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Balancing selection is an evolutionary process that maintains genetic poly-
morphisms at selected loci and strongly reduces the likelihood of allele fixa-
tion. When allelic polymorphisms that predate speciation events are

maintained independently in the resulting lineages, a pattern of trans-species
polymorphisms may occur. Trans-species polymorphisms have been identi-
fied for loci related to mating systems and the MHC, but they are generally
rare. Trans-species polymorphisms in disease loci are believed to be a con-
sequence of long-term host-parasite coevolution by balancing selection, the
so-called Red Queen dynamics. Here we scan the genomes of three crusta-
ceans with a divergence of over 15 million years and identify 11 genes con-
taining identical-by-descent trans-species polymorphisms with the same
polymorphisms in all three species. Four of these genes display molecular
footprints of balancing selection and have a function related to immunity.

Three of them are located in or close to loci involved in resistance to a virulent
bacterial pathogen, Pasteuria, with which the Daphnia host is known to coe-
volve. This provides rare evidence of trans-species polymorphisms for loci
known to be functionally relevant in interactions with a widespread and highly
specific parasite. These findings support the theory that specific antagonistic

coevolution is able to maintain genetic diversity over millions of years.

Balancing selection is a powerful mechanism to maintain genetic var-
iation at selected loci, favoring rare alleles and disfavoring common
ones'% Therefore, rare alleles are much less likely to go extinct than
alleles not under selection. Balancing selection is responsible for the
high level of polymorphisms observed at disease-related genes, like
MHC in jawed vertebrates and R-genes in plants®®, and at genes
involved in protein-protein interaction, like Self-Incompatibility lociin
plants and mating-type loci in fungi'. Loci under balancing selection
display a genomic footprint that includes high, sometimes extra-
ordinarily high, genetic variation around the target of selection and an
excess of genetic polymorphisms segregating at intermediate fre-
quencies (e.g. refs. 6-9). Of particular interest is the fact that some of
these polymorphisms are shared by closely related species, suggesting

that they have been maintained over time periods longer than the time
since speciation occurred, and much longer than neutral polymorph-
isms could be expected to persist'’’. Indeed, some of these poly-
morphisms are independently maintained in reproductively isolated
lineages that diverged millions of years ago. Understanding such
ancient polymorphisms opens a window into the past, helping us
to see how selection acted many years ago. Evidence for such rare
ancestral polymorphisms has been reported mostly for genes related
to immune function, which is consistent with the idea put forth in the
Red Queen model that host-parasite coevolution is a major force
driving long-term balancing selection?. The Red Queen model of
continuous host-parasite coevolution is named after a character of the
same name from Lewis Carroll’s Alice in Wonderland, who needs to run
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Fig. 1| Sampling sites, principal component analysis, and phylogenetic rela-
tions of the samples of the three Daphnia species used in this study. a Map of
the Northern hemisphere (20-70°N) with the Daphnia genotype sampling sites
used in this study. b Principal component analysis (PCA) based on 92608 unlinked
SNPs describing species diversification. ¢ Simplified representation of the

phylogenomic relationship among D. magna, D. similis, and D. sinensis from ref. 35.
This tree is fossil-calibrated and based on 636 single-copy orthologs analyzed in
ref. 35. Divergence times approximate the minimum estimates obtained when the
most recent common ancestor of all Anomopoda (a sub-order including Daphnia)
was dated in the Late Jurassic. Source data are provided as a source data file.

constantly to maintain her position”. In evolutionary theory, the idea is
that parasite lines with host-genotype-specific infection profiles will be
most successful if they adapt primarily to common host genotypes.
These common host genotypes will then be selected against,
consequently declining in frequency along with the parasites that
specialized on them, giving rare genotypes a selective advantage'™".
The Red Queen model of coevolution is thought to underlie the high
level of genetic polymorphisms at loci associated with host defense, as
observed in diverse natural systems**'*'°, To date, most studies on Red
Queen coevolution have focused on the host, while the long-term
coevolving parasites have remained unknown.

A system with strong evidence of Red Queen coevolution is the
planktonic crustacean Daphnia magna and its obligate and highly
virulent bacterial pathogen Pasteuria ramosa. In this system, coevolu-
tion has been associated with high diversity at disease loci’**, with
resistance being highly variable within and between host
populations? . The same is true for parasite infectivity’***. Genomic
regions containing resistance loci in hosts and infectivity loci in the
parasites show strongly elevated diversity levels compared to the
genomic background®. Variation in hosts and parasites is linked by
high specificity, such that infection can only result when host and
parasite genotypes match**%°, an important assumption of the Red
Queen model and long-term balancing selection”-*®, The Daphnia-P.
ramosa system represents a unique model to test for footprints of long-
term balancing selection in the host genome. In a Eurasian sample of D.
magna genomes, a group of P. ramosa resistance genes forming a
cluster was identified, at which balancing selection could be inferred
from the observed patterns of genomic variation?. The coalescence
time of the haplotypes at this cluster is greater than average for the
genome. When coalescent times exceed the time since two species
diverged, these polymorphisms are believed to have existed in both
species since the time before the species formed, a pattern known as
trans-species polymorphisms (TSP)". TSP is generally rare, but has

been seen in some disease-related genes in plant and vertebrate
hosts®*~3, but the long-term coevolving parasites are unknown. TSP
represents the strongest evidence of long-term balancing selection®*,

In this work, we scan the genomes of three related host species for
patterns of TSPs and test whether TSPs are observed in or near loci
associated with polymorphisms for resistance to the virulent and
widespread Pasteuria parasite. As part of the process, we analyze
resistance phenotypes and whole genomes of 186 naturally collected
Daphnia clones. One hundred fifty-seven clones belong to our focal
species, D. magna, while 15 and 14 clones to two species, D. similis and
D. sinensis, that together form a sister taxon to our focal species. D.
similis and D. sinensis diverged about 7 Mya, while they share the most
recent common ancestor with D. magna more than 15 Mya®. Our work
provides rare evidence of TSPs for loci known to be functionally rele-
vant in interactions with a widespread and highly specific parasite.
Thus, our study is consistent with the theoretical prediction that spe-
cific antagonistic coevolution is able to maintain genetic diversity over
millions of years.

Results and discussion

Resistance profiles of Daphnia clones

Daphnia clones collected from the entire Holarctic (Fig. 1a and Sup-
plementary Data 1) were tested for resistance to five strains of P.
ramosa isolated from D. magna populations across Europe. Parasite
attachment to the host gut is the crucial step in the infection process
and correlates strongly with infection success®**. Where parasites fail
to attach, the hosts are resistant. Thus, we used the parasite attachment
test to determine resistance. This test is conducted with fluorescent
parasite spores that can be observed through the transparent Daphnia
bodies adhering to the cuticle of the fore- or hindgut wall of susceptible
hosts, but not of resistant hosts***%. All three species showed variation
among clones for parasite attachment, with 33% of all D. magna clones
testing attachment positive (susceptibility), 12.4% for D. similis, and
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Table 1| Percent of positive attachment tests for clones of D. magna, D. similis, and D. sinensis to five P. ramosa isolates

Daphnia species

P. ramosa isolate and site of attachment

D. Number Cil-foregut C19- P15-hindgut P15-foregut P20- P21-hindgut P21-foregut All isolates
magna clade clones foregut foregut and sites
D. magna Western 125 33.60 29.60 64.00 5.60 36.00 76.00 3.20 35.43
(total, n=157) Eurasia
East Asia 18 nn 16.67 50.00 0.00 nn 55.56 0.00 20.64
North 14 21.43 21.43 0.00 35.71 14.29 64.29 35.71 27.55
America
D. similis 15 6.67 0.00 6.67 13.33 20.00 26.67 13.33 12.38
D. sinensis 14 28.57 14.29 78.57 57.14 28.57 64.29 57.14 46.94
Average: 20.28 16.4 39.85 22.36 21.99 57.36 21.88 28.59

P. ramosa isolates C1, C19, and P20 attach only to the host’s foregut, while P15 and P21 are able to attach to the host’s fore- and hindgut.

46.9% for D. sinensis (Table 1 and Supplementary Datas 1 and 2). As
previously reported®-**°, all D. magna clones became infected after
successful attachment of at least one P. ramosa isolate, while only
about 64% and 74% of D. similis and D. sinensis clones, respectively,
became infected after attachment (Supplementary Data 2). These
reduced infection rates for D. similis and D. sinensis likely stem from the
fact that our five P. ramosa isolates were isolated from D. magna and
may show some degree of specific adaptation to this species®”.
Nevertheless, infected Daphnia of all three species displays the same,
typical signs of the disease: the host body becomes darkish and non-
transparent, and the bacterium castrates the host (Fig. 2)*' and by this,
strongly impacts host fitness. Taken together, these results show that
the three Daphnia species suffer in the same way from P. ramosa
infections and exhibit substantial genetic variation for resistance to P.
ramosa that has, presumably, been maintained over a long time.

The three Daphnia species show no evidence of introgression
Next, we studied the genomes of all three Daphnia species to test for
TSPs. First, we ruled out the horizontal transfer of genes by hybridi-
zation and introgression, which can mimic TSPs**, by using whole
genome resequencing data for all the Daphnia clones to assess the
species’ relationships, their genetic structure, and any evidence of
admixture among them. A PCA approach showed high genetic differ-
entiation among the three species, with the first PC separating D.
magna from the other two species, which were clearly separated by the
second PC (Fig. 1b and see also Supplementary Fig. 1). As previous
population genomic studies have suggested”-*, differentiation exists
because Daphnia magna inhabits most of the Holarctic, population.
The PCA of the D. magna clones suggests the presence of three main
clusters—a Western Eurasian (WE), an Eastern Asian (EA), and a
Northern American (NA) cluster, which was included in the analyses
(Supplementary Figs. 2-5). A mitogenome phylogeny supported the
same population and species differentiation with five lineages (Sup-
plementary Fig. 6). In addition to the PCA analysis, which indicates a
deep split among the three sampled species, we estimated an ABBA-
BABA statistic (Patterson’s D*;) to detect gene flow/introgression
among our samples. The average value of D for our focal species D.
magna in relation to D. similis and D. sinensis was 0.049 and not sig-
nificantly different from zero (p value > 0.05), indicating no evidence
of recent gene flow.

Genomic analysis of shared polymorphisms

For each of the five Daphnia lineages (D. similis, D. sinensis, D. magna
WE, D. magna EA, and D. magna NA), we performed single nucleotide
polymorphisms (SNPs) calling (Supplementary Table 1), overlapped
the five lists of SNPs and obtained a total of 224 high-quality, biallelic,
shared polymorphisms (Supplementary Data 3). More than 10% (32 of
224) of these SNPs fall into a large region of about 250 kb in contig 11F,
a region previously identified as being highly variable**° and under-

balancing selection in D. magna®. The 224 SNP candidate list included
only polymorphisms observed in all five clades, excluding poly-
morphisms in D. magna related to clade-specific SNPs.

Balanced polymorphisms are expected to be surrounded by one
or more neutral shared polymorphisms that are in strong linkage dis-
equilibrium (LD, i.e., less than 1kb from each other). Therefore, we
applied a filter that required at least two shared SNPs in LD"*°, thereby
identifying 35 genomic regions, including 131 SNPs, that satisfied this
LD condition (Supplementary Data 4) and that we then considered for
further analyses. As the further focus of our study is on the species
level, we pooled the clones of the three D. magna lineages into one
group to focus on species-level comparison in all following analyses.

To filter out from our list of shared SNPs those variants that are
identical-by-state as a result of recurrent mutations, we produced
allelic trees. A specific feature associated with the molecular signature
of long-term balancing selection is that haplotypes from different
species cluster by allele rather than by species. Thus, allelic trees do
not resemble the species tree. We built trees based on fragments of
variable length (i.e., from 100 bp to 1500 bp) surrounding, and cen-
tered on, each of the 131 candidate-shared SNPs. We excluded the focal
(shared) SNPs from the fragments used in this analysis, as they were
already a filter criterium in a previous step. For each tree, we estimated
its probability of having haplotypes clustering by allele (Pyjeiic) fol-
lowing the method described by Teixeira et al. *. Among the 131 SNPs
for which the local trees were built, we identified 31 SNPs with prob-
abilities higher than 85 in at least one of the generated trees and
considered them putative TSPs (Supplementary Datas 4 and 5). These
candidate TSPs were located in 11 regions with at least two shared SNPs
in LD. In these 11 regions with at least one putative TSP (in total 31
SNPs), there were an additional 25 shared SNPs (a total of 56 shared
SNPs, Supplementary Data 5).

Since long-term balancing selection is expected to maintain adap-
tive genetic diversity, we hypothesize that TSPs fall in coding regions
that show excess polymorphism. For this reason, we calculated the ratio
of polymorphism to divergence (PtoD) following Teixeira et al. * for all
annotated genes in the D. magna reference genome, correcting for gene
length. PtoD, which accounts for mutation rate, was obtained as p/(d +1)
where p is the number of polymorphisms in the samples of one species
and d is the number of fixed SNPs between species. We then focused on
the genes containing putative TSPs and calculated where the candidate
genes fell relative to the empirical PtoD distribution of all genes. Each of
the 11 regions with at least two shared SNPs in LD contained one gene
with putative TSPs. Four of these genes showed exceptional variability,
with the average of the four PtoD percentiles falling in the top 10% of
PtoD distribution and no single value over the 15% percentile (Table 2
and Supplementary Data 6). Finally, the topologies of the gene trees built
in the surrounding of the four remaining candidates suggest that hap-
lotypes indeed cluster by allele and not by species (Fig. 3 and Supple-
mentary Fig. 6), providing strong support for TSP.
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Fig. 2 | Photographs of P. ramosa infected and healthy females of the three
Daphnia species used here. D. magna (a), D. similis (b), and D. sinensis (c) phe-
notypes of infection. On the right are animals infected with P. ramosa, while on the
left are healthy animals. The body of infected hosts becomes non-transparent. The
bacterium castrates the host, recognizable by the absence of eggs in the brood
chamber.

Population genetic analysis of shared polymorphisms

Balancing selection maintains polymorphisms at selected loci, result-
ing in characteristic genomic signatures"'° such as elevated nucleotide
diversity () and Tajima’s D, which are indicative of increased genetic
variation around the target of selection and excess polymorphisms

segregating at intermediate frequencies, respectively. Balancing
selection also reduces population or species differentiation as mea-
sured by F,'°. We therefore calculated m, Tajima’s D, and Fy, for non-
overlapping sliding windows of different sizes (i.e., 1kb, 2.5kb, and
5kb) in the regions surrounding our candidate TSPs. The same was
done for the 20 longest contigs and the contig where the TSP is located
that functioned as background level. The target region was identified
as a 100 kb genomic segment centered on a candidate TSP. For each
species, we then assessed whether i and Tajima’s D were elevated and
if Fs; values were lower in the candidate regions compared to the
background level, as theoretically expected for sites under long-term
balancing selection (Supplementary Figs. 7-15 and Supplementary
Tables 2-10). For our candidates, regardless of the size of the sliding
window applied, we found a significant deviation from the background
level in most of the statistics indicative of balancing selection (Table 2).
These observations suggest that in each of the three reproductively
isolated and highly divergent Daphnia species, the genomic regions
around the putative TSPs display high genetic variability and that the
species are less differentiated in these regions than expected from a
genome-wide average. We further validated these results by applying
the normalized £ statistics, a test specifically designed to detect clus-
ters of polymorphisms segregating at similar frequencies, a pattern
associated with signatures of long-term balancing selection**. Most
comparisons showed significantly elevated f§ scores in the target
regions compared to the background level (Table 2, Supplementary
Figs. 16-18, and Supplementary Tables 11-19), further supporting our
hypothesis that the regions surrounding TSPs evolve under long-term
balancing selection.

To ensure that our observations were not biased by the occur-
rence of paralogs, which can cause read mismapping, or by other
artifacts, we Sanger-sequenced the flanking regions of the identified
TSPs. We included this control step because sequence duplication is
known to determine pseudo-heterozygosity*. In addition, we wanted
to ensure that there were no inconsistencies between the genotypes
obtained with Illumina sequencing and the ones obtained with Sanger
sequencing (details in Supplementary Tables 20). We were able to
confirm the Illumina genotypes and the presence of a plausible num-
ber of heterozygous positions surrounding all our candidates (exam-
ples of chromatograms in Supplementary Figs. 19-24).

Functional analysis of the shared polymorphisms
The four candidate regions revealed interesting associations. Two of
them are located on contig 11F, in close association with a large cluster
of resistance loci for the virulent parasite P. ramosa. This cluster
includes four known resistance genes, A, B, C, and F***°, and has been
shown to be under balancing selection in a Euasian D. magna sample.
A, B, and C form a cluster with strongly reduced recombination, while
the F locus is directly adjacent to it. One of the TSPs is situated about
48 kb before the ABC cluster, while the other is located within the F
locus. The TSP observed on contig 18F is located in a region rich in
immunity-related genes (e.g., multiple lectins, TRIMs, clip serine pro-
tease), about 101 kb before another Pasteuria resistance locus (the D
locus)®, while contig 28F includes multiple genes with immune
functions (e.g., lectins, clip serine proteases, complement related ele-
ments). These observations suggest that long-term balancing selection
maintains, independently in three Daphnia species, ancestral alleles in
genomic regions that have a functional link with P. ramosa resistance
Our best TSP candidates, three of which showed at least a non-
synonymous TSP, can be classified as immune-related genes or genes
involved in immunity pathways (Table 2). The gene 11F-21.35, which is
in close proximity with the ABC,F resistance loci against P. ramosa,
encodes a C1q domain-containing protein. C1q are immune molecules
responsible for initiating the complement pathway in vertebrates.
Their role in invertebrate immunity has been demonstrated in mol-
lusks and their presence is documented in crustaceans*®. This gene was
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Fig. 3 | Neighbor joining trees of haplotypes including the focal shared SNPs
with evidence for TSP. The trees based on the sequences surrounding the best TSP
candidates are reported: a 11F-21.35-100 bp, b 11F-27.73-100 bp, c 18F-
16.99-200 bp, and d 28F-3.33-200 bp. In these trees, haplotypes cluster by allele
and not by species, i.e., each cluster contains three colors: D. magna:blue, D. similis:
yellow, and D. sinensis: green. In some cases, external branches were collapsed in

. D. magna

D. sinensis

D. similis

order to facilitate tree representation. The alleles reported on the branches indicate
the SNP variant present in all the haplotypes in the relative cluster. The circle area is
proportional to the haplotype frequency, except when the haplotype frequency is
too high for the purpose of the representation and a number is reported indicating
the total of similar or identical haplotypes. Source data are provided as a source
data file.

We tested all Daphnia clones for resistance to different isolates of
the bacterial parasite P. ramosa. For each Daphnia genotype, we esti-
mated the resistance phenotype (resistotype) using five Pasteuria
strains (C1, C19, P15, P20, and P21) isolated from natural D. magna
populations across Europe. Since the attachment of parasite spores to
the host is the most important step in the infection procedure and
explains about 90% of the overall variation in infection success***,
resistance is defined as the ability of the host to prevent attachment to
a given attachment site. The attachment test described in ref. 36 allows
us to score resistotypes by exposing the host to fluorescently labeled
Pasteuria spores and then observing whether these spores attach to
the cuticle of the Daphnia’s fore- or hindgut, where the parasite
penetrates the host’s cuticle and enters its body cavity***'. Specifically,
we assessed whether labeled spores attached to the host’s foregut (all
five Pasteuria strains) and/or hindgut (two Pasteuria strains: P15 and
P21). For each Daphnia genotype, six replicates were performed, and a
genotype was considered susceptible to the bacterial strain when
more than half of the replicates showed attachment (Supplementary
Data 1). In D. magna, resistance and susceptible phenotypes were
found to be uniformly distributed across the entire species distribu-
tion (Supplementary Data 1) as previously shown in ref. 21, including
the newly analyzed North American clones.

Attachment of Pasteuria spores in the native host species from
which it was isolated leads to successful infection®*. Attachment
polymorphisms are also seen in related non-native host species;
however, in these cases, the correlation between attachment and
successful infection is reduced®*. Besides attachment tests, we per-
formed infection trials by experimentally exposing D. similis and D.
sinensis clones, that were positive to spore attachment to the five
previously mentioned Pasteuria strains, following the protocols of

Luijckx et al. %. To determine infection, we observed crushed D. magna
host bodies under a phase contrast microscope (400x); individual
Daphnia were considered infected when the presence of Pasteuria
spores was detected. When at least one replicate of a clone became
infected, we considered the clone infectable.

DNA isolation and sequencing

Before genomic DNA extraction, we reduced bacterial and other non-
target DNA. For this, all animals were kept for three days in a solution
of Ampicillin, Streptomycin, and Tetracycline (Sigma) at a concentra-
tion of 50 mg/l each, and transferred daily into a fresh antibiotic
solution. To reduce gut content, the animals were not fed during this
three-day treatment, instead receiving 5 mg of superfine beads of the
gel filtration resin Sephadex ® G-25 (Sigma-Aldrich) twice a day in their
medium. Sephadex causes gut evacuation when ingested by the ani-
mals. We extracted DNA from 20 to 50 animals of each clone using the
QIAGEN Gentra Puregene Tissue Kit, including the RNaseA (100 mg/
ml; Sigma) digestion step. Whole-genome Illumina paired-end
sequencing (read length 125bp) was performed by the Genomics
Facility service platform at the Department of Biosystem Science and
Engineering (D-BSSE, ETH) in Basel, Switzerland, on an Illlumina
HiSeq 2500.

SNP calling

Raw reads were trimmed to remove adapters using Trimmomatic
0.36%. We aligned the trimmed reads to a newly assembled high-
quality reference genome of a three-times selfed Finnish D. magna
clone (the same genotype for which a previous genome assembly has
been released (NCBI accession LRGBO0O000000.1)). This reference
genome, assembled using the FALCON assembler®, was obtained
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using high-coverage PacBio long-read sequencing (see Data avail-
ability). In order to increase the accuracy of read mapping, different
approaches were used for the reads obtained from the different spe-
cies. For D. magna clones, BWA v0.7.7%, a software package for map-
ping low-divergent sequences against a reference genome, was used to
align the reads. To align the reads from D. similis and D. sinensis clones,
we used Stampy v1.0.32%%, an algorithm specifically designed to
account for the divergence between the reference genome and the
mapping reads. Polymorphisms were called using the HaplotypeCaller
function in GATK 4.0°°. Using VCFTOOLS 0.1.16°°, we retained only
high-quality biallelic SNPs, satisfying the conditions of minimum gen-
otype depth of 10, maximum genotype depth of 100, minimum gen-
otype quality of 30, maximum amount of missing data of 50%, and
minor allele frequency of 0.05.

Genotype clustering and test for introgression

Working with the dataset of all 186 Daphnia clones, we used a Principal
Component Analysis (PCA) implemented in the R package SNPRelate®
to detect possible evidence of recent introgression among the three
species. In order to account for the linkage between markers, we
analyzed only SNPs at least 1 kb distant from each other. As expected,
the PCA approach showed high genetic differentiation among the
three species, with the first PC separating D. magna from D. similis and
D. sinensis (Fig. 1b and Supplementary Figs. 1 and 2). Since PCA can be
biased by unequal sample size®’, we repeated the PCA analysis with
subsamples of only 15 D. magna clones. The result remained unchan-
ged (Supplementary Fig. 1). A PCA analysis was also used to assess
evidence of population structure and recent introgression events
among lineages within D. magna that inhabit most of the Northern
Hemisphere. It has already been shown that population structure
exists in D. magna**®*. Here, we increased the number of D. magna
clones and included clones from North America for the first time
(Fig. 1). For this reason, a detailed assessment of population differ-
entiation among the D. magna clones was necessary. The PCA results
obtained for the D. magna clones confirmed the presence of three
main clusters, namely a WE, an EA, and an NA cluster (Supplemen-
tary Fig. 4).

To test for recent introgression among the three Daphnia species,
we estimated an ABBA-BABA statistic (or Patterson’s D*%;), which
detects geneflow among samples. We used the same genotypes as for
our PCA analysis, as well as the program Dsuite®* to estimate D. Sig-
nificant elevation of D above zero was assessed by applying a block-
jackknife resampling procedure®*®® with 20 subsamples.

Mitochondrial genome assembly and mitogenome phylogeny
We assembled the mitochondrial genome for a subset of Daphnia
clones following the protocol described in ref. 35. The mitogenomes
were then annotated using the MITOS web server®. We aligned the
protein-coding genes with MUSCLE v3.8.31°® and concatenated them
to generate a mitochondrial phylogeny using the software RAXML
v8.1.20%. The best ML tree was obtained by assuming a general time
reversal model of sequence evolution with a gamma-distributed model
of rate heterogeneity, taking into account gene partitioning. In order
to test for tree reliability, we performed a bootstrap approach by
generating 100 pseudo-replicates. Daphnia hispanica was used as an
outgroup (ENA accession number: LS991493), as this species is known
to be closely related to the species considered here®.

The best ML mitochondrial phylogeny resembled the previously
reported topology® with D. similis and D. sinensis being sisters as part
of the similis group described in ref. 70. The similis group, in turn, is
sister to D. magna. The obtained tree was highly supported with almost
all internal nodes, showing a bootstrap value of 100. Although their
evolutionary relationship cannot be fully resolved, the three D. magna
lineages highlighted by genome-wide polymorphisms were also highly
supported by the mitogenomes (Supplementary Fig. 5). Overall, the

mitogenomes suggest, as shown by SNP data, the occurrence of five
main lineages among the Daphnia analyzed in this study.

Finding shared SNPs

After defining the five main lineages of the Daphnia clones in this
study, we performed SNP calling within each of these lineages. We
used VCFTOOLS 0.1.16°° and the requisites specified above to obtain
lists of high-quality polymorphisms for each of the five Daphnia
lineages (D. magna from North America (13), D. magna from Eastern
Asia (18), D. magna from Western Europe (126), D. similis (15), and D.
sinensis (14). We then overlapped the lists of SNPs to identify shared
polymorphisms among species/lineages. We obtained a total of 227
polymorphisms shared among the five lineages. In order to obtain a
reliable list of shared SNPs, we ensured that the identified poly-
morphisms did not lie in low-complexity regions (i.e., regions rich in
repeats), where were identified in our reference genomes using the
software DustMasker 1.0”". The three identified shared SNPs that were
found to occur in low-complexity regions were excluded from our set
of candidate polymorphisms.

Distinguishing between shared and TSP

In order to exclude variants from our list of shared SNPs that are
identical-by-state as a result of recurrent mutations, we used, as a
reference, features associated with the molecular signature of long-
term balancing selection. The main feature is that haplotypes from
different species cluster by allele, rather than species, i.e., they pro-
duce allelic trees, and not trees resembling the species tree. These
haplotypes include polymorphisms that predate species splits, while
neutral recurrent shared polymorphisms are expected to generate
species trees’. Because of the long-term effects of recombination, we
expect this signature to be restricted to a short genomic region around
the putative TSP". In addition, this segment is likely to contain at least
two shared polymorphisms that arose in the ancestral populations of
D. magna-D. similis-D. sinensis and are in strong or complete LD with
the selected site®. Thus, we used these properties to exclude SNPs
from our candidate list that resulted from recurrent mutations. Spe-
cifically, we required shared SNPs to be in LD (i.e., within 1kb) with at
least one other shared SNP. Among the 224 shared SNPs retained after
the previous filtering (listed in Supplementary Data 3), we identified 35
regions (including 131 SNPs) having at least two shared SNPs in LD and
were considered for further analyses (Supplementary Data 4).

For the polymorphisms that satisfied the above condition, we
generated haplotype trees based on haplotype alignments of putative
TSPs flanking regions. We selected regions of variable length (100 bp,
150 bp, 200 bp, 400 bp, 600 bp, 800 bp, 1000 bp, and 1500 bp) cen-
tered on the putative TSPs and inferred the chromosomal phase for
each fragment using the software SHAPEIT4">. Phasing was done for all
species and samples simultaneously, including the use of individual
BAM files to incorporate read-based phasing. Then we built local trees
excluding the putative TSPs from the sequences. For this, we used a
subset of the Daphnia clones included in the study consisting of all the
15 D. similis clones, all the 14 D. sinensis clones, all 13 D. magna clones
from North America, all 18 D. magna genotypes from Eastern Asia and
20 randomly selected D. magna clones from Western Eurasia. We
performed this subsampling procedure so as to have similar sample
sizes among species/lineages. Because our focus was at the species
level in this and all subsequent analyses, we pooled the clones of all
three D. magna lineages into one group. For each allele tree, which
included 160 haplotypes, we estimated the probability of having
haplotypes clustering by allele (Payejic) following the method described
in ref. 31. Specifically, for each generated tree, we applied a resampling
strategy with six randomly selected haplotypes (one haplotype per
allele and per species) 1000 times. With these haplotypes, we built
neighbor-joining trees that were considered allelic trees if the three
closest tips were haplotypes with the same allele of the three species.
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In this way, for each of the local trees surrounding a putative TSP, we
obtained a P,yic that was estimated as the proportion of trees having
haplotypes clustering by allele over the 1000 resampled trees. A
shared SNP was considered a candidate TSP when it showed a
Paeiic > 85 in at least one of the generated trees (i.e., trees based on
regions of variable length).

Annotation of TSPs and gene function identification

The retained SNPs from the previous step were annotated and their
effect was predicted using the software SnpEff’* (Supplementary
Data 5). Among those, 47 (84%) were located in coding sequences, 17 of
which were non-synonymous and 28 synonymous variants. One sub-
stitution determined the gain of a stop codon (Supplementary Data 5).
The 11 identified regions overlapped with 11 different genes, which are
reported alongside their function in Supplementary Data 6.

Since D. magna genome annotation is not as accurate as the D. pulex
annotation, we used a blast approach to obtain the D. pulex orthologs of
the 11 genes containing TSPs in order to infer a functional classification.
Specifically, we used blastp” and the fasta sequences of the D. magna
proteins as queries against a D. pulex protein database (from: http://
wfleabase.org/genome/Daphnia_pulex/dpulex_genes2017/genes/). We
used an e-value threshold of le-40 and considered the most likely
ortholog of the hit showing the lowest e-value. For one gene (genemark-
000017F-processed-gene-17.81-mRNA-1), we did not identify sequence
similarities in D. pulex even when the e-value threshold was increased to
1e-10. Since this suggested there is no D. pulex ortholog for this gene, it
was therefore classified as an “uncharacterized protein” in the D. magna
annotation. We then used Panther (v16.0)’°”” to obtain a functional
classification for each of the remaining ten genes using Daphnia pulex,
included in the Panther database, as a reference organism. For six of the
11 genes, we could not find a defined function. These genes may repre-
sent cases of Daphnia-specific gene families (accounting for about 36%
of D. pulex genes) that do not have homologs™, or they might be the
result of some drawbacks of our blast approach. All genes were further
inspected with InterProScan (v5.48)”° to provide additional validation of
gene function and assess the presence of specific domains. Overall, of
the 11 genes containing TSPs, two could be associated with an immune-
related function (genemark-000011F-processed-gene-21.35-mRNA-1:
Clq domain-containing protein, maker-000011F-snap-gene-23.73-
mRNA-1: cladocera-specific protein).

Polymorphism-to-divergence ratio

Since long-term balancing selection is expected to maintain adaptive
genetic diversity, we hypothesized that TSPs fall into coding regions that
show an excess of polymorphism. We thus calculated the ratio of PtoD
following™ for all genes in our reference genome. PtoD, which accounts
for mutation rate, was obtained as p/(d +1) where p is the number of
polymorphisms in one species and d is the number of fixed SNPs
between species. We calculated d with vcftools as the number of SNPs
showing an Fy =1 in the following species pairs: D. magna vs D. sinensis
for D. sinensis; D. magna vs D. similis for D. similis; for D. magna we made
two comparisons: D. sinensis vs D. magna and D. similis vs D. magna. We
then corrected for a slightly positive correlation (R=0.06, p <0.05)
observed between PtoD and gene length by dividing the calculated PtoD
by the gene length; the obtained value was multiplied by 1000 to make it
more readable. We then focused on the corrected PtoD values observed
in the genes containing putative TSPs and determined where the can-
didate genes fell into the empirical PtoD distribution of all genes. Hap-
lotype trees obtained in the flanking regions of the TSPs identified in our
top candidate genes are shown in Fig. 3.

Molecular signature of balancing selection in the candidate
regions

A molecular signature of (long-term) balancing selection is high
genetic diversity in correspondence with TSPs, since polymorphisms

near these loci should be more ancient than the average genome-wide
coalescent time’>. We, therefore, calculated nucleotide diversity (i) for
the regions surrounding the TSPs in non-overlapping sliding windows
of 5000 bp, 2500 bp, and 1000 bp using VCFTOOLS 0.1.16°° and
assessed, within each species, if m was elevated compared to the
background level of genetic diversity (i.e., the contig where the TSP is
located, excluding the candidate region, and the 20 longest contigs in
our reference genome without loci known to be associated with Pas-
teuria resistance). We used multiple sliding window sizes in order to
test if the size of the window influences the results, given that balan-
cing selection is expected to leave its molecular footprints in relatively
short genomic fragments'. Furthermore, because the allele frequency
distribution for sites under balancing selection is expected to exhibit a
trend towards intermediate frequencies, we tested this hypothesis
with the neutrality test Tajima’s D*°, which summarizes polymorphism
data based on the difference between the average pairwise diversity (k)
and the number of segregating sites (S). When there is an excess of
polymorphisms at intermediate frequency, k increases more than S,
resulting in a positive Tajima’s D. Within each lineage, we also assessed,
using the same approach as above (i.e., calculating Tajima’s D in non-
overlapping sliding windows of 5000 bp, 2500 bp, and 1000 bp), if
Tajima’s D displayed significantly elevated values in the regions sur-
rounding TSPs compared to the background level. Moreover, theory
predicts that balancing selection reduces population differentiation,
as measured by F*°; consequently, Fy; values lower than the back-
ground level, are expected in the proximity of ancestral polymorph-
isms. We tested this prediction by comparing Fg obtained in non-
overlapping sliding windows of 5000 bp, 2500 bp, and 1000 bp in the
candidate regions vs. the background.

In order to validate these candidate regions, we also performed a
test specifically designed to detect signatures of long-term balancing
selection*’. We calculated, using the Betascan program*, the 8 score
that quantifies allele frequency correlations between SNPs. We speci-
fied the length of the window surrounding each SNP following the
formula in ref. 44. For window size calculation we used Daphnia-spe-
cific parameters (7, time since balancing selection, and p, the recom-
bination rate) as in ref. 21, which resulted in a window size of 250 bp
(option-w 250). For the other population genetic indexes, we averaged
S scores in non-overlapping sliding windows of 5000 bp, 2500 bp, and
1000 bp that were then compared between candidate regions and
backgrounds. These analyses were repeated three times using differ-
ent minor allele frequency thresholds (i.e., 0.05, 0.1, and 0.17,
following**) to explore the effects of this parameter on the results. The
results proved to be very consistent (Supplementary Tables 11-19), and
in the main text, as well as in Table 2, we report the 8 score results
obtained with a 5000 bp sliding window and a minor allele fre-
quency of 0.05.

Contig 11F, where two genes including TSPs were identified and
where the ABC and the F Pasteuria resistant loci are located®, is about
3 Mb long. The ABC locus is characterized by a large (i.e., about 150 kb)
nonhomologous region (NHR) segregating in susceptible and resistant
D. magna clones®. Therefore, we excluded the polymorphisms in this
NHR in our comparisons. We plotted the obtained results and per-
formed statistical analyses using Wilcoxon rank sum test) with ggplot2
and R.

Functional annotation

Our study highlighted four genes as the most likely candidates to have
evolved under long-term balancing selection and to contain TSPs.
However, as we did not obtain a precise functional annotation using a
blast approach for one of the four genes, we initially classified it as an
“uncharacterized protein” (Supplementary Data 6). In fact, this
“uncharacterized protein” (gene 11F.23.73) had already been identified as
a member of a very large immunity-related gene family (the Cladoceran-
specific protein” family with over 100 members) and was also an outlier
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in a study that focused on the P. ramosa resistant locus F*°. This gene,
11F-21.35, has several features suggesting involvement in the interaction
between Daphnia and Pasteuria. It encodes a protein with two domains:
a COLFI domain (the fibrillar collagen C-terminal domain) and a globular
Clq domain at the C terminus. Both domains are known to have binding
capacities. The members of the Clq family can be involved in host
defense, inflammation, apoptosis, and autoimmunity®. As a pattern
recognition molecule, Clq can engage a variety of ligands via its globular
domain and ultimately modulate cells of the immune system. Its role in
invertebrate immunity has been demonstrated in several mollusks®, and
its presence is documented in crustaceans*.

The gene 18F-16.99 encodes a Na'/K*-ATPase. Na'/K*-ATPase can
function as a signal transducer/integrator to regulate the production
of reactive oxygen species.

Reactive oxygen species are involved in a large number of pro-
cesses including macrophage-mediated immunity*®. They can engage
in direct antimicrobial activity against bacteria and parasites, as well as
redox-regulation of immune signaling and induction of inflammasome
activation.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The genomic data generated in this study have been deposited in the
NCBI database under accession code BioProjectlD PRJNA995356. The
reference genome used is available at Zenodo (https://zenodo.org/
records/11283641)** and in the NCBI database under accession code
BioProject ID PRJNA624896 (https://www.ncbi.nlm.nih.gov/datasets/
genome/GCA_040143795.1/). The data generated in this study are
provided in the Supplementary Information/source data file. The uti-
lized VCF is available at Zenodo (https://zenodo.org/records/
11099779)%. Source data are provided with this paper.

Code availability

Scripts required for replicating our results are available at Github®*
repository: https://github.com/ebertlab/transpecies_polymorphism_
manuscript.

References

1. Charlesworth, D. Balancing selection and its effects on sequences
in nearby genome regions. PLoS Genet. 2, 379-384 (2006).

2. Ebert, D. & Fields, P. D. Host-parasite co-evolution and its genomic
signature. Nat. Rev. Genet. 21, 754-768 (2020).

3. Ferrer-Admetlla, A. et al. Balancing selection is the main force
shaping the evolution of innate immunity genes. J. Immunol. 181,
1315-1322 (2008).

4. Tellier, A., Moreno-Gamez, S. & Stephan, W. Speed of adaptation
and genomic footprints of host-parasite coevolution under arms
race and trench warfare dynamics. Evolution 68, 2211-2224 (2014).

5. Bitarello, B. D. et al. Signatures of long-term balancing selection in
human genomes. Genome Biol. Evolution 10, 939-955 (2018).

6. Koenig, D. et al. Long-term balancing selection drives evolution of
immunity genes in capsella. eLife 8, e43606 (2019).

7. Andrés, A. M. et al. Targets of balancing selection in the human
genome. Mol. Biol. Evol. 26, 2755-2764 (2009).

8. Luijckx, P., Duneau, D., Andras, J. P. & Ebert, D. Cross-species
infection trials reveal cryptic parasite varieties and a putative
polymorphism shared among host species. Evolution 68, 577-586
(2014).

9. Million, K. M. & Lively, C. M. Trans-specific polymorphism and the
convergent evolution of supertypes in major histocompatibility
complex class Il genes in darters (Etheostoma). Ecol. Evol. https://
doi.org/10.1002/ece3.8485 (2022).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

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

Klein, J., Sato, A. & Nikolaidis, N. MHC, TSP, and the origin of spe-
cies: from immunogenetics to evolutionary genetics. Ann. Rev.
Genet. 41, 281-304 (2007).

Ebert, D. Open questions: What are the genes underlying antag-
onistic coevolution? BMC Biology. https://doi.org/10.1186/s12915-
018-0583-7 (2018).

Carroll, L. (ed) Through the Looking-Glass, and What Alice Found
There. (Macmillan and Co, 1871/2).

Burdon, J. J. & Thrall, P. H. Coevolution of plants and their patho-
gens in natural habitats. Science 324, 755-756 (2009).

King, K. C., Jokela, J. & Lively, C. M. Parasites, sex, and clonal
diversity in natural snail populations. Evolution 65, 1474-1481(2011).
Lively, C. M. The effect of host genetic diversity on disease spread.
Am. Nat. 175, E149-E152 (2010).

Woolhouse, M. E. J., Webster, J. P., Domingo, E., Charlesworth, B. &
Levin, B. R. Biological and biomedical implications of the co-
evolution of pathogens and their hosts. Nat. Genet. 32, 569-577
(2002).

Eizaguirre, C., Lenz, T. L., Kalbe, M. & Milinski, M. Rapid and adaptive
evolution of MHC genes under parasite selection in experimental
vertebrate populations. Nat. Commun. https://doi.org/10.1038/
ncomms1632 (2012).

Vergara, D., Jokela, J. & Lively, C. M. Infection dynamics in coex-
isting sexual and asexual host populations: support for the Red
Queen hypothesis. Am. Nat. 184, S22-S30 (2014).

Andras, J. P., Fields, P. D., Du Pasquier, L., Fredericksen, M. & Ebert,
D. Genome-wide association analysis identifies a genetic basis of
infectivity in a model bacterial pathogen. Mol. Biol. Evol. 37,
3439-3452 (2020).

Bourgeois, Y., Fields, P. D., Bento, G. & Ebert, D. Balancing
selection for pathogen resistance reveals an intercontinental
signature of Red Queen coevolution. Mol. Biol. Evol. 38,
4918-4933 (2021).

Dexter, E., Fields, P. D. & Ebert, D. Uncovering the genomic basis of
infection through co-genomic sequencing of hosts and parasites.
Mol. Biol. Evol. https://doi.org/10.1093/molbev/msad145 (2023).
Carius, H. J., Little, T. J. & Ebert, D. Genetic variation in a host-
parasite association: potential for coevolution and frequency-
dependent selection. Evolution 55, 1136-1145 (2001).
Fredericksen, M. et al. Infection phenotypes of a coevolving para-
site are highly diverse, structured, and specific. Evolution 75,
2540-2554 (2021).

Luijckx, P., Fienberg, H., Duneau, D. & Ebert, D. A matching-allele
model explains host resistance to parasites. Curr. Biol. 23,
1085-1088 (2013).

Ameline, C. et al. A two-locus system with strong epistasis underlies
rapid parasite-mediated evolution of host resistance. Mol. Biol. Evol.
38, 1512-1528 (2021).

Agrawal, A. F. & Lively, C. M. Infection genetics: gene-for-gene
versus matching-alleles models and all points in between. Evol.
Ecol. Res. 4, 79-90 (2002).

Brockhurst, M. A. & Koskella, B. Experimental coevolution of species
interactions. Trends Ecol. Evol. 28, 367-375 (2013).

Nonaka, M., Yamada-Namikawa, C., Flajnik, M. F. & Du Pasquier, L.
Trans-species polymorphism of the major histocompatibility
complex-encoded proteasome subunit LMP7 in an amphibian
genus, Xenopus. Immunogenetics 51, 186-192 (2000).

Leffler, E. M. et al. Multiple instances of ancient balancing selection
shared between humans and chimpanzees. Science 339,
1578-1582 (2013).

Teixeira, J. C. et al. Long-term balancing selection in LAD1 maintains
a missense trans-species polymorphism in humans, chimpanzees,
and bonobos. Mol. Biol. Evol. 32, 1186-1196 (2015).

Nature Communications | (2024)15:5333


https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA995356
https://zenodo.org/records/11283641
https://zenodo.org/records/11283641
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA624896/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_040143795.1/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_040143795.1/
https://zenodo.org/records/11099779
https://zenodo.org/records/11099779
https://github.com/ebertlab/transpecies_polymorphism_manuscript
https://github.com/ebertlab/transpecies_polymorphism_manuscript
https://doi.org/10.1002/ece3.8485
https://doi.org/10.1002/ece3.8485
https://doi.org/10.1186/s12915-018-0583-7
https://doi.org/10.1186/s12915-018-0583-7
https://doi.org/10.1038/ncomms1632
https://doi.org/10.1038/ncomms1632
https://doi.org/10.1093/molbev/msad145

Article

https://doi.org/10.1038/s41467-024-49726-8

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Tesicky, M. & Vinkler, M. Trans-species polymorphism in immune
genes: General pattern or MHC-restricted phenomenon? J. Immu-
nol. Res. https://doi.org/10.1155/2015/838035 (2015).

Cheng, X. & DeGiorgio, M. Detection of shared balancing selection
in the absence of trans-species polymorphism. Mol. Biol. Evol. 36,
177-199 (2019).

Klein, J., Sato, A., Nagl, S. & Colm, O. Molecular trans-species
polymorphism. Annu. Rev. Ecol. Syst., 29, 1-21 (1998).

Cornetti, L., Fields, P. D., Van Damme, K. & Ebert, D. A fossil-
calibrated phylogenomic analysis of Daphnia and the Daphniidae.
Mol. Phylogen. Evo. 137, 250-262 (2019).

Duneau, D., Luijckx, P., Ben-Ami, F., Laforsch, C. & Ebert, D. Resol-
ving the infection process reveals striking differences in the con-
tribution of environment, genetics and phylogeny to host-parasite
interactions. BMC Biol. 9, 11 (2011).

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

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

Bento, G. et al. The genetic basis of resistance and matching-allele
interactions of a host-parasite system: the Daphnia magna-Pasteuria
ramosa model. PLoS Genet. https://doi.org/10.1371/journal.pgen.
1006596 (2017).

Fredericksen, M., Fields, P. D., Du Pasquier, L., Ricci, V. & Ebert, D.
QTL study reveals candidate genes underlying host resistance in a
Red Queen model system. PLoS Genet. 19, e1010570 (2023).
Ebert, D. et al. A population biology perspective on the stepwise
infection process of the bacterial pathogen Pasteuria ramosa in
Daphnia. Adv. Parasitol. 91, 265-310 (2016).

Fields, P. D., Reisser, C., Dukic, M., Haag, C. R. & Ebert, D. Genes
mirror geography in Daphnia magna. Mol. Ecol. 24, 4521-4536
(2015).

Patterson, N. et al. Ancient admixture in human history. Genetics
192, 1065-1093 (2012).

Siewert, K. M. & Voight, B. F. Detecting long-term balancing
selection using allele frequency correlation. Mol. Biol. Evol. 34,
2996-3005 (2017).

Jaegle, B. et al. Extensive sequence duplication in Arabidopsis
revealed by pseudo-heterozygosity. Genome Biol. 24, 1-19 (2023).
Clark, K. F. & Greenwood, S. J. Next-generation sequencing and the
crustacean immune system: the need for alternatives in immune
gene annotation. Integr. Comp. Biol. 56, 1113-1130 (2016).

Dale, M. (ed) Temporal Dynamics of the Transcriptome of the Crus-
tacean Daphnia magna During Infection with a Bacterial Parasite
Master Thesis (University of Basel, 2019).

Fang, F. C. Antimicrobial actions of reactive oxygen species. mBio 2,
1-6 (2011).

Liu, X. et al. Matrix metalloproteinases in invertebrates. Protein Pept.
Lett. 27, 1068-1081 (2020).

Azevedo, L., Serrano, C., Amorim, A. & Cooper, D. Trans-species
polymorphism in humans and the great apes is generally main-
tained by balancing selection that modulates the host immune
response. Hum. Genom. 9, 21 (2015).

Andras, J. P., Fields, P. D. & Ebert, D. Spatial population genetic
structure of a bacterial parasite in close coevolution with its host.
Mol. Ecol. 27, 1371-1384 (2018).

Decaestecker, E. et al. Host-parasite ‘Red Queen’ dynamics
archived in pond sediment. Nature 450, 870-873 (2007).

Auld, S., Hall, S. R. & Duffy, M. A. Epidemiology of a Daphnia-
multiparasite system and its implications for the Red Queen. PLoS
One. https://doi.org/10.1371/journal.pone.0039564 (2012).

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

Yampolsky, L. Y., Schaer, T. M. M. & Ebert, D. Adaptive
phenotypic plasticity and local adaptation for temperature
tolerance in freshwater zooplankton. Proc. Biol. Sci. 281,
20132744 (2014).

Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trim-
mer for Illumina sequence data. Bioinformatics 30, 2114-2120
(2014).

Chin, C. S. et al. Phased diploid genome assembly with single-
molecule real-time sequencing. Nat. Methods 13, 1050-1054
(2016).

Li, H. & Durbin, R. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25, 1754-1760 (2009).
Lunter, G. & Goodson, M. Stampy: a statistical algorithm for sensi-
tive and fast mapping of Illumina sequence reads. Genome Res. 21,
936-939 (2011).

McKenna, A. et al. The genome analysis toolkit: a map reduce fra-
mework for analyzing next-generation DNA sequencing data.
Genome Res. 20, 1297-1303 (2010).

Danecek, P. et al. The variant call format and VCFtools. Bioinfor-
matics 27, 2156-2158 (2011).

Zheng, X. et al. A high-performance computing toolset for relat-
edness and principal component analysis of SNP data. Bioinfor-
matics 28, 3326-3328 (2012).

McVean, G. A genealogical interpretation of principal components
analysis. PLoS Genet. 5, €1000686 (2009).

Fields, P. D. et al. Mitogenome phylogeographic analysis of a
planktonic crustacean. Mol. Phylogenet. Evol. 129, 138-148 (2018).
Malinsky, M., Matschiner, M. & Svardal, H. Dsuite—fast D-statistics
and related admixture evidence from VCF files. Mol. Ecol. Resour.
21, 584-595 (2021).

Durand, E. Y., Patterson, N., Reich, D. & Slatkin, M. Testing for
ancient admixture between closely related populations. Mol. Biol.
Evol. 28, 2239-2252 (2011).

Green, R. E. et al. A draft sequence of the Neandertal genome.
Science 328, 710-722 (2010).

Bernt, M. et al. MITOS: improved de novo metazoan mitochondrial
genome annotation. Mol. Phylogenet. Evol. 69, 313-319 (2013).
Edgar, R. C. MUSCLE: Multiple sequence alignment with high
accuracy and high throughput. Nucleic Acids Res. 32, 1792-1797
(2004).

Stamatakis, A. RAXML version 8: a tool for phylogenetic analysis and
post-analysis of large phylogenies. Bioinformatics 30, 1312-1313
(2014).

Popova, E. V. et al. Revision of the old world daphnia (Cteno-
daphnia) similis group (Cladocera: Daphniidae). Zootaxa 4161,
1-40 (2016).

Morgulis, A., Gertz, E. M., Schéffer, A. A. & Agarwala, R. A fast and
symmetric DUST implementation to mask low-complexity DNA
sequences. J. Comput. Biol. 13, 1028-1040 (2006).

Gao, Z., Przeworski, M. & Sella, G. Footprints of ancient-balanced
polymorphisms in genetic variation data from closely related spe-
cies. Evolution 69, 431-446 (2015).

Delaneau, O., Zagury, J. F., Robinson, M. R., Marchini, J. L. & Der-
mitzakis, E. T. Accurate, scalable and integrative haplotype esti-
mation. Nat. Commun. 10, 24-29 (2019).

Cingolani, P. et al. A program for annotating and predicting the
effects of single nucleotide polymorphisms, SnpEff: SNPs in the
genome of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly 6,
80-92 (2012).

Camacho, C. et al. BLAST+: architecture and applications. BMC
Bioinformatics 10, 421 (2009).

Mi, H. et al. PANTHER version 16: a revised family classification, tree-
based classification tool, enhancer regions and extensive API.
Nucleic Acids Res. 49, D394-D403 (2021).

Nature Communications | (2024)15:5333

10


https://doi.org/10.1155/2015/838035
https://doi.org/10.1371/journal.pgen.1006596
https://doi.org/10.1371/journal.pgen.1006596
https://doi.org/10.1371/journal.pone.0039564

Article

https://doi.org/10.1038/s41467-024-49726-8

77. Mi, H. et al. Protocol update for large-scale genome and gene
function analysis with the PANTHER classification system (v.14.0).
Nat. Protoc. 14, 703-721 (2019).

78. Colbourne, J. K. et al. The ecoresponsive genome of Daphnia pulex.
Science 331, 555-561 (2011).

79. Jones, P. et al. InterProScan 5: genome-scale protein function
classification. Bioinformatics 30, 1236-1240 (2014).

80. Tajima, F. Statistical method for testing the neutral mutation
hypothesis by DNA polymorphism. Genetics 123, 585-595
(1989).

81. Kishore, U. et al. C1g and tumor necrosis factor superfamily: mod-
ularity and versatility. Trends Immunol. 25, 551-561 (2004).

82. Gestal, C., Pallavicini, A., Venier, P., Novoa, B. & Figueras, A. MgC1q,
a novel Clg-domain-containing protein involved in the immune
response of Mytilus galloprovincialis. Dev. Comp. Immunol. 34,
926-934 (2010).

83. Fields, P., & Ebert, D. Daphnia magna XINB3 v.3.0 genome assembly
[data set]. Zenodo https://doi.org/10.5281/zenodo.112836 41
(2024).

84. Cornetti, L., Fields, P. D., Du Pasquier, L. & Ebert, D. Long-term
balancing selection for pathogen resistance maintains trans-
species polymorphisms in a planktonic crustacean. Zenodo
https://zenodo.org/records/11099779 (2024).

Acknowledgements

We thank J. Hottinger, U. Stiefel, and M. Krebs for help in the laboratory
and the Genomics Facility Basel for sequencing the samples. We thank
Yan Galimov for providing Daphnia samples from Russia and Frida Ben-
Ami for samples from Israel. We thank members of the Ebert group for
their feedback on the study and the manuscript. We thank S. Zweizig for
language editing. This work was supported by the Swiss National Sci-
ence Foundation (SNSF) (grant numbers 310030B_166677 and
310030_188887 to D.E.).

Author contributions

All authors conceived the study. D.E. organized and collected the
samples. L.C. and P.D.F. conducted the sequencing work. L.C. con-
ducted the bioinformatic analysis with the help of P.D.F. and D.E. L.D.P.
annotated and analyzed the candidate genes. L.C. wrote the manuscript,
which was read, edited, and approved by all authors.

Competing interests
All authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-49726-8.

Correspondence and requests for materials should be addressed to
Dieter Ebert.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:5333


https://doi.org/10.5281/zenodo.11283641
https://zenodo.org/records/11099779
https://doi.org/10.1038/s41467-024-49726-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Long-term balancing selection for pathogen resistance maintains trans-species polymorphisms in a planktonic crustacean
	Results and discussion
	Resistance profiles of Daphnia clones
	The three Daphnia species show no evidence of introgression
	Genomic analysis of shared polymorphisms
	Population genetic analysis of shared polymorphisms
	Functional analysis of the shared polymorphisms

	Methods
	Samples and phenotyping
	DNA isolation and sequencing
	SNP calling
	Genotype clustering and test for introgression
	Mitochondrial genome assembly and mitogenome phylogeny
	Finding shared SNPs
	Distinguishing between shared and TSP
	Annotation of TSPs and gene function identification
	Polymorphism-to-divergence ratio
	Molecular signature of balancing selection in the candidate regions
	Functional annotation
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




