork for understanding genomic change and aided the scientific community by
contributing to the understanding of both the long- and short-acting evolutionary processes

shaping patterns of variation.
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Introduction

Biological novelty is created when evolution acts upon the genome, yet it remains
unclear how different species achieve this diversity and the exact genetic mechanisms that are
employed. The genome contains the raw material that evolution acts upon to create biological
novelty (Fisher, 1930; Lewontin, 1974; Reed & Frankham, 2003). Within my dissertation, |
conduct an in-depth analysis of genome evolution, population genetics, and genetic diversity
within and between related species. | assess these components by investigating evolutionary
and ecological questions using the basis that organisms adapt to environmental change
(Lewontin, 1974). Adaptation is fundamental to the field of biology because all organisms
contain genetic material that has variability in the nucleotide sequences that code for amino
acids and proteins (e.g., central dogma of biology). The nearly neutral model of evolution
contends that most genetic variation gets lost (Ohta, 1992; Ohtsuki et al., 2022), yet there exists
extensive diversity across species (Romiguier et al., 2014). Despite being typically regarded as
a force that reduces variation through purifying and positive selection, natural selection can also
act to maintain diversity through balancing selection (Charlesworth, 2006; Fisher, 1922). In
addition, many overlapping evolutionary and demographic forces will influence the standing
levels of diversity. Additionally, events that happened before the complete split of a species, like
population bottlenecks or ancient hybridization will lead to vastly different situations on the
levels of diversity across taxa (Kovach & McCouch, 2008; Vilaca et al., 2021). Overall, even
simple models of genome evolution have inherent complexities that make it difficult to
disentangle requiring further research.

Genetic diversity can be sustained through various mechanisms, among which
balancing selection stands out for its ability to maintain polymorphisms over time and improving
adaptive potential in varied environmental contexts (Fijarczyk & Babik, 2015). This phenomenon
is exemplified by classic cases such as malaria resistance (Malaria Genomic Epidemiology

Network, 2015), genetic incompatibility within and between species (Schierup et al., 2001), and



innate immune response (Ferrer-Admetlla et al., 2008). Other forms of balancing selection
including, adaptive tracking, frequency-dependent selection, and fluctuating selection are also
implicated in maintaining genetic diversity but parsing these mechanisms apart is difficult
(Fitzpatrick et al., 2007; Bangerter, 2021; Rudman et al., 2022). With the advent of low-cost next
generation sequencing (NGS) technology, we can now delve into the birth and subsequent
maintenance of single nucleotide polymorphisms (SNPs; Head et al., 2018), unraveling
'molecular breadcrumbs' to elucidate the distribution of diversity within and between species.
However, it can be difficult to definitively attribute patterns of genomic variation to balancing
selection. For instance, hybridization and introgression can reintroduce alleles over time
between populations (Mavarez et al., 2006), leading to discordant gene and species trees (Suh
et al., 2015; Lenz et al., 2013). Evolutionary forces like hybridization, introgression,
convergence, and balancing selection all result in the maintenance of SNPs within the genome.
Consequently, comprehensive analyses that consider overlapping influences are crucial for
understanding how variation persists within and between species outside of the scope of
individual effect sizes (Consuegra et al., 2005).

Biological novelty exists in the genome besides just individual mutations (e.g., SNPs) in
the form of gene family evolution. For instance, the expansion and contraction in the number of
genes within a specific protein family and variability in the number of gene families can be
driven by natural selection (Hahn et al., 2007; Hancock, 2005). Gene family expansion and
contraction have been linked to adaptation in myriad examples across the tree of life (De Bie et
al., 2006; Richter et al., 2018). Neofunctionalization and subfunctionalization are processes in
which newly born genes diversify from their progenitor by the accumulation of slightly different
functions (Sandve et al., 2018). We can study gene family evolution by quantifying the number
of genes across species and measuring the extent of natural selection through statistics like
dN/dS (i.e., the rate of non-synonymous to synonymous nucleotide substitutions). Higher dN/dS

indicates positive selection (dN/dS > 1), while lower rates indicate purifying selection (dN/dS <



1; Alvarez-Carretero et al., 2023). The diversification hypothesis contends that newly expanding
genes will be under higher rates of positive selection. Under this hypothesis, gene family
evolution is key to driving new biological functions across species. Yet, these analyses have
only begun to gain traction in the last decade due to the increased number of sequenced
genomes becoming available.

An ideal model system to tackle the questions of balancing selection and gene family
divergence across species is through studying the Daphnia genera. Daphnia are keystone
microcrustaceans that graze on algae and inhabit freshwater systems ranging in size from
ephemeral rain puddles to lakes and reservoirs (Colbourne et al., 2011; Ebert, 2022). Daphnia
have been studied for decades due to their propensity to rapidly adapt to ecological change
(Chin & Cristescu, 2021). Species of Daphnia reproduce through cyclical parthenogenesis, the
switching of asexual and sexual reproduction following environmental stressor cues (Lynch,
1983, 1987). Daphnia are also phenotypically plastic in the face of environmental degradation,
which allows them to handle extreme ecological stressors like hypoxia, desiccation, crowding,
and intraspecific/interspecific competition (Stoks et al., 2016). Daphnia can also produce
resistant egg cases called ephippia that will hatch to seed the next cycle of clonal lineages
within a population (Ban et al., 2009; Heier & Dudycha, 2009). More relevant for my dissertation
topic, the Daphnia pulex species complex encompasses several cryptic species of D. pulex that
live in European and North American ponds (Crease et al., 2012). Despite being phenotypically
indistinguishable, these D. pulex taxa could have vastly different patterns of adaptive evolution.

In my first chapter, | utilize whole-genome assemblies and proteomes from several
Daphnia taxa to explore comparative genomics across related species and test hypotheses
related to the selective pressures acting upon evolving gene families. Through this analysis, |
found that across Daphnia, gene families related to spermatogenesis, the creation of motile
sperm, and general stress responses are expanding and contracting. | show that positive

selection occurs within these expanding genes. This analysis is supplemented by an



investigation of ecologically relevant gene families within Daphnia with a focus on genes that
are expected to contribute to complex phenotypes, like reproduction and sperm production. My
first chapter spans tens of millions of years and largely analyses the forces that influence gene
family shifts across species ranging from 10 to 100 million years ago (mya).

My second chapter uses large-scale NGS population genomic datasets of wild-
sequenced D. pulex from a cryptic species-pair that live in European and North American ponds
(Barnard-Kubow et al., 2022). Through this investigation, | found evidence for an abundance of
shared polymorphisms that exist in the same genomic positions across the cryptic species’
genomes. | investigate several evolutionary hypotheses that can create an excess of shared
polymorphisms in this chapter. | explicitly test hybridization and introgression, incomplete
lineage sorting, convergent evolution, and balancing selection using formal statistics on the
incidence of shared mutations. Through this, | identified evolutionary processes influencing the
cryptic D. pulex and preformed a functional genomic investigation of a blue wavelength opsin
gene that has several dozen putatively ancient trans-specific polymorphisms. This opsin gene
has two distinct haplotypes with dozens of trans-specific SNPs that confer different rates of
motility across clonal lineages depending on light condition. My second chapter explores the in-
depth patterns of balancing selection and demaographic processes that maintain genetic
diversity and mostly span recently diverged species-pairs from one to ten mya.

My third chapter examines a local metapopulation of Drosophila melanogaster that
experiences seasonal population bottlenecks during the winter months. | tested various
demographic models that account for these recurring bottlenecks using forward genetics
simulations. The severity of these bottlenecks ranged from near local extinction to maintaining a
stable, constant population size. Through these simulations, | estimated genetic differentiation
statistics and inferred significant population bottlenecks that likely explain the allele frequency
shifts observed in sequenced seasonal fly populations (Bangerter, 2021; Nunez et al., 2024).

This chapter allowed me to explore tens of thousands of demographic scenarios, examining



their impact on genetic differentiation within a metapopulation over time. Ultimately, it
investigates how demographic processes occurring in wild populations over seasonal
timescales influence genetic variation patterns within one to three years.

In my dissertation’s appendix, | present a study in which | perform comparative
genomics across microbial species, scrutinizing a widely used species concept based on an
average nucleotide identity cutoff (Murray et al., 2021). This comparative genomics work was
pivotal in shaping my early dissertation, revealing the extensive variability in the genomes of
many rapidly evolving species. This project also helped me develop crucial computational skills
for my comparative genomic and evolutionary biology chapters. Furthermore, it has significant
implications for the field of microbial genomics by highlighting the necessity of avoiding biases
that can influence patterns identified in data-mining omics projects.

Ultimately, my dissertation illuminates the evolutionary forces at play in nature. By
integrating gene family analyses, comparative genomics, functional genetics, and forward
genetic simulations, my research delves into fundamental questions of how and why organisms
change, and how variation is preserved. The interpretations presented here elucidate how
genetic diversity differentiates and is maintained in the genomes of wild organisms. This work
not only advances our understanding of evolutionary biology but also underscores the intricate

dynamics that affect diversity.
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Abstract

Gene family expansion and contraction underlies many molecular innovations across
taxa. Understanding why specific gene families expand or contract requires comparative
genomic investigations. This study investigates the gene family change dynamics within several
species of Daphnia, a group of freshwater crustaceans that are useful model systems for
evolutionary genetics. We employ comparative genomics to understand the forces driving gene
evolution and draw upon candidate gene families that dynamically change. Our results suggest
that genes related to spermatogenesis generally expand across taxa, and we investigate
evolutionary hypotheses of adaptation by neofunctionalization that underpin these expansions.
Through these analyses, we shed light on the interplay between gene expansions and selection
within other ecologically relevant stress response gene families. Additionally, while we show
general trends towards positive selection within expanding gene families, individual analysis of
spermatogenesis genes undergoing expansion also reveals purifying selection, highlighting the
complex nature of diversification and evolution within Daphnia. In all, our research enhances our
understanding of individual gene family evolution within Daphnia species and provides a case

study of ecologically relevant genes prone to change.



Introduction

A major goal of biology is to understand how genome changes affect function (Lewontin,
1974; Mayr, 1963). Gene family expansion, driven by the duplication of genes, is a critical
process that enables species to achieve biological innovation (Hahn et al., 2007; Jordan et al.,
2001). Such innovations often are a result of neofunctionalization, where gene duplicates
acquire new functions (Ohno, 2013), or subfunctionalization, where paralogous genes divide the
roles of their progenitors (Lynch, 2002; Lynch & Force, 2000). These processes are central to
adaptive evolution across taxa, from microbes to mammals (Huang et al., 2023; Zhang et al.,
2014; Hahn et al., 2007; Jordan et al., 2001; Lugli et al., 2017; Richter et al., 2018).

Gene family expansions are driven by many selective pressures and are generally
associated with neofunctionalization and subfunctionalization across taxa. For example,
reproductive and spermatogenesis proteins, which are often found to be expanding across taxa
may evolve through sexual conflict and coevolutionary dynamics (Chang et al., 2011; Rivera &
Swanson, 2022; Wang et al., 2023). Sperm and seminal fluid proteins also show elevated
signals of positive selection, suggesting neofunctionalization or subfunctionalization (Dorus et
al., 2008; Gang et al., 2022). Moreover, gene family expansion facilitates adaptation to
environmental changes, such as the proliferation of heat-shock proteins in extreme temperature
regimes (Chen et al., 2018; Zhang et al., 2012) and the variability of opsins and chemosensory
genes due to differing light and chemical environmental backgrounds (Novales-Flamarique,
2013; Pefalva-Arana et al., 2009). Therefore, we hypothesize that expanding gene families are
also under forms of positive selection, driving their evolution and functional diversification
through processes of neofunctionalization.

In this work, we assess gene family evolution and infer the strength of selection acting
upon Daphnia, a genus of freshwater Crustaceans that live in a range of habitats from
ephemeral rain-puddles to lakes and estuaries (Fryer 1991). Daphnia adaptively radiated

roughly 200 million years ago (mya) and encompasses at least 121 species to date. Subspecies



and cryptic speciation is common within Daphnia and so this number of species is likely an
underestimate (Forro et al., 2008). One of the most studied taxa within Daphniidea is Daphnia
pulex, a cryptic species complex found across both North American and European ponds
(Colbourne et al., 1998; Vergilino et al., 2011; Crease et al., 2012; Murray et al., 2024). The first
Crustacean genome described was D. pulex (Colbourne et al., 2011), and subsequent studies
showed that lineages of Daphnia show variability in the number of genes within a gene family
(Brandon et al., 2017; Lynch et al., 2017). In addition, Daphnia species show fluctuations in the
spectrum of gene gain and loss in response to environmental change (e.g,. temperature and
oxygen content fluctuations), supporting the case that gene family change is an important
evolutionary mechanism (Hamza et al., 2023; Schurko et al., 2009; Zhang et al., 2021).

In this work, we analyze gene family evolution across Daphnia, highlight the expanding
and contracting gene families, and we measure the strength of natural selection acting upon
candidate genes. We test an overarching hypothesis that expanding gene families are also
under positive selection. Alternatively, gene families that are expanding and or contracting could
be under relaxed selection. Our results show substantial gene number shifts across species and
that stress-response and reproduction protein gene families are expanding across Daphnia
genomes. We detect positive selection within these overrepresented gene families, indicating a

link between neofunctionalization and gene content expansion in spermatogenesis genes.

Materials and Methods

Daphnia whole-genome dataset. Chromosome-level assemblies of seven species from the

genus Daphnia were collected from the NCBI Genome search engine

(https://www.ncbi.nlm.nih.gov/datasets/genome/) accessed in July 2023 (Kitts et al., 2016). We

chose North American D. pulex (KAP4; RefSeq: GCF_021134715.1), European D. pulex (D84A,;
GenBank: GCA_023526725; Barnard-Kubow et al., 2022), North American D. pulicaria (RefSeq:

GCF_021234035.1; Wersebe et al., 2023), D. sinensis (GenBank: GCA 013167095.2, Jia et al.,


https://www.ncbi.nlm.nih.gov/datasets/genome/

2022), D. carinata (RefSeq: GCF_022539665.2), D. galeata (GenBank: GCA_030770115.1;
Nickel et al., 2021), and D. magna (RefSeq: GCF_020631705.1) for analyses because they are
the most complete species representatives and were annotated for protein-coding genes.
Additionally, the genomes were the highest quality and newest available for each unique

species.

Estimating divergence-time. We used BUSCO v5 on each genome to acquire the BUSCO

score (Manni et al., 2021) and used 535 complete single-copy genes for phylogenomic analyses
of divergence dating across the genus (Supplemental Figure 1). To do this, we extracted each
amino acid alignment for each gene using segkit faidx v2.2.0 (Shen et al., 2016) and aligned
them using mafft —auto v7.505 (Katoh & Standley, 2013). We then used clipkit -m smart-gap
v2.1.1 (Steenwyk et al., 2020) to clip out regions with large gaps. After this, we concatenated all
of the protein sequences together using segkit concat v2.2.0 and used the

mcmctree_tree_prep.py script (https:/github.com/kfuku52/mcmctree tree prep) to create the

necessary input files for MCMCtree v4.9e (Dos Reis & Yang, 2019), which is part of the PAML
package of software (Yang, 2007). We assembled a gene-tree using IQtree v2.2.0.3 with the

modelfinder option (Kalyaanamoorthy et al., 2017).


https://github.com/kfuku52/mcmctree_tree_prep
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Supplemental Figure 1: Benchmark universal single copy ortholog (BUSCO) gene tree.

BUSCO scores denoting the number of genes that are complete, single-copy, duplicated,

fragmented, missing, and the total across each of the seven genomes used in this study.

We used several time-calibration points from previous phylogenetic investigations in
Daphnia. Specifically, we used D. carinata - D. magna [100.4 - 104.8 mya] in place of the
subgenus Daphnia - Ctenodaphnia root comparison in Cornetti et al., 2019. North American D.
pulex — D. magna [130 - 150 mya] was taken from Timetree5 (Kumar et al., 2022; Mathers et
al., 2013), and D. magna - D. sinensis [21.5 - 22.4 mya] was from Cornetti et al., 2019. We used
the MCMCtreeR v1.1 package in R to plot the 95% confidence interval of divergence estimates
across taxa (Supplemental Figure 2A; Puttick, 2019). MCMCtree was run twice to ensure model
convergence by showing minor deviations in the estimate of node divergence times and the

mean time for each node (Supplemental Figure 2 B).
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Supplemental Figure 2: Daphnia species tree and model convergence. A) Time-calibrated

phylogenetic tree of the seven whole-genomes. The tree was built with the benchmark universal
single copy orthologous (BUSCO) genes that were complete and present within each genome.
B) Trace plots of the distribution of divergence times faceted by internal nodes across two
MCMCtree runs, purple for the first run and orange for the second. Higher variance in estimates
across the MCMC leads to larger confidence intervals in the age estimates for nodes. We ran

each tree for five million Markov chain Monte Carlo generations.

Gene family evolution analyses and ontology enrichment. We identified and retained the

longest transcript with an open-reading frame in the sequence for each gene using the
primary_transcript.py script within the OrthoFinder v2.5.5 tool set (Emms & Kelly, 2019). We
then classified orthologous genes between the seven species using OrthoFinder. After
identifying the orthologous genes between the seven species, we annotated the phylogenetic
hierarchical orthologous groups (HOGSs) with the most common gene name by a majority vote
using the annotate_orthogroups function. We used the HMMER dataset and hmmer2go v0.18.2
functions to assign gene ontology (GO) terms to the HOGs for use in enrichment analyses

(Eddy, 2011). We performed quality control for some genes families identified in OrthoFinder by



BLASTing each amino acid sequence against the NCBI database using blastp v2.13.0 (Sayers
et al., 2022). We use each HOG as a gene family in all subsequent analyses.

We used CAFES5 v1.1 to estimate the expansions and contractions of gene families
across the seven Daphnia proteomes (Mendes et al., 2021). Before running CAFE5, we
excluded any HOGs that had over 100 genes present within any one species and any genes
that were exclusively present in only one species. This was done to avoid false-positives related
to expansion and contractions. CAFES uses a birth-and-death process to model gene gain and
loss across a phylogeny. We ran three different CAFE5 models: the base-model (default; -log-
likelihood = 130,984), a model with varying gamma rate categories (-k 3; -log-likelihood =
127,687), and a model with varying gamma rate with a root Poisson distribution (-k 3 -p; -log-
likelihood = 74,164). These three models were chosen to test the fit of the data and
convergence, as recommended by the developers (Mendes et al., 2021). We found that the
base model is the best fit with our data by the highest negative log-likelihood. After this, we
extracted the HOGs found to be significantly expanding or contracting within each species and
used those genes as the foreground and each species’ genome as the background to test
enrichment of GO terms with clusterProfiler v3.14.3 in R (Wu et al., 2021). We used REVIGO
v1.8.1 as a semantic reduction tool to minimize GO term redundancy for any that had over 15
enriched terms (Supek et al., 2011), and preformed Bonferroni-Holm multiple testing corrections

on p-values.

Hypothesis testing of positive selection. To test for positive selection across gene families,

we used hyphy v2.5 aBSREL (Kosakovsky Pond et al., 2020) on aligned codon FASTAs.
aBSREL tests for positive selection by varying the rate of selection (dN/dS, w) across both sites
and branches, thus modeling site-level and branch-level dN/dS heterogeneity (Smith et al.,
2015). aBSREL fits a model of dN/dS and performs a likelihood ratio test at each branch,

comparing the full model to a null model where branches are not allowed to have rate classes of



dN/dS > 1 (Kosakovsky Pond et al., 2020). We performed one test on each tree, comparing all
leaf nodes (tip branches) in a pairwise manner (Spielman et al., 2019), and examined trees to
understand the patterns of selection in those potentially undergoing neofunctionalization (Hou et
al., 2013; Saad et al., 2018; Mulhair et al., 2023; Wang et al., 2023). We used pal2nal.pl v14 to
align amino acid alignments and corresponding nucleotide sequences while excluding
premature stop codons and gaps (Suyama et al., 2006). Sequences were aligned with MAFFT,
visually inspected for quality, and any alignments with evidence of artificial frameshifts were
removed. Each codon FASTA was run independently using a fixed gene-tree with aBSREL. We
also used the Datamonkey v2.0 webserver to export trees from the aBSREL models (Weaver et
al., 2018). Ouir filtering efforts excluded gene families with too many orthologous genes within a
species (>5 orthologs) and those without representation in most species (>5 species). We also
removed gene families where dN/dS (w) was = 10. A gene family was considered under
significant positive selection if dN/dS > 1 and the multiple-testing corrected p-value was < 0.05.
We tested gene families from expanded, contracted, and non-fluctuating categories, using a

two-tailed Fisher’s exact test.

Single nucleotide polymorphism calling and population genetics within a wild-sequenced

European D. pulex dataset. For some gene families, we wanted to understand if selection is

maintaining segregating non-synonymous variation within the focal species of European D.
pulex because we have done extensive work on the species. We tested the presence of non-
synonymous single nucleotide polymorphisms (SNPs) within a metapopulation of European D.
pulex collected from several small ponds and lakes across the United Kingdom as described in
Barnard-Kubow et al., 2022. We used genome-aligned bam files generated from our previous
work (see Barnard-Kubow et al., 2022 and Murray et al., 2024). In short, we mapped all
samples to the European D. pulex genome, called genotypes, merged them, performed

genotype calling across the entire dataset, and annotated SNPs (Layer et al., 2014; Pedersen et



al., 2020). We chose to remove SNPs that have a minor allele frequency lower than 0.01 and
we derive population genetics statistics like pN/pS, the number of non-synonymous (pN) to
synonymous (pS) SNPs, to gauge pressures of selection affecting within-species genetic

diversity.

Statistics and visualization in R. Statistical analyses were performed using R v4.0.3 (R Core

Development Team). We used the following R packages for general analysis and visualization:
tidyverse v1.3.1 (Wickham et al., 2019), ggplot2 v3.3.5 (Villanueva & Chen, 2019), ggtree v2.0.4
(Xu et al., 2022), patchwork v1.0.1 (Pedersen, 2022), data.table v1.12.8 (Dowle & Srinivasan,

2023), foreach v1.4.7, doMC v1.3.5 (Daniel et al., 2022).

Data accessibility statement. All scripts and data used in each analysis are deposited on our

GitHub repository: https://github.com/connorl22721/chapter?2.

Results

Daphnia genomes and the gene family dataset. From the seven Daphnia genomes, we first

identified 117,470 unique genes across the whole dataset after extracting the longest open
reading frame per protein coding transcript. From these, Orthofinder found 16,431 hierarchical
phylogenetic orthologous gene groups (HOGs). We use these HOGs as input into CAFES5 to
estimate the evolutionary rate of gene family gain and loss and to identify any gene groups that
are under positive selection. Below we use this gene grouping information to expand our

understanding of the phylogenetic relationship between taxa.

Phylogeny of the represented Daphnia genomes. We built a time-calibrated phylogenetic

tree to understand the relatedness of each Daphnia (Supplemental Figure 2A). We find that

North American and European D. pulex diverged 15 million years ago (mya) [95% confidence


https://github.com/connor122721/chapter2

intervals; 6.4, 28.5]. Recent work highlights a split well in range of our estimates (Murray et al.,
2024). We also show that North American D. pulex and D. pulicaria diverged 9 mya [2, 15.2], an
estimate higher than previous at 0.5 - 2 mya (Crease et al., 2012). We are confident that the
internal node split-times are converging across the trees because of the lack of deviation from

two independent runs (Supplemental Figure 2B).

Trends of gene family expansion and contraction. We used CAFES to identify expanding

and contracting gene families across Daphnia (Figure 1; Mendes et al., 2021). The base CAFE5
model maximized the negative log-likelihood value (-log-likelihood = 130,984), so we are
reporting its output. The first finding is that D. magna has the largest expansion within their
genome (Ngenes = 634; Figure 1), while European D. pulex has the largest contraction (Ncenes =
745; Figure 1) compared to their most recent common ancestor. For the remainder of this work,
we investigate the genes belonging to the 1,606 phylogenetic hierarchical ortholog groups
(HOGS) identified as being significant candidates that are expanding and contracting across the

tree (Supplemental Table 1).
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Figure 1: Patterns of gene family evolution across Daphnia. Results of gene family

evolution analyses across the phylogenetic tree from the base CAFE5 model run. The blue



colored numbers indicate the number of genes gained and the red indicate the number of genes

lost within each node and terminal leaf.

Next, tested how gene expansions and contractions are related to function (Lespinet et
al., 2002; Sanchez-Gracia et al., 2009). To investigate this, we measured the enrichment of
gene ontology (GO) terms associated with expanding and contracting genes within each
species’ genome. We identified the most common expanding genes in our dataset and found
that five spermatogenesis-related terms were enriched in D. magna and North American D.
pulex (Figure 2). In D. carinata and D. pulicaria, there was enrichment of terms related to iron
ion transport and double-strand DNA repair (Figure 2).

For gene contractions, the most noticeable pattern was observed in D. pulicaria, which
showed contractions in the same five spermatogenesis terms mentioned above. European D.
pulex exhibited contractions related to hydrolase and other transferase activities, which may be
linked to changes in enzymatic processes related to carbohydrate metabolism (Zeis et al.,

2009).
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Figure 2: Significantly expanding and contracting gene families and their gene ontology
(GO) enrichment across species reveals an excess of spermatogenesis and stress
response terms. Presence and absence data of the most enriched terms across species. The
y-axis are the enriched terms. The blue labeled GO terms are related to general stress
responses and the red colored terms indicate any related to reproduction pathways. All terms

have been semantically reduced.

Beyond the clear examples from the enrichment data, many expanding and contracting
GO terms are enriched in only one or two species (Supplemental Figure 3 A&B; Supplemental
Table 2). Most contracted terms are unique to each species, except for double-strand break
repair, which is found in both D. magna and D. sinensis (Figure 2). In contrast, the expansion
terms are often shared across species (Supplemental Figure 3B), particularly those related to

spermatogenesis (Figure 2).
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General patterns of positive selection on expanding and contracting gene families: We

tested the hypothesis that expanding gene families undergo higher rates of selection by using
hyphy v2.5 aBSREL (Kosakovsky Pond et al., 2020) on codon sequences from gene families
identified by OrthoFinder. Gene families with extreme dN/dS (w) values greater than 10 were
excluded. We classified a gene as being under positive selection if dN/dS > 1 and the multiple
testing adjusted p-value < 0.05. Our findings show that among the genes in expanded gene
families, 14 out of 649 trees (2.2%) exhibited signals of positive selection. This is compared to
the non-fluctuating gene families, where 112 out of 9,401 trees (1.2%) showed positive
selection. A Fisher’s exact test indicated a significant positive odds ratio of 1.81 [95%
confidence interval: 0.95, 3.19] (two-tailed Fisher’s exact test; p = 0.044). In contrast, contracted
gene families had 2 out of 62 trees (3.2%) showing positive selection, with a positive odds ratio

of 2.71 [95% confidence interval: 0.31, 10.4] (p = 0.18).

Heme production gene families and natural selection in Daphnia: We investigated whether

gene families involved in iron-ion binding and heme production are subject to positive selection
using aBSREL. Our analysis concentrated on soma ferritin-like genes, which demonstrated
expansion within the iron-ion binding GO term (Figure 2) and are associated with Daphnia's
stress responses (Zeis et al., 2009). We assessed significance with the likelihood ratio test,
correcting for multiple testing. aBSREL identified positive selection in one out of 19 branches of
the soma ferritin-like gene tree, specifically in D. galeata, which exhibited elevated dN/dS ratios
among three expanded genes (Figure 3A; p = 0.0034). This gene family appears to be a hotspot
for expansion, with two expansion events in both D. pulicaria and D. magna, and an additional
copy in North American D. pulex. However, positive selection was only detected in the D.
galeata branch (Figure 3A).

Beyond the ferritin gene family, the iron-sulfur cluster co-chaperone protein HscB-like

family showed significant expansion in North American D. pulex, though no positive selection



was observed. For the heme-binding protein 2-like family, positive selection was detected in two
out of 13 branches, in D. galeata (Figure 3B; p = 2.2x10%) and North American D. pulex (Figure
3B; p = 0.0078). The cytosolic iron-sulfur assembly protein family showed positive selection in
two out of 13 branches within European D. pulex (Figure 3C; p = 8.2x107) and D. galeata
(Figure 3C; p = 0.0031). Additionally, the heme oxygenase-like family exhibited positive

selection in D. magna (Figure 3D; p = 0.017).
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Figure 3: Case study of positive selection on expanded heme production and iron-ion
binding genes. aBSREL model of codon evolution from gene trees identified as expanded. Red
labeled gene names indicate significant gene branches undergoing positive selection. The
thickness of the terminal branches indicates the significance after multiple testing correction, the
color indicates the dN/dS (w), and the x-axis branch lengths are in substitutions. A) Soma-
ferratin-like gene family shows many expansions in D. pulicaria, D. magna, and D. galeata with
a D. galeata branch under strong evidence of positive selection. B) Heme-binding protein 2
family with selection in D. carinata and D. galeata. C) Cytosolic iron-sulfur assembly family with

selection in D. galeata and European D. pulex. D) A heme oxygenase-like protein family with



selection in D. magna.

Outside of the expansion events, we identified 24 gene families that were related to iron
ion binding and heme production and a total of 248 individual genes are classified. We highlight
that 7 genes are detected to have positive selection, roughly affecting 3% of iron ion binding and
heme genes across Daphnia. So in all we show evidence for expanded genes being under

positive selection and thus could be candidates for neofunctionalization.

Spermatogenesis gene families and natural selection in Daphnia. We investigate whether

expanding gene families associated with spermatogenesis proteins undergo positive selection,
utilizing aBSREL. In D. magna and North American D. pulex, we observe an expansion linked to
sperm production (Figure 2). Consequently, we tested for positive selection within a spermine
oxidase-like gene family, a gene family with two duplications within both North American D.
pulex and D. magna (Figure 4A). aBSREL found no discernible signals of positive selection
within the spermine oxidase-like gene family. Additionally, a spermatogenesis-associated
protein gene family, exhibiting duplications of two genes in D. magna (Figure 4B;
XP_045029128 1), also shows no signal for positive selection. Despite significant expansion
patterns identified through CAFES5 results, both spermatogenesis gene families show evidence

for purifying selection based on the absence of positive selection signals.
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Figure 4: Case study of natural selection on spermatogenesis gene families. aBSREL
model of codon evolution from gene trees identified as expanding and contracting or stable
related to spermatogenesis function. Blue labeled gene labels indicate a branch that underwent
a significant expansion, the software reduced sequence redundancy in the two expansions for
both North American D. pulex (XP_046449443 1) and D. magna (XP_032791101 1) due to
short branch lengths. (A, B). Red labeled gene names indicate significant gene branches
undergoing positive selection (C, D). The thickness of the terminal branches indicates the
significance after multiple testing correction, the color of the branch indicates the varying dN/dS

(w) rates, and the branch lengths are in substitutions.

Beyond the genes identified as expanded and contracted by CAFES5, we detected
positive selection in several gene families related to spermatogenesis. In European D. pulex, a
motile sperm domain-containing protein | family shows strong positive selection (p = 1.7x10%)
with a pN/pS ratio of 1.07 (16 polymorphic non-synonymous SNPs (pN) and 15 polymorphic
synonymous SNPs (pS)) based on a population genomics dataset from wild-sequenced North
American and European D. pulex (Barnard-Kubow et al., 2022; Murray et al., 2024). In North
American D. pulex, the pN/pS ratio is 1 (pN = 4, pS = 4). In D. sinensis, we found strong signals

of positive selection in a motile sperm domain-containing protein Il family (p = 2.2x10%6). A



spermatogenesis-associated protein 20-like gene family shows positive selection in two of the
six branches in D. galeata (p = 0.0007) and D. magna (p = 0.01; Figure 4C). A spermine
synthase-like family shows positive selection within D. carinata (p = 0.017). Additionally, the
histone H2A gene family, which is related to spermatogenesis and DNA packaging within
sperm, shows contractions of three genes in European D. pulex and D. galeata, and the loss of
four genes in D. pulicaria. Selection could not be determined within this family due to the lack of
other unique species’ genes. Investigating the mechanisms driving these contractions in histone
H2A could provide insights into adaptive reproductive strategies, potentially explaining the
enrichment of contraction signals in sperm genes observed in Figure 2 for D. pulicaria.

In total, out of the 14 hierarchical gene families identified by OrthoFinder and 82
individual genes related to spermatogenesis and sperm packaging in our dataset, four genes
show significant positive selection across species, constituting approximately 5% of

spermatogenesis genes across Daphnia.

Discussion

In this study, we test hypotheses concerning the neofunctionalization of gene families
that have expanded across Daphnia. Our findings reveal an overrepresentation of GO terms
related to spermatogenesis and stress response within the expanded gene families (Figure 2).
We provide evidence of elevated positive selection affecting approximately 2% of the expanding
gene families (Figure 2). This indicates neofunctionalization within the expanding genes, and we
illustrate notable examples in heme (Figure 3) and spermatogenesis-related genes (Figure 4).
Overall, the patterns of gene family expansion and contraction are consistent with the general
hypothesis that gene family evolution should be elevated for traits associated with sexual

conflict and environmental adaptation.



Evolutionary genomics of gene family evolution in Daphnia species. Our research explores

the evolutionary dynamics of gene families in Daphnia, investigating how selective pressures
influence gene content and diversity across species. Daphnia face similar selection pressures
due to predation (Schwartz, 1984) and seasonal adaptation (Winder et al., 2004). We
hypothesized that these shared ecological pressures would result in gene expansions and
contractions across Daphnia (Hebert & Wilson, 1994; Chin & Cristescu, 2021). Contrary to our
hypothesis, our findings reveal that Daphnia experience selection pressures in a species-
specific manner (Figure 2). Many gene families we expected to be common targets for
expansion, such as heat-shock proteins, opsins, and chemosensory genes, were not frequently
expanded. Instead, a general trend emerged where some Daphnia showed expansions in
genes related to spermatogenesis, metabolic processes, and stress responses involving heme
production (Figure 2). This indicates that while Daphnia face similar ecological challenges, their
genetic responses to these pressures are highly individualized.

Comparative genomic analyses have revealed significant gene family expansions in
Daphnia. A study by Zhang et al., (2021) using three Daphnia genomes identified expansions
related to methylation in D. pulicaria and North American D. pulex, and structural
morphogenesis in D. carinata and North American D. pulex (Supplemental Table 2). Similarly,
Ye et al., (2017) found terms associated with chitin binding and oxidative stress in their analysis
of two Daphnia species. They also noted high variability in heme production genes in North
American D. pulex and D. magna, related to the adaptation to hypoxic environments via
hemoglobin proteins (Fox et al., 1951; Kobayashi et al., 1994). While there is some overlap with
our results, which primarily show expansions in spermatogenesis terms, our findings differ due
to the inclusion of a broader set of ortholog groups and additional Daphnia species. This
underscores the importance of comparative genomics in understanding Daphnia adaptation

across multiple genomes.



The analysis of Daphnia genomes has provided valuable insights into their genetic
complexity and evolutionary dynamics. The first Daphnia genome, D. pulex arenata, revealed
over 30,000 genes, more than twice the number found in humans (Colbourne et al., 2011).
Although many of these genes are now considered erroneous due to fragmented models
(Denton et al., 2014), some might still represent significant evolutionary events (Ye et al., 2017).
By using the error prediction feature (Han et al., 2013), which estimates the influence of
assembly error on gene expansion and contraction estimates, we found an error rate of 5.6%.
This rate is comparable to other genomic projects (Neale et al., 2017) and like that observed in
Drosophila genomes (Da Lage et al., 2019). The gene family gain and loss rate (A) across the
phylogeny is A = 0.00084, about an order of magnitude lower than estimates in similar
Drosophila studies (Hahn et al., 2007; Da Lage et al., 2019). This suggests that the Daphnia
genomes examined have relatively low evolutionary rates of gene gain and loss, indicating a
conservative estimate. To minimize assembly bias, we included the highest quality genomes

available and will incorporate more in future investigations.

Evolution of spermatogenesis gene families in Daphnia. Our study provides valuable

insights into species-specific adaptations and fundamental evolutionary processes, particularly
in spermatogenesis. Daphnia sperm exhibit significant size variability and extensive phenotypic
diversification (Duneau et al., 2022). At the sequence level, we observed positive selection and
diversification in genes associated with sperm morphology. For instance, in European D. pulex,
a motile sperm protein (MSP) and other spermatogenesis proteins show high rates of positive
selection (Figure 4C&D). The MSP gene is particularly intriguing, with a pN/pS ratio = 1 in both
North American and European D. pulex, indicating the accumulation of functional diversity
through non-synonymous substitutions and polymorphisms, suggesting neofunctionalization.

Additionally, D. pulex species exhibit highly variable male production rates (Ye et al., 2019;



Barnard-Kubow et al., 2022), implying similar selective pressures on the MSP gene family
across distinct populations.

Despite these findings, our understanding of the evolutionary genetics of
spermatogenesis in Daphnia remains limited (Wuerz et al., 2017). This gap in knowledge is
likely due to a predominant research focus on parthenogenesis and meiosis pathways (Goémez
et al., 2016; Schurko et al., 2009). Although some Daphnia rarely produce males during much of
the growing season (Wuerz et al., 2017), the genes controlling spermatogenesis could still be
under selective pressures that are not yet fully explored. For example, obligately asexual North
American D. pulex males exhibit varying sperm ploidy and can spread asexuality to other clones
(Xu et al., 2013, 2015), indicating that sperm evolution might drive diversification pressures
across the species range. In a broader taxonomic context, major sperm proteins in nematodes
show highly conserved sequences despite extensive gene family expansion (Kasimatis &
Phillips, 2018). Similarly, sperm motility genes are often associated with positive selection in
mammals (Torgerson et al., 2002; Vicens et al., 2014), and Drosophila sperm demonstrate
extreme variability (Civetta et al., 2006; Wong et al., 2008). Thus, the genes involved in
spermatogenesis in Daphnia are likely subject to significant evolutionary pressures,
underscoring the need for more detailed studies to uncover their roles and adaptive significance
related to neofunctionalization and subfunctionalization.

In summary, spermatogenesis emerges as a compelling set of genes under
diversification in Daphnia, showing enrichment for expansions and contractions. Genes related
to spermatogenesis and sperm morphology exhibit high levels of positive selection across
branches and sites (Figure 4C&D), with approximately 5% of spermatogenesis genes identified
as under positive selection. Additionally, some expanding spermatogenesis genes appear to be
under purifying selection (Figure 4A&B). These candidate genes warrant further investigation to

understand their relevance to adaptation.



Conclusion

Our study elucidates the gene family evolution of several members of Daphnia, and we
provide evidence that spermatogenesis and stress response genes are under gene number
evolution. We also show that these genes prone to turnover are also under some incidents of
positive selection, leading us to understand the early phases of gene diversification and
neofunctionalization within Daphnia. Our study has important implications for continuing the
work to elucidate the mechanisms that drive divergence across species, and we highlight the
need to further validate how spermatogenesis genes are functional within species (Genereux et
al., 2020). Ultimately though, we linked gene evolution with diversification across an interesting

group of taxa.
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Abstract

The patterns of genetic variation within and between related taxa represent the genetic
history of a species. Shared polymorphisms, loci with identical alleles across species, are of
unigque interest as they may represent cases of ancient selection maintaining functional variation
post-speciation. In this study, we investigate the abundance of shared polymorphism in the
Daphnia pulex species complex. We test whether shared mutations are consistent with the
action of balancing selection or alternative hypotheses such as hybridization, incomplete lineage
sorting, or convergent evolution. We analyzed over 2,000 genomes from North American and
European D. pulex and several outgroup species to examine the prevalence and distribution of
shared alleles between the focal species pair, North American and European D. pulex. We
show that while North American and European D. pulex diverged over ten million years ago,
they retained tens of thousands of shared alleles. We found that the number of shared
polymorphisms between North American and European D. pulex cannot be explained by
hybridization or incomplete lineage sorting alone. Instead, we show that most shared
polymorphisms could be the product of convergent evolution, that a limited number appear to be
old trans-specific polymorphisms, and that balancing selection is affecting young and ancient
mutations alike. Finally, we provide evidence that a blue wavelength opsin gene with trans-
specific polymorphisms has functional effects on behavior and fitness in the wild. Ultimately, our
findings provide insights into the genetic basis of adaptation and the maintenance of genetic

diversity between species.



Introduction

Genetic diversity reflects a species’ history and serves as the foundation for adaptation
to ecological change. In nature, mutations arise, and their persistence time is a function of their
selective value and the effective population size of the focal species (Crow & Kimura, 1970).
One distinct type of genetic variant is a shared polymorphism, in which mutations are identical
by state across closely related species (Wang & Mitchell-Olds, 2017). The abundance and
frequency of shared polymorphisms between two species can provide insight into some of the
most interesting processes in evolution. Shared polymorphism that arose prior to the split of two
species are generally referred to as trans-species polymorphism (Hedrick, 2013; Wiuf et al.,
2004; Wu et al., 2017). Trans-specific polymorphisms can be used to study the speciation
process (Klein et al., 1998), helping refine estimates of the timing and population sizes at
divergence (Edwards et al., 2000). Unless divergence happened recently or there is ongoing
gene flow, it is unlikely that neutral polymorphism will be retained in both species for long
(Leffler et al., 2013). Therefore, the presence of shared polymorphism between two species with
limited gene-flow can be a powerful way to identify balanced polymorphisms (Clark, 1997).
These polymorphisms are presumed to be maintained by temporal or spatial variation in the
direction of natural selection (Bergland et al., 2014; Ségurel et al., 2012, 2013), or by genetic
overdominance (Wills, 1975). Shared polymorphisms can also indicate convergent adaptive
evolution (Castoe et al., 2009) or adaptive introgression (Hedrick, 2013), and these
polymorphisms themselves can also be the target of balancing selection (Wang & Mitchell-Olds,
2017).

Identifying the forces that generate and maintain shared polymorphism is therefore an
important problem in evolutionary genetics. However, identifying the contribution of neutral,
demographic, and adaptive evolutionary processes to the generation and maintenance of
shared polymorphisms is challenging. This is especially so for young species because there has

not been enough time for species-specific alleles to fix, and for drift to erode shared



polymorphism present due to incomplete lineage sorting. In contrast, testing alternative
hypotheses for the generation of shared polymorphism can sometimes be more tractable for
slightly older species pairs. This is because neutral trans-species polymorphisms are expected
to be rare thereby eliminating incomplete lineage sorting as a main driver of shared
polymorphism. If sufficient time has occurred for fixation of species-specific alleles, then
adaptive introgression will be relatively easy to identify (Huerta-Sanchez et al., 2014) especially
if it occurred recently. However, if only a single trans-specific polymorphism is functional,
recombination will erode the ancestral haplotypes (Gao et al., 2015) and gene trees will align
with species trees causing ambiguity when differentiating between convergent evolution and
trans-specificity (Unckless et al., 2016). In contrast, long-term balancing selection of a trans-
specific polymorphism can be relatively unambiguous if there are multiple sites at a locus that
are shared polymorphisms, and these are tightly linked causing allele trees to not align with
species trees (Wang et al., 2020). The presence of trans-specific haplotypes suggests that
multiple functional sites at the locus are the target of some form of balancing selection
(Charlesworth, 2006).

Daphnia species are an excellent model to study the mechanisms that generate and
maintain shared polymorphism. Daphnia are freshwater microcrustaceans that have been the
focus of ecological and evolutionary research for over a century (Ebert, 2022). Among the most
widely studied taxa within this genus are D. magna (Decaestecker et al., 2007), D. obtusa
(Spitze, 1993), as well as D. pulex (Lynch et al., 2017) and its close relatives (Colbourne et al.,
2011). The D. pulex species group is currently in the process of an adaptive radiation (Fryer,
1991). Owing to their recent divergence time, some members of the North American D. pulex
species group are known to hybridize in the wild (Held et al., 2016), resulting in contagious
obligate asexuality (Xu et al., 2015). Members of the D. pulex species group, including D.
obtusa, are found across the Palearctic and Nearctic (Crease et al., 2012), and recently

established populations can be found in other regions of the world (So et al., 2015). Although D.



obtusa, D. pulicaria, and D. pulex have been identified on multiple continents, each of these
three taxa represent polyphyletic groups (Cerny & Hebert, 1999). For instance, based on
mitochondrial sequence, D. pulex found in North America is more closely related to North
American D. pulicaria than it is to European D. pulex (Crease et al., 2012). The confusion of
species identification and naming in this genus is due to the similar morphology (Dodson, 1981)
and ecological niches of these taxa (Chin & Cristescu, 2021) plus their capacity to interbreed
(Pantel et al., 2011), generally reflecting the taxonomic ambiguities within the species group
(Hebert & Wilson, 1994), and among zooplankton in general (Brooks, 1957).

The evolutionary and ecological history of the D. pulex species group affords us an ideal
opportunity to study the evolutionary forces that have shaped patterns of shared polymorphism.
Here, we assessed alternative evolutionary mechanisms that can generate and maintain shared
polymorphisms between North American and European D. pulex. Using population genomic
data from samples in North America and Europe, we first confirm that North American and
European D. pulex are distinct species that have diverged millions of years ago. Next, we show
that North American and European D. pulex possess tens of thousands of shared
polymorphisms, whose abundance cannot be explained by incomplete lineage sorting,
hybridization, introgression, or gene-flow. Therefore, we conclude that many of these shared
polymorphisms arose either via convergent evolution or have been maintained since the split
between these taxa. For many shared polymorphisms, we cannot differentiate which of these
two mechanisms is most likely. However, a limited number of genes show a strong excess of
shared polymorphisms that are in linkage disequilibrium, consistent with long-term balancing
selection operating on a haplotype. One of these genes is a single-copy blue wavelength opsin,
part of a gene family that has previously been identified as a target of rapid adaptive evolution in
Daphnia (Brandon et al., 2017; Ye et al., 2023). We show that European D. pulex clones
harboring alternate genotypes for this blue wavelength opsin have differences in movement and

activity that is dependent on light conditions and provide evidence for overdominance in the



wild. Taken together, our results highlight the abundance, selective history, and function of
shared polymorphisms in Daphnia and contributes to the understanding of the phylogeography

for this classic model system.

Materials and Methods

Sampling and seqguencing European Daphnia genomes. Daphnia were sampled from 16

ponds throughout England in 2018. Samples were transported to the University of Virginia and
clonally derived isofemale lines were established. Samples were identified as either D. pulex, D.

pulicaria, or D. obtusa based on morphological characteristics using an online dichotomous key

(http://cfb.unh.edu/cfbkey/html/anatomy/daphnia/daphnia.html). DNA extraction and library
preparation followed methods outlined in Kubow et al. (2022). Briefly, for each isofemale line
multiple individuals were exposed to antibiotics (streptomycin, tetracycline, and ampicillin, 50
mg/L of each) and fed Sephadex G-25 beads to clear their gut of algae. Samples were
homogenized using metal beads and a bead beater and DNA was extracted using the
Agencourt DNAdvance kit (Beckman-Coulter). RNA was removed using RNase followed 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/pL 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
guality checked using a BioAnalyzer. Samples were sequenced on a HiSeq X platform, paired-

end 150bp.

Publicly available Daphnia genomes. Genome sequences of North American and European

D. pulex, D. pulicaria, and D. obtusa were obtained from NCBI's Sequence Read Archive (SRA;
Leinonen et al., 2011). We incorporated wild-sequenced or isogenic female lineages (Barnard-

Kubow et al., 2022; Lynch et al., 2017; Xu et al., 2015; Ye et al., 2022), and excluded samples


http://cfb.unh.edu/cfbkey/html/anatomy/daphnia/daphnia.html

that were from mutation accumulation studies. Species identity for these samples was based on

annotations provided in each SRA record.

Short-read mapping. Prior to short-read mapping of all samples, sequencing adaptors were

removed using trimmomatic v0.39 (Bolger et al., 2014), and overlapping reads were merged
using pear v0.9.11 (Zhang et al., 2014). All samples were mapped to the European D. pulex
genome (Barnard-Kubow et al., 2022) using bwa mem v0.7.17 (H. Li, 2013), and downstream
data manipulation was performed using samtools merge v1.12 (H. Li et al., 2009). Duplicate
reads for every bam file were marked and removed using picard v2.23.4
(https://broadinstitute.github.io/picard/). Quality control metrics were assembled using fastqc
v0.11.5 (Andrews, 2010) and MultiQC v1.11 (Ewels et al., 2016). Samtools flagstat counted the
mapped and properly paired reads.

Additionally, we mapped North American D. pulex to the North American D. pulex
reference genome (KAP4; GenBank assembly: GCF_021134715.1) using the same mapping
strategy outlined above. We created a liftOver file to translate features in KAP4 to D84A. The
chains exhibited good coverage, allowing us to translate 72.6% of the KAP4 genome to D84A
(Lee et al., 2022). We created the liftOver file by running pairwise alignments using lastz
followed by the use of various UCSC tools to chain the alignments, sort them, filter them, and
convert them into UCSC nets and chains (Harris, 2007). We used LiftOverVCF from picard to
convert the KAP4 aligned VCF to the D84A genome coordinates. We then assessed the
concordance of the SNP classifications between North American samples mapped to D84A and
the liftOver VCF (Supplemental Figure 1C-D).

All analyses using North American and European D. pulex, D. pulicaria, and D. obtusa
were conducted using samples mapped to the European D. pulex reference genome. We
assessed reference allele bias for these interspecific mappings by calculating the proportion of

alternative and reference allele dosage for 1,000 biallelic heterozygous BUSCO gene SNPs


https://www.zotero.org/google-docs/?U1A4vx

across the genome (with 100 bootstrap resampling). All analyses focusing exclusively on shared
polymorphisms between European and North American D. pulex were conducted using the
intersection of SNPs identified by mapping North American D. pulex and European D. pulex to

their respective reference genomes.

SNP calling and filtering. We used HaplotypeCaller and GenotypeGVCFs from gatk v4.1.6.0

to create VCF files (Poplin et al., 2017). VariantFiltration in gatk removed low-quality SNPs
recommended for organisms without reference panels: ("QD<2.0", "QUAL<30.0", "SOR>3.0",
"FS>60.0", "MQ<40.0", "MQRankSum<-12.5", "ReadPosRankSum<-8.0"). We removed sites
flanking +10bp any indels using bcftools filter --SnpGap 10 (Li et al., 2009) and removed indels
using SelectVariants in gatk. We annotated SNPs using snpEff v4.3t (Cingolani et al., 2012).
Samples with average genome-wide missingness >10% were removed from analyses as
was any genomic region with more than 10% missingness across the remaining samples. We
removed regions with high (DP=35) and low mean site read depth (DP<8), along with
chromosomal endpoints, regions of the reference genome with large stretches of gaps, and
regions of Ns as described in Barnard-Kubow et al., 2022. Repetitive elements identified in the
European D. pulex genomes were classified with RepeatMasker v4.0.8 and were removed
(Tarailo-Graovac & Chen, 2009). We restricted analyses to the genic and non-genic regions
associated with the 6,544 single-copy ortholog genes between European and North American
D. pulex from OrthoFinder v5 (Emms & Kelly, 2019) for the SNPs that were retained from the
liftOver. Most analyses removed SNPs that have a minor allele frequency (MAF) less than 0.01
within-species. After filtering, 347,200 SNPs represent the whole-genome SNP set. We
restricted phylogenetic analyses to BUSCO genes identified with Panther annotations (Mi et al.,
2013; Seppey et al., 2019; Simo et al., 2015). The BUSCO gene SNP set includes 138,024

SNPs. Principal component analysis (PCA) of SNPs was conducted in SNPRelate v1.24.0 while
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excluding sites with MAF<0.01 (Zheng et al., 2012). Dy, was calculated using PopGenome

v2.7.5 (Revell, 2019).

Assigning multi-locus genotypes. Every sample was assigned to a multi-locus genotype

(MLG) using the poppr v2.9.3 package (Kamvar et al., 2014) in R v4.0.3. Unless otherwise
noted, every analysis was subset based on picking a representative sample with the highest

coverage for each MLG (Supplemental Table 1).

Mitochondrial tree. We annotated the D84A mitochondrion using MITOs v1 (Bernt et al.,

2013). We aligned and called SNPs using bcftools mpileup v1.9 and bcftools call. We excluded
reads that had low-quality scores (Q<20) and high depth (DP>100) using bcftools filter. And
generated consensus FASTA files using bcftools consensus. We mapped North American D.
pulex and D. pulicaria to the North American D. pulex mitochondrial genome sequence
(GenBank accession: NC_000844.1) and mapped both North American and European D.
obtusa samples to the North American D. obtusa mitochondrial genome sequence (GenBank
accession: CM028013.1). The mitochondrial sequence of European D. magna was used as an
outgroup (GenBank accession: NC_026914.1). We assembled homology blocks using
exonerate v2.4.0 (Slater & Birney, 2005) for the 13 protein-coding genes and found high
sequence similarity (>80%), except for atp8. Therefore, we assembled trees excluding atp8. We
then used mafft v7.475 (Katoh & Standley, 2013) to assemble multiple sequence alignments
(MSA). We concatenated these MSAs for each gene using segkit concat v2.2.0 (Shen et al.,
2016) and ran igtree2 v2.1.2 with 1,000 bootstraps (Supplemental Figure 2; Hoang et al., 2018;

Kalyaanamoorthy et al., 2017).

Estimating divergence-time. We used Snapp v1.6.1 within Beast2 v2.6.6 to estimate the split-

time within the species complex (Bouckaert et al., 2014). We used two representative



individuals with the highest coverage for each species. We used 3,000 randomly sampled
BUSCO gene SNPs, 1 million iterations, and a 10% burn-in. The output tree was time-
constrained for the outgroup species, European D. obtusa, to 31 million years ago (MYA with a
confidence interval of 1 MYA based upon a genus-wide tree; Chin & Cristescu, 2021; Cornetti et

al., 2019). We used Tracer v1.7.1 to quantify MCMC convergence (Rambaut et al., 2018).

Hybridization statistics. We used ADMIXTURE v1.3.0 (Alexander & Lange, 2011), excluding

any sites with MAF<0.01 and thinned every 500 SNPs. We varied the number of clusters (k)
from 2-25 and calculated the cross-validation error (CV) at every k model. We chose k=9
because the minimum CV score was reached. We quantified the magnitude of introgression

using Dsuite v0.5 (Malinsky et al., 2021) with European D. obtusa as the outgroup.

Historic Ne and demographic inference of migration. To calculate historical N. for European

and North American D. pulex, we ran MSMC2 v2.1.1 and SMC++ v1.15.4 (Schiffels & Wang,
2020; Terhorst et al., 2017). We performed demographic inference with moments v1.1.0 in
python3 (Jouganous et al., 2017). We tested two models: one with-migration and one without-
migration. For the former model, we used moments’ split_mig model. For the latter, we used
split_mig with no migration. We ran inference on 20x20 SFS projections until model
convergence and classified a shared polymorphism as an allele whose allele frequency is above
1/20 in both species. We used a mutation rate y=5.69x10° (Lynch et al., 2017). We followed the
methods of McCoy et al., (2014) to convert coalescent units of into standard units. We
estimated the ancestral population size as Nanc=200,000/neuy, where neu=Ne European D. pulex
is an approximate from historic demographic inference (Supplemental Figure 3 left panel). Then,
with moments’ estimates nna for Nna, T for tspit, and M for migration, we calculated:

Nna=NancXhna, Neu=NancXheu, tspit=2NancxT, and m=M+2Nanc. We chose to associate European



D. pulex with the ancestral species because the reference genome isolate is a European D.

pulex clone.

Classifying shared polymorphisms between North American and European D. pulex. We

classified each mutation as a fixed difference between species, polymorphic within-species, or a
shared polymorphism between species. We classified sites as polymorphic (within species or
shared) if the minor allele frequency in either or both species was greater than 0.01
(Supplemental Table 2).

We tested whether the extent of shared polymorphism can be explained by incomplete
lineage sorting using methods outlined elsewhere (Novikova et al., 2016; Wiuf et al., 2004). The
formula in Novikova et al., (2016) estimates the number of expected shared polymorphisms
between species, where dpeween iS Dxy between North American and European D. pulex, and

dnam & deuro are within-species polymorphism.

d m d U0 d 1113 d uro
exp(mbetweeﬁ( NAm + dpuro) mAx{dnam, de })

dNAm dEuro

Balancing selection statistics. BetaScan v1 was used to calculate 8* statistic within species

using the folded site frequency spectrum (Siewert & Voight, 2017). The ay, statistic tested for the
proportion of sites under balancing selection between species-pairs from Soni et al., 2022.
Where Poly. are SNPs within-species and SP are shared polymorphisms between-species.
SYN are synonymous sites and NS are non-synonymous sites:

Poly. Synx SP NS
Poly.NS x SP SYN

a, =

Phylogenetic tree test using pairwise cophenetic distances. We tested the local sequence

genealogy to test for trans-specificity versus convergent evolution (Koenig et al., 2019; Nunez et


https://www.zotero.org/google-docs/?rmLKOi

al., 2021). This test used trees built from 500bps flanking high-frequency non-synonymous
shared polymorphisms (MAF>0.1). We calculated the median pairwise cophenetic distances
(CPD) between samples (Cardona et al., 2013). We extracted haplotypes from a WhatsHap
v1.1 phased VCF (Martin et al., 2023) from 30 high-read depth individuals for each species. We
chose 30 samples to keep the sample size consistent across species while decreasing model
convergence time. We aligned the parental haplotypes (n=60 per species) using mafft and built
trees using iqtree2 (1,000 bootstraps). The null hypothesis was that the tree would be
concordant with the species-tree topology. The alternative was that the tree would be discordant
with the species-tree and that median CPD between North American and European D. pulex is
higher within-species than between-species (i.e., CPDuwitin>CPDgetween). CPDwithin-

getween=CP Dwithin-CPDgetween, Where CPDwinin=within-species, CPDgeween=between-species.
Positive CPDwitin-setween indicates an allele-specific topology and negative CPDwithin-getween
indicates a concordant topology with the species-tree. A cartoon depicting these hypotheses is

in Figure 4A.

Light exposure experiments on Daphnia activity. We developed a behavioral assay to

collect activity data on 12 distinct European D. pulex clones using a DAM Trikinetics monitor
(Chiu et al., 2010). In total, we measured activity for 216 individuals. The Trikinetics monitor has
32 wells filled with 5mm diameter plastic tubes. Each well has an infrared light beam that when
broken by a Daphnia individual will count as an activity event. We exposed individuals to white
light, blue light, and dark lighting conditions using blackout boxes mounted with LEDs
(described in Erickson et al., 2020). Individual Daphnia were placed inside a plastic tube with
artificial pond water media (ASTM; Standard, 2007) while each Trikinetics monitor collected
activity measurements over a twelve-hour experimental period, sampling every 5 seconds. We
excluded measurements during the first hour to allow individuals to settle in. For 95% of the 5-

second intervals, 0 or 1 beam break was recorded and 99.9% of intervals had 4 or fewer beam



breaks. Therefore, for each 5-second interval, we converted the number of beam breaks
recorded into a binary variable (>=1 beam-break vs 0 beam-breaks) and calculated total activity
as the fraction of 5-second intervals with more than one beam break per individual over the
course of the experiment. We modeled total activity with a generalized linear mixed effect model
using Ime4 v1.1-27.1 in R (Bates et al., 2015) and performed likelihood ratio tests between the
following models:
Model 1: y ~ Light + Clone + Block + ¢
Model 2: y ~ Light + Genotype + Clone + Block + €

Model 3: y ~ Light + Genotype + Light:Genotype + Clone + Block + ¢

Where y is the fraction of intervals with activity, Light is the fixed effect of light treatment
(white, blue, dark), Genotype is the fixed effect of genotype at the blue wavelength opsin
(BLOP) locus, Light:Genotype is the fixed interaction effect, (1|Clone) is the random effect of
clone, (1|Block) is the random effect of one of the three experimental blocks run over
successive weeks, and ¢ is the binomially distributed error with weights equal to the number of
5-second intervals (ca. 7800). We conducted likelihood ratio tests between Model 1, Model 2,
and Model 3 using the anova() function in R (Supplemental Table 3). In addition, we performed
an additional analysis that explicitly models elapsed time in the experiment as a fixed effect and
includes the individual Daphnia identifier as a random effect to account for repeated measures.
The results of that analysis are in line with the more straightforward model presented here and

we show those results in Supplemental Table 4.

Daphnial1806-RA orthologs. We tested the orthology of Daphnial1806-RA by BLASTIing the

amino acid sequence against the NCBI database using blastp v2.13.0 (Sayers et al., 2022).



Statistics and visualization. Analyses were performed using R v3.6.2-4.0.3 (R Core

Development Team 2013). We used the following packages for analysis and visualization:
tidyverse v1.3.1 (Wickham et al., 2019), ggplot2 v3.3.5 (Villanueva & Chen, 2019), ggtree v2.0.4
(Xu et al., 2022), ape v5.4-1 (Paradis & Schliep, 2019), patchwork v1.0.1 (Thomas Lin
Pedersen, 2022), viridis v0.5.1 (Garnier et al., 2021), data.table v1.12.8 (Dowle & Srinivasan,

2023), foreach v1.4.7, doMC v1.3.5 (Daniel et al., 2022), SeqArray v1.26.2 (Zheng et al., 2017).

Data availability. The D84A mitochondrion was uploaded to NCBI (JAHCQT000000000) and

updated to the existing accession: GCA_023526725.1. The novel 93 genomes described here
were uploaded to NCBI under the accession: PRINA982532. The metadata for samples is
located in Supplemental Table 1. The VCF and GDS are deposited on dryad:

https://doi.org/10.5061/dryad.dncjsxm3p. Scripts and data are deposited on GitHub:

https://github.com/connor122721/SharedPolymorphismsDaphnia.

Results

Thousands of Daphnia genomes. We first assembled short-read genomic data for 2,321

samples of D. pulex, D. pulicaria, and D. obtusa collected from North American and European
ponds (Figure 1A). This includes whole genomes published elsewhere (Barnard-Kubow et al.,
2022; Lynch et al., 2017; Xu et al., 2015; Ye et al., 2022), along with 93 samples reported here
for the first time. We aligned samples to the European D. pulex assembly (D84A; Barnard-
Kubow et al., 2022) and identified 347,200 SNPs after filtering. In brief, our filtering methods
removed regions that could prove problematic for population genomic analyses across related
species. The SNP that we used represent within-species SNPs, fixed differences, and shared
polymorphisms classified between North American and European D. pulex. Because lineages

could be clonally derived from a recent common ancestor, each sample was assigned to a
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multi-locus genotype using the filtered SNP set (MLG; Supplemental Table 1). In all analyses,

unless otherwise noted, we restricted to one sample per MLG (n=1,173).
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Figure 1. Genetic divergence of the Daphnia pulex species complex. A) Sample origin of
the North American and European clades, each consisting of D. pulex, D. pulicaria, and D.
obtusa. Most of the European clade has samples in the United Kingdom but there is one sample
in both the Czech Republic and Lithuania as shown in the rightmost subfigure. B) The principal
component axes (PC1 and PC2) using filtered genome-wide SNPs (minor allele frequency >

0.01). The proportion of variation explained by each PC is shown in parentheses. We restricted



the principal component analysis to the D. pulex and D. pulicaria taxa because the D. obtuse
taxa are so distantly related. C) Time-constrained phylogenetic tree restricted to 2
representative individuals within each species based on 3,000 BUSCO gene SNPs. This
consensus tree is rooted with European D. obtusa to have 31 million years of divergence.
Bracketed values are 95% confidence intervals in millions of years ago (mya). Node labels

indicate the posterior probabilities estimated from 1 million bootstraps.

Interspecific mapping does not cause systematic biases. A concern for aligning divergent

sequences to the same assembly is for reference allele bias to decrease mapping efficiency and
cause genotype errors (Gunther & Nettelblad, 2019). To assess this, we calculated the
proportion of alternative and reference allele dosage for heterozygous BUSCO gene SNPs
(N=1,000; 100 bootstraps). On average, SNPs identified in North American or European D.
pulex, D. pulicaria, or D. obtusa had approximately the same alternative and reference allele
dosage at heterozygous sites, revealing an absence of systematic reference allele bias
(Supplemental Figure 1A). Next, we mapped North American D. pulex samples to their species
assembly (KAP4) and measured the concordance of SNP classifications between genomes. We
show that 88% of SNP classifications are unchanged between assemblies (Supplemental
Figure 1B&C). However, this high level of concordance could be an underestimate because of
information loss incurred from lifting over assemblies (Chen et al., 2021; Gunther & Nettelblad,
2019). Therefore, we conclude that the data is not systematically biased by mapping reads from
non-European D. pulex to the European D. pulex assembly.

Results that highlight genetic divergence, hybridization, and introgression between taxa
use the SNP classifications identified by exclusively mapping to the European D. pulex
reference genome. To be rigorous, all results that focus on shared polymorphisms between

North American and European D. pulex use sites that were identified as shared polymorphisms



when mapping reads from each species to their respective reference genome, and then lifting

over coordinates (Nsnps=28,983; Supplemental Table 2).

Population genetics of the species complex. To understand the extent of divergence

between species, we performed principal component analysis (PCA) on the SNP dataset after
retaining sites above 0.01 minor-allele frequency (MAF) within-species (Figure 1B). The first and
second PC axes are significantly different between the North American and European D. pulex,
D. pulicaria, and hybrids species groups (ANOVA PC1: F41154 = 70,617, p < 2 x 10°%%; ANOVA
PC2: Fs1154 = 27,940, p < 2 x 10%9). Intriguingly, European D. pulicaria clusters near the known
hybrids of North American D. pulicaria and D. pulex (Jackson et al., 2021; Tucker et al., 2013;
Supplemental Table 1); below we test whether the samples identified as D. pulicaria collected in
Europe are related hybrids between North American taxa or are themselves hybrids.

To evaluate the nuclear phylogeny of the D. pulex species complex, we built a time-
constrained phylogenetic tree using BUSCO gene SNPs. The tree omitted known hybrids of
North American D. pulex and D. pulicaria because they prevented model convergence. Our
results show that the nodes that split the D. pulex species complex are generally well supported,
reflecting a high pairwise sequence divergence (Dyy) between taxa. We estimate that the split-
time between North American and European D. pulex is around 10 million years ago (Figure
1C). The mitochondrial phylogeny also supports a reciprocally monophyletic relationship
between North American and European D. pulex. However, North American D. pulex and D.
pulicaria are not reciprocally monophyletic (Supplemental Figure 2). The recent split-time
between North American D. pulex and D. pulicaria (Ye et al., 2022), their propensity to hybridize
(Pantel et al., 2011), and discordant mitochondrial and nuclear phylogenies support the
hypothesis that North American taxa are in the process of incipient speciation (Heier &

Dudycha, 2009).



North American and European D. pulex possess marked differences in levels of
diversity, consistent with long-term divergence. Principal component clusters are more
dispersed among North American D. pulex than they are among European D. pulex, suggesting
higher genetic variability within the North American clade (Figure 1B). Second, synonymous site
D,y between the two species is large (BUSCO genes Dyy=0.054). Third, North American and
European D. pulex taxa have different historic Ne: the North American D. pulex Ne is ~700,000
(95% confidence intervals; 625,090.3, 772,232.5) whereas the European D. pulex N is

~300,000 (268,445.1, 323,248; Supplemental Figure 3).

Hybridization in the D. pulex species group. Hybridization is common among the group of

North American D. pulicaria and D. pulex species (Pantel et al., 2011), however, signals of
hybridization between North American and European Daphnia remain less well understood.
European D. pulicaria and North American D. pulex-pulicaria hybrids both exhibit strong signals
of hybridization (Figure 2AB; D=0.49, f4-ratio=0.236, p=2.3x10° for European D. pulicaria;
D=0.55, f4-ratio=0.48, p=2.3x10° for North American D. pulex-pulicaria). However,
hybridization between European D. pulicaria and North American or closely related circumarctic
species is not recent or is with other members of the complex North American D. pulex-pulicaria
species sub-group. For example, an ADMIXTURE analysis reveals that European D. pulicaria
has distinct ancestry clusters from other species, while the recent hybrids of North American D.
pulex-pulicaria display split ancestry between North American D. pulex and D. pulicaria (Figure
2D; Alexander & Lange, 2011). We also examined heterozygosity at fixed differences between
North American D. pulex and North American D. pulicaria in European D. pulicaria and North
American D. pulex-pulicaria hybrids. These fixed differences are heterozygotes 70% of the time
in North American hybrids, but only 2% of the time in European D. pulicaria suggesting a distinct
evolutionary history of the European D. pulicaria clade. In summary, our findings imply that

European D. pulicaria is likely a member of the speciose North American Daphnia pulex species
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sub-group, consistent with previous reports of a circumarctic D. pulex lineage predominant
across Northern Eurasia (Colbourne et al., 1998).

However, signals of hybridization are weak between North American and European D.
pulex (D=0.02, f4-ratio=0.0077, p=1.07x107*; Figure 2C). ADMIXTURE analysis suggests that
European D. pulex forms several distinct ancestry groups that do not appear within any species
of North American Daphnia (Figure 2D). Only ~0.5% of fixed differences between North
American D. pulex and D. pulicaria segregate as heterozygous sites in European D. pulex
(Figure 2E). These results suggest that European D. pulex are distinct from the remaining taxa

and do not have a recent history of hybridization with the other species studied.
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Figure 2. Hybridization across the D. pulex species complex. A-C) Introgressions tests
using various four-species trees. The outgroup is European D. obtusa in all tests. D-statistic and
f4-ratio describe the extent of introgression between the 2" and 3™ taxa on the tree being
tested. D) ADMIXTURE plot of the D. pulex species complex with k=9 having the minimal cross-

validation error. Each color represents a unique ancestry group for each sample. E) We



identified fixed differences between North American D. pulex and D. pulicaria and calculated the
proportion that is heterozygous in a randomly chosen individual from the remaining taxa. The
boxplot shows the distribution of these proportions from randomly sampled clones (one per

MLG).

Extent of shared polymorphism between North American and European D. pulex is not

explained by incomplete lineage sorting or migration. For species with deep split-times and

low levels of migration or hybridization, we expect few shared polymorphisms to exist if such
polymorphisms are neutral. For instance, based on a simple neutral model with no migration
(Novikova et al., 2016; see Material & Methods) we expect to observe 336 shared
polymorphisms given the split-time between North American and European D. pulex at
synonymous sites. Yet, we observe at least 11,000 shared synonymous SNPs between these
species (Supplemental Table 2).

This prediction does not account for historic migration, so we preformed demographic
inference on the two-dimensional site-frequency spectrum (2D SFS) using moments (Figure 3A,
Jouganous et al., 2017). First, we contrasted two models, one that allows constant migration
(Split + Migration) and one where the migration rate was set to zero after population divergence
(Split). The “Split + Migration” model is the best model based on the mean Bayesian information
criteria (BIC) across bootstraps (“Split + Migration” BIC = 20,637, “Split” BIC = 33,216). Notably,
the “Split” model severely underpredicts the number of shared polymorphisms, reflecting that
incomplete lineage sorting alone is insufficient to explain the abundance of shared SNPs. The
“Split + Migration” model itself underpredicts the number of shared polymorphisms by 25%
(Figure 3A), and the model prediction shows a notable deficit of common shared SNPs and an

excess of shared SNPs that are at low frequencies (Figure 3B) compared to the empirical SFS.
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Figure 3. An excess of shared polymorphisms between North American and European
Daphnia pulex. A) Demographic model inference between North American and European D.
pulex based on the folded site-frequency spectrum (SFS). The empirical SFS is constructed
from the genome-wide SNP dataset. The split with migration (“Split + Migration”) and split
without migration (“Split”) models were generated from moments and we are showing the mean
projection based on 1,000 bootstraps. The x and y-axis use a 20x20 SFS projection. B) Average
standardized residuals for both models tested against the empirical SFS. Standardized

residuals were calculated from the allele counts for each row and column combination of the

Empirical-Model,
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SFS with the following formula: , Wwhere Modely is “Split + Migration” or “Split”.

Selective forces acting on shared polymorphisms. European and North American D. pulex

possess an excess of shared polymorphism relative to neutral or demographic models,



suggesting that some form of selection could be maintaining these polymorphisms. We sought
to identify old-balanced polymorphisms and convergently evolved polymorphisms by building
allele-trees surrounding focal shared polymorphisms. If shared polymorphisms arose via
convergence, then allele-trees would be concordant with the species-tree and all parental
haplotypes from the same species would be reciprocally monophyletic (Figure 4A). If shared
polymorphisms arose prior to the species split, then allele trees will not necessarily be
concordant with the species tree. Notably, if there are multiple shared polymorphisms in close
linkage, then alleles from the two species will cluster together and be distinct from the species
tree. However, it is important to note that if only a single trans-specific polymorphism is the
target of balancing selection that arose prior to the species split, then recombination could have
eroded the signal of linked ancient polymorphism and the allele trees will be concordant with the
species tree (Gao et al., 2015). Thus, our analysis cannot accurately separate convergence
from trans-specificity in all cases, but can identify genes that have multiple, linked shared trans-
specific polymorphisms that could be the target of long-term balancing selection.

We summarized allele tree discordance by calculating the pairwise cophenetic distances
(CPD, Cardona et al., 2013) within and between haplotypes of the same-species from allele-
trees that contain high-frequency (MAF>0.25), non-synonymous, shared polymorphisms. When
allele trees resemble the species-tree topology, the within-species distances will be lower than
the between-species distances (CPDwitin-CPDgeween < 0; Figure 4A). However, if alleles from
two species cluster together, and are discordant with the species-tree, the within-species
distances will be larger than between-species distances (CPDuwithin-CPDgetween > 0). A small
number of allele trees surrounding shared polymorphisms have a positive CPDwithin-geween Value,
consistent with balancing selection maintaining trans-specific haplotypes (Figure 4A). However,
most shared polymorphisms have negative CPDwitin-setween Values (Figure 4B), consistent either
with convergently evolution or trans-specificity. Although determining the fraction of shared

polymorphisms that arose via either selective mechanism is challenging, it seems unlikely that



all shared polymorphisms with negative CPDuwimin-setween arose via convergent adaptive evolution.
This is because the probability of mutation occurring at the same nucleotide in two species is

small (u?~ 10Y; Keith et al., 2016), coupled with the low establishment probability for anything

but the most strongly beneficial mutations.
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Figure 4: Convergent evolution, trans-specificity, and signatures of balancing selection
A) Visualization of two adaptive hypotheses that produce shared polymorphisms, convergent
evolution on the left and trans-specificity on the right. For each tree, we calculated the median
pairwise cophenetic distance as the distance within species (CPDwinin; Yellow highlighted pair) —
between species (CPDgeween; Orange highlight) for shared polymorphisms and non-shared

polymorphisms. CPDuwitin-setween < O describes the consensus species-tree topology (Left), while



CPDuwinin-setween > 0 describes an allele-specific tree topology consistent with an old mutation
being maintained within the sequence (Right). The red and blue branches indicate examples of
shared polymorphisms between species. B) CPDuwitin-setween fOr non-synonymous shared SNPs
and non-shared SNPs above 0.25 minor allele frequency (MAF) in both species. Each allele-
tree was made from 30 samples from North American and European D. pulex. At the focal SNP,
we extracted 500bps surrounding the focal SNP. C) B8 is a statistic that detects balancing
selection. We show the mean with 95% standard errors for several SNP classifications
(SYN=synonymous, NS=non-synonymous, Intron=intronic, Inter=intergenic, 5’ UTR=5’
untranslated region, 3' UTR=3’ untranslated region). The dotted vertical line is the average *

within each species.

Regardless of whether shared polymorphisms arose via convergent evolution, or prior to
the species split, they could have been subject to balancing selection. To test this hypothesis,
we first calculated ay, a statistic to estimate the proportion of non-synonymous sites under
balancing selection using a contingency table odds ratio of both private-species’ alleles and
shared polymorphisms (Soni et al., 2022). We found that ay is significantly positive across the
genome, indicating that balancing selection is influencing non-synonymous shared
polymorphisms (a,=0.082 [0.05, 0.114], p=1.5x10). Next, we calculated B8*, a site-frequency
spectrum-based statistic for detecting signals of balancing selection (Siewert & Voight, 2017) at
both shared and control SNPs. We found that 8 at shared polymorphisms are significantly
higher than zero in both species for non-synonymous SNPs (one sample t-test: Euro. t = 7.8, df
=270, p = 1.75x10%3; NAm. t = 18.8, df = 1563, p = 2.2x10°%%; Figure 4C). Shared synonymous
sites are also significantly elevated 8 in both species (NAm. t = 25.12, df = 4367, p = 2.2x10'¢;

Euro. t = 20.41, df = 1481, p = 2.2x10°%%; Figure 4C).



Trans-specific polymorphisms at a blue wavelength opsin affect behavior and show

evidence of genetic overdominance. Of the common, non-synonymous shared

polymorphisms, 14 (5%) have positive CPDuwitin-setween Values (Figure 4B). Almost all of these
shared polymorphisms (13/14) are within a rhabdomeric blue wavelength opsin (BLOP) gene
(Brandon et al., 2017). The BLOP that we identify is found as a single copy in European and
North American D. pulex (Supplemental Figure 4A). The 13 non-synonymous shared SNPs
reside across several exons (Figure 5A) and encompass a large linkage block within European
D. pulex (r?> 0.7 ~ 1.5kbps; Figure 5B&C), thereby explaining the allele-tree species-tree
discordance (Figure 4B; Figure 5C) and suggest that these alleles are trans-specific
polymorphisms (TSP) that predate the split between North American and European D. pulex.

If these haplotypes at the BLOP have been maintained since prior to the split between
North American and European D. pulex 10 MYA (Figure 1C), they may have a functional effect.
To test this hypothesis, we measured the light-induced activity of European D. pulex clones that
harbor distinct haplotypes bearing alternate shared alleles. We first assigned clonal haplotypes
to one of two genetic clusters (Figure 5C) and tested the activity levels of all three genotypes
(AA, AB, BB) in different light conditions. We found that genotype has a significant effect on
activity that is dependent on light conditions (x*=5,849.71, df=4, p < 2x10%6; Supplemental
Table 3). In general, all genotypes had low activity in dark conditions. Heterozygotes have the
highest activity levels when exposed to white light yet have the lowest activity when exposed to
blue light consistent with shifts between genetic overdominance and underdominance affecting
behavior (Figure 5D).

Overdominance affecting behavior could also translate into overdominance affecting
fitness. If trans-specific polymorphisms at the BLOP cause overdominance in fitness,
heterozygotes should be more common than expected under Hardy-Weinberg equilibrium. To
test the hypothesis, we examined segregation patterns of trans-specific SNPs at the BLOP

among F1 offspring derived from a cross between two clones that are both heterozygous for the



trans-specific haplotypes we identified. These clones were previously referred to as “super-
clone A” and “super-clone C” by Barnard-Kubow et al., (2022). Both clones had reached high
frequency in the southern English (Dorset) pond D8 by the end of the 2017 growing season. In
2018, most individuals in the D8 pond were the F1 offspring between super-clone A and C
enabling us to directly test if there is an excess of heterozygotes relative to the expected
Mendelian segregation patterns among the F1s. First, we calculated the frequency of AA, AB,
and BB genotypes at trans-specific polymorphisms, without downsampling to one clone per
MLG, at the BLOP. We find that there is a strong excess of heterozygotes in the wild-caught
individuals compared to expectations from Hardy-Weinberg (HWE) and compared to random
SNPs in the genome or other TSPs (Figure 5E). Next, we calculated the distribution of Fis, a
measure of the departure of HWE, at genes across the genome and found that the BLOP gene
is amongst the most strongly negative Fis compared to other genes (Fis = -0.54; Figure 5E).
Indeed, the BLOP has amongst the smallest 2.6% of Fis values that we measured. Even if we
examine the genotype distribution by only sampling one genotype per clonal lineage we still
observe an excess of heterozygotes (Supplemental Figure 5C&F), again suggesting natural
selection in the wild. We also examined genotype frequencies in lab-generated AxC and CxC
F1s. In contrast to our field-sampled individuals, we do not observe an excess of heterozygotes

from a lab-generated cross of the same clones (Supplemental Figure 5A-E).



Genotype cluster A

o i . G T
[} 1
" . . il
2 : : _ Species Haplotype |||| .I
S i ! D. pulex Europe iiii ii
X 5 i b e D. pulex North Am.
o . . il | |
O 4 1 — 1 | (111 _-I
2. - Allele il Vi |
| = = avemative T[T | BRI L)
| I Reference il 1A
! : o 4'!!!_ L
6.35 6.351 6.3515 — 'I'“'l'
B. Position (Mbp) s i It b
[
[T} 1 L
| B AR
o 1
| S ITA
I r21 00 ! ! i
' d b '
‘m 0.75 | :
m: 0.50 il
I R}
% g n .
: L |Poly.
H WmsP
*NS.
:ck: 11| |
i1 =~ HH
\.5\.*c:m***CW.\*{;‘C*&.*.:.\*,.;c!o*& Tiergentc Genotype cluster B
SNP A E. ) i
D_ 3100 — BLOP — Genome-wide — HWE — Sim. BLOP
035 White Blue Dark g .
- BLOP 2
£0.30- genotype g %
:E — AlA %\ 25
2025 “Be |5 o
c °F
2 0.20- o
‘g \ E:: ;
2 0.15- \ S 4
nE_ "i ,| BLOP
0.101 £ I
g0 : ' :
0 255 5 75 10 120 25 5 75 10 120 25 5 75 10 12° ~04 Gene :{,‘L,age Fis 0.4
Experiment Hour [0 HWE Simulation w/RD [l Empirical

Figure 5. Behavioral and fitness effects of trans-specific SNPs at a blue-light opsin. A)
Gene structure showing the length and position of exons within the BLOP (Daphnial1806). The

shaded red region indicates the location of a large high-linkage block identified in panel B. B)



Pairwise linkage disequilibrium (r?) for every SNP within the BLOP for European D. pulex,
filtered for SNPs with a MAF > 0.01. The right and bottom tile objects indicate whether the SNP
is polymorphic (Poly; khaki) or shared polymorphism (SP; blue-green). NS refers to non-
synonymous polymorphism and Syn refers to synonymous polymorphism represented by
asterisks and open circles respectively. C) Allele-tree made from the gene for a subset of
phased samples of North American and European D. pulex. Tip symbols indicate whether the
samples are North American or European D. pulex. Numbers indicate bootstrap support. The
included haplotype plot and multiple-sequence alignment showcase the presence of each SNP
within the gene, colored for whether the allele is derived (purple) or reference (gold). D) The
activity of individual European D. pulex was measured for 12 hours for three genotypes in three
different light conditions. Lines represent the best fit and 95% standard errors. E) Average
segregation frequency of F1 genotypes expected based on a double heterozygous cross (i.e.,
AB x AB) using empirical read depth at each SNP. “BLOP” is the empirical segregation of trans-
specific polymorphisms within the blue wavelength opsin gene among F1 genotypes. “Genome-
wide” is the segregation for SNPs based on the read depth. “HWE” is the segregation pattern
expected for Hardy Weinberg equilibrium. “Sim. BLOP” is the segregation pattern expected for
the SNPs within the blue opsin gene based on empirical read depth. F) Distribution of average
gene Fis. “HWE Simulation w/RD” is the expected F;s for each gene based on the empirical read
depth for each SNP within every gene and “Empirical” is the average Fis across genes. The
small arrow denotes where the gene average for the blue wavelength opsin falls along the

empirical distribution.

Discussion
In this study, we examined the evolutionary forces that generate and maintain shared
polymorphisms in the D. pulex species complex. This species complex contains several taxa

that have played a preeminent role in evolutionary genetics and ecology, yet their phylogenetic



relationship and nomenclature has proven challenging for over 150 years. Here, we used whole-
genome sequences coupled with polymorphism data to resolve the nuclear phylogeny of
members of this species group, to evaluate mechanisms that can generate shared
polymorphisms between species, and to test the functional and fithess effects of ancient
mutations. We show that there is an excess of shared polymorphisms between North American
and European D. pulex that cannot be explained by neutral or demographic processes, thereby
implicating some form of natural selection as a force maintaining polymorphism. For one gene,
a blue wavelength opsin, we show that shared polymorphism is likely ancient, predating

speciation, and has functional consequences on behavior and fitness in the wild.

Phylogenetics of the D. pulex species group. Members of the genus Daphnia, and the D.

pulex species group in particular, have proven challenging from a taxonomic perspective since
their early description. For instance, Leydig separated D. pulex from D. magna and D.
longispina (Leydig, 1860, p. 117), but did not further describe divisions in the group. Richard
(1896) identified D. obtusa as a distinct species from D. pulex (p. 260), but also described ten
subspecies of D. pulex found across the Americas and Eurasia (p. 232-255). Scourfield (1942)
reinforced the view that D. obtusa and D. pulex are distinct species and emphasized the view
that this species group represents several lineages in various stages of speciation. Johnson
(1951), in his description of British members of the D. pulex group, noted that American forms
resembling species in the D. pulex group are not likely monophyletic with Eurasian species of
the same name, although these naming conventions have persisted (Brooks, 1957b; Omilian &
Lynch, 2009; Ye et al., 2023). The challenge of morphological classification in the D. pulex
group stems from a limited number of diagnostic characteristics (Brooks, 1957b; Dodson, 1981),
coupled with phenotypic plasticity (Colbourne et al., 1997), mating type variation (Heier &
Dudycha, 2009; Jose & Dufresne, 2010), and cytological variation (Gomez et al., 2016;

Hosseinie, 1966). However, recent phylogenetic analysis of mitochondrial markers has shown



the D. pulex group consists of many distinct lineages and that the deepest splits within the D.
pulex species group occur between Eurasian and North American taxa (Crease et al., 2012; Ye
et al., 2022). Consistent with these results, allopatric speciation has been estimated to account
for roughly 40% of cladogenetic events within Daphnia (Adamowicz et al., 2009), a process
possibly enhanced by cycles of glaciation (Chin & Cristescu, 2021). We show that substantial
genetic division exists between North American and European taxa and that these taxa are
separated by millions of years (Figure 1). Given the relatively deep split time between members
of the D. pulex species group, it is likely that they have distinct features ranging from their
response to environmental stimuli to their impact on the ecosystem. Further study of the
behavioral, physiological, and ecological interactions of these taxa is warranted.

The complicated nature of the D. pulex species group is compounded by incomplete
reproductive isolation between them. North American D. pulex and North American D. pulicaria
are known to hybridize in the wild (Xu et al., 2015; Ye et al., 2019). Hybrids between these
lineages are obligately asexual and fail to produce functional males (Tucker et al., 2013; Xu et
al., 2015; Ye et al., 2019). These post-zygotic reproductive incompatibilities are a hallmark of
taxa undergoing incipient speciation (Coughlan & Matute, 2020). Consistent with this view, we
show that the split time between North American D. pulex and North American D. pulicaria
based on the nuclear genome is recent, within 3 million years (Figure 1C). Our estimate is
consistent with a study made from mitochondrial genomes (Colbourne et al., 1998), but older
than another using a limited number of nuclear markers (Omilian & Lynch, 2009). Nonetheless,
genomic data clearly show that hybridization between these North American lineages occurs
(Figure 2). Previous analysis of mitochondrial markers placed European D. pulicaria as sister to
the North American D. pulex/pulicaria clade (e.g., Markova et al., 2013), a result consistent with
the nuclear phylogeny we constructed (Figure 1C). European D. pulicaria also shows evidence
of hybridization with members of the North American D. pulex/pulicaria clade (Figure 2B&E),

although such hybridization is not likely recent or could have occurred with other lineages in this


https://www.zotero.org/google-docs/?vnIUri
https://www.zotero.org/google-docs/?vnIUri

complex. Although the North American taxa, along with European D. pulicaria show signals of
hybridization with each other, European D. pulex appears to be a well-defined species. We
show that European D. pulex split from the other D. pulex/pulicaria taxa approximately 10 million

years ago (Figure 1C) and has little to no evidence of recent hybridization (Figure 2A&E).

The generation of shared polymorphisms. Polymorphisms that are shared between species

represent a particularly interesting class of mutation because they can reflect a wide variety of
evolutionary processes. On the one hand, shared polymorphisms could reflect neutral
processes when they occur between closely related species. For example, species that
diverged relatively recently will share many polymorphisms because of incomplete lineage
sorting (Hobolth et al., 2011) or ongoing gene-flow (Payseur & Rieseberg, 2016). While the
presence of neutral shared polymorphisms due to incomplete lineage sorting or gene-flow is
important for understanding features such as historical population size (Suh et al., 2015) or
barriers to migration (Kutschera et al., 2014), they can obscure selective forces such as
convergent adaptive evolution or balancing selection that can also generate or maintain shared
polymorphism. Therefore, to examine these selective forces, it is important to identify species
that have diverged long enough ago that incomplete lineage sorting and ongoing gene-flow are
limited. Our work identifies European and North American D. pulex as two such species
because of their deep split time and limited evidence for hybridization.

We show that there are tens of thousands of polymorphisms that are shared between
European and North American D. pulex (Figure 3A, Supplemental Table 2) and suggest that
natural selection is responsible for their presence. Natural selection has often been implicated
as playing a key role in maintaining shared polymorphism. For instance, polymorphisms at MHC
genes in vertebrates are routinely identified to be older than the species split (Aguilar et al.,
2004; Azevedo et al., 2015; Klein et al., 1993) and are thought to be maintained as

polymorphism via mechanisms such as negative frequency dependence or genetic



overdominance (Key et al., 2014). In other cases, shared polymorphisms in a variety of taxa
have possibly arisen via convergent evolution to common selective pressures such as
pathogens (Té&Sicky & Vinkler, 2015) and have been maintained in both species via balancing
selection (Solberg et al., 2008). North American and European D. pulex genes involved in the
immune system do not show any systematic evidence of shared polymorphism (results not
shown), although the ratio of non-synonymous to synonymous polymorphisms is higher for
shared polymorphisms (0.58) than non-shared polymorphisms in either North American D. pulex
or European D. pulex (0.53 and 0.46, respectively; see Supplemental Table 2). Therefore, it is
likely that many of these shared polymorphisms are functional and subject to some form of
balancing selection.

The shared non-synonymous polymorphisms that we identified have allele trees that
largely reflect the species tree (Figure 4A). Taken at face value, this result is consistent with
convergent evolution. Others have suggested that widespread convergent evolution is an
unlikely mechanism generating shared polymorphisms (Klein et al., 1993). Is this conclusion
valid for Daphnia? The probability of a beneficial mutation arising in a population is a function of
its census size (Pennings & Hermisson, 2006) and its establishment in a population is a function
of the selective value of the mutation (Haldane, 1927). While the long-term effective population
size of both European and North American D. pulex is somewhat limited (Ne < 1 million;
Supplemental Figure 3), the census size at any single pond or lake can be quite large, possibly
reaching into the millions of individuals (Dudycha, 2004), while the global census size of either
species can reach upwards of 10*?individuals (Buffalo, 2021). Therefore, across the species
range, these taxa are not likely mutation-limited. Indeed, recurrent de novo evolution of
beneficial mutations have been hypothesized to occur rapidly and contribute to within-population
variation in male production rates (Barnard-Kubow et al., 2022) and morphological responses to
predators (Becker et al., 2022). Temporally and spatially variable natural selection have also

been shown to be a potent force acting on Daphnia populations (Chaturvedi et al., 2021; Lynch,



1987; Lynch et al., 2023), suggesting that positive selection on new beneficial mutations could
be strong enough to prevent beneficial mutations from being lost (Flynn et al., 2017). Therefore,
it is conceivable that such shared polymorphisms between North American and European D.
pulex arose independently. On the other hand, distinguishing between convergent evolution and
old trans-specific polymorphism based on comparisons between allele trees and species trees
is not always possible. This is especially so when only a single trans-specific polymorphism is
the direct target of selection. In this scenario, the linked neutral trans-specific polymorphisms
that generate the footprint of genealogical discordance will be eroded via recombination.
Regardless of whether the many shared polymorphisms that we observe between North
American and European D. pulex arose via convergent evolution or have been maintained since
prior to the species split, these mutations tend to be associated with signatures of elevated
polymorphism (Figure 4C), suggestive of balancing selection, as seen in other systems (Leffler

et al., 2013).

Natural selection maintains functional trans-specific polymorphisms in a blue

wavelength opsin gene. We show that one gene, a blue wavelength opsin harbors trans-

specific mutations that predates the split between North American and European D. pulex
(Figure 4B, 5C). At this locus, allele trees differ from species trees, a signal that is consistent
with trans-specific polymorphism (Charlesworth, 2006; Fijarczyk & Babik, 2015). This BLOP
gene has 15 non-synonymous TSPs and extensive heterozygosity (Supplemental Figure 4B).
The extensive heterozygosity and linkage structure of this BLOP makes it a high priority
candidate for functional characterization. Research into the North American D. pulex genome
has shown ancient expansion of opsin genes in general that occurred over 145 mya (Brandon et
al., 2017). Recent work showcases that positive selection strength is distinct between North
American D. pulex and D. pulicaria at opsin genes highlighting the complex patterns of selection

acting upon opsins across the genome (Ye et al., 2023). It could be that this blue wavelength
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opsin mediates behavioral responses like predator avoidance or vertical diel migration seen in
most Daphnids (Li et al., 2022). Our laboratory experimental work shows that alternate
genotypes at the BLOP have different behavioral activity patterns in response to different light
conditions (Figure 5D). Indeed, it even appears that there are changes in dominance as a
function of light treatment, a feature that is consistent with the long-term persistence of balanced
polymorphisms (Wittmann et al., 2017).

Our genomic analyses show that there is an excess of heterozygotes at this locus.
Likewise, our experimental work identified a putative fithess advantage in the wild (Figure 5E).
These results are consistent with previous experiments and observations in Daphnia (Haag &
Ebert, 2007; Hebert et al., 1982). Our result relies on temporal sampling of a single wild
population along with the reconstruction of the pedigree using genomic data of wild-caught
individuals (Barnard-Kubow et al., 2022). Barnard-Kubow et al., (2022) show that two clones
became dominant in a pond and then crossed with each other, producing a population of F1
offspring the following year. The two dominant clones were heterozygous for the trans-specific
SNPs at the BLOP and thus we expect their offspring to follow a simple Mendelian 1:2:1 ratio. In
contrast, we observe an excess of heterozygous individuals in the population. This pattern is
largely explained by heterozygous clones reaching higher frequency in the population by the
time they were sampled suggesting that heterozygotes had higher fithess and thus were more
likely to survive. By contrasting genotype frequencies from the field to the lab (Supplemental
Figure 5), we conclude that the excess of heterozygotes in the field is not likely due to factors
such as inbreeding depression or associative overdominance (Ohta, 1971). Instead, these
patterns likely emerged due to the action of natural selection. Given the strong link between
looming stimulus, movement, and predator avoidance in Daphnia (Pijanowska & Kowalczewski,
1997; Ringelberg, 1999; Van Gool & Ringelberg, 2003), we hypothesize that trans-specific
polymorphisms at the BLOP locus may play a role in conferring a fithess advantage by reducing

encounters with predators or by facilitating migration through the water column.



Conclusion

Our study elucidates the evolutionary history and genetic structure of the D. pulex
species complex and provides evidence that shared polymorphisms are common between
cryptic species. We show that balancing selection broadly influences shared polymorphisms
and that a small fraction predates the species-split. We experimentally study the functional
significance of shared polymorphisms across specific ecological contexts and show that these
polymorphisms are associated with fitness in the wild. While we present four hypotheses related
to the origin and maintenance of shared polymorphism (hybridization, incomplete lineage
sorting, convergence, and balancing selection), these hypotheses are not mutually exclusive.
Additionally, the evolutionary mechanisms presented as hypotheses will all be affected by
background levels of recombination, historic shifts in Ne, and patterns of positive and purifying
selection acting upon the genome (Charlesworth, 2009; Charlesworth, 2006). Despite this
challenge, we laid the groundwork for understanding the mechanisms by which genetic diversity

is maintained between cryptic D. pulex species.
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Supplemental Figure 1. No evidence of reference allele bias across the Daphnia pulex

species complex. A) For each species, we extracted representative individuals (ranging from
n=5-100 depending on the number of samples per species) and 1,000 biallelic heterozygous
BUSCO gene SNPs (100 bootstraps) to gauge the severity of reference allele bias across the
genome. We calculated the proportion of the alternative and reference dosage within a given
individual for each site. The x-axis measures the proportion of alternative to reference dosage
for each SNP and we show the 95% quantiles and median. B) Alluvial plot of the SNP
classifications between assemblies of the European D. pulex (D84A) and the North American D.
pulex (KAP4). C) Proportion of SNP classification changes when mapping to KAP4 exclusively.

D) The number of classified SNPs that are exclusive to each assembly.
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Supplemental Figure 2. Mitochondrial protein-coding tree for the D. pulex species

complex. A maximum-likelihood tree with the “TN+F+I+G4” model output from IQTree2. The

tree is rooted with D. magna as an outgroup. Bootstrap supports are listed as node labels.
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Supplemental Figure 5. Segregation patterns and Fis of polymorphisms across lab and

wild crossed Daphnia clones. A-C) Average segregation frequency of F1 genotypes expected
based on a double heterozygous cross (i.e., AB x AB) using empirical read depth at each SNP.
We produced crosses of AXC in the lab shown in panel A and CxC shown in panel B. Panel C
shows the F1 genotypes subsampled based on their status belonging to superclones identified
in Barnard-Kubow et al. 2022, reflecting a conservative sampling approach. “Genome-wide” is
the segregation for SNPs based on the read depth. “HWE?” is the segregation pattern expected
for Hardy Weinberg equilibrium. “Sim. BLOP” is the segregation pattern expected for the SNPs
within the blue opsin gene based on empirical read depth. “BLOP” is the empirical segregation
of trans-specific polymorphisms within the blue wavelength opsin gene among F1 genotypes. D-
F) Distribution of average gene Fis. “HWE Simulation w/RD” is the expected Fis for each gene
based on the empirical read depth for each SNP within every gene and “Empirical” is the
average is the Fis across genes. The small arrow denotes where the gene average for the blue

wavelength opsin falls along the empirical distribution.
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Abstract

Local demography is a useful tool for predicting shifts in population size in response to
environmental changes. Studying local demography is important for predicting how population
size will shift in response to environmental change. Allele frequencies are shifted by
demography in sometimes massive ways across large swaths of the genome. Understanding
how bottlenecks influence genetic diversity is key to better predict population dynamics and the
maintenance of diversity in the face of changing environments. In this work, | examine the local
seasonal consequences of overwintering on a population of Drosophila melanogaster, the
common fruit fly, in Charlottesville, Virginia. | use forward genetic simulations and approximate
Bayesian computation (ABC) to predict the population bottleneck size that the Charlottesville
population endures every year and estimate the local Ne. Our results suggest massive
population bottlenecks in the order of 98% and a local Ne of 2,200. Our study is useful because
it illustrates how bottlenecks affect allele frequencies and can lead to insights regarding
predictability of local extinctions in the face of seasonal change within wild D. melanogaster

populations.



Introduction

The genome carries the markers of demographic events and selection encoded in its
genetic diversity. Populations that historically went through a loss in population size, i.e., a
bottleneck, will tend to lose genetic diversity, resulting in large-scale shifts in allele frequencies
(Kirkpatrick & Jarne, 2000). Subsequently, loss of genetic diversity will reduce the ability for
populations to adapt in the face of changing environments, will increase the rate of inbreeding,
and can result in the accumulation of deleterious alleles (e.g., mutation meltdown: Lynch et al.,
1995). These processes can ultimately result in extinction.

There are many species that endure repeated population expansion and contraction on
a yearly or seasonal basis and yet remain extant (Bouzat, 2010). For example, many arthropods
will go through cycles of summer “booms” and winter “busts” due to factors like competition,
food availability, precipitation, and temperature (Alvarez et al., 2007; Franks et al., 2011;
Hasselmann et al., 2015). Terrestrial arthropods alone make up as much biomass as that of
humans and livestock combined (Rosenberg et al., 2023), so these population dynamics are a
large impact on the biomass of Earth. Despite this great influence, we have a limited
understanding of the scope of these boom-and-bust events across seasons within any given
species or how these ubiquitous demographic events affect population-level genetic diversity
and differentiation through short-timescales (Kovach & McCouch, 2008; Maron et al., 2015).

One popular approach to understand both short- and long-term demographic processes
is to couple genetic simulations and summary statistics with approximate Bayesian computation
(ABC). In this way, ABC can infer which simulated demographic parameters “best match” with
the genetic results gained from next generation sequencing (NGS) datasets (Csilléry et al.,
2010; Sunnaker et al., 2013). ABC has been used for years to investigate demographic
parameters and is especially useful for time-series datasets (Csilléry et al., 2010; Saubin et al.,
2023; Shafer et al., 2015). Pool-sequencing is a method that reduces cost while retaining

information content from sequencing experiments and has performed well with ABC approaches



(Carvalho et al., 2023). However, ABC on pooled-sequencing data is still limited due to the lack
of computational tools available for analyses.

Drosophila melanogaster, the common fruit fly, is a cosmopolitan human commensal
that inhabits temperate environments and endures population boom-and-busts over the year
(Behrman et al., 2015; Pool, 2015). While D. melanogaster has been studied for over a century,
there is a limited understanding of the natural demographic events this species goes through in
focal populations. Additionally, it remains unclear how genetic diversity and especially allele
frequencies are affected by seasonal boom-and-busts over years. It has been thought that the
long-term effective population size (Ne) of D. melanogaster is 1.5 - 2.5 million, yet the census
size of the species could be in the billions (108-10%°; Buffalo, 2021; Karasov et al., 2010). Focal
populations of D. melanogaster have been estimated to have an N. of around 10,000 (Lange et
al., 2022).

Despite being subject to large-scale demographic declines in the wild, many fly
populations maintain genetic diversity through time, potentially through the action of balancing
selection (Bergland et al., 2014). Populations of D. melanogaster across North America and
Europe show hallmarks of large-scale allele frequency changes likely involved with seasonal
adaptation, indicating that balancing selection could be widespread (Machado et al., 2021).
These important findings also suggest that D. melanogaster do not extirpate and recolonize
every year following the winter; rather, populations endure collapse and expand in size, at least
in Charlottesville, Virginia (Bangerter, 2021; Machado et al., 2021). While we know a fair
amount regarding the nature of worldwide D. melanogaster populations, we still need to refine
our understanding of local population dynamics and study how genetic diversity and divergence
change through time. Our research fills this gap by providing detailed estimates of population
bottlenecks and insight into population-level genetic diversity, thus enhancing our understanding

of how these processes operate on a molecular level.



In this work, we use a dense time-series (every 2 weeks) pooled-sequencing dataset of
D. melanogaster from a Charlottesville, VA apple and peach orchard to understand the scope of
population bottlenecks and estimate the local Ne from the 2016-2019 growing seasons (Nunez
et al., 2024). Our approach uses forward genetic simulations with many Nmax and Nwin
instantaneous models to understand the scope of population bottlenecks. Our results suggest
that boom-and-bust bottlenecks are on the order of 98%, and we highlight the utility of ABC on
pooled-sequencing data and the power for estimating the demographic events that wild

populations endure (Gautier et al., 2013).

Materials and Methods
Fly sampling: New samples for this study were collected at an orchard in Charlottesville, VA
(Carter Mountain Orchard, 37.99N, 78.47W) from 2016 to 2019. Collections from 2016 to 2018
were done using aspirators and netting every 2 weeks starting in mid-June when peaches come
into season in central VA and ending in mid-December at the end of the fall apple season. The
collection in 2019 was done at the beginning of the growing season in June. Because D.
melanogaster is phenotypically similar to its sister taxa D. simulans, we determined species
identity using the male offspring produced from isofemale lines set from wild-caught flies. D.
melanogaster isofemale offspring were frozen in ethanol and stored at —20°C prior to

sequencing.

DNA Extraction, sample preparation, and sequencing: Libraries were made using G1 male

offspring from wild-caught isofemale lines. For pool-seq, we prepared 37 libraries (see number
of pooled flies in Supplemental Table 1). Pool-seq sequencing, filtering, and mapping were done
following the protocols outlined in (Kapun et al., 2021) using the DEST dockerized pipeline

(https://qithub.com/DEST-bio/DEST freezel).
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Pooled seqguencing bioinformatics pipeline: Quality control, mapping, SNP calling, and

dataset merging were done using the DEST dataset mapping pipeline

(https://github.com/DEST-bhio/DEST freezel) using the optimized settings for the PooISNP

caller (Kapun et al., 2020) and enforcing a global average minimum allele frequency of 1%. The
DEST mapping pipeline accounts for potential contamination with Drosophila simulans in the
pools using competitive mapping. We combined the Charlottesville pool-seq with the pool-seq
samples from DEST to generate a new dataset that contains 283 pooled samples from 22
countries across 12 years 2003-2018. SNPs inside Repetitive elements, defined by the
Interrupted Repeats, Microsatellite, RepeatMasker, SimpleRepeats, and WM_SDust tracks from
UCSC Genome Browser (Morgulis et al., 2006) were removed from further analysis. Additional

bioinformatic details can be found in our GitHub repository (https://github.com/Jcbnunez/Cville-

Seasonality-2016-2019).

Forward genetic demographic simulations: To test if overwintering bottlenecks influence

patterns of genetic differentiation through time, and to infer minimum and maximum population
sizes during boom-and-bust cycles that are consistent with our data, we performed genetic
simulations. First, we performed a coalescent-based neutral simulation of a single population
with 8, = 0.001 using msprime (Baumdicker et al., 2022) in Python 3.8. This neutral background
was used as a burn-in within the forward genetics software, SLiM 3 (Haller & Messer, 2019).
SLiM 3 was used to simulate cyclic population crashes while varying the population size
maximum (Nwax) and the population size minimum (Nwmin) under a model of the instantaneous
change in population size (Figure 1a). For each parameter combination, the simulated
population had a constant size at Nuax from generations 1-16, 19-33, and 36-50 and the
bottlenecks occurred at generations 17—-18 and 34—35 where the population size was set to Nwin
(Figure 1b). The generation decisions were made to emulate those that occur in wild

populations where there is roughly 15 generations of growth. A Variant Call Format (VCF) file of
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50 simulated diploid individuals was output at the end of each generation to track allele
frequency changes. AF were simulated to mimic pooled sequencing using poolSeq v0.3.5 (Taus
et al., 2017) with a mean coverage of 60. Pairwise FST was calculated using poolfstat v2.1.1
(Gautier et al., 2022). Every parameter combination was simulated 100 independent times with
different seeds. Parameter estimation was performed using Approximate Bayesian Computation
(ABC) using the local linear regression method (loclinear) with a tolerance threshold of 5% using
abc v2.1 (Csilléry et al., 2012) in R. The summary statistics used were the medians of within
year Fst, between year Fst, and the correlation (R?) of PC1, LD1, and LD2 values relative to the
simulation year (Figure 1c and d). These latter three statistics are, respectively, the principal
component (PC) projections of dimensions 1 (i.e. PC1), and the first and second linear
discriminants (i.e. LD1-2) of a discriminant analysis of principal components (DAPC; Jombart,
2008), using the simulated year as a grouping prior. For PCA, we used a matrix of AF (columns)
and samples (rows) in the PCA() function from FactoMineR. The first and second PC values
from each sample were extracted and used in a simple linear regression with simulation year
(Years 1-3) to calculate correlations (i.e. PC1 ~ Year, PC2 ~ Year). We repeated this step for
both the first and second linear discriminant (LD) axes as well. First, a matrix of AF and samples
was used in the dapc function in adegenet v2.1.10 (Jombart, 2008) with simulation year as a
grouping prior. After extracting LD1 and LD2 values, we ran a linear regression with the LD
values and simulation year. In this way, we were able to measure how the severity of yearly
bottlenecks affects both PC and LD space due to shifts in AF across samples. A leave-one-out
analysis was performed on the input summary statistics to understand how each contributes to

the estimates of Nuax and Nwin.

Data and scripts availability. The R, SLiM, and bash scripts used for all analyses are

deposited on our GitHub repository: https://github.com/Jcbnunez/Cville-Seasonality-2016-

2019/tree/main/CODE/5.Simulation Demography.



https://github.com/Jcbnunez/Cville-Seasonality-2016-2019/tree/main/CODE/5.Simulation_Demography
https://github.com/Jcbnunez/Cville-Seasonality-2016-2019/tree/main/CODE/5.Simulation_Demography

The data used for our analyses are on Zenodo: https://doi.org/10.5281/zenodo.7271502.

Results

Seasonal boom-bust demography: To quantify the general strength of a winter bottleneck, we

conducted forward genetic simulations designed to emulate the boom-bust cycle and sampling
scheme for the Charlottesville samples (Figure 1A). We simulated 50 generations (~3 years) of
a population with similar genetic properties as D. melanogaster. We subjected these
populations to yearly cycles of population size change of variable magnitude (booms-and-

busts), as well as a null model of constant population size (Figure 1A & B).
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Figure 1: Simulated boom-and-bust demography. A) Simulations were conducted with
variable maximum (Nwuax) and minimum (Nwin) population sizes, each point indicates that 100
independent seed simulations were run for each Nuax and Nwin combination. B) Cartoon model
of the simulated overwintering demography, illustrating population dynamics during bottlenecks.

We ran instantaneous population size changes during the overwintering generations.

We calculated a variety of summary statistics (see Materials and Methods), including
pairwise Fst between each yearly pool sample. We show that the median pairwise Fst decays

over time increasingly with bottleneck severity (Figure 2A). Comparing simulated to empirical
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data, we found that the Charlottesville population has Fsr values in the upper-tail distributions of
most of the simulated events. We also used the correlation (r?) of principal component 1 (PC1),
linear discriminant 1 (LD1), and LD2 values relative to the simulation year. In all three of these
multidimensional statistics, we see an increase in r> with bottleneck severity (Figure 2B). The
Charlottesville population again is in the upper-tail extremes for LD1 and PC1, but for LD2 the

empirical value is closer to the 50-90% bottleneck median values.
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Figure 2: Summary statistics calculated across variable bottleneck severity. A) The
median pairwise-Fsr within and between simulation years. B) The median r? of principal
component (PC) and linear discriminant (LD) axes across simulation year. The blue dot marks

the location of observed values within the Charlottesville population.

We used the six summary statistics within approximate Bayesian computation (ABC) to
determine the set of parameters that most closely fit the Charlottesville data. Our ABC results
provide support for the hypothesis of yearly population expansions and contractions and
suggest that the magnitude of winter collapse in Charlottesville is on the order of 98% of the
maximum summer size (median Nwmin = 283 [97.5% CI: 260; 406], median Nvax = 27,584 [13,217;
46,746], median Ne [effective population size, i.e. the harmonic mean of N] = 2,234 [1,926;

3,240]). The Euclidean distances between the empirical and simulated values of Nwin had tight



95% confidence intervals, from 260-406 compared to the much larger distribution in Nyax of

13,000-47,000 (Figure 3).
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Figure 3: Posterior probabilities and Euclidean distances for demographic parameters.
The loclinear model of approximate Bayesian computation (ABC) was employed for parameter
estimation, and posterior probabilities for Nyax and Nwmin parameters are shown on the left. On the
right, Euclidean distances quantify the disparities between cumulative simulation results and
observed Charlottesville population statistics. Simulations were only accepted by ABC if they

were close enough to the observed data under a tolerance threshold of 5%.

We were next interested to see which of the summary statistics contribute most to the
estimates of Nvax and Nmin and so we performed a leave-one-out analysis compared to the
inclusion of every statistic. In this way, we can individually assess how ABC distributes its 95%
confidence intervals between both Nuax and Nwmin. This analysis revealed that Nvax was affected
only by exclusion of LD1 and LD2. Nwin was massively affected by the exclusion of LD1 and LD2

and sensitive to the exclusion of Fsr estimates and PC1 (Figure 4). Overall, we show that the



most important statistics are both LD1 and LD2 on ABC, because their exclusion results in

massive shifts in the estimated Nyax and Nwin values.
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Figure 4: Leave-one-out analysis on ABC fit. A leave-one-out analysis was performed,
excluding each statistic individually (x-axis), with 95% confidence intervals (lines) and median
values (points) illustrating the resulting parameter estimates for Nmax and Nwin. Shaded colored
intervals represent the 95% confidence interval for the loclinear ABC output when all statistics
were employed, and the dotted line signifies the median value. Deviations from the shaded
region indicate the influence of individual statistics on estimated population sizes for Nyax and

NMin-

Discussion
In this work, we use forward genetic simulations and approximate Bayesian computation
(ABC) to estimate the degree of bottleneck that the Drosophila melanogaster population

endures during the winter seasons of 2016-2019 in Charlottesville, VA. Our results show



population reductions of 98% and a minimum size of ~300 and a maximum size of ~30,000.
Empirically, we knew that winter bottlenecks in D. melanogaster were large based on the
reduction of seasonal temperatures during the late-fall and winter months, however, we did not
have an estimate of the population dynamics. We could not have obtained this from censusing
due to the scarcity of flies during winter months. Our genomic approach fills this gap by
providing an estimate of the population dynamics during winter bottlenecks, enhancing our
understanding of how these seasonal changes impact D. melanogaster populations and their
genetic diversity.

Our work was motivated by the fact that populations endure winter collapse, yet little is
known about how fruit flies overwinter and survive the harsh winter months. We had evidence
that at our experimental location, Carter's Mountain Peach and Apple Orchard, populations are
not going through complete extirpation and recolonization every year (Bangerter, 2021). Rather,
the D. melanogaster population appears to be tracking alleles over time, through the action of
selection differentially favoring specific combinations of phenotypes. This is called adaptive
tracking, which is a form of balancing selection that results in the maintenance of genetic
diversity over time and space. It could explain the relatively small increase in Fsrover three
years for Charlottesville (see blue points in Figure 2A) and the small contribution of Fsr on
approximate Bayesian computation (ABC) results in Nmin and Nwmax (Figure 4). Adaptive tracking
has been observed across global populations (Kapun et al., 2021; Nunez et al., 2024).

Our results show that pairwise Fst does not change drastically over three years (Figure
2A). This stability could be explained by the population having many diapausing individuals or
winter morphs (Collett & Jarman, 2007; Rossi-Stacconi et al., 2016). Founder effects might be
strong, with the surviving flies forming the predominant genetic background for the summer
months (Boulétreau-merle & Fouillet, 2002). Additionally, we excluded large chromosomal
inversions like In2Lt, which are known to be driven by seasonal evolution (Machado et al., 2021;

Nunez et al., 2024). Therefore, while we show limited change in genetic diversity in



Charlottesville, there could nonetheless be large shifts in inversion frequencies or other linked
regions associated with seasonal selection.

Furthermore, considering phenotypic plasticity in response to seasonal changes might
provide deeper insights into these dynamics. Some Drosophila species develop winter-morphs,
a plastic response to low temperatures that enables flies to survive over the winter (Kirkpatrick
et al., 2018). The classic Drosophila winter morph phenotype is characterized by large wings,
dark pigmented bodies, and a switch towards diapause strategies, particularly in the invasive D.
suzukii species (Erickson et al., 2020; Shearer et al., 2016). This phenotypic plasticity could be
crucial for future modeling of population dynamics (Bale & Hayward, 2010). For instance,
understanding how different morph proportions affect genetic diversity and allele frequencies
over an overwinter bottleneck, or explicitly modeling a winter-adapted versus a summer-adapted
morph could offer valuable perspectives.

In this work we employed a novel technique using ABC methods paired with pool-seq to
reveal intersections between demography and genetics. ABC methods have not been widely
explored in tandem with pool-seq data as tools are limited relative to whole-genome
approaches. Furthermore, the coupling of pool-seq with ABC has only recently been explored
with forward genetic simulations like SLiM (Haller & Messer, 2019). We chose to simulate pool-
seq noise into our SLiM dataset using a static average coverage of 60. Yet, we can examine
sources of error outside of just variation in coverage. For instance, pool-seq has variation in
depth of coverage, unequal individual and pool contributions, miscellaneous sequencing errors,
and contamination with the sister species, D. simulans. Carvalho et al., (2023), examined the
concern with pool-seq data and found that simulating errors associated with pool-seq
approaches are necessary to resolve more complex demographic situations but otherwise are
robust for more simple models like done with our work. Collin et al., (2021), also examined the
incidence of pool-seq bias on estimates and found high repeatability with their largescale SNP

dataset. In general, while only a limited set of tests have been performed with both ABC and



simulated pool-seq data, they tend to perform well even with inherent statistical noise
associated with pool-seq coverage. Even with these caveats in mind, we believe our simulations
provide insight into the changes in natural Drosophila genetic diversity caused by bottlenecks.

In conclusion, our simulation-based analyses validate that winter bottlenecks are
massive, and shift patterns of diversity accordingly. We highlight the utility of ABC approaches
with pooled-sequencing datasets (Carvalho et al., 2023) and motivate future modeling studies of
adaptation to overwinter census decline in wild-derived Drosophila. We aim to develop
simulations that incorporate seasonal adaptation models that could help inform how large any
given years’ bottlenecks could be, which could be useful in species management as

environments change and predict how populations could evolution (Hoban, 2014).
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Re-evaluating the evidence for a universal genetic boundary among microbial species.
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A fundamental question in studying microbial diversity is whether there is a species
boundary and if the boundary can be delineated by a universal genetic discontinuity. To address
this question, Jain et al. computed the pairwise average nucleotide identity (ANI) of 91,761
microbial (bacterial and archaeal) genomes (the 90K genome dataset) and found that the ANI
values from the 8 billion comparisons follow a strong bimodal distribution with a wide gap
between 83 and 95%?*. As a result, the authors concluded that a clear genetic discontinuum and
species boundary were evident from the unprecedented large-scale ANI analysis, and claimed
that “it (the 95% ANI threshold) represents an accurate threshold for demarcating almost all
currently named prokaryotic species”. We argue that the paper’s conclusion of a universal
genetic boundary among named species in the current NCBI taxonomy is questionable and
resulted from the substantial biased sampling in genome sequencing, and caution against being
overly confident in using 95% ANI for microbial species delineation as the high benchmarks

reported in the paper were inflated by using highly redundant genomes.

To demonstrate our point, we first show that biased within-species sampling can
generate the bimodal distribution of ANI observed in the original paper even when the
speciation rate is constant and the genetic diversity is continuous. We simulated continuous
genetic diversity using a 3000-tip phylogenetic tree that diversifies at a constant rate, which we
estimated from a genome tree of 3000 bacterial genomes that represents the phylogenetic
diversity in the 10,616 NCBI RefSeq complete bacterial genomes (the 10K genome dataset).
We then calculated ANI between tips using a function that accurately captures the relationship
between ANI and the branch length in the real data (Supplementary Fig. 1). Because the
diversification rate is constant, the branch lengths follow an exponential distribution expected
from a Poisson process. As expected, the frequency of ANI declined monotonically when ANI
increased (Fig. 1a). However, when only 30 tips (1% of the tips) were sampled with a protocol

that emulated within-species sampling bias (each tip has two very closely related genomes



sequenced), the ANI distribution became bimodal (Fig. 1b). Although our simulation using a
simplistic model does not disprove the existence of a universal genetic boundary, it
demonstrates the possibility that limited within-species sampling bias alone can create the

bimodal distribution when genetic diversity is continuous.

a 1x107" L p 1x107* N
75x10° 7.5x10°
> >
= L =
2 5x107 2 5x10°
('] [
o o
25x107° 2.5x107
0 0 ! =
75 80 85 90 95 100 75 80 85 a0 95 100
ANI ANI
c 0.20 d 0.20
0.15 0.15 ]
Fond = -
= B =
2 0.10 & 0.10
I @
o o
) —h_l_l—rvm )
0.0075 80 85 90 95 100 00075 80 85 90 95 100
ANI ANI

Figure 1: Top panel: from the phylogenetic simulations. a Comparisons between 3000 taxa
simulated using a phylogenetic tree with 3000 tips and a constant rate of diversification. b
Comparisons in the same dataset except that 30 of 3000 taxa each have two very closely
related genomes sequenced. Bottom panel: from genomes subsampled from the 90K genome
dataset. c Two genomes were randomly selected from each of the 397 named species with 210

genomes. d Two phylogenetic representative genomes were selected for each of the 397

named species with 210 genomes.



In the original 90K genome dataset, 33% of named species have been sequenced at
least twice. As cultivation bias is widespread and strains of medical and economic interest are
heavily favored in our genome sequencing efforts, next we show that there is substantial within-
species sampling bias in the genome datasets. For the model organism Escherichia coli, its 602
complete genomes in the 10K genome dataset only represent 22% of the diversity captured by
the 16S rRNA gene in the GreenGene database (Supplementary Fig. 2). For species with at
least 100 genomes, on average the first 75.8% (range: 50.9-97.7%) of dropped genomes
contribute <5% of the genetic diversity of the species as measured by the branch length
(Supplementary Fig. 3). As demonstrated in our phylogenetic simulation, these highly redundant
genomes can create the bimodal distribution even when genetic diversity is continuous.
Contrary to the authors’ claim and from a purely statistical point of view, randomly subsampling
(e.g., sampling five genomes from the same species as done in the original study?') from a
biased dataset will not correct for the pre-existing sampling bias. When two genomes were
sampled randomly from each of the 397 named species with 210 genomes in the 90K dataset,
the bimodal distribution was evident (Fig. 1c). However, when we reduced the within-species
sampling bias by selecting two phylogenetically representative genomes from the same dataset,
the distribution flattened near the end (Fig. 1d), further demonstrating that the bimodal
distribution can be caused by the widespread sampling bias within species. In fact, the within-
species sampling bias has increased over time when more strains were sequenced based on
their medical and economic relevance and not on their phylogenetic positions (Supplementary
Fig. 4), thereby producing the consistent bimodal distributions of ANI over different periods of

time as observed in the original study?.

The authors indicated that only 0.2% of the 8 billion ANI values are between 83 and 95%
and suggested that such a wide gap is evidence of a clear genetic boundary in microbial

genomes. In our phylogenetic simulation of 3000 genomes with continuous genetic diversity,



only 0.11% of ANI values span the same region. This is expected because without biased
sampling, the vast majority of all pairwise comparisons for a genome will be with distantly
related genomes, whose number will always be much larger than the number of closely related
taxa. As a result, the fraction of ANI values in the intermediate range [83—95%] will always be
marginal for a decently sized tree (>50 tips) and will decrease when the number of genomes
increases (Supplementary Fig. 5). Our result shows that the low density of ANI values in the gap
region does not necessarily indicate a genetic boundary. Instead, it could simply reflect the
hierarchical structure of the phylogenetic relationship. Consistent with our finding, a recent
analysis of ~150,000 bacterial and archaeal genomes shows the interspecies ANIs between
closest representatives within a genus are nearly evenly distributed between 78 and 95% ANI

and there is no genetic discontinuum in this region?.

Previous studies have advocated using an ANI cutoff to demarcate bacterial
species®>*>®, Based on the unprecedented large-scale ANI analysis of the study, Jain et al.
claimed that using the 95% ANI criterion led to both high recall and precision rates (>98.5%) in
demarcating named prokaryotic species in the current NCBI taxonomy*. However, both
benchmarks were calibrated with ~78k named genomes that were highly redundant. For
example, the dataset contained more than 5000 E. coli genomes. As such, the recall and
precision rates can be misled by the overly sampled genomes. To better assess the
performance of using 95% ANI for species demarcation, we queried the 3000 representative
genomes against the 10K dataset. We found the recall and precision rates were much lower, at
73.4% and 83.3% respectively. The large impact of the extreme sampling bias on the
benchmarks is best illustrated by the authors’ own finding that excluding the E. coli vs. Shigella
spp. comparison alone substantially increased their overall precision from 93.1 to 98.7%.
Plotting of the intraspecific ANI for intensely sequenced species in the 90K dataset (61 named

species with 2100 genomes, representing 6 phyla) shows that a universal boundary at 95% ANI



clearly does not exist in these species, as ANI values drop well below 95% with few exceptions
(Fig. 2). The high density above the 95% threshold could be an artifact caused by comparing

highly redundant genomes within the same species.
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Figure 2: Each block represents a bin of ANI values between pairs of genomes within the same

species and is colored by the ANI density in the bin. Species are colored by phylum. The



numbers next to the species names are the numbers of genomes in the 90K dataset for the

species. The vertical dotted line represents the 95% ANI threshold.

Although having no cultivation bias, metagenome assemblies do favor abundant strains
over rare ones. This bias can lead to the appearance of genetic clusters when diverse but rare
strains in the community are excluded from the assembled genomes. In addition, a rare strain in
one environment can be abundant in another. Furthermore, even if a genetic cluster does exist
in one environment, it does not necessarily delineate the genetic boundary of the species in
general. For example, various E. coli strains spanning a continuum of diversity live in the gut,
water, and soil’. Analyzing gut metagenomic data alone will most likely reveal a tight genetic
cluster of E. coli. However, this genetic cluster does not represent the genetic boundary of E.
coli as a species because it excludes the environmental E. coli strains. It can be argued that E.
coli is an exception, but it is also well known that many bacterial species are “generalists” that
live in a wide range of habitats. One potential solution is to narrow down our species definition
to accommodate the local genetic clusters, but doing so will require substantially overhauling
the current taxonomy and change the subject of this debate, the named species in the current
taxonomy. Unless low abundance strains are readily recovered (e.g., through read recruitment
to a reference genome) and metagenomic sequences from different types of environments are
compared, there are also potential pitfalls associated with demonstrating the genetic boundary
of currently named species using metagenome-assembled genomes®. Interestingly, several

metagenomic studies have revealed genetic continuum in nature®%1%,

There is much evidence against the existence of a universal genetic boundary for
microbial species. First, the molecular substitution rate is highly variable across species.
Secondly, selection and recombination are thought to be the main cohesive forces driving the
formation of genetic clusters. Although recombination rate can be influenced by sequence

similarity, there is no correlation between the recombination rate and ANI in bacteria'?, as



recombination can also be affected by physical and ecological barriers. Microbes living in
narrow ecological niches and with limited dispersal rate (e.g., obligate intracellular bacteria) may
develop genetic clusters. On the other hand, free living microbes exploring different habitats and
mixing by dispersal are more likely to exhibit a genetic continuum?3. Selection is unlikely to
produce a universal genetic boundary either, as microbial species are unique in nature, with

each species subject to its own evolutionary and ecological forces!*.

In summary, our study shows that the genetic boundary perceived in the original paper
can be explained by persistent within-species sampling bias from historic and current genome
sequencing efforts. A more balanced analysis of the present genomic data shows that although
genetic clusters may exist in individual species, we find no evidence of a universal genetic

boundary among named microbial species in the most recent NCBI taxonomy.
Methods

Genome datasets. Two genome datasets were used in this study. The first is the 90K genome
dataset from the original paperl. It contains both complete and draft bacterial and archaeal
genomes. The second dataset consists of 10,616 complete bacterial genomes downloaded from
the NCBI RefSeq database on September 6, 2018 (10K genome dataset). From each genome
in the 10K dataset, we identified 31 universal protein-coding marker genes using AMPHORA21®
and constructed a bacterial genome tree based on the concatenated and trimmed protein
sequence alignment of the marker genes using FastTreel6. Treemmer (version 0.3)!" was used
to choose 3000 representative genomes that maximized the phylogenetic diversity in the 10K

genome dataset.



Average nucleotide identity (ANI). The ANI values for the 90K genome dataset were
downloaded from the original study. For the 10K genome dataset, the 3000 representative

genomes were compared against the full 10K dataset using FastANI (version 1.2).

Modeling the relationship between branch length and ANI. The 3000 representative
genomes were used to model the empirical relationship between ANI and branch length. The
median of ANI was calculated across binned branch lengths (bin width: 0.05 substitution/site) to
use as the actual data to fit the relationship between ANI and branch length | through the
function, where k, s and a are shape parameters to be estimated. Minimization of the sum of
squares error was performed using the optim function in R. The best fit parameters for our data
are a=0.075, k=73.94, and s =0.63. Branch lengths >2.5 substitutions/site were removed

because of the lack of data points.

Simulation of continuous genetic diversity and biased within-species sampling. The rtree
function in the ape package in R was used to simulate a random phylogenetic tree of 3000 tips,
with its branch lengths following an exponential distribution with a constant rate of 19.2,
estimated from the genome tree of the 3000 representative genomes. Using the formula
described above, the ANI value between a pair of genomes was computed from the branch
length between them. To simulate biased sampling within species, a random tip was chosen
and two descendants were added to that tip, with the branch length from the tip to the
descendant sampled from the same exponential distribution, but its value restricted to the
bottom 1% of the distribution. This procedure was repeated on the remaining 2999 tips until n

tips were processed. Each simulation was run with ten replicates.



Assessing the within-species sampling bias. Species with 210 genomes were selected from
the 10K genome dataset. For each species, a subtree compiling the respective genomes was
extracted from the full phylogeny of 10,616 genomes and Treemmer was used to iteratively
remove one tip of the tip-pair with the shortest branch length until three tips remained. The
remaining total branch length of the tree was divided by the total branch length of the initial tree
to calculate the relative tree length at each iteration. Rickettsia japonica and Chlamydia
muridarum were removed from this analyses because their genomes have identical marker

sequences and branch lengths equal to zero.

To further evaluate the within-species sampling bias, we tested how much known
genetic diversity is recovered by the complete genomes, using E. coli as an example. We
extracted 868 unique 16S rRNA gene sequences with no ambiguous bases from 602 complete
E. coli genomes in the 10K genome dataset and BLAST searched them against 8655 E. coli
16S rRNA gene sequences from the GreenGene 13.8 database. A match was defined as a pair
of sequences with 100% identity for their entire sequences. The matched GreenGene 16S rRNA
sequences were then mapped to the 99% OTUs (operational taxonomic units) of the
GreenGene database. The total branch length covered by the mapped OTUs in the 16S rRNA
tree of 44 E. coli 99% OTUs was calculated to estimate the coverage of E. coli diversity by

complete genomes.

Subsampling of two genomes. For named species with 210 genomes in the 90K dataset, two
genomes were sampled from each species either randomly or by selecting the pair with the
lowest ANI value. Among all pairwise comparisons within the species, the pair with the lowest

ANI best represents the phylogenetic diversity of the species.



Benchmark the performance using 95% ANI for species demarcation. Using the 3000
representative genomes as the query, we ran FastANI against the full 10K genome dataset. For
each query genome, the subject genome with the maximum ANI value was used to benchmark
the performance of using the 95% ANI threshold to demarcate bacterial species. A true positive
is a query-subject pair belonging to the same species and having an ANI=95%. A false positive
is a genome pair of different species with an ANl =95%, and a false negative is a genome pair
of the same species with an ANI <95%. Precision was calculated by: the number of true
positive/(number of true positive + number of false positive) and recall was calculated by: the

number of true positive/(number of true positive + number of false negative).

Data availability. Genome sequences were downloaded from the NCBI RefSeq Database

(https://ftp.ncbi.nlm.nih.gov/genomes/refseq). FastANI values were downloaded from the server

listed in the original paper. All the other data are available for download at

https://qgithub.com/wu-lab-uva/FastANI-Rebuttal.

Code availability. All R code is available for download at https://github.com/wu-lab-

uva/FastANI-Rebuttal.
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Supplementary Figure 1. The relationship between the branch length and ANI. Shaded black
points are pairwise comparisons between the 3,000 representative genomes. Blue points are
the median ANI for each branch length bin (bin width: 0.05 substitution/site). Orange line is the

fitted curve. Branch lengths greater than 2.5 were removed because of the lack of data points.
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Supplementary Figure 2. Incomplete and biased coverage of E. coli diversity by complete
genomes. Of 44 E. coli 99% OTUs in the phylogeny of the 16S rRNA gene, only 15 (in black)
are represented by the 602 complete E. coli genomes in the 10K genome dataset, and only
22% of the total branch length in the phylogeny is covered by these 15 OTUs. The branch

length was square-root transformed to better show the short branches in the figure.
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Supplementary Figure 3. Widespread within-species sampling bias revealed by the Treemmer
analysis. Treemmer iteratively drops genomes contributing the least amount of diversity within a
phylogenetic tree until only three genomes remain. For each species, the relative tree length
(RTL) is plotted against the proportion of genomes dropped at each iteration. Colored lines are
the 5 most sequenced species in the 10K genome dataset. Shaded black lines are species with

=210 genomes. The bar chart shows species ranked by the number of genomes sequenced.



(1999 - 2008) (| (1999 - 2012)

100 ————— ﬁﬁ\%
0.75 h \ O TN

i
0.50 N
N\
]
Do.2s
2
% (1999 - 2014) | (1999 - 2018)
2 1.00
- “h\
;f —_— N
[

=]
o
f |
/)
s,
/ /’/
A /

0.25

0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Proportion of genomes dropped

Supplementary Figure 4. Relative tree length (RTL) decay for species with = 10 sequenced

genomes in the NCBI RefSeq database in four different time periods.



o
o
L ]

% of ANI in [83%-95%]
)
w

o
ru
L ]

¢ ‘......'.000.0....ooll-....oll.o..n.o..o.on.o.
0 500 1000 1500 2000 2500 3000
Number of genomes

0.0

Supplementary Figure 5. The percentage of ANI values in the [83%-95%] range is marginal
and has a negative relationship with the number of genomes. A random phylogeny with an
exponential distribution of branch lengths was used to simulate continuous genetic diversity
across genomes. The pairwise ANI values were calculated from the phylogenetic distances
between genomes (see materials and methods). The simulations were run with phylogenies of

different sizes ranging from 50 to 3,000 tips.
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