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ABSTRACT In Europe, genetically distinct ecotypes of the tick-vectored bacterium
Anaplasma phagocytophilum circulate among mammals in three discrete enzootic
cycles. To date, potential ecological factors that contributed to the emergence of
these divergent ecotypes have been poorly studied. Here, we show that the ecotype
that predominantly infects roe deer (Capreolus capreolus) is evolutionarily derived. Its
divergence from a host generalist ancestor occurred after the last glacial maximum
as mammal populations, including roe deer, recolonized the European mainland
from southern refugia. We also provide evidence that this host specialist ecotype’s
effective population size (N,) has tracked changes in the population of its roe deer
host. Specifically, both host and bacterium have undergone substantial increases in
N, over the past 1,500 years. In contrast, we show that while it appears to have
undergone a major population expansion starting ~3,500 years ago, in the past
500 years, the contemporary host generalist ecotype has experienced a substantial
reduction in genetic diversity levels, possibly as a result of reduced opportunities for
transmission between competent hosts.

IMPORTANCE The findings of this study reveal specific events important for the evo-
lution of host specialization in a naturally occurring, obligately intracellular bacterial
pathogen. Specifically, they show that host range shifts and the emergence of host
specialization may occur during periods of population growth in a generalist ances-
tor. Our results also demonstrate the close correlation between demographic pat-
terns in host and pathogen for a specialist system. These findings have important
relevance for understanding the evolution of host range diversity. They may inform
future work on host range dynamics, and they provide insights for understanding
the emergence of pathogens that have human and veterinary health implications.

KEYWORDS host range, enzootic cycles, arthropod vector, Capreolus capreolus,
Rickettsiales, Anaplasmataceae

n pathogenic organisms, many distinct ecological processes have the potential to alter

the phylogenetic extent of viable hosts (“host range”). These may include changes in the
population densities of hosts (1-3), host geographic-range shifts (3, 4), or the emergence
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that contribute to the evolution of restricted host ranges in pathogenic organisms.
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The Gram-negative, tick-vectored bacterium Anaplasma phagocytophilum is an
emerging zoonotic pathogen with human health and veterinary importance (8). In
Europe, different ecotypes of this obligately intracellular pathogen are genetically dis-
tinct and circulate among mammals in three discrete enzootic cycles (9-11). One of
these ecotypes primarily infects nest-living hosts, such as voles and shrews (9-12). A
second ecotype is a host generalist that has been found to infect members of at least
five separate mammal orders (Artiodactyla, Eulipotyphla, Perissodactyla, Carnivora, and
Primates). Accordingly, A. phagocytophilum infections in livestock, companion animals,
and humans in Europe are typically caused by this ecotype (9, 10, 13, 14). The third
ecotype appears to be a host specialist, being found predominantly in roe deer
(Capreolus capreolus). Despite their substantial difference in host ranges, the host gen-
eralist and roe deer specialist ecotypes are more closely aligned genetically, while the
ecotype found in burrowing mammals is more evolutionarily distinct (9, 15). This bur-
rowing-mammal ecotype is predominately transmitted by Ixodes trianguliceps ticks (12,
16), whereas both the host generalist and roe deer specialist ecotypes are chiefly trans-
mitted by Ixodes ricinus in Europe (17).

Given that mammalian host range appears to be the primary ecological difference
between the host generalist and roe deer specialist ecotypes, the evolution of these host
associations was likely a key contributor to ecotype differentiation in this bacterium (10).
During the last glacial maximum in Europe (~19,000 to 26,500 years ago) (18), roe deer
were geographically restricted to a few southern refugia (19). As the glaciers receded,
roe deer populations were able to spread north into Europe, substantially increasing
their geographic range (20). An increase in the effective population size (N,) of the main-
land European roe deer population is estimated to have occurred between 3,932 and
7,919 years ago (19), possibly reflecting this range expansion, as well as increases in the
continent-wide roe deer census population size. Although relationships between esti-
mates of N, and census population sizes have been shown to lack consistent correlation
(21), in natural systems, sustained increases in N, generally only occur as the result of cor-
responding increases in census population size (22, 23). More recently, the reductions of
forest cover correlating with a growth in agriculture across Europe starting roughly
1,500 years ago led to a dramatic increase in the amount of edge habit (24-26). Habitat
fragmentation likely benefitted roe deer populations and could have resulted in an
increase in their population density (27-29), even as these same habitat alterations
reduced the populations of other large mammals (30).

It is possible that increases in roe deer population density may have facilitated the
emergence of the roe deer specialist A. phagocytophilum ecotype if host populations were
sufficiently large enough to facilitate transmission predominantly between these ungu-
lates. In this scenario, selection acting on different strains of A. phagocytophilum would
have favored any that harbored genetic variation for improved infection capability in roe
deer. Such selection may have ultimately led to a reduced ability to infect other mammals,
either through antagonistic pleiotropy, whereby adaptations for improved roe deer infec-
tion came at the cost of infection ability for other species, or else through the accumula-
tion, via genetic drift, of mutations that reduced infection capabilities in other hosts (31).

With the availability of population-level genetic data, it is possible to examine longer-
term patterns of demographic change in conjunction with taxon differentiation (22). For
example, the application of coalescent theory allows estimates of temporally changing
effective population sizes to be made while assessing convergent phylogenetic relation-
ships between samples (32, 33). Of particular relevance here, the extended Bayesian sky-
line plot (EBSP) (34) is useful when data from multiple loci are available, as this method
can model gradual changes in N, estimates between each coalescence interval, rather
than less-realistic instantaneous changes, as in other Bayesian skyline methods.

Using demographic modeling in combination with additional, complementary analy-
ses, we examined A. phagocytophilum ecotype divergence in relation to changes in host
population size by testing several corresponding hypotheses. The first of these was that
the roe deer specialist ecotype is evolutionarily derived, having evolved from a more-
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generalist bacterial population that likely resembled the contemporary host generalist A.
phagocytophilum population. Support for this hypothesis would indicate that the two /.
ricinus-vectored ecotypes of A. phagocytophilum shared an ancestor that had a relatively
broad host range and that the roe deer specialist ecotype diverged from this ancestral
host generalist. Alternatively, it is possible that the contemporary host generalist ecotype
could have evolved from a more specialized population, especially if reduced transmission
creating genetic bottlenecks occurred at some point in its evolutionary past. Such events
may have selected for strains that had broader invasion capabilities (35). The emergence
of competition with other microbes could also have resulted in the evolution of the gener-
alist ecotype from an ancestral host specialist (36).

The second hypothesis we tested was that divergence of the roe deer specialist eco-
type occurred in conjunction with increases in the European roe deer population, pos-
sibly as these ungulates recolonized the continent following the last glacial maximum
(~3,932 to 7,919 years ago) (19), or else during reductions in forest cover brought
about by increases in agriculture (starting ~1,500 years ago) (24-26). Our third hypoth-
esis was that after the evolution of the roe deer specialist ecotype, changes in this eco-
type’s effective population size would be closely correlated with changes in roe deer
population sizes. Given the apparently larger N, observed in the contemporary roe
deer specialist ecotype (15), evidence in support of this third hypothesis would also
suggest that host specialization has allowed this ecotype to reach higher population
densities than the generalist. This could be attributed to greater within-host popula-
tion sizes and/or an increased frequency of transmission between viable hosts (1, 37).
Such an observation would support the view that host specialization can correlate
with increases in overall fitness for a pathogenic bacterial population (38).

RESULTS

Sample clustering. To test the three hypotheses described above, we leveraged pre-
viously published DNA variation found in seven partial housekeeping gene sequences
amplified from 278 A. phagocytophilum samples isolated from either a mammalian host
or the I. ricinus vector (9). We initially performed a nonparametric principal-component
analysis (PCA) to confirm sample assignment to one of the distinct mammal-infecting
ecotypes previously identified (9). As predicted, our PCA clearly delineated three discrete
clusters among the samples assessed (Fig. 1). The first principal component accounted
for 37.2% of the genetic variation observed and separated the burrowing-mammal eco-
type from the two I ricinus-vectored ecotypes. The second principal component
accounted for 8.9% of the genetic variation and separated the roe deer specialist eco-
type from the host generalist ecotype. All samples clearly fell into one of the three
clusters, with no ambiguous intermediate samples. Of the 278 total samples used in
this analysis, there were 20 representing the burrowing-mammal ecotype, 24 repre-
senting the roe deer specialist ecotype, and 234 representing the host generalist eco-
type. All subsequent analyses utilized the sample ecotype designations determined
from this PCA.

Evolutionary pattern of ecotype divergence. We hypothesized that the contem-
porary roe deer specialist ecotype evolved from an ancestral host generalist ecotype
and might accordingly be more derived relative to the contemporary host generalist
ecotype. When comparing two closely related contemporary populations, the one that
has diverged more from the shared common ancestor should harbor the signature of
this greater divergence in patterns of DNA evolution, specifically the presence of
derived alleles (39, 40). During host range shifts, an excess of derived alleles could
emerge and be maintained either because they were directly selectively advantageous
in the environment or because they were physically linked to other adaptive variants
(41, 42). It is also possible that derived alleles could be fixed in a population through
genetic drift if a population has undergone one or more severe bottlenecks, as may
occur during transmission events between hosts (35, 43).

Previous work (9, 10, 15) and our nonparametric analysis (Fig. 1) indicate that the
roe deer specialist and host generalist ecotypes are most closely related to one another
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FIG 1 Results from a principal-component analysis (PCA) based on concatenated data from seven
previously published genetic regions from European A. phagocytophilum samples (see the text).
Shown are the first and second principal components (PC1 and PC2, respectively). This figure was
produced using the R package Adegent version 2.1.3 (72), as implemented in R version 4.0.2 (73).
Each color/shape combination represents one of the three mammal-infecting ecotypes of A.
phagocytophilum circulating in Europe.

and the burrowing-mammal ecotype is more evolutionarily diverged. We therefore uti-
lized the unique haplotypes observed among samples of the burrowing-mammal eco-
type for outgroup comparisons, assuming that a nucleotide shared by this ecotype
and one or both . ricinus-vectored ecotypes is the ancestral state at this position.
Accordingly, an alternative allele in one of the two focal ecotypes was assumed to be
derived (44). Derived alleles most likely represent de novo mutations in their respective
ecotype, although they may also have been introduced through recombination from
unsampled populations (44). It is also possible that the same mutation arose independ-
ently in multiple ecotypes (e.g., genetic homoplasy), thus giving these variants the
appearance of shared ancestry (45).

Using this conceptual framework, our pairwise comparisons of each ecotype’s
unique strains showed that the roe deer specialist ecotype harbored a greater number
of observed derived changes across the seven genetic regions examined, considering
both DNA variation that resulted in an amino acid change (“replacement” sites) (Fig.
2a) and variation that did not alter the protein sequence (“silent” sites) (Fig. 2b). For
replacement sites, there was an average of 6.53 (standard deviation [SD] = 2.24)
derived alleles per strain in the roe deer specialist ecotype, whereas in the host gener-
alist ecotype, there was an average of 0.94 (SD = 0.91). These differences were statisti-
cally different from one another (t;,,, = 303.8, P < 0.001). For silent substitutions, the
roe deer specialist strains had an average of 35.54 (SD = 11.18) derived alleles, while
the host generalist strains had an average of 32.22 (SD = 13.59) derived alleles. Again,
these differences were statistically significant (t,40,o = 54.6, P < 0.001).

Ecotype divergence times. We estimated approximate splitting times for the three
ecotypes, with the goal of assessing how potential changes in European roe deer pop-
ulations may have correlated with ecotype divergence in A. phagocytophilum. To make
these estimates, we used a Bayesian coalescent method, implemented in BEAST and
calibrated to absolute dates based on previously estimated divergence between A.
phagocytophilum and the outgroup taxon Anaplasma marginale (46, 47). Our analysis
recapitulated the predicted phylogenetic relationships between A. marginale and
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FIG 2 Box-and-whisker plots indicating the numbers of derived replacement (a) and silent (b)
substitutions observed in all pairwise comparisons of each unique strain from the roe deer specialist
and host generalist ecotypes. Polarization to define the ancestral state was done in comparison to
the unique strains of the burrowing-mammal ecotype. The thick horizontal black bars indicate the
observed median numbers of substitutions. The boxes show the second and third quartiles, while the
whiskers indicate the first and fourth quartiles. Outlying observations are indicated by the open
circles. Circles may represent more than one observation. Comparisons between the roe deer
specialist ecotype and the generalist ecotype were both statistically significant (P < 0.001; see text
for more details).

A. phagocytophilum, as well as those between the three ecotypes. As expected, A. mar-
ginale was the clear outgroup to all A. phagocytophilum strains (Fig. 3a). Among the
A. phagocytophilum strains, those assigned to the burrowing-mammal ecotype clus-
tered with one another and collectively were distinct from the I. ricinus-vectored eco-
type strains (Fig. 3b). The strains assigned to the host generalist and roe deer specialist
ecotypes, respectively, each formed distinct and monophyletic clusters and were sis-
ters to one another. We estimated that the most recent common ancestor of all three
ecotypes was present 3,330 years ago, with a range based on the 95% highest poste-
rior density (HPD) of 529 to 8,061 years. Our estimate for the most recent common
ancestor of the two I. ricinus-vectored ecotypes was 2,970 years ago, with a 95% HPD

of 454 to 7,240 years.
Demographic changes in I. ricinus-vectored ecotypes and host. Given the rela-

tively recent split observed between the two I. ricinus-vectored ecotypes (see above),
and the apparent differences in their contemporary effective population sizes (N,) (15),
we wanted to determine if these two ecotypes have distinct demographic histories.
We also wanted to examine potential correlations between demographic changes in
the roe deer specialist ecotype and changes in the population density of its mamma-
lian host. To estimate temporal changes in N, for the two |. ricinus-vectored ecotypes,
we applied an extended Bayesian skyline model, as implemented in BEAST, to separate
subsets of the data containing only strains from each ecotype. Our results suggest that
the roe deer specialist ecotype has had a relatively straightforward demographic his-
tory, undergoing a single, prolonged population expansion starting approximately
1,150 years ago (Fig. 4). In contrast, the host generalist ecotype has a more complex
demographic history, with an apparent increase in N, starting around 3,500 years ago
followed by a more recent, rapid reduction starting approximately 500 years ago.

We also examined recent demographic changes in the roe deer population of
Europe. To do this, we utilized previously published sequences of the mitochondrial
cytochrome b (cytb) gene amplified from 46 roe deer from Poland (20). It was prefera-
ble to use samples from a single country, to reduce potential confounding effects of
population structure on estimates of demographic history (48). Our results indicated a
substantial increase in N, for European roe deer starting approximately 1,500 years ago
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FIG 3 Divergence time estimates for the three ecotypes. (a) Tree, including the outgroup A. marginale. (b) Subtree with only samples of A.
phagocytophilum. In both trees, the mean estimated divergence time is shown above the node (in black text), followed in parentheses by the median
estimated divergence time (in gray text). The 95% HPD is given below the node. Only estimates for nodes representing species/ecotype divergences are

shown. The scale bar at the bottom of each tree indicates time in millions of years (a) or years (b). Duplicate haplotypes were removed prior to analysis.

(Fig. 5), with a contemporary N, estimated to be over 20 times as large as that at the
start of this apparent demographic expansion.

DISCUSSION

A comparison of derived alleles in the host generalist and roe deer specialist ecotypes
supports our hypothesis that the specialist evolved from a population of A. phagocytophi-
lum that resembled the contemporary host generalist, with a broad host range (Fig. 2). In
turn, this observation suggests that specific changes in the roe deer population of Europe
facilitated the emergence and evolution of the roe deer specialist ecotype.

One such change was likely the geographic expansion of roe deer in Europe after
the last glacial maximum. This recolonization event correlates with a dramatic increase
in the N, of mainland European roe deer that is estimated to have occurred between
3,932 and 7,919 years ago (19). It is also possible that an increase in roe deer popula-
tion density (independent of range expansion) may have contributed to the diver-
gence of the two /. ricinus-vectored ecotypes of European A. phagocytophilum. Such a
density increase likely occurred in conjunction with more intensive agricultural prac-
tices in Europe starting around 1,500 years ago (25, 26). Our estimation of the split
between the two . ricinus-vectored ecotypes suggests they last shared a common
ancestor ~2,970 years ago, with a range of 454 to 7,240 years (based on the 95% HPD)
(Fig. 3). This estimate, combined with the earlier conclusion that the roe deer specialist
is the more derived ecotype, indicates that host specialization followed the geographic
range expansion of roe deer throughout Europe after the last glacial maximum. Two /.
ricinus-vectored populations of A. phagocytophilum resembling the contemporary eco-
types had already evolved prior to the increases in roe deer population densities that
occurred with more recent shifts in the vegetation communities of Europe.

Our analysis of patterns of demographic change in the roe deer specialist ecotype
in relation to changes in the European roe deer population revealed a strong
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FIG 4 Extended Bayesian skyline plot (EBSP) results for the two /. ricinus-vectored ecotypes showing changes in
effective population size (N,) over time. Median results are shown by the black dashed lines, while the upper
and lower 95% highest posterior density (HPD) intervals are indicated by the colored areas contained within
the thin solid lines. Changes in the roe deer specialist ecotype’s N, are indicated in red, and changes in the
host generalist ecotype’s N, are indicated in blue. The original timeline was determined in terms of number of
generations, and this was converted to years assuming 100 generations per year (see Materials and Methods
for more details). The timeline has been restricted to 4,000 years. Also shown are the median (finely dashed
vertical gray line) and mean (coarsely dashed vertical gray line) divergence estimates for the two ecotypes
from our Bayesian coalescent analysis (see the text and Fig. 3 for more details).

correlation between the two. Specifically, the N, of both increased dramatically around
1,500 years ago (Fig. 4 and 5). These observations support our third hypothesis that
changes in the population density of roe deer correlate with an increase in the N, of
the roe deer specialist ecotype. However, it is possible that these two seemingly con-
gruent changes in N, are coincidental and unrelated. It is also possible that additional
factors not considered here were the primary drivers of the effective population size
increases in both roe deer and the roe deer specialist ecotype of A. phagocytophilum
and that the former is not directly the cause of the latter. Nonetheless, if future work
does support a causal relationship between host and pathogen in this system, then
the apparently strong genetic tracking of its host population by this ecotype will
strengthen confidence that it is truly a host specialist, highly adapted to infecting roe
deer. It will also provide evidence that host specialization can correlate with higher fit-
ness in a pathogenic bacterial population (38).

Among possible European mammalian hosts, it is perhaps not surprising that roe
deer were the species that came to support a specialist ecotype of A. phagocytophilum.
Unlike many other mammal species across the European continent, roe deer appear to
have benefitted from growth in the human population and the corresponding
increased intensity of agriculture (27-29). Increases in roe deer population density
meant that A. phagocytophilum transmission events became increasingly likely to occur
from one roe deer to another. As strains of A. phagocytophilum progressively found
themselves only in roe deer, this could have produced strong selection for improved
abilities to infect this host, possibly at the expense of infection capabilities in other
mammals.

The host generalist ecotype looks to have experienced a more complicated demo-
graphic history (Fig. 4). Intriguingly, it appears to have been in the midst of a substantial
population increase when it last shared a common ancestor with the roe deer specialist
ecotype. Range expansions of most mammal species at this time (49) may have resulted in
increased transmission rates between hosts. Increased transmission and greater bacterial
population sizes have been shown to correlate with genetic diversity and ecotype
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FIG 5 Extended Bayesian skyline plot (EBSP) results for roe deer (Capreolus capreolus), showing
changes in effective population size (N,) over time. Median results are shown by the black dashed
line, while the upper and lower 95% highest posterior density (HPD) intervals are indicated by the
orange areas contained within the thin solid lines. The timeline has been restricted to 4,000 years.

divergence/specialization in pathogenic bacteria (50-52). This scenario would explain both
the patterns of ecotype divergence in European A. phagocytophilum and the major
increase in the N, of the host generalist ecotype during this period.

More contemporarily, the host generalist ecotype appears to have undergone a major
reduction in N,, possibly followed by some very recent recovery (Fig. 4). A reduction in N,
could occur if its rate of transmission decreased (53). It could also occur in a bacterial pop-
ulation if one or more advantageous alleles became strongly favored and this generated a
selective sweep (54). For a bacterial ecotype with a wide geographic distribution and a
broad host range, a selective sweep appears to be the less probable of these two scenar-
ios. Therefore, if we postulate a decrease in the population size of the host generalist eco-
type, this again points to the importance of host population dynamics in the demography
of European A. phagocytophilum. While the host generalist ecotype can infect humans as
well as a wide variety of livestock and companion animal species, its predominant natural
reservoirs likely include European bison, wild boars, hedgehogs, and possibly red deer (9,
10, 55). Unlike roe deer, many of these species have experienced substantial population
declines over the last several centuries in Europe (30, 56-59).

As a tick-transmitted bacterium, the emergence and maintenance of distinct A. phago-
cytophilum ecotypes could also be the result of dynamics in its arthropod vectors (60). This
appears to be a contributing factor in the evolution of the burrowing-mammal ecotype, as
its primary vector, I. trianguliceps, is found to live almost exclusively in nests and burrows,
thus limiting the potential for direct transmission to larger mammals (12, 16, 61). However,
in Europe, the other two mammal-infecting ecotypes of A. phagocytophilum are both pri-
marily vectored by I. ricinus, which has one of the broadest blood-host ranges of any tick
species (62). While some local population structure and host specialization may occur in /.
ricinus (63), this is unlikely to contribute to the continued maintenance of the discrete
enzootic cycle of the roe deer specialist ecotype, as it occurs throughout Europe (9-11,
64). Within /. ricinus, a change in its distribution or population size fluctuations could also
be a major factor influencing patterns of divergence in A. phagocytophilum (60).
Substantial changes in the vector population size would likely impact both bacterial trans-
mission rates and host usage (65), and it is possible such changes contributed to ecotype
formation and divergence in European A. phagocytophilum.

One important caveat of this study is the differences between effective population
sizes (N,) and census population sizes. Here, we have considered changes in N, mod-
eled by other researchers in addition to those determined from our own modeling
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efforts. Effective population sizes are almost always smaller than census population sizes
and can decrease for a variety of reasons, including genetic drift, selection, or migration
(53, 66). However, with the exception of a decreased N, modeled in the host generalist
ecotype, the observations of change in N, considered here all suggest increases over time
(Fig. 4 and 5). Prolonged increases in N, are almost always the result of population growth
and, therefore, should accurately reflect increases in population sizes or rates of transmis-
sion (22, 53, 67, 68). Nonetheless, it is also possible that the observed increases in A. phago-
cytophilum reflect greater rates of gene flow between populations (68-70).

A central question that remains concerning A. phagocytophilum ecotype evolution
is the near absence of the host generalist ecotype in roe deer. Although strains found
in roe deer have been attributed to the host generalist ecotype, such infections are far
less common in this host than those attributed to the specialist ecotype (10). Given the
phylogenetic diversity of species the host generalist ecotype can infect (including
other Artiodactyla), it seems likely that the host generalist has the capacity to establish
infections in roe deer. This suggests that competition with the roe deer specialist eco-
type may contribute to the generalist’'s absence from this host (5, 6). Additional work
will be required to further elucidate this possibility.

In conclusion, we have shown that among I. ricinus-vectored populations of A.
phagocytophilum in Europe, the roe deer specialist ecotype is the more derived. We
have also shown that its divergence from a likely ancestral host generalist occurred af-
ter the last glacial maximum as mammal populations (including roe deer) recolonized
the European mainland. Finally, we have provided evidence that the ecotype of A.
phagocytophilum that infects roe deer in Europe is truly a specialist of this host and
that changes in the population of roe deer strongly correlate with the population dy-
namics of this bacterium. Future comparisons of closely related A. phagocytophilum
ecotypes may help us better understand the ways in which host specialization influen-
ces ecology, demography, and genomic evolution in pathogenic bacteria.

MATERIALS AND METHODS

Data set and sample clustering. Throughout this study, we utilized partial sequences from seven A.
phagocytophilum housekeeping genes (atpA, dnaN, fumC, glyA, mdh, pheS, and sucA), representing 2,877 nu-
cleotides in total (GenBank accession numbers KF242733 to KF245413). These data were sequenced from A.
phagocytophilum DNA isolated from 17 different mammalian hosts and Ixodes ricinus ticks, collected from
multiple European countries (9). These A. phagocytophilum samples were previously found to represent three
discrete genetic groups, which are hypothesized to have independent enzootic cycles (9).

Prior to any analyses, we removed from the published data set all samples that had an ambiguous nucle-
otide in any of the seven genetic regions, as well as the small number of samples from the United States.
This left us with 278 samples in total. With these we performed a nonparametric clustering analysis using
principal components to confirm sample placement into each of three discrete groups. To do this, we first
concatenated the seven gene regions into a single FASTA sequence. We then used the R package Adegenet
version 2.1.3 (71, 72), as implemented in R version 4.0.2 (73), to determine the principal components from
the data. The relationship between the first and second principal components was visualized in R.

Derived ecotype divergence. To examine patterns of ecotype divergence with our data set, we first
removed any duplicated haplotype observed within each of the three ecotypes. This left us with 10 unique
strains for the burrowing-mammal ecotype, 22 unique strains for the roe deer specialist ecotype, and 68
unique strains for the host generalist ecotype. We then performed a three-way comparison, using the bur-
rowing-mammal ecotype strains as the outgroup, to polarize observed differences. A derived site was
counted if the nucleotide of the outgroup sequence at a specific position matched the nucleotide at this
same position in one of the focal ecotype strains but the second focal strain had a different nucleotide. In
this case, the allele in the second strain would be counted as a derived allele. All derived changes were classi-
fied as replacement (i.e, they resulted in an amino acid change) or silent (i.e, the amino acid sequence
encoded by the specific codon was not different). We used a custom Perl script to make all possible 3-way
comparisons among the three ecotypes (one strain per ecotype). R version 4.0.2 (73) was used to calculate
summary statistics for the resulting output. Additionally, statistical differences in the numbers of derived sites
observed between the two focal ecotypes were determined with a pairwise t test, also implemented in R ver-
sion 4.0.2 (73). Results were considered significant at a P value of <0.05.

Estimation of ecotype divergence times. The data for A. phagocytophilum consisted of the same
unique strains as those used in our assessment of derived ecotype divergence (see above). To this data
set, we added orthologous gene sequences from five publicly available whole genomes of the related
bacterium A. marginale (NCBI GenBank accession numbers GCF_000020305.1, GCF_000011945.1,
GCF_000495495.1, GCF_003515675.1, and GCF_003515735.1). To identify these sequences, we first
located the full gene sequences for each of the seven focal genes from the annotated genome of
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A. marginale strain Florida (accession number GCA_000020305.1). These full DNA sequences were con-
verted to amino acid sequences and then aligned to the similarly converted partial A. phagocytophilum
sequences using the Muscle algorithm (74), as implemented in SeaView version 4.6.3 (75, 76). The orthol-
ogous-sequence regions of A. marginale were then used as the query sequences to locate the same
regions in the other four A. marginale genomes with a local BLAST (blastp, e value = 1e—50) (77). With
the resulting genome coordinates, we used Samtools version 1.9 (78) to extract these regions and com-
bine them with our A. phagocytophilum sequences. These data were then aligned based on the amino
acid sequences for the seven genetic regions as described above. Sites containing missing data or gaps
indicating an insertion/deletion (indels) in any of the samples were removed from all samples, as were
any sites that were ambiguously aligned around an indel, as determined by manual inspection.

Next, we determined the best partitioning scheme and mutation model across this concatenated
data set using PartitionFinder 2.1.1 (79) with the small-sample-size-corrected version of the Akaike infor-
mation criterion (AICc). The first, second, and third codon positions for the concatenated sequences
were considered separate partitions.

To estimate approximate ecotype splitting times, we used the Bayesian Evolutionary Analysis Utility
tool (BEAUti version 2.3.2) to create the XML file for implementation in BEAST version 2.5.2 (80). We split
our data set to apply distinct site models to the first, second, and third positions. Based on the results of
our PartitionFinder analysis (see above), we used the generalized time-reversible (GTR) (81) model of muta-
tion for each data subset, with six gamma categories and an estimated shape. A proportion of invariant
sites was also applied to the first and second data subsets.

We ran two Markov chain Monte Carlo chains of 108 iterations in BEAST, with a log normal relaxed
clock and the calibrated Yule model for our tree prior. To place our divergence estimates in absolute
time, we used a prior of 59 Ma (million years ago; mean in real space, not log space) with a log normal
distribution and an S parameter of 0.18 for the splitting time of Anaplasma phagocytophilum and A. mar-
ginale, which generated a 95% probability range that encompassed the range previously reported (46).
We used LogCombiner version 1.7.5 to combine the two separate runs and Tracer version 1.5 to ensure
that the effective sample size (ESS) of the parameters exceeded 200. The program TreeAnnotator version
2.5.2 was used to summarize the tree log, and FigTree version 1.4.4 (82) was used for tree visualization.

Assessment of ecotype-specific demographic changes. We looked at demographic changes in the
two |. ricinus-vectored ecotypes using an extended Bayesian skyline plot (EBSP) (34), as implemented in
BEAST version 2.5.2 (80). To do this, we used the same partitioning scheme and corresponding evolu-
tionary models as previously determined (see above). The samples that corresponded to the host gener-
alist and roe deer specialist ecotypes were examined separately. We used all samples in this analysis. To
roughly estimate changes in effective population size, we multiplied the previously estimated substitu-
tion rate of 8.9 x 10" per synonymous base pair per generation determined in Escherichia coli (83) by
the 959 bp included in this partition. This gave us a clock rate of 8.5 x 10~2 per generation, which was
applied to the partition corresponding to the third codon positions of each sequence. The rates for the
other two partitions were estimated. A strict molecular clock rate was applied to each of the three parti-
tions. Although the true rates of sequence evolution in A. phagocytophilum are unknown, and these
rates are likely different for the two ecotypes on ecological scales, across longer periods, the bacterial
evolution rates appear relatively comparable (84). Furthermore, the qualitative patterns of demographic
change observed here are not affected by variation in these estimates; only the timing of such events
shifts depending on the mutation rate applied (results not shown).

We ran two Markov chain Monte Carlo chains of 10° iterations in the program BEAST, with a burn-in of
10% and sampling at every 1,000 chains. The separate runs were combined using LogCombiner version
2.5.2, and Tracer version 1.7.1 was used to confirm that the effective sample size (ESS) of the relevant param-
eters exceeded 200. To convert estimates of change in N, from generations to absolute time, we first consid-
ered a previously calculated doubling time for wild Escherichia coli populations of ~15 h (85). This value was
calculated using mutation rate estimates from laboratory observations and estimates of the number of accu-
mulated mutations per year for E. coli in the wild. A doubling time of every 15 h translates to approximately
584 E. coli generations per year. The number of generations per year for obligately intracellular bacteria has
been estimated to be nearly 6 times less than that of E. coli (86). This 6-fold reduction in generation time is
also supported by research in Ehrlichia canis, an obligately intracellular, tick-transmitted pathogen closely
related to A. phagocytophilum (87). For mathematical convenience, we rounded the applied generation time
calculated from these values (584/6 = 97.3) to 100 generations per year for European A. phagocytophilum.

Patterns of demographic change in roe deer. To examine potential demographic changes in the
European roe deer population, we utilized published sequences of the mitochondrial cytochrome b (cytb)
gene amplified from 46 roe deer from Poland (20). We first partitioned this data set into the first, second,
and third codon sites and used Partionfinder version 2.1.1 (79) to determine the most appropriate model of
evolution to apply to each partition. We then used an extended Bayesian skyline plot (EBSP) (34), as imple-
mented in BEAST version 2.5.2 (80), to examine changes in effective population size over time in this species.
The data set was split into first, second, and third positions. Following our PartionFinder results (see above),
the Hasegawa-Kishino-Yano (HKY) model of substitution (88) was applied to the first and second positions,
and the first position also had a portion of invariable sites (0.1) applied to it. We applied the generalized
time-reversible (GTR) (81) model of mutation to the third position, with six gamma categories and an esti-
mated shape. To roughly estimate changes in effective population size, we applied a clock rate of 2.0 x 10°¢
to the partition corresponding to the third codon positions of each sequence (representing 2% per site per
million years) (89). We note here that the use of this rough rate for mammals has been shown to be prob-
lematic (90, 91) but that 2% is similar to comparable rates reported for Artiodactyla (92). The rates for the
other two partitions were estimated. We applied a strict molecular clock rate to each of the three partitions.
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We ran two Markov chain Monte Carlo chains of 108 iterations in the program BEAST, with a burn-in of 10%
and sampling at every 1,000 chains. The two separate runs were combined using LogCombiner version 1.7.5,
and the results assessed with Tracer version 1.5 to ensure that the effective sample size (ESS) of the parame-
ters exceeded 200. We visualized the demographic changes by plotting the combined EBSP log files in R ver-

sion 4.0.2 (73), using the plotEBSP.R script, which is available in the BEAST package.
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