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Abstract

The genetic diversity of pathogens, and interactions between genotypes, can strongly influence pathogen phenotypes such
as transmissibility and virulence. For vector-borne pathogens, both mammalian hosts and arthropod vectors may limit
pathogen genotypic diversity (number of unique genotypes circulating in an area) by preventing infection or transmission
of particular genotypes. Mammalian hosts often act as ‘‘ecological filters’’ for pathogen diversity, where novel variants are
frequently eliminated because of stochastic events or fitness costs. However, whether vectors can serve a similar role in
limiting pathogen diversity is less clear. Here we show using Francisella novicida and a natural tick vector of Francisella spp.
(Dermacentor andersoni), that the tick vector acted as a stronger ecological filter for pathogen diversity compared to the
mammalian host. When both mice and ticks were exposed to mixtures of F. novicida genotypes, significantly fewer
genotypes co-colonized ticks compared to mice. In both ticks and mice, increased genotypic diversity negatively affected
the recovery of available genotypes. Competition among genotypes contributed to the reduction of diversity during
infection of the tick midgut, as genotypes not recovered from tick midguts during mixed genotype infections were
recovered from tick midguts during individual genotype infection. Mediated by stochastic and selective forces, pathogen
genotype diversity was markedly reduced in the tick. We incorporated our experimental results into a model to demonstrate
how vector population dynamics, especially vector-to-host ratio, strongly affected pathogen genotypic diversity in a
population over time. Understanding pathogen genotypic population dynamics will aid in identification of the variables
that most strongly affect pathogen transmission and disease ecology.
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Introduction

Genetic diversity within a single microbial species can lead to

infection of hosts with mixtures of pathogen genotypes. Remark-

ably, studies across numerous systems have demonstrated that

mixed-genotype infections are more common than infections with

a single clonal variant [1]–[5]. The degree of genotypic diversity,

defined here as the number of unique genotypes within a

population, has been associated with pathogen transmission rates

and virulence [6]–[9]. For example, greater numbers of circulating

Plasmodium faliciparum genotypes were positively correlated with

increased virulence or a greater probability of transmission [6],[8].

Competition experiments among Dengue virus serotypes resulted

in the more virulent serotype being selected at the expense of less

virulent serotypes during both human and mosquito infection [7].

Additionally, during the early years of West Nile virus circulation

in New York, transmission intensity was associated with increases

in viral genetic diversity [9].

The capacity of hosts to sustain multiple pathogen genotypes,

and the within-host interactions among co-infecting genotypes,

can impact pathogen transmission, virulence, and immune

evasion. However, for pathogens that cycle among multiple host

species, especially vector-borne pathogens that cycle between

disparate species (mammals and arthropods), the impact of

genotypic diversity and genotypic interactions on individual

genotype transmission and infection success is largely unknown.

Vector-borne pathogens, which cause diseases of importance for

human and animal health, therefore provide a platform to study

how genotypic diversity and interactions among genotypes affect

colonization of the vector and resulting pathogen transmission.

Genetic diversity is a hallmark of vector-borne pathogens.

Numerous studies have described the circulation and infection of

individual hosts or vectors with multiple genotypes of bacterial

(e.g., Anaplasma sp., Borrelia sp.), viral (e.g., West Nile virus,

Dengue virus) or protozoal (e.g., Trypanosoma sp., Plasmodium
sp.) vector-borne pathogens [2],[5],[10]–[17]. Competition among

vector-borne pathogen genotypes within the mammalian host is

common, with competitive success frequently achieved by the

more virulent genotype [1],[4],[18]–[22]. For example, in

experiments with P. falciparum and B. burgdorferi, the more
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virulent genotype replicated to greater levels compared to the

competitor, resulting in numerical dominance and preferential

transmission. Whether similar genotypic diversity-limiting compe-

tition occurs within the arthropod vector is unknown. Further,

most studies examine the interactions of only two genotypes at a

time; therefore, whether the degree of pathogen genotypic

diversity influences the number of genotypes able to infect

individual hosts and particularly individual vectors is similarly

unknown.

Similar to other tick-borne bacterial pathogens, natural genetic

variation within Francisella tularensis, including subspecies, is well

described [23]–[28]. For example, using multiple loci variable-

number tandem repeat analysis on only two loci, 10 unique F.
tularensis genotypes were recovered from ticks; with the most

genotypic diversity found in areas with the greatest prevalence of

F. tularensis in ticks [23]. The large degree of circulating

genotypic diversity observed in that study was indicative of long-

standing enzootic transmission of multiple genotypes [23].

Additionally, unlike the majority of tick-borne bacterial pathogens

which are refractory to genetic manipulation, F. tularensis subsp.

novicida (herein referred to as F. novicida) can be genetically

manipulated with relative ease, and thus can serve as a powerful

model to address broader questions concerning tick-borne

bacterial pathogens. Here, we used a set of differentiable

Francisella novicida transposon mutants and Dermacentor ander-
soni ticks, which are a natural vector of Francisella sp. [29], to

investigate how genotypic diversity affects the success of individual

genotypes in colonizing the tick vector as compared to the

mammalian host. Specifically, we determined (i) if similar numbers

of genotypes were able to co-infect mice and ticks, (ii) whether

exposure of hosts and vectors to differing numbers of genotypes

affected the proportion of genotypes able to be recovered from the

host or vector, and (iii) if competition limits the ability of certain

genotypes to colonize the vector. To address these questions, pools

of F. novicida genotypes of varying diversity were inoculated into

mice. The genotypes able to infect mice, be acquired by feeding D.
andersoni nymphs, and persist in the tick midgut through the molt

to the adult stage at population and individual host and vector

levels were identified. As the tick midgut is the primary site of

colonization for most tick-borne pathogens, it serves as a relevant

location to examine the effects that varying genotypic diversity has

on individual genotype transmission success between host and

vector [30],[31]. Finally, we designed a population model to

demonstrate how variations in pathogen genotypic diversity,

vector and host abundance, and vector-to-host ratios could

influence the retention of genotypic diversity in a pathogen

population over time.

Results

Pathogen diversity is not equally sustained by vector and
host populations

We first determined whether the breadth of pathogen genotypic

diversity is similarly sustained among mice and ticks at a

population level. In all experiments ‘genotypic diversity’ refers to

the number of different genotypes, the ‘vector’ refers to the tick

and the ‘host’ refers to the mouse. The genotypes ‘available’ to

colonize mice and ticks will refer to those genotypes that were

inoculated into mice and those genotypes that were detected in

terminal mouse blood during peak bacteremia, respectively. Our

experiments were initiated by infection of mice, instead of ticks,

because of the difficulty and more importantly the variability of

artificially infecting ticks.

To simulate diverse genotype populations we used differentiable

F. novicida transposon-containing genotypes in two large pools

(Pool A = 93 genotypes, Pool B = 94 genotypes) each comprised of

a different set of F. novicida transposon-containing genotypes

(Table S1). Genotypes were identified in mouse blood at peak

bacteremia (concurrent with completion of nymph feeding) and in

adult tick midguts. Ticks fed as nymphs on infected mice over the

entire duration of mouse bacteremia and genotypes were identified

from the midgut of ticks after the infected nymphs molted to

adults. This time point was specifically chosen to avoid detection of

genotypes present in the undigested blood meal and confirm that

any detected genotype(s) were able to infect and be transstadially

maintained in the tick midgut. One limitation of this approach is

that we were unable to determine if genotypic diversity was lost

prior to or during early infection of the midgut or during

transstadial transmission. Our readout of genotype success is

colonization of the adult tick midgut, a time point which reflects

the cumulative loss of genotypic diversity at any prior point during

tick infection. Of the genotypes present in the large-pools, 84%

and 81% of Pool A and Pool B genotypes were recovered from

their respective mouse cohorts (Table 1). As these large pools

encompassed genotypes with variable fitness, it was expected that

some genotypes would not be recovered. Of the genotypes that

successfully colonized mice, 76% and 54% of genotypes from Pool

A and Pool B, respectively, were also acquired by the feeding

nymph cohort and transstadially maintained in tick midguts

(Table 1). The percentage of genotypes recovered from large-pools

was significantly lower for ticks compared to mice (x2 = 13.5,

P = 0.0002). These results demonstrate that at a population level,

despite simultaneous exposure to a large number of genotypes, not

all available genotypes colonize mice and ticks. The inability of

some in vitro generated genotypes to colonize mice was expected

given the presence of the introduced transposon; however, the

results also suggested additional loss of genotype diversity upon

infection of the tick cohort.

To determine whether reducing genotypic diversity affected the

recovery of genotypes from ticks during mixed-genotype infec-

tions, genotypes from pools A and B that had successfully infected

mice but were not recovered from ticks were divided into three

Author Summary

Co-infection, the presence of multiple genotypes of the
same pathogen species within an infected individual, is
common. Genotype diversity, defined as the number of
unique genotypes, and the interaction between geno-
types, can strongly influence virulence and pathogen
transmission. Understanding how genotypic diversity
affects transmission of pathogens that naturally cycle
among disparate hosts, such as vector-borne pathogens, is
especially important as the capacity of the host and vector
to sustain genotypic diversity may differ. To address this,
we exposed Dermacentor andersoni ticks, via infected mice,
to variably diverse populations of Francisella novicida
genotypes. Interestingly, we found that ticks served as
greater ecological filters for genotypic diversity compared
to mice. This loss in genotypic diversity was due to both
stochastic and selective forces. Based on these data and a
model, we determined that high numbers of ticks in an
environment support high genotypic diversity, while
genotypic diversity will be lost rapidly in environments
with low tick numbers. Together, these results provide
evidence that vector population dynamics, vector-to-host
ratios, and competition among pathogen genotypes play
critical roles in the maintenance of pathogen genotypic
diversity.

Tick Midgut Infection Restricts Pathogen Diversity
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smaller pools (Pool C = 16 genotypes, Pool D = 17 genotypes, Pool

E = 16 genotypes) and the experiment was repeated (Table S1). As

expected, all of the genotypes in the small pools (Pools C–E) were

recovered from their respective mouse cohorts (Table 1). Interest-

ingly, 81, 88, and 94% of genotypes the from small-genotype pools

C, D, and E, respectively, were recovered from their respective

tick cohorts despite not being recovered from ticks during the

large-genotype pool experiments (Table 1). Similar to the large-

pools, the percentage of genotypes recovered from ticks was

significantly lower compared to mice (x2 = 6.39, P = 0.012). In

summary, at a population level, a smaller proportion of available

genotypes were recovered from ticks as compared to the

mammalian host irrespective of the size of the genotype pool.

Further, a greater proportion of available genotypes were

recovered from ticks when genotypic diversity was reduced

(x2 = 9.30, P = 0.0023). These results support that at a population

level, F. novicida genotype diversity is not equally sustained by

mammalian hosts and tick vectors, and suggests that the latter

serve as greater ecological filters for F. novicida diversity.

Fewer genotypes are recovered from individual vectors
compared to individual hosts

To determine if the observation that the greater reduction in

genotypic diversity in the vector population compared to the

mammalian host population was also reflected at the level of an

individual, we identified the F. novicida genotype(s) that colonized

individual mice and ticks. For example, if 59 genotypes were

recovered from the population of ticks that fed upon mice

inoculated with 93 genotypes in Pool A, we determined whether

an individual tick was colonized by all or subsets of those 59

genotypes. In the large-genotype pool experiments, individual

mice were colonized by a significantly greater percentage of the

available genotypes (78 and 53% of the available genotypes in

pools A and B, respectively, colonized individual mice) compared

with individual ticks (12 and 10% of the available genotypes in

pools A and B, respectively, colonized individual ticks) (x2 = 707.4,

P,0.001) (Figure 1). With regard to ticks in the large-genotype

pool experiments, ticks were exposed to a mean of 62 genotypes

while feeding on infected mice, and individual ticks were colonized

with a mean of 8.5 genotypes (range = 1 to 25, median = 6.5)

(Figure S1). These results indicate that the observed genotype

diversity sustained by ticks at a population level was the cumulative

product of individual ticks infected with subsets of the available

genotypes.

To determine if reducing genotypic diversity affected the overall

number or proportion of genotypes recovered we identified the

genotypes that colonized individual mice and ticks from the small-

genotype pool experiments. Similar to the large-genotype pool

experiments, a significantly smaller proportion of the available

genotypes colonized individual ticks (23, 29, and 21% from Pools

C–E, respectively) compared to individual mice (100, 82, and

100% from Pools C–E, respectively) (x2 = 227.5, P,0.0001) in the

small-genotype pool experiments (Figure 1). In the small-genotype

pool experiments overall, ticks were exposed to a mean of 14.3

genotypes and individual ticks were colonized by a mean of 4

genotypes (range = 1 to 11, median = 3.5) (Figure S1).

Examining genotype recovery from individual mice and ticks

supported the population level genotype recovery results, and

demonstrate that genotype diversity is most severely constrained in

the tick. Further, the degree of genotypic diversity influenced both

the mean number and proportion of genotypes that colonized

ticks. Ticks exposed to more diverse F. novicida populations were

colonized by a greater total number of genotypes (Z = 2.14,

P = 0.033), but a smaller proportion of the available genotypes

Table 1. Recovery of F. novicida genotypes from populations of mice and ticks exposed to large- or small-pool genotype
populations.

Large genotype pools Small genotype pools

Pool A Pool B Pool C Pool D Pool E

No. of genotypes in pool 93 94 16 17 16

No. genotypes recovered from mouse cohort
(% of total genotypes in pool)

78 (84%) 76 (81%) 16 (100%) 17 (100%) 16 (100%)

No. genotypes recovered from tick cohort*
(% of total genotypes recovered from mouse)

59 (76%) 41 (54%) 13 (81%) 15 (88%) 15 (94%)

*all genotypes detected in ticks were also detected in mice.
doi:10.1371/journal.ppat.1004499.t001

Figure 1. Retention of genotypic diversity in hosts or vectors
exposed to large- or small-genotype pools. The mean proportion
of genotypes recovered from individual mice or individual ticks were
compared between conditions of high and low genotypic diversity.
Individual mice exposed to either large- or small-genotype pools were
colonized by a significantly greater proportion of genotypes than
individual ticks. The proportion of genotypes retained was significantly
reduced in ticks exposed to large-genotype pools as compared to ticks
exposed to small-genotype pools. Error bars represent 6SEM.
doi:10.1371/journal.ppat.1004499.g001

Tick Midgut Infection Restricts Pathogen Diversity
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(x2 = 44.8, P,0.0001) as compared to ticks exposed to less diverse

genotype populations (Figure 1, S1).

To determine if the low number of genotypes colonizing ticks

compared to mice was the result of a few dominating genotypes,

the number of times each genotype was recovered from each tick

and mouse was quantified. In general, individual genotypes were

recovered from a greater proportion of mice than ticks (Figure S2,

S3). On average an individual genotype was recovered from

significantly fewer ticks in large pools (11%) compared to small

pools (24%) (x2 = 871.1, P,0.001). Thus the reduction in

genotype diversity during tick infection was not the result of a

small subset of genotypes infecting ticks at a greater frequency.

Importantly, identification of different genotype combinations

from individual ticks that fed upon similarly infected mice

indicated that ticks were exposed to a wider array of genotypes

then those that were recovered from an individual tick. Further,

since ticks fed on mice during their entire duration of bacteremia

(approximately 3 days), ticks were likely exposed to all or most or

the genotypes identified in the terminal mouse blood. Therefore,

the decreased genotype diversity observed in ticks is unlikely to be

due to limited sampling opportunities or exposure to a limited

number of genotypes.

Intraspecific competition contributes to reduced
genotypic diversity

The reduction in F. novicida genotypic diversity upon infection

of ticks at both the population and individual level may reflect

competition among genotypes. Alternatively, this reduction in

diversity may be due to the inability of specific genotypes to infect

the tick. To test these hypotheses, the only six genotypes

(Genotype 1–6, Table S4) that were consistently recovered from

mice but absent from ticks in pooled genotype experiments were

further explored. First, we determined if each of these six

genotypes, when inoculated individually into mice, were able to

colonize feeding ticks. All six genotypes colonized both mice and

ticks at infection levels (CFU/ml mouse blood or tick midgut)

similar to wild-type with the exception of Genotype 3 that failed to

colonize infect ticks (Figure 2A, B) (F5,40 = 0.88, P = 0.50).

Moreover, with the exception of Genotypes 3, the other genotypes

were recovered from a similar proportion of ticks as wild-type (P.

0.30 for all comparisons) (Figure 2C).

As all of these genotypes, except Genotype 3, were competent to

infect ticks, each was examined in 1:1 competition experiments

with wild-type to determine if a single additional genotype [wild-

type] produced sufficient competition to result in competitive

exclusion or suppression of the genotype of interest. In addition to

wild-type, the competing genotype in all competition experiments

was recovered from the terminal mouse blood (1.16106, 2.16107,

2.36103, 1.96105, 4.06106, and 1.66105 CFU/ml blood for

Genotypes 1–6, respectively), thus confirming that ticks were

exposed to the genotype of interest during feeding. The mean

wild-type bacterial level recovered from terminal blood during

competition with individual genotypes was 1.66107 cfu/ml blood.

During competition with wild-type, Genotypes 3, 4 and 6, which

had the lowest bacteremia in mice, failed to colonize ticks

(Figure 3A). The absence of Genotype 3 in ticks during

competition was expected as, when alone, it resulted in a low

bacteremia in mice and was not recovered from ticks (Figure 2).

The absence of Genotypes 4 and 6 during competition with wild-

type is indicative of competitive exclusion as these genotypes,

when alone, had similar infection levels in mice and ticks

compared to wild-type. When examined individually, both

Genotype 4 and 6 were similar to wild-type in terms of both

Figure 2. Genotype prevalence and bacterial levels during
single-genotype infections. Six genotypes were investigated for
their ability to colonize mice and ticks in the absence of other
genotypes. A) Bacterial infection level in mouse blood. B) Bacterial
infection level in tick midgut. C) Prevalence of genotype colonization in
tick midguts. Error bars represent 6SEM.
doi:10.1371/journal.ppat.1004499.g002
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percent infected ticks (x2 = 1.05, P = 0.30 for both comparisons)

and midgut infection level (F2,26 = 0.18, P = 0.83) (Figure 2B, 2C).

Genotypes 1, 2, and 5 were able to colonize ticks during

competition with wild-type (Figure 3); however, a smaller

percentage of ticks were colonized by these genotypes compared

with wild-type (x2 = 3.60, P = 0.058, x2 = 3.81, P = 0.051,

x2 = 3.53, P = 0.060 for genotypes 1, 2, and 5, respectively). In

ticks colonized by Genotypes 1, 2, or 5, colonization by wild-type

was also observed. Although wild-type could exclude Genotypes 1,

2, or 5 in individual ticks, none of these three genotypes excluded

wild-type. Moreover, Genotypes 1 and 2 established significantly

lower infection levels in the tick midgut compared to wild-type

indicating that these two genotypes were competitively suppressed

by wild-type (Figure 3B) for Genotype 1 and wild-type, t13 = 2.59,

P = 0.023; for Genotypes 2 and wild-type, (t12 = 3.87, P = 0.0022).

Interestingly and despite a lower colonization prevalence com-

pared to wild-type, Genotype 5 achieved infection levels in the tick

midgut similar to wild-type (Figure 3) (t15 = 0.42, P = 0.68).

As a control to demonstrate that wild-type specifically out-

competed Genotypes 1–6, we performed a 1:1 competition assay

with wild-type and Genotype 7, which has a transposon in a non-

coding region (isftu-2), and behaves similarly to wild-type in both

mice and ticks [29]. In the terminal mouse blood the bacterial levels

for wild-type and Genotype 7 were 9.36106 and 7.06106 CFU/ml

blood, respectively, confirming ticks were exposed to both genotypes.

Equal proportions of ticks were colonized by Genotype 7 and wild-

type together, Genotype 7 alone, and wild-type alone. In ticks that

were co-infected, both Genotype 7 and wild-type achieved similar

infection levels in the tick midgut (Figure 3) (t6 = 0.25, P = 0.81). The

equal success of Genotype 7 and wild-type in colonizing ticks during

competition with one another demonstrated that Genotypes 1–6

were diminished or excluded due to competition rather than random

effects. In summary, these results indicate that Genotypes 1–6 have a

fitness disadvantage in the vector as compared to wild-type as co-

infection of any of these genotypes with wild-type results in their

competitive exclusion (e.g., Genotype 3, 4, and 6) or competitive

suppression (e.g., Genotypes 1, 2, and 5). This demonstrates that co-

infection with a single, more fit genotype is sufficient to alter the

success of the competing genotype even if the less fit competitor is

competent upon single-infection. Further, both competitive suppres-

sion and competitive exclusion offer explanations for the loss of

genotypic diversity observed during pathogen infection of ticks.

Modeling effects of hosts and vectors on pathogen
diversity

Our experiments suggest that pathogen genotypic diversity is

restricted within the tick vector at both population and individual

levels. This restriction in diversity is most pronounced within individual

ticks, suggesting that the abundance of ticks will strongly affect

pathogen genotypic diversity within an environment. To further

explore how variations in vector and host populations influence

pathogen genotypic diversity, we developed a simple population model

that incorporated data from our experiments. The model contained

separate functions for vectors (ticks), hosts (mice), and pathogens

(Francisella genotypes) (Figure S4). We used this model to investigate

how vector-to-host ratios, vector and host abundance, and the initial

number of pathogen genotypes within a population influenced the

overall maintenance of genotype diversity in the population.

With all model conditions, individual mice harbored greater

pathogen genotypic diversity than ticks (Figure 4, S5, S6). Thus,

rare pathogen genotypes were more likely to be lost from the

vector population than from the mammalian host population. At

the population level, vector-to-host ratios strongly influenced the

retention of pathogen genotypic diversity (Figure 4). When vector

densities declined and vector-to-host ratios approached 1,

pathogen genotypic diversity rapidly declined as individual

genotypes were lost from the system. In contrast, high vector-to-

host ratios increased the retention of genotypic diversity because

the filtering effects of individual ticks were reduced due to large

population sizes (Figure 4). Variation in vector or host abundance

did not influence pathogen genotypic diversity as strongly as

vector-to-host ratios; however, in general, larger vector and host

populations led to greater maintenance of pathogen genotypic

diversity (Figure S5). Initial pathogen genotypic diversity also

influenced the number of pathogen genotypes maintained in the

vector and host populations (Figure S6). Not surprisingly, both

vectors and hosts individually harbored more pathogen genotypes

when the number of initial genotypes was greater. However, the

proportion of genotypes in the population infecting individual

vectors and hosts declined with greater initial pathogen genotypic

diversity (Figure S6) as observed in our experiments with large-

and small-genotype pools (Figure 2). Thus, the model showed a

trade-off between the raw number of pathogen genotypes that

infected individual vectors and hosts and the proportion of the

pathogen genotype population they represented.

Discussion

Our results demonstrate that pathogen genotypic diversity is

restricted to a greater degree in the tick vector as compared to the

mammalian host. Moreover, the extent to which hosts and vectors

Figure 3. Competition between wild-type and individual
genotypes. Competition assays were performed with wild-type and
each of the six genotypes not recovered during diverse genotype
infections, but recovered from ticks* during individual infection assays.
All six genotypes colonized mice during competition with wild-type. A)
Genotypes 1, 2, and 5 were recovered from tick midguts with wild-type.
B) In co-colonized tick midguts, the mean infection level of Genotype 1
and 2 were significantly lower compared to wild-type. Genotype 7, a
genotype similarly fit to wild-type, was used as a positive control to
demonstrate that wild-type specifically out-competed Genotypes 1–6.
Error bars represent 6SEM. *Genotype 3 was not recovered from ticks
in individual infection assays.
doi:10.1371/journal.ppat.1004499.g003
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contribute to the maintenance of pathogen genotypic diversity is

influenced by the initial degree of genotypic diversity in the

pathogen population and competition among genotypes during

infection of the vector. Within a host or vector, competitive

interactions among genotypes can result in the reduction or

elimination of one or more genotypes. Studies on co-infecting

Plasmodium genotypes illustrate how a more virulent genotype can

competitively suppress or prevent a less virulent genotype from

being transmitted between the mammalian host and mosquito

vector [32]–[35]. Additionally, studies on arboviruses such as West

Nile virus and Dengue virus have demonstrated that genotypic

diversity can be correlated with transmissibility or virulence

[7],[9]. Similar to our results, intrahost examination of West Nile

virus revealed that viral genetic diversity was restricted in mosquito

midguts compared to the input pool [36],[37]. Interestingly,

however, despite a reduction of viral diversity in the mosquito

midgut, corresponding salivary samples were similar in diversity to

the input pool, perhaps contributed to accumulation of mutations

as a result of relaxed purifying selection during infection of the

mosquito [36].

In this study, F. novicida genotype diversity was not equally

sustained by mice and ticks, and the greatest restriction in genotypic

diversity occurred in individual ticks. This reduction in diversity was

mediated by a combination of both stochastic and selective forces,

and was unlikely to be an artifact of tick feeding. Based on our

results, despite exposure to a large array of mutants, individual ticks

were not able to support the same number of mutants as mice. One

possible reason for genotypic restriction is that resources for

bacterial colonization, such as nutrient availability or receptors for

cell entry, are more limited in ticks than in mice, which could lead to

competition among genotypes for limited resources. Several lines of

evidence suggest that strong competition among genotypes occurred

in ticks. First, individual ticks that fed upon the same mouse infected

with up to 94 genotypes were colonized by different combinations of

genotypes. Second, five genotypes not recovered from ticks during

pooled-genotype experiments were competent to colonize ticks, in

most cases to wild-type levels, in the absence of a second genotype.

Third, in competition assays with wild-type and a wild-type-like

genotype (Genotype 7), both were equally able to compete and

colonize ticks, which further indicated that the absence of

Genotypes 1–6 from the pooled-genotype experiments was not

random. Our experimental design allowed us to examine the

genotypic diversity that was sustained by ticks from the genotypes

present during the nymphal blood meals to recovery of genotypes

from adult tick midguts. This period of time encompassed several

points where genotypic diversity could have been lost in the tick

midgut including during initial entry into the nymph midgut, early

replication and colonization events in the nymph midgut,

transstadial transmission from nymph to adult, or continued

colonization in the adult midgut. Although our results clearly

demonstrate that competition is occurring among F. novicida
genotypes during infection of the tick vector, it is interesting to note

that a previous study speculated that facilitative interactions among

genotypes in mixed B. burgdorferi genotype infections conferred an

advantage for the bacteria to establish and maintain infection in

ticks [15],[38]. It is possible that such interactions may occur in this

system.

Additional variables that could further influence competition

among genotypes and contribute to the observed reduction in

genotype diversity in ticks include the infection level for an

individual genotype, transmission priority (the order in which

genotypes are transmitted), and genotype fitness. With regard to

the latter two variables, our results indicated that reduction in

fitness can in some instances overwhelm the stochastic forces that

dictate tick infection by pathogen genotypes [29],[39],[40].

Overall, F. novicida bacterial levels did not vary based on

genotype diversity and were similar to previously reported single-

genotype infection levels [29]. This suggests that ticks have an

infection threshold limit for F. novicida, such that as the number

of genotypes a tick is exposed to increases, the maximum infection

level of any individual genotype is proportionately reduced [29].

Therefore, genotypes that are able to replicate first will have a

greater opportunity to colonize the tick while reducing the amount

of available resources for incoming genotypes (founder effect) [12].

Additionally, greater numerical success in one host or vector will

confer a greater probability of subsequent transmission.

Figure 4. Maintenance of genotypic diversity in mice and ticks over 100 generations. Number of pathogen genotypes per (A) mouse and
(B) tick in model simulations with 100 mice and varying vector-to-host ratios. Variation in vector-to-host ratios was simulated by varying the number
of ticks from 100 (1:1 ratio) to 5000 (50:1 ratio).
doi:10.1371/journal.ppat.1004499.g004
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The transmission priority of genotypes between mice and ticks

was stochastic, such that ticks had an opportunity to acquire the

genotypes that colonized mice relative to the genotype-specific

infection level in mice. Transmission priority is potentially

important if resources are more limited within the tick and

monopolized by genotypes on a ‘‘first come, first serve’’ basis. In

most pooled-genotype experiments, genotype recovery was ran-

dom and ticks were colonized by small subsets of the available

genotypes in different combinations. Although we strived to

initiate our pooled-genotype experiments with equal ratios of

genotypes, four genotypes in Pool B were recovered from a greater

percentage of mice and ticks implying that they had a numerical

advantage in the initial inoculum, maintained that advantage

while colonizing mice and were available at a greater frequency for

feeding ticks to acquire (Figure S2). These four genotypes, which

were recovered from a greater percentage of ticks than the other

genotypes comprising Pool B, provide evidence for genotypes with

an initial advantage having greater transmission and colonization

success. Importantly, although these four genotypes were identified

in a greater percentage of ticks, they were not the sole genotypes

observed and were commonly identified in individual ticks with

less frequently occurring genotypes. These results are similar to

those of a Trypanosoma brucei study and recently a B. burgdorferi
study where vector acquisition of genotypes from mice, infected

with multiple, similarly fit pathogen genotypes, was noted as

random and the first genotype able to infect an individual vector

had an advantage during dissemination to other tissues and in

subsequent transmission [12],[41]. Stochastic forces also play a

prominent role in shaping arboviral transmission, and has been

demonstrated for West Nile Virus and Venezuelan equine

encephalitis virus [42],[43].

Genotype fitness can influence competitive ability as well as

virulence as demonstrated by co-infection studies using geno-

types with known fitness differences [33]–[35]. A range of

fitness among the F. novicida genotypes examined was

expected, depending on the location of the transposon. The

overall genetic similarly of genotype populations suggests that

the majority likely shared similar abilities to infect mice and

ticks (Table 1). We surmised that the six genotypes absent from

ticks in the pooled-genotype experiments were out-competed.

This postulation was supported by the results of the 1:1

competition assays between wild-type and Genotypes 1–6,

where wild-type succeeded disproportionately in terms of

infection prevalence and infection load compared to the

competing genotype. The competition assay between wild-type

and Genotype 7 confirmed that if Genotypes 1–6 had been

similarly fit as wild-type, they would have succeeded to a similar

extent as Genotype 7 did during competition with wild-type.

The finding that Genotypes 1–6 were able to colonize ticks

during single-genotype experiments but not in during compe-

tition with more fit genotypes supported the notion that the

location of the transposon in these genotypes exacts some fitness

cost, although the exact mechanism by which this is occurring

remains unknown.

In the field, genotypic diversity is likely to be dynamic and

heavily influenced by environmental variables. Genotypic diver-

sity, when measured, generally occurs as insertions, deletions, and

polymorphisms in individual and small numbers of nucleotides

[44]–[46]. Additionally, gene duplications and deletions do occur

[47]. While insertions are over-represented in our population, the

use of naturally occurring genotypes is not possible, as a

collection of greater than 150 different genotypes that can easily

be distinguished one from another do not exist for any tick borne

bacterial pathogen. Importantly, the alterations in phenotype in

our population are likely highly variable and represent a broad

spectrum, from complete knock-out of gene function to no

alteration in gene function. Thus, while the type of genetic

mutation represented in our population is limited as compared to

a natural population, a broad spectrum of alterations in

phenotype is likely to be represented. Further, in our experiments

more mutational robustness was observed in the vertebrate,

however, within a host infected with naturally occurring

genotypes those genotypes could possess very different fitness

abilities, thus altering the outcome of within-host interactions and

ongoing transmission.

To extrapolate our results to a broader range of field scenarios

we created a model to explore how variations in vector-to-host

ratio, vector and host abundance, and initial pathogen genotypic

diversity affected the retention of pathogen genotypic diversity in a

population over time. These variables were selected because our

experimental data indicated that the greatest restriction in F.
novicida genotype diversity occurred during colonization of ticks

compared to mice. We assumed that there was no mortality of

vectors and hosts, and thus the model likely over-estimated the

conservation of diversity (as pathogen genotypes might be lost

from dying vectors and hosts). Our modeling results suggested that

local extinction of pathogen genotypes, and genotypic diversity

overall, is more likely to be affected during pathogen infection of

ticks. Vector-to-host ratio was the most important variable in the

maintenance of pathogen genotypic diversity over time in a

population; however, abundance of vectors and hosts, and initial

pathogen genotypic diversity also contributed. Finally, our model

was conservative in design in that it assumed equal fitness among

genotypes, that all ticks fed, and does not incorporate the addition

of new genotypes beyond those initially present. If additional

values are known, derivations of this model could be used to

examine these variables which could result in accelerated specific

genotype extinction or retention. Although our model featured a

tick-borne pathogen, our experimental results and model predic-

tions are in line with epidemiological data of other vector-borne

pathogens, including Plasmodium spp., where areas of high

transmission are associated with abundant vector populations that

collectively support a great diversity of pathogen genotypes [6].

Most vector-borne pathogen studies examining genotype co-

infection to date either survey the circulating pathogen genotypes

in an area or conduct competition assays among pairs of

genotypes, frequently differing drastically in fitness (e.g., attenu-

ated versus virulent, transmissible versus not transmissible)

[2],[5],[11],[15],[19],[48]–[50]. Knowledge gaps exist regarding

the role of the vector in supporting or restricting pathogen

genotype diversity in a population. In this study, both the

experimental data and population modeling data revealed that

the tick vector acted as a greater ecological filter for pathogen

genotypic diversity compared to the mammalian host. This

restriction of F. novicida genotypic diversity in ticks was further

affected by the initial amount of genotypic diversity and

competition among genotypes. Extrapolation of our results in a

model revealed variables, including vector-to-host ratio, which

over many generations played important roles in the maintenance

of pathogen genotypic diversity.

The marked reduction in genotypic diversity within the tick

indicates that intervention strategies targeting the pathogen within

the tick, such as introduction of highly competitive genotypes, are

likely to be effective in disrupting disease transmission. Further,

understanding how pathogen genotypic diversity and genotype

interactions within the host and vector affect colonization success

is essential to understanding pathogen transmission, selection and

disease ecology.
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Materials and Methods

Ethics statement
This study was carried out in accordance with the following:

Animal Welfare Act (9 CFR Ch. 1 Subpart C 2.31 (c) (1–8)), Guide

for the care and use of Agricultural Animals in Agricultural

Research and Training (Chap.1), and the Public Health Service

Policy on Humane Care and Use of Laboratory Animals (Section

IV.B. (1–8)). All protocols involving the use of animals were

approved by the Washington State University Institutional Animal

Care and Use Committee (IACUC) (ASAF Number: 3686 and

4430).

Ticks, mice and rabbits
Dermacentor andersoni (Reynold’s Creek) nymphs were ob-

tained from a colony maintained by USDA-ARS-ADRU (Pull-

man, WA). All nymphs were fed on C57BL/6 mice [29]. After

inoculation with F. novicida, mice were monitored twice daily for

signs of illness. At the onset of severe illness (ruffled fur, hunched

posture, ocular or nasal discharge, ataxia, etc), mice were

euthanized and blood was cultured to determine bacteremia as

described in the following section. If mice did not develop disease,

they were euthanized upon completion of nymph feeding and

bacteremia similarly determined via culture. In some experiments,

adult D. andersoni were fed to repletion on male New Zealand

white rabbits (Western Oregon Rabbit Company, Philomath, OR)

[29]. Rabbits remained asymptomatic and were culture negative

at the end of tick feeding.

Bacterial culture conditions
Wild-type F. novicida (U112) or transposon mutants containing

a kanamycin resistance cassette [51] (Table S1) were used in all

experiments. All F. novicida mutant genotypes were cultured in

tryptic soy broth (TSB) or on tryptic soy agar (TSA) containing

0.1% L-cysteine and kanamycin (15 mg/ml) (kanamycin was

omitted when culturing wild-type F. novicida) [29]. Briefly, F.
novicida broth cultures were incubated at 37uC and 225 rpm

either overnight or for 3 hr, depending on the experiment. F.
novicida agar cultures were incubated at 37uC for 48 hrs and the

resulting colony forming units (CFU) enumerated. To recover F.
novicida from blood, whole blood was plated from individual

mice. To recover F. novicida from ticks, tick midguts were

individually dissected and homogenized in Lysing Matrix H tubes

(MP Biomedical, Solon, OH) containing 500 ml of 16 PBS for

13 seconds at 3 M/s and plated.

Discrimination of F. novicida genotypes
For all samples, genomic DNA (gDNA) was isolated from lawns

(.10,000 CFU) of F. novicida culture using a DNeasy kit (Qiagen,

Valencia, CA). Individual F. novicida genotypes were identified by

PCR amplification of a 350–700 bp fragment using a universal

primer located within the kanamycin cassette and a genotype-

specific primer in the adjacent sequence (Table S2). Individual

reactions included 26 GoTaq Mastermix (Promega, Madison,

WI), 2.5-mM of each primer, and 50-ng of gDNA template.

Thermocycler conditions were as follows: Step 1 (61), 94uC for

2 min; Step 2 (635), 94uC for 45 sec, 54uC for 45 sec, 72uC for

45 sec; Step 3 (61), 72uC for 5 min. Following electrophoresis,

PCR products were visualized on a 2% agarose gel containing

SYBR Safe (Invitrogen, Carlsbad, CA).

Diverse genotype infection assays
To simulate diverse genotype infections, clones from two

randomly chosen plates (NR-8058 and NR-8065, BEI Resources,

Manassas, VA) from a F. novicida transposon mutant library were

used to assemble the large pools (Pool A, n = 93; B, n = 94) for

infection assays (Table S1). The populations of genotypes that

comprised the small pools (Pool C, n = 16; D, n = 17; E, n = 16)

(Table S1), were those that were recovered from the mouse blood

but not the tick midgut in the large pool infection assays.

To generate diverse inocula, glycerol stocks of individual F.
novicida genotypes were each inoculated into a single well in a 96-

well plate containing 1 ml of TSB and grown overnight.

Overnight cultures were sub-inoculated into fresh TSB for a

starting concentration of 1:1500 (1 ml overnight culture into 1.5 ml

of TSB). Cultures were incubated for 3 hr and 50 ml of individual

genotype cultures were combined to generate the mixed genotype

inocula. An OD600 measurement was obtained for the combined

culture and the appropriate dilutions were made in 16PBS for a

final concentration of 4000 CFU (,40 CFU/genotype) or

1000 CFU (,60 CFU/genotype) in 100 ml for the large- and

small-pool infection assays, respectively.

Mice infested with D. andersoni nymphs were intraperitoneally

inoculated (6 mice/pool and 3 mice/pool for the large and small

pool infection assays, respectively). To verify that all genotypes

were present in the inoculum, an aliquot was plated, allowed to

grow to a lawn (.10,000 CFU) and re-suspended in 5 ml 16PBS,

from which 100 ml was used for gDNA extraction, and examined

by genotype-specific PCR. Terminal mouse blood was plated and

the resulting bacterial cultures examined to determine the

bacterial load and identify the genotypes that successfully infected

the mice and thus were available for the feeding nymphs to

acquire. After feeding, nymphs were incubated at 25uC and

allowed to molt to adults. For the large pool infection assays, the

infected adult ticks were fed on a naı̈ve rabbit to expand the F.
novicida infection load in the tick midgut; however, we later

determined this extra feeding was not necessary to detect the

population of genotypes in the tick midgut and was omitted in

subsequent infection assays. Once molting to adults was complete,

midguts were dissected from individual ticks, homogenized and

plated, and the resulting bacterial lawns were examined to

determine the bacterial level and identify the genotypes that had

colonized the tick midgut and had been transstadially maintained.

Bacterial lawns derived from blood (n = 3) or midgut cultures

(n = 10 to 12) were processed as described above from individual

mice or ticks and the F. novicida genotype population determined

from individual or pooled (combine aliquots of re-suspended

culture from like inoculated/exposed mice or ticks) samples.

Individual and competition infection assays
In the infection assays using multiple genotypes, described

above, six transposon-containing genotypes were consistently

recovered from the mouse blood but not the tick midgut. These

genotypes were then tested in individual infection assays and

competition assays with wild-type. As a control for the competition

assays, a transposon-containing genotype that has a phenotype

similar to that of wild-type [29] was used. For individual genotype

infection assays, the inoculum was prepared as previously

described with each mouse receiving 1000 CFU of a single

genotype. Detection of the individual genotype in the inoculum,

mouse blood, and tick midgut was accomplished by culture and

the identity of the genotype was verified by PCR.

For competition assays, a 1:1 ratio (500:500 CFU) of two

different genotypes were injected into mice in the same manner as

described above. To enumerate each genotype within blood or

midgut, CFUs were calculated by dual plating samples on

antibiotic-free and kanamycin-containing TSA plates. This

allowed enumeration of the transposon-containing genotype
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(CFU on kanamycin-containing TSA plates) and wild-type (CFU

on antibiotic-free plates minus CFU enumerated on the reciprocal

kanamycin-containing TSA plates). The ratio of wild-type to

transposon-containing genotype was determined for each compe-

tition assay in the inoculum, mouse blood, and adult tick midgut.

Six to twelve ticks were assessed for each competition pairing.

Diversity model
We developed a population model that incorporated data from

the experiments to explore how variation in vector and host

populations would influence pathogen genotypic diversity over a

range of vector and host conditions. The model contained

functions for vectors (ticks), hosts (mice), and pathogens (Franci-
sella genotypes) (Figure S5). The model was initiated by allocating

pathogen genotypes to a population of mice, with each mouse

receiving all pathogen genotypes. These pathogen genotypes were

then tracked over time in both tick and mice populations. The

model had a generational time step, and at each time step

uninfected ticks attached to mice, fed, and acquired pathogens.

Infected ticks then molted and fed on uninfected mice (i.e., the

next generation), transmitting pathogens in the process (Figure S5).

The model was individual-based, such that each tick only

acquired pathogens from the mouse it fed on; similarly, mice only

acquired pathogens from ticks that fed upon them. The probability

that an uninfected tick acquired pathogen genotype g from mouse

m(Ptg,m) was:

Ptg,m~0:28{0:0021|Npm ð1Þ

where Npm is the number of pathogen genotypes harbored by

mouse m. Thus, the maximum probability of a tick acquiring any

genotype was 28%. The model was stochastic, and a random

number was drawn from a uniform distribution between 0–1 and

compared with Ptg,m to determine whether ticks acquired each

pathogen genotype. In turn, the probability that an uninfected

mouse acquired a pathogen genotype g from ticks was as follows

(Pmg):

Pmg~1:00{0:0037|
Xn

t~1
Npt ð2Þ

where Npt is the number of pathogen genotypes harbored by tick

t. The summation adds up the total number of genotypes for all

ticks that fed on each particular mouse (total = n). Thus, the

maximum probability of a mouse acquiring any genotype was

100%. Like ticks, mice were modeled individually and the

pathogen genotypes they acquired were stochastic. Equations for

Pt and Pm were generated by fitting linear model to data from the

experiments.

One limitation of the model is that using linear functions sets a

maximum acquisition value that may be lower than the probability

for ‘‘fit’’ genotypes. However, such functions were used to

approximate the average genotype. This was done because it is

difficult to assume the proportion of genotypes that would be ‘‘fit’’

(i.e., have a higher acquisition probability) and ‘‘unfit’’ (i.e., have a

lower acquisition probability) in natural populations; therefore, we

only modeled the ‘‘average genotype’’. We did explore alternative

forms of the acquisition function with a greater maximum

acquisition value. However, with any form of the model our

qualitative results on the role of vector-to-host density, initial

vector and host abundance, and initial pathogen diversity did not

change. Thus, we only present results of this simple model that did

not distinguish between genotypes in terms of fitness. While

simple, results with this model were used to demonstrate how

diversity might be maintained in natural population with varying

conditions.

In the baseline set of simulations, there were 100 mice, 1,000

ticks and 100 pathogen genotypes. However, these values were

varied in sensitivity analyses to investigate the effects of different

vector-to-host ratios, differences in vector and host abundance,

and different initial pathogen genotypic diversity on the mainte-

nance of pathogen genotypic diversity over time (Table S3). For

each set of initial conditions, the model was run for 100

generations to examine the maintenance of pathogen genotypic

diversity over time in ticks and mice. For each set of initial model

conditions (Table S3), we ran the model 1,000 times to account for

the stochastic nature of the model. Results presented represent the

average values from these 1,000 simulations.

Statistical analysis
All statistical analyses were conducted using JMP Statistical

Discovery Software Version 11 (Cary, NC). We used logistic

regression to explore effects of genotype diversity (i.e., pool size),

genotype group nested within pool size, and host (mouse vs. tick),

and all two-way interactions on the recovery of genotypes from

hosts and vectors. Genotype group was not significant in these

analyses, (x2 = 3.36, P = 0.34), and so final analyses were only run

with the factors genotype diversity, host, and their interaction. In

these analyses, the number of genotypes recovered or not

recovered from hosts and vectors were binomial count data. To

look at the number of genotypes recovered from individual ticks in

differing pool sizes (large vs small) we used non-parametric

Wilcoxon tests, as data on the number of genotypes recovered

were non-normal. For single wild-type or genotype infection

assays, we used an ANOVA to compare F. novicida genotype

bacterial levels to wild-type bacterial levels during single-genotype

infection experiments. For 1:1 competition experiments between

wild-type and a select genotype, we used two-sample t-tests to

compare wild-type and genotype bacterial levels in tick midguts.

Moreover, we used Fisher’s exact tests to determine the proportion

of ticks that were infected with each genotype compared to wild-

type in these 1:1 competition assays. For all analyzes, an a value of

0.05 was used to determine statistical significance.

Supporting Information

Figure S1 Number and proportional recovery of genotypes from

ticks exposed to genotype populations varying in diversity.

Comparison of the mean genotype recovery in individual ticks

that fed upon mice inoculated with large- or small- genotype pools

as the (A) number of genotypes recovered and the (B) proportion of

available genotypes recovered. A significantly greater number of

genotypes were recovered in large-genotype pools compared to

small-genotype pools (t = 3.783, P = 0.0006); however, a signifi-

cantly greater proportion of the total available genotypes were

recovered in small-genotype pools compared to large-genotype

pools (t = 3.011, P = 0.0044).

(TIF)

Figure S2 Recovery of individual genotypes from mice and ticks

exposed to large-genotype pools. Frequency of individual genotype

recovery from (A) mice and (B) ticks exposed to Pool A genotypes.

Frequency of individual genotype recovery from (C) mice and (D)

ticks exposed to Pool B genotypes. The value included above each

graph and the red dashed line indicates the mean number of times

a single genotype was recovered from mice and ticks. A

significantly higher proportion of genotypes were recovered from

mice compared with ticks (x2 = 501.8, P,0.0001).

(TIF)
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Figure S3 Recovery of individual genotypes from mice and ticks

exposed to small-genotype pools. Frequency of individual

genotype recovery from mice, (A) Pool C, (B) Pool D, (C) Pool

E. Frequency of individual genotype recovery from ticks, (D) Pool

C, (E) Pool D, (F) Pool E. The value above each graph and the red

dashed line indicates the mean number of times a single genotype

was recovered from mice and ticks. A significantly higher

proportion of genotypes were recovered from mice compared

with ticks (x2 = 267.0, P,0.0001).

(TIF)

Figure S4 Flowchart of the population model. Shown are the

first two generations of the model. Lines represent feeding events

and/or pathogen transfer events. To initiate the model, all

pathogen genotypes are allocated to all mice. These mice are fed

upon by ticks, with all ticks finding a host (not all mice are fed

upon by the same number of ticks), and pathogen genotypes are

acquire by feeding ticks. Infected ticks then feed on naı̈ve mice in

the next generation, mixing the tick population and resulting in

transmission. These mice are then fed upon by second generation

naı̈ve ticks. The cycle continues for a specified number of

generations.

(TIF)

Figure S5 Retention of genotype diversity as a function of

varying host and tick abundance. Number of pathogen genotypes

per (A) mouse and (B) tick in simulations with varying abundances

of mice and ticks. In all simulations the vector-to-host ratio was

10:1, but the number of vectors and hosts was varied.

(TIF)

Figure S6 Retention of genotype diversity in individual mice

and ticks as a function of the number of genotypes in a population.

Number of pathogen genotypes per (A) mouse and (B) tick, and the

proportion of pathogen genotypes per (C) mouse and (D) tick, in

simulations with varying initial number of pathogen genotypes. In

all simulations the vector-to-host ratio was 10:1 with 100 mice and

1000 ticks, but the number of initial pathogen genotypes was

varied.

(TIF)

Table S1 F. novicida transposon mutants used in this study.

(PDF)

Table S2 List of primers used in this study.

(PDF)

Table S3 Parameters used in the standard runs of the model for

vectors, hosts, and pathogens, and values used in the sensitivity

analyses of vector-to-host ratios, vector and host abundance, and

initial pathogen genotypic diversity.

(DOCX)

Table S4 List of genotypes, recovered from mice but not ticks in

pooled genotype experiments, that were further investigated in

single-infection assays and 1:1 competition assays with wild-type.

(DOCX)
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