
Genome-Wide Association Analysis Identifies a Genetic Basis of
Infectivity in a Model Bacterial Pathogen

Jason P. Andras ,*,1 Peter D. Fields,2 Louis Du Pasquier,2 Maridel Fredericksen,2 and Dieter Ebert*,2

1Department of Biological Sciences, Mount Holyoke College, South Hadley, MA
2Division of Zoology, Department of Environmental Sciences, University of Basel, Basel, Switzerland

*Corresponding authors: E-mails: jandras@mtholyoke.edu; dieter.ebert@unibas.ch.

Associate editor: Daniel Falush

Abstract

Knowledge of the genetic architecture of pathogen infectivity and host resistance is essential for a mechanistic under-
standing of coevolutionary processes, yet the genetic basis of these interacting traits remains unknown for most host–
pathogen systems. We used a comparative genomic approach to explore the genetic basis of infectivity in Pasteuria
ramosa, a Gram-positive bacterial pathogen of planktonic crustaceans that has been established as a model for studies of
Red Queen host–pathogen coevolution. We sequenced the genomes of a geographically, phenotypically, and genetically
diverse collection of P. ramosa strains and performed a genome-wide association study to identify genetic correlates of
infection phenotype. We found multiple polymorphisms within a single gene, Pcl7, that correlate perfectly with one
common and widespread infection phenotype. We then confirmed this perfect association via Sanger sequencing in a
large and diverse sample set of P. ramosa clones. Pcl7 codes for a collagen-like protein, a class of adhesion proteins known
or suspected to be involved in the infection mechanisms of a number of important bacterial pathogens. Consistent with
expectations under Red Queen coevolution, sequence variation of Pcl7 shows evidence of balancing selection, including
extraordinarily high diversity and absence of geographic structure. Based on structural homology with a collagen-like
protein of Bacillus anthracis, we propose a hypothesis for the structure of Pcl7 and the physical location of the
phenotype-associated polymorphisms. Our results offer strong evidence for a gene governing infectivity and provide a
molecular basis for further study of Red Queen dynamics in this model host–pathogen system.

Key words: Daphnia magna, Pasteuria ramosa, Red Queen, host–pathogen coevolution, balancing selection, GWAS,
pathogenicity, collagen-like protein.

Introduction
The abundance and persistence of heritable variation in nat-
ural populations is often cited as a puzzling characteristic of
life. Genetic drift and the most intuitive forms of natural
selection tend to erode diversity over time, yet genetic vari-
ation seems the rule, not the exception, in most natural
populations (Lewontin and Hubby 1966; Charlesworth et al.
2016). One of the most powerful mechanisms thought to be
responsible for the observed variation is negative frequency-
dependent selection (NFDS; Ayala and Campbell 1974; Clarke
1979), which posits that the fitness of a variant is inversely
proportional to the frequency of that variant in the popula-
tion. A specific form of NFDS is Red Queen coevolution,
whereby pathogens and hosts continually evolve unique
mechanisms of infection and defense, respectively (Jaenike
1978; Hamilton 1980; Salathe et al. 2008). Under this model,
pathogens, which often have the faster inherent rate of evo-
lution, adapt rapidly to exploit common host phenotypes.
Uncommon host phenotypes thus enjoy a selective advan-
tage and increase in frequency until they become common.
This, in turn, selects for pathogens capable of infecting the
newly common host phenotype. This model can result in

cycling frequencies of host and pathogen genetic variants.
Apart from its importance as an engine of diversification,
Red Queen coevolution is one of the best explanations for
the evolution and widespread occurrence of sexual reproduc-
tion (Hamilton 1980), as the attendant recombinatorial di-
versity is thought to provide longer-lived hosts a means of
keeping up with their faster evolving pathogens.

Theories of evolutionary mechanism are predicated, either
implicitly or explicitly, on an underlying model of the genetic
basis of the traits involved, and this is especially true for the
Red Queen model. This form of rapid antagonistic coevolu-
tion requires that interactions between host and pathogen
are strong and highly specific (Jaenike 1978; Hamilton 1980;
Ebert 2018). This, in turn, requires a simple genetic architec-
ture, whereby pathogen infectivity and host resistance are
conferred by specific alleles at a small number of loci, and
successful infection can only occur if alleles at the interacting
host and pathogen loci form a competent match. These fun-
damental genetic details have typically been assumed or in-
ferred from phenotypic patterns, but the genetic basis of
interaction is not known for most host–pathogen associa-
tions (but see Samson et al. 2013; Koskella and Brockhurst
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2014). Identifying the specific coevolving genetic loci thus
represents the next frontier in understanding host–pathogen
coevolution (Ebert 2018).

One well-studied host–pathogen association for which
progress toward a mechanistic understanding has been
made is the Daphnia magna–Pasteuria ramosa system.
Daphnia magna is a planktonic crustacean that inhabits bod-
ies of lentic freshwater across Eurasia, North Africa, and North
America, and the bacterium P. ramosa is one of its primary
pathogens. This system has become a model for host–path-
ogen coevolution, in large part because its natural ecology has
been well studied, and it exhibits characteristic features of Red
Queen dynamics (reviewed in Ebert 2008; Ebert et al. 2016).
The fitness consequences of interaction are substantial for
both host and pathogen (Ebert et al. 2004), resulting in strong
reciprocal antagonistic selection. And infection exhibits high
genotypic specificity (Carius et al. 2001; Luijckx et al. 2011),
whereby the outcome of interaction is binary, with certain
host and pathogen genotype combinations resulting in infec-
tion and others resulting in complete resistance. Moreover,
patterns of infectivity and resistance in natural populations
are consistent with predictions of Red Queen theory, with
pathogens best adapted to contemporary hosts
(Decaestecker et al. 2007). More recently, studies of the ge-
netic architecture of host resistance have identified a genetic
locus that is strongly associated with resistance of D. magna
to P. ramosa (Routtu and Ebert 2015; Bento et al. 2017, 2020),
and breeding experiments provide evidence for at least two
other closely linked loci in epistatic interaction with the first
(Luijckx et al. 2013; Metzger et al. 2016; Ameline et al. 2020).
However, no such genetic evidence has been available for the
pathogen, leaving half the story untold.

Here, we identify a genetic locus explaining a widespread
polymorphic infectivity phenotype in P. ramosa. We used a
geographically broad collection of P. ramosa field isolates to
refine and select a genetically and phenotypically diverse sam-
ple of distinct P. ramosa clones. Using the full genomic se-
quence of 24 of these clones, we conducted a genome-wide
association study (GWAS) to identify polymorphisms associ-
ated with the infection phenotype. We found a cluster of
polymorphisms within a single gene for the collagen-like pro-
tein (CLP), Pcl7, which corresponds perfectly with infection
phenotype. In a second step, we confirmed this pattern with
an additional independent validation sample of 32 P. ramosa
clones. Phylogenetic and geographic analyses are consistent
with the hypothesis that the infectivity phenotype is pre-
served as a stable polymorphism over a large geographic
area, most likely maintained by long-term balancing selection.
These findings support the hypothesis that Red Queen co-
evolution can maintain a pool of standing genetic variation at
infectivity loci in pathogens, as it does for resistance loci in
hosts. Studies of a homologous protein in the closely related
genus Bacillus provide a basis for inference on the structure
and function of Pcl7 and suggest hypotheses for the mecha-
nistic significance of the phenotype-associated polymor-
phisms. Our results conclusively establish the genetic basis
of a natural polymorphism for infectivity in this model path-
ogen. Together with recent advances in our understanding of

the genetic basis of resistance in the host, our study is one of
the first to provide an explanation of the genetic basis of Red
Queen coevolution.

Results

Genome Assembly, SNP Calling, and Descriptive
Statistics
The reference-assisted, de novo genome assemblies of the 24
individual P. ramosa clones had an average length of �1.34
Mb (min.¼ 1.01 Mb, max.¼ 1.53 Mb), a mean contig num-
ber of 552 (min. ¼ 387, max. ¼ 1,007), a mean maximum
contig length of 48.2 kb (min.¼ 21.7 kb, max.¼ 86.7 kb), and
a mean n50 of 6.2 kb (min. ¼ 2.6 kb, max. ¼ 8.9 kb). These
individual contig assemblies were all successfully scaffolded,
resulting in a final assembly of the same approximate length
as the reference C1 strain. However, individual assemblies
differed in the fraction containing gaps. The average number
of gaps per assembly was 482 (min.¼ 353, max.¼ 607), with
an average proportion of gaps being 25% of the genome
length (min. ¼ 14%, max. ¼ 51%).

In addition to these de novo assemblies, we also mapped
individual reads to the reference genome from the C1
P. ramosa strain. The average read depth per site was 116X
(min. ¼ 33X, max. ¼ 426X). We identified a total of 11,193
single nucleotide polymorphisms (SNPs) across the 24 se-
quenced P. ramosa clones, with a mean number of 2,517
SNPs per genome (min. ¼ 11, max. ¼ 4,019). The amount
of missingness per individual had an average of 9% (min. <
1%, max. ¼ 17%). Mean genome-wide nucleotide diversity
(p), based on 100-bp nonoverlapping windows, was
0.0052284 6 0.006881613 SD.

Spore Adhesion Assays
The 24 genome-sequenced P. ramosa clones (supplementary
table 1, Supplementary Material online) were screened for
their ability to adhere to and thus infect six different
D. magna host clones (supplementary table 2,
Supplementary Material online). Two of the host clones,
DE-K1-IINB1 (from Germany) and CH-H-159 (from
Switzerland), were not infected by any of the P. ramosa clones
and were thus omitted from subsequent analysis, as they
produced no variation in infection phenotype. Two other
host clones, HU-HO-2 (from Hungary) and CH-H-67 (from
Switzerland), were infected by the same six P. ramosa clones
resulting in identical P. ramosa infection phenotypes. The
Finnish host clones FI-XINB3 and FI-KELA-39-9 each pro-
duced their own distinct infection phenotype and were
infected by four and six P. ramosa clones, respectively. The
resulting three P. ramosa infection phenotypes (relative to
HU-HO-2/CH-H-67, FI-XINB3, and FI-KELA-39-9) were each
compared with genome-wide sequence polymorphisms via
GWAS to identify loci of significant correlation between ge-
notype and phenotype.

Genome-Wide Association Study
The GWAS “terminal” tests of the 24 genome-sequenced
P. ramosa clones identified 21 SNPs whose variation
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segregated perfectly according to the HU-HO-2/CH-H-67 in-
fection phenotype, (table 1, figs. 1 and 2A; supplementary figs.
1 and 2, Supplementary Material online). These phenotype-
associated polymorphisms all fall within the Pcl7 gene, one of
37 known CLPs in the P. ramosa genome (Mouton et al. 2009;
McElroy et al. 2011). Across the sequenced genomes, Pcl7,
together with multiple other Pcl genes represented a dispro-
portionately large fraction of the highest diversity regions.
Among genome regions in the top 99th diversity percentile,
Pcl genes accounted for 91% (48/53 annotated 100-bp win-
dows, fig. 2B and supplementary table 3, Supplementary
Material online). This includes four consecutive 100-bp win-
dows within the Pcl7 gene as well as regions within 15 other
Pcl genes.

The two other tested infection phenotypes (relative to
host clones FI-XINB3 and FI-KELA-39-9) produced no signif-
icant GWAS hits, and the “simultaneous” and “subsequent”
tests produced no significant hits with respect to any pheno-
type. The positive GWAS tests provided the basis for addi-
tional Sanger sequencing of Pcl7 to validate these results.

Sanger Sequencing of Pcl7
Based on the Sanger sequences of all 56 clones in the
P. ramosa diversity panel (24 genome-sequenced clones
plus 32 additional clones), there were 157 variable sites
(SNPs plus indels) across the 1,017-bp alignment of Pcl7 cod-
ing sequence (mean sequence length ¼ 990.9 bp), equating
to a variable site every 8.3 bases on average (supplementary
fig. 2, Supplementary Material online). By comparison, the
noncoding flanking sequence was less variable, with a variable
site every 13.5 bases on average (39 variable sites across
526 bp). The variable sites within the coding sequence of
Pcl7 resulted in 61 variable amino acids across the 339-residue
alignment (mean sequence length ¼ 330.3 residues).

Of the 21 perfectly phenotype-associated SNPs identified
by GWAS, seven SNPs remained perfectly correlated with
infection phenotype across the expanded sample set, and
the remaining 14 were correlated with infection phenotype
for all but one P. ramosa clone (table 1 and supplementary fig.
2, Supplementary Material online). The seven perfectly
phenotype-associated polymorphisms correspond to a clus-
ter of seven segregating amino acid substitutions across 47
residues, most of which represent substantial differences in
size, hydrophobicity, and/or charge (table 1 and supplemen-
tary fig. 2, Supplementary Material online). Taken together,
the cluster of segregating polymorphisms defines ten distinct
haplotypes in the region of segregating polymorphisms (sup-
plementary fig. 3, Supplementary Material online). The segre-
gation of Pcl7 polymorphism by infection phenotype is also
illustrated by a phylogeny of the entire gene sequence
(fig. 3A), as all clones with a positive HU-HO-2/CH-H-67 in-
fection phenotype form a monophyletic clade, despite the
fact that these clones do not form a clade in the whole-
genome phylogeny (fig. 3B).

Structural Inference
Searches of Pcl7 translated sequences against a database of
known protein structures identified multiple potential

structural homologs spanning part or all of the C-terminal
half of the polypeptide. The most significant homolog iden-
tified was BclA, a CLP that is the major surface protein on the
exosporium of bacteria in the genus Bacillus (UniProt:
Q83WB0; Sylvestre et al. 2002; Todd et al. 2003), a close rel-
ative of Pasteuria (Charles et al. 2005; Schmidt et al. 2008).
Bacterial CLPs are unified by the characteristic presence of an
internal collagen-like region (CLR) composed of Gly–Xaa–Yaa
repeats that can combine with other collagen-like polypep-
tides in hetero- and homotrimers to form triple helices. On
either side of the CLR sit the N-terminal (NTD) and C-termi-
nal (CTD) domains. The crystal structure of the CTD homo-
trimer of BclA has been solved by X-ray diffraction, revealing a
globular jelly-roll topology composed of 12 b-strands that
pack together to stabilize the core of the structure, with in-
tervening loops between the b-strands forming the proximal
and distal ends of the structure (R�ety et al. 2005). Structural
models of Pcl7 using BclA as a template align up to 90% of the
CTD, including all of the key segregating sequence polymor-
phisms (fig. 4 and supplementary fig. 4, Supplementary
Material online). Similar structural alignments were obtained
regardless of which Pcl7 query sequence was used. Alignment
quality across the entire sequence was variable (p¼ 7.4 �
10�6, Sequence similarity ¼ 29%, Global Model Quality
Estimation Score ¼ 0.16), yet interspersed throughout were
regions of high quality. The portions of the Pcl7 CTD that
align best with BclA encompass the majority of the structur-
ally important b-strands (fig. 4 and supplementary fig. 4,
Supplementary Material online). These structural homologies,
along with the phylogenetic proximity and biological similar-
ities of Pasteuria and Bacillus, suggest that Pcl7 may possess a
similar overall topology to BclA.

Glycosylation
Based on the presence of specific target sequences as well as
the predicted surface accessibility of those sequences, we
identified 15 potential N-linked glycosites across all translated
sequences of Pcl7. There were no potential O-linked glycosites
identified in any of the Pcl7 sequences. Fourteen of the 15
predicted N-glycosites in Pcl7 were polymorphic among
P. ramosa clones, and one of the sites on a surface-exposed
loop of the CTD (NAS, nucleotide alignment positions 922–
929; fig. 4 and supplementary fig. 2, Supplementary Material
online) was predicted for all P. ramosa clones that were in-
fectious to HU-HO-2/CH-H-67 but was not predicted for any
of the noninfectious clones. Interestingly, the NAS target se-
quence was present in some noninfectious clones (7 out of
40) but was not identified as surface accessible in these
sequences. Thus, although this predicted structural/func-
tional feature of Pcl7 segregates perfectly with infection phe-
notype, it does not correlate precisely with an underlying
sequence polymorphism.

A BLAST search (Altschul et al. 1997) of translated Pcl7
sequences against a database of verified glycoproteins
(ProUGP) identified two strong hits, BclA and BclB (BclA,
EMBL ID: AF246294, E¼ 3� 10�49, 92/170 identities; BclB,
EMBL ID: AE016879, E¼ 6� 10�44, 96/170 identities), both
CLPs from the genus Bacillus that are known to be highly
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glycosylated spore surface proteins (Charlton et al. 1999;
Todd et al. 2003; Waller et al. 2005). This result corroborates
the identification of BclA as a structural homolog of Pcl7 and
suggests that, in addition to nucleotide/peptide polymor-
phisms, variation in glycosylation status may play a role in
determining the infection phenotype of P. ramosa.

Discussion
Our study aimed to explore the molecular genetic basis of
infectivity in P. ramosa, a bacterial pathogen of planktonic
crustaceans that has become a model organism for studies of
host–pathogen coevolution via NFDS. We performed a
GWAS to investigate correlations between infection

phenotype and genomic variation. We identified a single,
highly diverse gene with a number of polymorphisms that
correlate perfectly with an infection phenotype in all 56
P. ramosa clones surveyed.

The phenotype-associated gene, Pcl7, is a member of a
class known as prokaryotic collagens or CLPs. Collagens are
an abundant, widespread, and versatile class of proteins
whose defining feature is a region of repetitive Gly–Xaa–
Yaa peptide sequence that can combine in homo- or hetero-
trimers to form a supercoiled triple helix (Brodsky and
Ramshaw 1997). Although collagens were originally thought
to occur only in multicellular animals, they are now known to
occur in all three domains of life, including a range of bacterial

Table 1. Details of Infection Phenotype-Associated Polymorphisms within Pcl7.

Nucleotide Position Base: Infectious Base: Noninfectious Amino Acid: Infectious Amino Acid: Noninfectious

678 T (one G exception: P37þ) C/G G (synonymous) G (synonymous)
689 A (one G exception: P37þ) G/T Y (one W exception: P37þ) G/F/W
690 T (one G exception: P37þ) G/C
691 T G (one T exception: P1032�) S (one A exception: P37þ) A/V (one S exception: P1032�)
693 G A
691 G T/C A/E Y/H
695 C (one A exception: P37þ) A
696 A T
702 T (one A exception: P37þ) A G (synonymous) G (synonymous)
703 G A G/V S
705 A (one C exception: P37þ) T/C
707 G (one C exception: P37þ) A/C G/A E/S
708 T (one A exception: P37þ) A
710 C G/T A/T G/V
713 G (one T exception: P37þ) C/T G/F A/V
714 A (one C exception: P37þ) C
716 C (one A exception: P37þ) A A (one Y exception: P37þ) Y/E
728 C T A V
829 G (one T exception: P1006þ) T A (one S exception: P1006þ) L/S
832 T C/G S P/G/A
841 G (one C exception: P37þ) C G (one L exception: P37þ) L/R

NOTE: Nucleotide and corresponding amino acid positions are based on translation-based alignment (supplementary fig. 2, supplementary material online). Gray shading
indicates positions where infection phenotype is not perfectly correlated with nucleotide sequence, protein sequence, or both.
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FIG. 1. Map of the Western Palearctic with Pasteuria ramosa sampling localities indicated. Infection phenotypes are shown in red (positive
attachment, infects host clone HU-HO-2) and blue (no attachment, does not infect host clone HU-HO-2).
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taxa (Rasmussen et al. 2003; Yu et al. 2014). CLPs have been
implicated in the pathogenicity of a number of bacteria. For
example, Clostridium difficile, a notorious gut pathogen, has at
least three CLPs (Pizarro-Guajardo et al. 2014) that have
been implicated in both infectivity and virulence
(Phetcharaburanin et al. 2014). Streptococcus pyogenes, a clin-
ically important agent of human skin infections, is known to
have at least two CLPs that are anchored on the cell surface
and bind to a number of host proteins (reviewed in Lukomski
et al. 2017). Burkholderia mallei and B. pseudomallei, signifi-
cant pathogens of the respiratory tracts of humans and live-
stock and known agents of biological weaponry, possess at
least 13 CLPs that are thought to be involved in pathogenesis
and multidrug resistance (Bachert et al. 2015). And a CLP of
Legionella pneumophila, the causative agent of Legionnaire’s
disease, was shown to be involved in the adhesion to and
infection of host cells (Vandersmissen et al. 2010).

CLPs have also been previously suggested as possible can-
didates for infectivity of P. ramosa. Mouton et al. (2009) first
identified a CLP in P. ramosa, Pcl1a, based on differential 2D
gel electrophoresis patterns between two pathogen isolates
with different infection phenotypes. Subsequently, McElroy

et al. (2011) discovered at least 37 distinct Pcl genes across the
P. ramosa genome and identified sequence polymorphisms at
some of these genes. However, these studies were based on
very few P. ramosa isolates. Our independent identification of
a Pcl gene, using a de novo unbiased GWAS approach with a
large and diverse sample, strongly corroborates the hypothe-
sis that at least one CLP is involved in mediating the specificity
of infection in P. ramosa.

Structural Inference
The sequence of CLPs can be divided into three domains: an
internal repetitive CLR that forms the triple helix, flanked on
either side by an NTD and a CTD. In our study, all infection
phenotype-associated polymorphisms within Pcl7 were lo-
cated in the CTD (fig. 4), a section of the protein that was
found to have structural homology with the CTD of BclA, the
principle CLP of Bacillus anthracis. In B. anthracis, which is the
causative agent of anthrax and a close relative of Pasteuria
(Charles et al. 2005; Schmidt et al. 2008), homotrimers of BclA
compose the filaments of a hair-like nap that covers the out-
ermost surface of the exosporium (Sylvestre et al. 2002, 2003).
The NTD of BclA is known to provide the anchor point of the
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filament to the exosporium; the CLR composes the fibrous
stalk, and the globular CTD is oriented outward forming the
most distal tip of the filament (Boydston et al. 2005). These
filaments have been implicated in the interaction of
B. anthracis with host cells during infection (Bozue et al.
2007; Oliva et al. 2008, 2009).

Similar filaments (AKA microfibers, fimbriae, or pili) are
also a conspicuous anatomical feature of Pasteuria spores
(fig. 5; Davies 2009; Duneau et al. 2011). In their inert resting
state, P. ramosa spores are encased within a durable outer
exosporium (fig. 5A). Ingestion by any Daphnid host triggers
the spore to indiscriminately shed its exosporium, releasing
the endospore within (fig. 5B). The endospore is the active
infectious stage, which either adheres to susceptible hosts or
fails to adhere to resistant hosts in the key binary step of the
infection process. The endospore has an overall shape that
has been likened to a sombrero or a fried egg, and it has
regions that are densely covered by filaments very similar in
appearance to the hair-like nap of Bacillus spores (fig. 5C and
D). It has been hypothesized that these filaments are the
specific anatomical structures involved in adhesion of
Pasteuria to its host (Davies 2009; Duneau et al. 2011).
Although the molecular composition of the spore surface
filaments of Pasteuria has not yet been determined, proteome
sequencing of the endospore has identified an abundance of

CLPs, including Pcl7 (Fredericksen M, unpublished data), in-
dicating that this protein is expressed. If the Pcl7 protein in
Pasteuria composes filaments on the surface of the endospore
similar to the BclA filaments on the exosporium of Bacillus,
which seems a reasonable hypothesis in light of the phyloge-
netic proximity of the taxa and the structural homology of
the proteins, the surface-exposed segregating polymorphisms
would be located at the absolute distal tip of the filament, one
of the first physical points of contact between pathogen and
host. Given that these polymorphisms result in a total of
seven amino acid changes across a short stretch of sequence,
most of which represent substantial differences in size, hydro-
phobicity, or charge, it is likely that they are consequential for
the structure and function of the CTD of Pcl7.

In addition to sequence polymorphisms, we also identified
a predicted N-glycosylation site in the CTD of Pcl7 (fig. 4)
whose presence or absence correlates perfectly with infection
phenotype. Glycans have been linked to infectivity in a wide
variety of pathogens (Nothaft and Szymanski 2013; Rodrigues
et al. 2015; Varki 2017), and BclA, the putative structural
homolog of Pcl7, is also known to be highly glycosylated
(Sylvestre et al. 2002; Maes et al. 2016). The infection
phenotype-associated variation in a predicted glycosylation
site, together with variation in amino acid sequence, located
at the absolute distal tip of a putative spore surface protein,
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polymorphic residues whose variation segregates perfectly by infection phenotype. Balls and any corresponding surface-exposed area are
highlighted according to their coordinates in the protein alignment: Red for the cluster of polymorphisms at residues 232–243, yellow for the
polymorphism at residue 278, blue for the segregating glycosylation site at residues 308–310. Polymorphisms are named according to the
residue(s) of the infectious haplotypes, the coordinate in the alignment, and the residue(s) of the noninfectious haplotypes. All polymorphisms
are surface exposed, except residues 238 and 278. (B) The structure has been rotated forward 90� to show the top view.
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FIG. 5. Micrographs of Pasteuria ramosa spores, modified from Duneau et al. (2011), with permission. (A) Scanning electron micrograph of inactive
spore with exosporium intact. (B) Transmission electron micrograph of spore “activation,” showing the endospore being released from the
exosporium (ex). (C) Transmission electron micrograph of exosporium, showing the densely packed filaments (fil) on the surface. (D) Scanning
electron micrograph of “activated” spores with densely packed surface filaments clearly visible.
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provide a highly plausible molecular basis for the strong ge-
notypic specificity observed in host attachment and infection
of P. ramosa. This hypothesized structure and function for
Pcl7 is consistent with numerous other known examples of
bacterial adhesins, which are typically organized as thread-like
cell surface structures with the specific adhesive component
at the distal tip (reviewed in Klemm and Schembri 2000).

Genomic and Geographic Patterns of Balancing
Selection
Patterns of genetic diversity across the genome and across
geographic space can help elucidate the demographic and
selective processes that produced them. Because the sample
set of this study aimed to maximize the evenness of known
phenotypic diversity, it was not random and thus is not suited
for rigorous quantitative population genetic analysis.
Nonetheless, several strong and noteworthy patterns are ev-
ident, and these are unlikely to be artifacts of sampling design.
First, the nucleotide diversity of Pcl7 was exceptionally high
relative to the rest of the genome (fig. 2B), which is consistent
with the action of balancing selection on this locus (Nielsen
2001; Charlesworth 2006; Nygaard et al. 2010; Ochola et al.
2010; Ebert and Fields 2020). Second, there was no discernable
geographic pattern in the distribution of infection pheno-
types or their corresponding Pcl7 haplotypes; despite the
fact that Pcl7 haplotypes were segregated phylogenetically
(fig. 3), infective haplotypes are more or less evenly spread
across the entire sampling range (fig. 1). In contrast, the
genome-wide population genetic structure of P. ramosa has
been shown to follow a pattern of isolation by distance (IBD)
across its range (Andras et al. 2018), a pattern that we also
observed in the genome-wide SNP data of our 24 fully se-
quenced clones, as well as microsatellite data of our expanded
diversity panel (data not shown). A similar disparity has been
observed for the D. magna host, which shows a genome-wide
pattern of IBD but no spatial structure of resistance pheno-
types or genotypes (Bourgeois Y, personal communication).
NFDS between pathogens and their hosts is expected to cre-
ate a rapidly fluctuating geographic mosaic of genotypes that
are involved in the interaction (Kaltz and Shykoff 1998;
Thompson 2005; Tellier and Brown 2011), and genes under
balancing selection are expected to have higher effective mi-
gration rates than neutral parts of the genome (Schierup et al.
2000; Muirhead 2001; Leducq et al. 2011; Ebert and Fields
2020). These processes will tend to obscure the signatures
of slower and weaker demographic processes evident else-
where across the genome. Thus, the unusually high diversity
and lack of spatial patterning observed at Pcl7 supports the
hypothesis that this infection phenotype-associated locus is
undergoing Red Queen coevolution with the host.

The observed patterns of diversity at Pcl7 are also note-
worthy because the source of variation for adaptive evolution
is a topic of ongoing investigation (Barrett and Schluter 2008;
Peter et al. 2012). For multicellular organisms, evidence sug-
gests that selection acts predominantly on standing genetic
variation (Jones et al. 2012; Peter et al. 2012; Reid et al. 2016;
Lai et al. 2019). However, it is not clear whether the same is

true for rapidly evolving unicellular organisms. Microparasites
typically have very large population sizes, high mutation rates,
and strongly structured populations (Woolhouse et al. 2002).
Adaptive evolution at loci interacting with the host might
therefore be expected to draw primarily upon de novo mu-
tation, rather than standing genetic variation (Peter et al.
2012; Charlesworth et al. 2017). For P. ramosa, we observed
the broad geographic distribution of a closely related clade of
infection-associated haplotypes. This pattern suggests that
the infection-positive phenotype did not arise primarily
through independent novel mutations, but rather that the
causative haplotype has persisted for some time as standing
variation, and, aided by selection, has dispersed more broadly
than neutral parts of the genome. An interesting exception to
this pattern is seen in clone P37 from Israel, which is both a
geographic and a genetic outlier (fig. 1 and supplementary fig.
5, Supplementary Material online). This clone has a positive
infection phenotype, but its Pcl7 gene sequence is not a part
of the monophyletic infection-positive clade and is quite di-
vergent from all other sampled isolates. Despite this substan-
tial disparity though, P37 shares with other infection-positive
clones the seven perfectly segregating SNPs in the Pcl7 gene
(table 1). Thus, the large majority of observed infection-
associated Pcl7 haplotypes share a common origin, although
a single rare outlier may have arisen independently through
de novo mutation or recombination. Overall, these results
indicate that balancing selection can maintain standing di-
versity in pathogens, as it does in their hosts, and this diversity
can be geographically widespread and stable over time.

The patterns of variation observed at Pcl7 correlate with
just one of the three infection phenotypes surveyed and do
not therefore capture the global infectivity of a given
P. ramosa clone. In fact, universally infectious phenotypes
have never been observed for P. ramosa despite extensive
sampling and study, and patterns of infection specificity are
much more consistent with a matching-allele model of host–
pathogen interaction and the associated trade-offs among
different infection phenotypes (Luijckx et al. 2013; Ebert
et al. 2016; Metzger et al. 2016; Bento et al. 2017). As evidence
of this point, all of the clones with positive infection pheno-
types in our GWAS analysis were unable to infect at least one
of the other two host clones tested (supplementary table 1,
Supplementary Material online). There are certainly other
unscored infection phenotypes in our diversity panel as
well as many unsampled infection phenotypes across the
species’ range. Accordingly, there are likely other genes in
the P. ramosa genome that are also involved in determining
the specificity of infection. It has been previously speculated
that the remarkable intragenomic diversity of the Pcl family,
comprised at least 37 different genes, has been driven by
coevolution with the host and is thus likely involved in infec-
tivity (McElroy et al. 2011). Our results specifically confirm the
involvement of one particular Pcl gene and also highlight
patterns of interest across the broader Pcl gene family. In
addition to Pcl7, a number of other Pcl genes were observed
to have unusually high nucleotide diversity (fig. 2B and sup-
plementary table 3, Supplementary Material online). Such
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metrics are commonly used as principle guiding criteria in the
search for pathogenicity loci (reviewed in: Weedall and
Conway 2010; Llaurens et al. 2017). It is quite possible that
the abundant polymorphisms observed at other Pcl loci gov-
ern the specific patterns of other infection phenotypes. Given
that collagen-like surface proteins can be composed of het-
erotrimers as well as homotrimers, it is also possible that the
high diversity observed across the Pcl gene family could pro-
duce additional variation in infection phenotype through
combinations of variants from different loci. The involvement
of other Pcl genes in P. ramosa infectivity would also be
consistent with our understanding of the genetic basis of
resistance in the D. magna host, which includes at least three
different loci (Metzger et al. 2016; Bento et al. 2017; Ameline
et al. 2020; Bento et al. 2020). As the P. ramosa diversity panel
is expanded and other infection phenotypes are described,
the other identified highly polymorphic loci, many of which
are Pcl genes, will serve as candidates of special interest in the
effort to fully describe the genetics of pathogenicity.

Conclusions and Future Directions
The substantial body of research on the P. ramosa–D. magna
system has led to valuable insights into the ecology and evo-
lution of host–pathogen interactions. Yet our understanding
of this system, like nearly all other natural host–pathogen
associations, has heretofore been limited to the level of the
phenotype. Here we extend our knowledge of this model
system to the molecular level, providing strong evidence
that a single CLP serves as a basis of infectivity in P. ramosa.
Our findings join recent studies on the genetic basis of resis-
tance in the host to confirm that this host–pathogen system
evolves according to NFDS based on an underlying matching-
allele architecture. Future studies of Pcl7 will explore the
structure and functional significance of this protein through
targeted biochemical and immunochemical manipulation
in vivo to test the hypotheses proposed here. The continued
expansion of the P. ramosa diversity panel will extend the
investigation into the molecular bases of pathogenicity to
new infection phenotypes and likely new genetic loci. In ad-
dition, studies of natural populations will be essential to con-
nect spatial and temporal variation in genotypes and
phenotypes with population dynamics. Together, these
efforts will help produce a complete picture of Red Queen
coevolution in this model host–pathogen system, from broad
ecological and evolutionary patterns, through phenotypes,
down to the fundamental molecular basis of the interaction.

Materials and Methods

Study Organism
Pasteuria ramosa is an endospore-forming, Gram-positive
bacterium of the Bacillus–Clostridium clade that is an obligate
pathogen of freshwater planktonic crustaceans, primarily
D. magna (Ebert et al. 1996). Pasteuria ramosa disperses
and infects its hosts via the environmental endospore stage,
which resides primarily in the sediments of ponds and lakes.
Daphnia ingest these spores during filter feeding, and, if the
host and pathogen genotypes form a competent match,

P. ramosa spores adhere to the host esophagus, after which
they penetrate the body wall and grow vegetatively in the
host’s hemolymph. Though infected hosts can live for about
50 days, their reproduction is halted shortly after infection, as
energy is diverted to pathogen growth. Thus, the fitness con-
sequences of infection are severe, and selection for resistance
is commensurately strong (Ebert et al. 2016). Pasteuria
ramosa sporulates within the host, and when infected hosts
die, they fall to the benthos and decompose, releasing millions
of spores to the pond sediment to begin the infection cycle
again.

Pasteuria ramosa can be isolated from natural populations
in the form of live infections or spore-laden sediments. It can
be passaged repeatedly in susceptible hosts, and spores can be
harvested, cleaned, and kept indefinitely for experiments and
analysis. However, P. ramosa cannot be maintained in pure
culture, and it is therefore not currently amenable to genetic
manipulation. Thus, all genetic analyses of P. ramosa must be
performed on either the nonpurified vegetative stage isolated
directly from an infected host or endospores that can be
isolated from the host and purified.

Collection and Preparation of the Pasteuria ramosa
Diversity Panel
Nearly all of the P. ramosa clones included in this study were
isolated via experimental infection from pond sediment sam-
ples as a part of a previously reported population genetic
survey (Andras et al. 2018). For this survey, P. ramosa isolates
were genotyped at 12 polymorphic microsatellite loci, which
allowed us to determine the diversity of haplotypes in each
isolate and to identify which isolates were genetically distinct.
From this much larger sample set, we used four criteria to
select a subset of clones to compose the P. ramosa diversity
panel. We chose 1) genetically distinct isolates 2) that
appeared to be monoclonal or nearly so 3) from as broad a
geographic range as possible 4) representing an even sample
of phenotypes based on the D. magna clone(s) they were
known to infect. To verify the monoclonal status of these
isolates, or, in some cases, to reduce their original diversity to a
single clone, the initial infections that were isolated from the
sediment were serially passaged three additional times at low
spore dosage (as in Luijckx et al. 2011) using the same
D. magna host clone with which they were originally isolated.
After each passage, the resulting isolate was genotyped again.
Isolates that had a distinct monoclonal haplotype for at least
the last two sequential passages were classified as clones and
included in the P. ramosa diversity panel. We selected 21
distinct clones from 17 localities, along with three previously
isolated and characterized laboratory clones for whole-
genome sequencing. After a GWAS analysis of these 24
genomes produced a candidate locus for infectivity (see be-
low), we produced an independent sample of another 32
genetically distinct P. ramosa clones from 21 localities for
targeted Sanger sequencing of the candidate locus. In total,
the P. ramosa diversity panel employed in this study includes
56 (24þ 32) genetically distinct clones from 28 geographic
locations spanning 4,000 km across Europe, Western Asia,
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and the Near East (supplementary table 1, Supplementary
Material online and fig. 1).

Infection Phenotyping
To determine the infection phenotype of clones in the
P. ramosa diversity panel, we used a previously published
assay that measures the ability of spores to adhere to the
host foregut (Duneau et al. 2011). This is an essential and
binary step in the infection process—spore attachment
results in successful infection, whereas the inability of spores
to attach indicates host resistance (Ebert et al. 2016). We
chose six different genotypes of D. magna for testing, based
on known differences in their resistance phenotype (supple-
mentary table 2, Supplementary Material online). Clonal off-
spring from each of the six D. magna genotypes were
individually exposed to 104 fluorescently labeled spores of
each P. ramosa clone, and spore attachment to the host
foregut was ascertained with a fluorescence microscope.
Twelve replicate clonal offspring were tested for each
D. magna genotype � P. ramosa clone combination, and
combinations were scored as a positive match when at least
10 of 12 replicates showed clear adhesion.

DNA Extraction and Whole-Genome Sequencing
Approximately 200 million mature spores of each P. ramosa
clone were harvested from ten infected D. magna individuals
6 weeks after the third serial passage infection. Pooled
infected D. magna were suspended in 1 ml of sterile water
and crushed with a plastic pestle, and the resulting solution
was passed through a sterile 40-lm cell strainer. Pasteuria
ramosa spores were pelleted via centrifugation for 3 min at
16 RCF, and the supernatant was removed. Spores were
washed via resuspension/centrifugation twice more with
1 ml distilled water. Contaminating bacteria and D. magna
tissue in the spore samples was digested with lysozyme (1 h at
37 �C in 1 ml TES buffer with 5 ll of 250 U/ll Epicentre
Ready-Lyse lysozyme), followed by proteinase K (12 h at
56 �C, 16 ll of 20 mg/ml proteinase K). These conditions
were determined in advance to not lyse the P. ramosa spores.
The spores were then washed three additional times with
1 ml sterile water, and contaminating DNA was removed
by digesting with DNase (30 min at 37 �C in 400 ll reaction
buffer with 3 ll of 1 U/ll Promega RQ1 DNase). DNase di-
gestion was terminated with 40 ll stop solution, and spores
were washed three additional times with 1 ml sterile water.
The cleaned spores were then lysed via bead beating and
enzymatic digestion, and DNA was extracted according to
previously published protocols (Andras and Ebert 2013).
Because previous testing had revealed consistently low yields,
all P. ramosa DNA extracts were whole-genome amplified
using a Qiagen Repli-g Mini Kit according to the manufac-
turer’s protocols. Whole-genome amplifications were se-
quenced via Illumina MiSeq PE 250 bp using the Nextera
XT DNA preparation kit. Sequencing was performed at the
Department of Biosystems Science and Engineering, ETH-
Zurich in Basel, Switzerland.

Genome Assembly, SNP Calling, and Descriptive
Statistics
Read quality was assessed using FastQC v.0.10.1 (Andrews
2010). Trimmomatic was used to remove Illumina adapters
as well as to trim low-quality sequences (Bolger et al. 2014). In
order to generate reference-assisted assemblies of individual
P. ramosa isolates, we used the Assembly by Reduced
Complexity, or ARC, pipeline (Hunter et al. 2015). Briefly,
ARC works by mapping a set of reads against a reference,
extraction of mapped reads, and de novo assembly of
mapped reads, a process which is iterated until further im-
provement of assembly completeness cannot be made.
Within the ARC pipeline, we used Bowtie2 (Langmead and
Salzberg 2012; Langmead et al. 2019) for mapping and the
assembler SPAdes v. 3.8 (Nurk et al. 2013). For initial read
mapping, we used a previously assembled, single scaffold ref-
erence sequence and annotation of the C1 clone of P. ramosa
(Paljakka M, Fields PD, Ebert D, in preparation; NCBI; genome
accession number: QBIE00000000). In order to improve the
contiguity of the resultant ARC-based assemblies, we used the
Ragout scaffolder (Kolmogorov et al. 2014, 2018), once again
using the C1 assembly as a reference.

Previously trimmed reads used for assembly were also
mapped to the reference sequence of the C1 clone of
P. ramosa using BWA-MEM (Li and Durbin 2009; Li 2013),
and the resulting SAM alignment file was converted to a BAM
file and coordinate-sorted using SAMtools (Li and Durbin
2009). Duplicate reads were marked using Picard tools
(Picard Toolkit 2018). Variant calls were made using GATK
HaplotypeCaller (McKenna et al. 2010). We used a haploid-
aware version of VCFtools (Danecek et al. 2011) to calculate
nucleotide diversity (p) in 100-bp, nonoverlapping bins across
the genome.

A FASTA alignment was generated from the genome-wide
biallelic SNPs using Variant Call Format Kit (Cook and
Andersen 2017). After exclusion of all SNPs in the 1,017 bp
coding region of the Pcl7 candidate gene (see details below),
the resultant alignment was used to generate a genome-wide
phylogenetic tree using BEAST2 (Bouckaert et al. 2019).
Within BEAST2, we specified a single partition, a general
time reversible substitution model (frequencies estimated),
strict clock, and a coalescent constant population prior.
The Markov chain Monte Carlo (MCMC) settings in
BEAST2 included a chain length of 100 million iterations,
with a sample drawn every 1,000 iterations. The convergence
of the MCMC run resulting from BEAST2 was assessed using
Tracer (Rambaut et al. 2018). All estimated parameters
reached an effective sample size >1,000. We used the
BEAST2 tool TreeAnnotator to remove the first 50% of the
MCMC chain as burn-in and generate a maximum clade
credibility tree with median node heights.

GWAS Analysis
To test for statistical correlations between genomic sequence
polymorphisms and infection phenotypes, we used a GWAS
approach on the 24 fully sequenced P. ramosa genomes. This
relatively low initial sample size was a consequence of the
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practical challenge of isolating new P. ramosa clones from the
environment. Although low sample sizes can limit the statis-
tical power of GWAS approaches, these limitations are coun-
tered by other attributes of our study system. Namely, the
infection phenotypes of interest are binary, suggesting that
they are controlled by few genes of large effect. Also, the
phenotypes show no environmental plasticity (Duneau
et al. 2011) and can be assessed across clonal replicates, which
allows phenotypes to be assigned with near perfect accuracy
and without loss of statistical power due to noisy data.

We performed GWAS tests as implemented by the
treeWAS R package (Collins and Didelot 2018). This method,
designed specifically for use with bacteria, uses a phylogenetic
approach to maintain high statistical power for association
tests while controlling for the potentially confounding effects
of population structure and recombination. The treeWAS
method simultaneously tests for three different types of as-
sociation (Collins and Didelot 2018). The “terminal test”
examines association across only the tips of the phylogenetic
tree, aiming to identify broad patterns of correlation. The
“simultaneous test” uses parsimony to reconstruct ancestral
states on a phylogeny and examine simultaneous changes in
phenotypic and genotypic states throughout the phylogeny.
The “subsequent test” measures the proportion of branches
in the phylogeny for which the genotype and phenotype are
in the same state. The software generates null distributions of
simulated association scores to determine a specific signifi-
cance threshold for each test, and any scores exceeding that
threshold indicate a significant association. The authors of
treeWAS emphasize that an association deemed significant
by any one of these three tests is a viable candidate for further
investigation.

For our GWAS analysis, a matrix of genome-wide binary
SNP and indel data from the 24 genome-sequenced P. ramosa
clones was compared individually with vectors of binary phe-
notype data (i.e., columns of binary data indicating whether
or not individual P. ramosa clones adhered to a given host).
Separate tests were performed for each infection phenotype
using the default treeWAS parameters and Bonferroni-
adjusted significance thresholds. Two of the six tested host
clones (HU-HO-2 from Hungary and CH-H-67 from
Switzerland) were infected by the exact same P. ramosa
clones, so these GWAS tests were effectively identical. Two
other host clones (DE-K1-IINB1 from Germany and CH-H-159
from Switzerland) were not infected by any of the 24
P. ramosa clones, so GWAS tests relative to these hosts
were not possible, resulting in three distinct infection pheno-
types that were tested.

Sanger Sequencing of Pcl7
The candidate-free GWAS analyses identified several
phenotype-associated sequence polymorphisms in a single
gene, Pcl7 (see Results for details). To expand the sample
set and to verify the sequence polymorphisms using a candi-
date test, we used Sanger sequencing to examine a region
encompassing the gene for Pcl7 in all 56 clones from the
P. ramosa diversity panel (24 original genome-sequenced
clones þ 32 additional clones). Using sequence data from

the whole-genome alignments, we designed primers to am-
plify 1,596 bp encompassing Pcl7 (forward: 50-
CCTTACCCAGGTGGCACAAT-30; reverse: 50-
CCTTACCCAGGTGGCACAAT-30). DNA was extracted
from the 32 additional P. ramosa clones as described by
Andras and Ebert (2013), and polymerase chain reaction
(PCR) was performed using the Qiagen Taq PCR Master
Mix Kit according to the manufacturer’s protocols (annealing
temperature¼ 60�). Amplicons were sequenced in both the
forward and reverse directions at Microsynth AG
(Switzerland). Paired reads were assembled into continuous
full-length sequences, and all sequences were aligned based
on translation using ClustalW in GENIOUS PRIME. All poly-
morphisms were verified by manual inspection. Based on this
alignment, we constructed a phylogenetic tree of Pcl7 follow-
ing the same approach as the whole-genome tree.

Structural Inference/Glycosylation
To investigate possible consequences of the phenotype-
associated polymorphisms, we compared the translated
sequences of Pcl7 with protein databases of known structural
and functional characteristics. First, we used SWISSMODEL
(Waterhouse et al. 2018) and RaptorX (K€allberg et al. 2012),
which are server-based analysis suites that construct tertiary
structural models of a polypeptide query sequence based on
alignment to homologous proteins with solved structures.
We also searched translated Pcl7 sequences for potential gly-
cosylation sites using GLYCOPP v1.0 (Chauhan et al. 2012).
This approach, which is specifically designed for prokaryotes,
uses both local sequence identity and predicted surface ac-
cessibility to infer potential N- and O-glycosylation sites. We
used a prediction model based on Average Surface
Accessibility and Binary Profile of Patterns (ASA þ BPP)
and the default SVM threshold of 0. Finally, we used Blast
search (Altschul et al. 1997) to compare translated Pcl7
sequences with a database of verified glycoproteins (ProUGP).

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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