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Abstract

Background: Within-host microbial communities and interactions among microbes are increasingly recognized as
important factors influencing host health and pathogen transmission. The microbial community associated with a
host is indeed influenced by a complex network of direct and indirect interactions between the host and the lineages
of microbes it harbors, but the mechanisms are rarely established. We investigated the within-host interactions among
strains of Borrelia burgdorferi, the causative agent of Lyme disease, using experimental infections in mice. We used a fully
crossed-design with three distinct strains, each group of hosts receiving two sequential inoculations. We used data from
these experimental infections to assess the effect of coinfection on bacterial dissemination and fitness (by measuring
the transmission of bacteria to xenodiagnostic ticks) as well as the effect of coinfection on host immune response
compared to single infection.

Results: The infection and transmission data strongly indicate a competitive interaction among B. burgdorferi
strains within a host in which the order of appearance of the strain is the main determinant of the competitive
outcome. This pattern is well described by the classic priority effect in the ecological literature. In all cases, the
primary strain a mouse was infected with had an absolute fitness advantage primarily since it was transmitted an
order of magnitude more than the secondary strain. The mechanism of exclusion of the secondary strain is an
inhibition of the colonization of mouse tissues, even though 29% of mice showed some evidence of infection by
secondary strain. Contrary to expectation, the strong and specific adaptive immune response evoked against the
primary strain was not followed by production of immunoglobulins after the inoculation of the secondary strain,
neither against strain-specific antigen nor against antigens common to all strains. Hence, the data do not support
a major role of the immune response in the observed priority effect.

Conclusion: The strong inhibitory priority effect is a dominant mechanism underlying competition for transmission
between coinfecting B. burgdorferi strains, most likely through resource exploitation. The observed priority effect could
shape bacterial diversity in nature, with consequences in epidemiology and evolution of the disease.
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Background
Recent advances have shown that the community of mi-
crobial species within a host has substantial and direct
effects on host fitness and trophic interactions in the host
community [1-5]. When multiple species of microparasites
infect the same host, the interactions among parasites can
exacerbate the effects of the microbial communities on
host fitness [6-8] and select for mechanisms that alter
the epidemiology of the parasites (Devevey G, Knowles
SCL, Withenshaw S, Petchey OL, Pedersen AB, Fenton A.
Population-level consequences of interactions at the
individual-host level within a co-circulating community of
pathogens, Submitted). Investigations into the pattern and
mechanisms involved in the interactions among microbes
within a host are important as the overwhelming majority
of vertebrates in nature are infected by multiple microbial
species simultaneously, often with multiple lineages of the
same species [9-12]. Strains of the same species are likely
to occupy the same ecological niche and are therefore
predicted to have more intense competitive interactions
affecting their respective fitness; in addition strains can
also facilitate each other, maximizing overall infection and
the transmission [10,13]. Here we use Borrelia burgdorferi,
the bacterium responsible for human Lyme disease, as
a model to investigate patterns and mechanisms of eco-
logical interactions among microbial strains of the same
species and to investigate the effects of these interactions
on microbial fitness.
Ixodid ticks, the genus that carries and transmits B.

burgdorferi among vertebrate hosts, can acquire multiple
B. burgdorferi strains by feeding on a single infected host
[12,14-17]. In geographic regions where B. burgdorferi
is prevalent, individual white footed mice - Peromyscus
leucopus, the main host of the bacterium in the wild -
are often infected with multiple strains of B. burgdorferi
due to either the multiplicity of infection within individual
feeding ticks [14,18] or to the large number of infectious
tick bites each individual vertebrate incurs over its lifetime
[19,20]. Thus, multiple B. burgdorferi strains commonly
infect individual vertebrate hosts and individual tick vec-
tors, providing the opportunity for both direct competi-
tion (mediated by interference) and indirect interactions
(mediated by resource exploitation and host defenses).
Strains of B. burgdorferi are transmitted to ticks feeding

on Peromyscus leucopus mice at much higher rates when
the mouse is only infected with a single strain than when
the mouse is infected by two or more strains [18,21].
These results are consistent in both experimentally and
naturally infected mice, indicating that the fitness of each
strain is compromised by co-infections with other strains.
While these data suggest that B. burgdorferi strains
interact competitively within a host, this hypothesis has
not been experimentally investigated and the types of
competitive interactions among strains within hosts are
not known. Any of the three competition types (i.e. interfer-
ence, exploitation, or apparent [22]) could be operating in
this system. For example, a primary strain could actively
prevent the dissemination of a secondary strain in adequate
sites, reducing overall transmission success of the second-
ary strains to feeding ticks. Alternatively, a strain could ex-
ploit and deplete a resource at the expense of others thanks
to a more efficient exploitation or early segregation of the
resource. Lastly, a strain could prime the host immune re-
sponse to target an incoming strain in a process resembling
apparent competition [9]. These processes are not mutually
exclusive and each mechanism could affect the competitive
outcome among infecting strains.
In this study we looked for empirical evidence of com-

petition among three coinfecting strains of B. burgdorferi,
assessed the ecological patterns of the competition, and
investigated a potential molecular mechanism affecting
competition. The wild bacteria B. burgdorferi is particu-
larly variable at the genetic locus coding for the outer
surface protein C (OspC) [23]; OspC is critical for the
establishment of the bacteria in early stages of mamma-
lian infection [24] even though the exact mechanism of
action is still debated [25-27] and is known to trigger a
strong immune response [28-30]. Some strains are more
commonly found in certain host species than others [18].
We used the ospC strains A, K, and N, which are infec-
tious to humans [28]. Mice received two sequential inocu-
lations to mimic the timing in which hosts can be exposed
to B. burgdorferi-infected ticks in nature [20,29]. The fully
crossed-design created three groups of mice exposed to
homologous infections (A-A, K-K, N-N), and six groups
of mice exposed to heterologous infections (A-K, A-N, K-
A, K-N, N-A, N-K). We investigated the fitness of each
strain as the rate of transmission of that strain to feeding
ticks four times during the 90-day experiment (twice
before and twice after the secondary inoculation). Add-
itionally, we investigated if strains interfered with the
colonization of disseminated sites within hosts by testing
for the presence of each strain in four tissues of each host.
These data allow us to assess the competitive hierarchy
among strains, the effect of a secondary infection on the fit-
ness of a disseminated strain, and the ability of each strain
to colonize a previously infected host. To test if the ob-
served competition was mediated by the adaptive immune
system of the host, we also measured the immunoglobulin
G produced against strain-specific antigen (OspC), against
the flagellin protein (Fla) common to all B. burgdorferi
strains, and against all antigens (total IgG).

Methods
Borrelia burgdorferi and mice
We used three Borrelia burgdorferi sensu stricto isolates
that differed at their ospC locus to experimentally infect
36 three-month old female C3H/HeJ mice (Charles River).
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The B. burgdorferi isolates 97–064 (strain A), 97–010
(strain K), and 931222 (strain N) were obtained through
the Center for Disease Control as part of the standard
patient care, which did not require ethical approval. Each
strain (passage 3–5) was grown in BSK-II complete medium
[30] at 35°C, washed three times with phosphate buffer
saline (PBS) and concentrations were equalized after cell
counting by hemocytometer, prior to subcutaneous injec-
tion of 5*104 cells in 200 μl of PBS. Mice were ran-
domly assigned to a co-infection treatment (4 mice per
treatment) after acclimation to the animal facility for
one week. Mice were randomly paired and kept two per
cage. Two individuals in groups KK and NN died for
unknown reasons during the 90-day course of the experi-
ment. Mice in the homologous co-infection treatment
groups were infected with same strain on days 0 and
day 35 (d35) of the experiment (A-A, K-K, N-N). Mice
in the heterologous co-infection treatments groups were
infected by two different strains during the experiment
(A-K, K-A; A-N, N-A; K-N, N-K). At day 90, mice were
sacrificed by CO2 inhalation and blood was collected by
cardiac puncture. Tissue samples from the ear, the bladder,
the heart, and the mammary glands were extracted and
frozen for subsequent analysis of tissue tropism of each
strain (Figure 1). The animal experimentation protocol
was approved by the University of Pennsylvania IACUC
(801614).

Infection status
The infection status of each mouse was determined using
nested PCR of the ospC gene of mouse tissue samples and
xenodiagnostic ticks. Xenodiagnosis, allowing uninfected
larval ticks to feed on a host, is a traditional method of
Figure 1 Infection in mouse tissues at Day 90 was dominated by the
strains. Ear tissue was less frequently infected than the other organs. n = 4
diagnosis for vector-borne diseases and can be used to es-
timate the transmission efficiency of B. burgdorferi from
an infected mouse to naïve larval ticks. Xenodiagnostic
larval ticks (c. 50 per mouse) were placed on each mouse
on days 11, 30, 46, and 65 and allowed to feed to repletion
[31]. Engorged larval ticks were kept individually in micro-
tubes containing a 1-cm2 square of moistened blotting
paper until they molted to the nymphal stage. DNA from
40 whole nymphal ticks (up to 10 per xenodiagnosis) or
25 μg of each mouse tissue was extracted using the
DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany).
The presence of B. burgdorferi in each sample was de-
tected by nested PCR of the ospC gene using two sets
of specifically designed primers that targeted conserved
regions for all our strains (based on 65 sequences from
Genbank). The first PCR reaction amplified a 1087 bp
fragment using primers OC-368 (forward: 5’-ATAAAC
GCCAATTTCTCTAATTCTTC-3’) and OC693 (reverse:
5’-GACTTTATTTTTCCAGTTACTTTTTT-3’). The sec-
ond PCR reaction amplified a 657 bp fragment using
primers OC4 (5’-GAAAAAGAATACATTAAGTG-3’) and
OC643 (reverse: 5’-TAATTAAGGTTTTTTTGGA-3’).
The first PCR reaction contained 4 μl of the DNA ex-
traction, 2.4 mM MgCl2, 0.2 mM dNTP, 0.5 μM of
each primer, 1X Buffer, and 1 unit of recombinant Taq
(Invitrogen, LifeTechnologies, Carlsbad CA, USA) in a
total volume of 50 μl. After an initial denaturation at
95°C for 1 min, the mixture was run for 30 cycles at 95°C
for 40 sec, 54°C for 35 sec, and 72°C for 60 sec. The condi-
tions for the second PCR reaction were the same as above
except that 2 μl of product from the first PCR reaction
was used as template, annealing temperature was 53°C,
and the reaction was run for 40 cycles. The resulting
primary strain. Few tissue samples tested positive for the secondary
mice per group except in groups KK and NN where n = 3 mice.



Figure 2 Average mouse-to-tick transmission rates (± standard
error) of the primary strain. Strain A - blue circles; strain K - red
squares; strain N - green triangles. The mouse-to-tick transmission
rate of the secondary strain was pooled for the three strain types
(purple diamonds). Inf 1 - day of inoculation with primary strain;
Inf 2 - day of inoculation with secondary strain. D11, D30, D46,
D65 refer to the days of blood sampling and xenodiagnosis. Sac =
sacrifice for biopsy of organs (D90).
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products were run on a 1% ethidium bromide agarose
gel to assess the presence of B. burgdorferi. All samples
were tested by PCR two times to protect against false
positive and false negative assignments.

Samples with multiple strains
PCR products were digested with allele-specific restriction
enzymes to identify the ospC alleles present in each sam-
ple. The ospC alleles A, K, and N can be cleaved by restric-
tion enzymes Bgl II (Fermentas Life Sciences), Pst I, and
Sac I (New England Biolabs Inc.), respectively. Digestion
products were run on 2% ethidium bromide agarose gel in
parallel with control PCR products (without restriction
enzyme).

Immune response
The total titer of circulating immunoglobulin-G (IgG)
and the titer of IgG specific for B. burgdorferi flagellin,
OspC-A, OspC-K, or OspC-N was measured by ELISA.
Blood was collected by submandibular puncture from
each mouse on days 11, 30, 46, and 65, centrifuged at
2500 rpm for 10 min, and the sera from each sample
was collected and frozen at −20°C. Total IgG titers were
measured using the Mouse total IgG ELISA kit Ready-
SET-Go! (eBioscience, San Diego CA, USA) and following
the protocol of the manufacturer. The titers of antibodies
against individual B. burgdorferi proteins were measured
by coating NUNC maxisorbent 96-well plates with the B.
burgdorferi protein overnight. Recombinant B. burgdorferi
OspC proteins were produced as described in [26] and
were diluted at 10 ng/μl in PBS. Recombinant flagellin was
purchased (Prospec-Tany Technogene Ltd., Nest Ziona,
Israel) and diluted to 2 ng/μl in 5 M urea. After incuba-
tion, each well was blocked with 2% BSA for two hours
and incubated with serum diluted 1:110 in 2% BSA for
each OspC protein or 1:1000 in PBS for flagellin. Each well
was then incubated for 45 min with the secondary anti-
body (alkaline phosphatase linked anti-Mus musculus IgG
goat antibody (Sigma, St-Louis MO) diluted at 1:5000).
All wells were washed three times with PBS-Tween
0.1% between each step. The color reagent p-Nitrophenyl
phosphate (Sigma, St-Louis MO) was added and the
kinetic phosphatase reaction was monitored at 405 nm
for 30 minutes (one reading every minute).

General statistical methods
Differences in the infection of mouse tissues and the
mouse-to-tick transmission were modeled using general-
ized linear mixed effects models (GLMMs) with binomial
errors while differences in antibody titers were modeled
using GLMMs with normal error terms. The models used
to test the effect of the order of inoculation or strain iden-
tity on the response variables included strain identity (A,
K, or N), the order of inoculation (primary or secondary),
and the date of xenodiagnoses (day 11, 30, 46, or 65) as
fixed factors, all possible 2-way and 3-way interaction
terms, and mouse identity (N = 34) as a random factor.
The effect of the order of inoculation on mouse-to-tick
transmission during the last two transmission events when
both strains were present in the mouse (d46 and d65) also
included ticks nested within mouse as a random factor.
The statistical significance of fixed factors and interactions
among fixed factors for each model were determined
using likelihood ratio tests. Additionally, the most par-
simonious models were selected using the AIC model
selection approach. Analyses were done using the lme4
package [32] in R (version 2.10). Final models are ex-
posed in Additional file 1.

Results
Primary strain infection and transmission
Evidence of infection by the primary strain was present
in both the tissue samples and the xenodiagnostic ticks
(i.e. ticks that fed on mice to test for infection) from all
mice. After sacrifice, the primary strain was found in at
least one tissue from all mice although most mice showed
evidence of the primary strain in multiple tissues (average
of 2.9 infected tissues per host). Evidence of active infec-
tion was least prevalent in ear tissue (11 of 34 mice) but
common in the heart, bladder and mammary gland (Like-
lihood ratio test for “tissue” factor: Δdev = 25.78, Δdf = 3,
p < 0.001; Figure 1). The identity of the strain affected the
probability of detecting infection in tissues (Δdev = 16.38,
Δdf = 2, p < 0.001) as strain A was more commonly de-
tected than strains K or N (Additional file 1: Table S1).
The primary strain was also frequently detected in xe-

nodiagnostic ticks that had taken their larval blood meal
from the experimental mice (Figure 2) (Additional file 1:
Table S2). Of the 453 ticks that tested positive for B.



Table 1 Mouse-to-tick transmission was more successful
for the primary strain than the secondary strain

D46 D65

Strain Primary Secondary Primary Secondary

A 100% (21) 0% 90% (9) 10% (1)

K 94% (46) 6% (3) 94% (32) 6% (2)

N 97% (29) 3% (1) 100% (7) 0%

Transmission success was calculated as the proportion of ticks infected with
strain 1 (or strain 2) relative to the total number of infected ticks. The number
of ticks infected with each strain are in brackets.
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burgdorferi, the primary strain was present in 446. The
identity of the strain affected the rate at which the strain
was transmitted to feeding ticks (Δ dev = 13.63, Δdf = 2,
p = 0.001), with strain K being transmitted at the highest
rate followed by strain A (Figure 2). The rate of trans-
mission of the primary strain to feeding ticks varied among
the four xenodiagnostic time points (Δdev = 11.64, Δdf = 3,
p = 0.009), although the pattern of temporal variation
differed significantly among strains (Δdev = 33.67, Δdf = 6,
p < 0.001). While strain K was transmitted to feeding ticks
at a consistently high rate throughout the experiment, the
transmission rate of strain A decreased over time, and the
transmission rate of strain N peaked in the middle time
points.
Secondary strain infection and transmission
The secondary strain – the second strain the mice were
exposed to – was detected in only seven of the 24 mice
that were challenged with two different strains. Of these
seven mice, only three had evidence of infection with the
secondary strain in tissue samples; strain A was found in
the ear, heart, and mammary tissues of one mouse and
in the bladder of another mouse, and strain N was found
in the heart of a KN mouse (Additional file 1: Figure S1).
This mouse, like four others, showed evidence of second-
ary strain infection only by one to two positive xenodiag-
nostic ticks. Strain K was transmitted from three mice,
strain A from one mouse, and strain N from one mouse.
Neither strain identity, time of xenodiagnosis, nor any
interaction term significantly affected the mouse-to-tick
transmission rate of the secondary strain. Interestingly,
the identity of the secondary strain did not influence
the mouse-to-tick transmission of the primary strain
(Δdev = 26.26, Δdf = 24, p = 0.34) (Additional file 1: Table S1).
Since only seven ticks carried the secondary strain (from
mice in groups AK, KA, KN, NK), we lacked power to
statistically test the effect of the primary strain on the
transmission of the secondary strain, but we observed
transmission of the secondary strain with each of our
primary strains.
For mice inoculated with multiple B. burgdorferi strains,

mouse-to-tick transmission of the primary strain was an
order of magnitude higher than that of the secondary
strain during the last two transmission events when both
strains were present in the mouse (Table 1). Thus, the
order of inoculation of the strains had a significant effect
on the probability of transmission to mice (Δ dev = 196.2,
Δ df = 1, p < 0.001). The log-odds ratio of the contrast be-
tween the secondary and the primary strain was −4.110
(s.e. = 0.480; Additional file 1: Table S3). That is, the
probability of transmission to feeding larvae was 31-fold
greater when a strain is inoculated first than when it was
inoculated second.
Immune response
The primary strain induced a strong immune response
as measured by total immunoglobulin G (IgG) production
as well as a strong specific immune response against
flagellin and against the OspC genotype expressed by the
primary strain (Figure 3). The anti-OspC response induced
against the primary strain had low cross-reactivity with the
OspC antigen of the secondary strains. In other words, the
anti-OspC antibodies induced by strain A infection had
low affinity for OspC type K nor type N proteins and vice
versa. The inoculation of the secondary strain did not
affect the total IgG level, the anti-Fla response, nor the
specific anti-OspC response targeting either the primary
or the secondary strain, even in the mice with conclusive
evidence of infection by the secondary strain.
We used principal component analysis (PCA) to

characterize the antibody profiles of the mice as the five
antibody response variables (OspCA-IgG, OspCK-IgG,
OspCN-IgG, Fla-IgG, and total IgG) were strongly and
positively correlated (Additional file 1: Table S4). The
first principal component (PC1) captured 44.5% of the
total variance in the data (Additional file 1: Table S5)
and represented the overall IgG response as the five anti-
body variables were all positively correlated with this com-
ponent. The second principal component (PC2) explained
22.5% of the total variance (Additional file 1: Table S5)
and represented a contrast between high levels of total
IgG and OspCK-IgG and low levels of Fla-IgG and
OspCA-IgG. Thus PC2 can be considered as a measure
of specificity because individuals that have a strong anti-
OspCA response have a weak anti-OspCK response and
vice versa. The ability of our PCA to capture the relevant
variation in the antibody profiles is shown by the scatter-
plot of PC1 versus PC2, which causes mice to cluster ac-
cording to the primary strain and not according to the
secondary strain (Additional file 1: Figure S2). The overall
IgG response depended on the primary strain (Δdev =
30.70, Δ df = 2, p < 0.001), and the day of blood sampling
(Δdev = 5.72, Δdf =1, p =0.017), but was independent
of the secondary strain (Δdev = 0.84, Δdf = 2, p = 0.66;
Additional file 1: Table S6). Similarly, only the primary
strain affected the OspC-specific immune response (Δdev =
52.92, Δdf = 2, p < 0.001) while the day of blood sampling



Figure 3 The primary strain induced a strong strain-specific adaptive immune response. The secondary strain did not alter immune response.
Each panel shows one of nine co-infection treatments. Antibody profiles are similar within columns, which share the primary strain, but differ among
rows, which share the secondary strain. This pattern indicates that the primary strain dominated the antibody response and that antibody
profiles differed among primary strains (Additional file 1: Table S6 and S7). Arrows indicate the timing of the primary and secondary inoculation. Shown
are the mean antibody titers (± S.E.) for total IgG (black diamond), anti-flagellin IgG (white diamond), anti-OspCA IgG (blue circle), anti-OspCK (red square),
and anti-OspCN (green triangle). To facilitate viewing, absolute differences in scale among the five antibody variables were removed by standardizing
them to z-scores (mean = 0, stdev = 1).
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and the secondary strain had no effect (Δdev = 2.15,
Δdf = 3, p = 0.542; Additional file 1: Table S7).

Discussion
Inhibitory priority effect
Interactions among co-infecting microbes in a host can
alter the within-host microbial community and ultimately
influence the diversity and population dynamics of mi-
crobes in nature. We used experimental infections to deter-
mine the competitive interactions among strains of Borrelia
burgdorferi, the pathogenic bacterium that causes human
Lyme disease. We detected the presence of strong, in-
hibitory competitive interactions among strains of B.
burgdorferi within a host. The order in which strains
were inoculated into the mouse was the dominant factor
in the competitive outcome among strains. In all cases,
the first strain to infect had a strong fitness advantage
primarily because the colonization of mouse tissues by
subsequent strains was inhibited. Although the strains
differed in their rates of transmission in the absence of
competition, indicating a potential competitive hierarchy,
all strains were excluded when secondary in infection
order regardless of the primary and secondary strain
identity, suggesting the absence of a competitive hierarchy
in sequential infections. The primary strain evoked a
strong and specific adaptive immune response, whereas
there was no change in antibody level following the sec-
ondary inoculation contrary to expectation of activation
of a memory immune response. Overall, the data do
not support a major role of apparent competition due
to the adaptive immune response mediated by IgG in
the observed priority effect.
Evidence of infection by the secondary strain was rare

(Figure 1; Table 1) suggesting that the primary infection
either reduced the probability of infection by the second-
ary strain or limited the population size of the secondary
strain within the host. The data presented are consistent
with the latter hypothesis as strains with small population
sizes are difficult to detect in host tissues by PCR and
would rarely be transmitted to feeding ticks [33,34].
Indirect interactions among strains mediated by the

host immune system were not readily apparent from the
data. All mice mounted a vigorous immune response
against the initial strain, which could have been protective
against subsequent B. burgdorferi infections [31,35-39].
However, the hypothesis that initial infections reduce the
probability of infection by subsequent strains, similar to
expectations from vaccination, is not congruous. It seems
unlikely that previously induced antibodies against other
Borrelia specific antigens, such as the antigenic proteins
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Outer surface protein A (OspA) or OspC, can explain the
observed priority effect data for four reasons. First, the
exclusion of the secondary strain occurred without in-
creasing antibody titers following the inoculation of the
secondary strain as would be expected if memory anti-
bodies were involved. If memory antibodies were acti-
vated, they would trigger the proliferation of B cells
that would then produce large amount of antibodies
[40]. In contrast, the constant level of antibodies in our
data suggests an immunosuppressive effect by the primary
strain [41]. Second, at least 29% of mice were infected by
the secondary strain but at very low levels. Vaccination ef-
fect would result in less mice infected with the second
strain and would affect the transmission of the bacteria to
ticks of all strains independently of the order of infection,
which is not what we observed in mice successfully in-
fected by the secondary strain [31]. Third, bacteria in cul-
ture express different phenotypes, some expressing OspC,
others expressing other proteins [42]. If the rejection of
the secondary strain was due to a specific antigen recogni-
tion, a proportion of the inoculated bacteria would be
immune to the specific antibodies and would be able to
disperse. Lastly, it is unlikely that the titer of antibodies
from the first immune response was at saturation as
mice primed with the N strain had significantly lower
antibody titers than those initially infected by strains A
or K yet still showed no increase when challenged by a
second strain (Figure 3). Thus, the mechanism leading
to the observed priority effect pattern is likely caused by
direct or indirect exclusion (interference or resource com-
petition) of the second strain from colonizing dissemi-
nated sites in the host. Future investigations using serial
sampling of disseminated sites are necessary to observe
direct interactions among strains.

Ecological consequences of priority effect
The strength of the observed priority effect could, re-
peated over several years in a homogenous environment,
reduce the diversity of B. burgdorferi strains in nature and
rapidly lead to a uniform population. However, the diver-
sity of B. burgdorferi strains remains high in many geo-
graphic areas and even within wild mice [12,14,17,18].
High strain diversity within wild mice has been observed
in geographic regions where both tick vectors and B.
burgdorferi are highly prevalent and mice are fed upon
by tens of infected ticks, many carrying multiple strains,
within a period of 30 days [20,29,43]. Thus, the wild mice
in these studies were challenged by multiple strains nearly
simultaneously, which would exclude the possibility of
detecting a priority effect.
Competitive exclusion due to the priority effect mech-

anism may have an impact in geographic areas where B.
burgdorferi and ticks are present but at low prevalence,
such as areas where Lyme disease is spreading [44-47].
In these areas, the time between infectious tick bites can
be long resulting in competitive exclusion of the latter
strains and dramatic fitness benefits to the most prevalent
strains. This effect has the potential to inhibit or prevent
the invasion of subsequent strains into a geographic re-
gion. Additionally, in many areas the season in which
ticks are active in extends over several months such that
strains in late-season feeding ticks that take their blood
meal at the end of the season will have lower success than
those from early-season feeding ticks, even in highly
endemic regions [45,48,49]. This scenario suggests that
bacteria face strong selective pressures for the emergence
of mechanisms to secure their transmission such as
vector behavior manipulation for early or synchronous
host seeking.
Conclusions
The strong inhibitory priority effect is the dominant
mechanism controlling the competitive outcome among
B. burgdorferi strains in a sequentially challenged vertebrate
host. This inhibitory priority effect occurs regardless of the
fitness differences among strains in the absence of competi-
tion. Although the molecular mechanism leading to the
observed priority effect could not be precisely determined
with the current experiments, it is effective within 10 days
of the secondary inoculation and results in the inhibition
of dissemination or colonization of the host. The priority
effect has the potential to limit or reduce the diversity
of strains in nature, especially in low prevalence areas
where sequential challenges are likely. Expansion of B.
burgdorferi into new geographic areas or changes in tick
questing behaviors in response to climate change may
increase the impact of the priority effect on competitive
interactions among B. burgdorferi strains and cause the
most common B. burgdorferi lineages, which are also
the most infectious in humans [28], to become even more
prevalent.
Additional file

Additional file 1: Figure S1. Chart summarizing the diagnostic of
infection by first and secondary strain for each mouse. Figure S2. The
immune response depends on the primary strain. Table S1. Organs
were infected by the primary inoculated strain, though strains did not
infect at the same rate and some organs were more susceptible to
infection, without interactions. Table S2. Mouse-to-tick transmission of
primary strain depended on the identity of the primary strain, the day
of xenodiagnoses (age of infection), and the strain:day interaction.
Table S3. Among heterologous mice at D46 and D65, mouse-to-tick
transmission depended on the order of inoculation (primary/secondary),
strain identity (A, K, and N), the day of xenodiagnoses (age of infection), and
the strain:day interaction. Table S4. The titers of IgG were correlated. Table S5.
The results from the principal component analysis (PCA). Table S6. The strength
of the immune response, summarized by PC1, depended on the day of blood
sampling and the primary strain, but was independent of the secondary
strain. Table S7. The specific adaptive immune response, summarized
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by PC2, depended on the primary inoculated strain and the date
considered, regardless of the secondary strain.
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