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The blacklegged tick, Ixodes scapularis, is of significant public health importance as a vector of Borrelia
burgdorferi, the agent of Lyme borreliosis. The timing of seasonal activity of each immature I. scapularis life
stage relative to the next is critical for the maintenance of B. burgdorferi because larvae must feed after an
infected nymph to efficiently acquire the infection from reservoir hosts. Recent studies have shown that some
strains of B. burgdorferi do not persist in the primary reservoir host for more than a few weeks, thereby
shortening the window of opportunity between nymphal and larval feeding that sustains their enzootic
maintenance. We tested the hypothesis that climate is predictive of geographic variation in the seasonal activity
of I. scapularis, which in turn differentially influences the distribution of B. burgdorferi genotypes within the
geographic range of I. scapularis. We analyzed the relationships between climate, seasonal activity of I.
scapularis, and B. burgdorferi genotype frequency in 30 geographically diverse sites in the northeastern and
midwestern United States. We found that the magnitude of the difference between summer and winter daily
temperature maximums was positively correlated with the degree of seasonal synchrony of the two immature
stages of I. scapularis. Genotyping revealed an enrichment of 16S-23S rRNA intergenic spacer restriction
fragment length polymorphism sequence type 1 strains relative to others at sites with lower seasonal synchrony. We conclude that climate-associated variability in the timing of I. scapularis host seeking contributes
to geographic heterogeneities in the frequencies of B. burgdorferi genotypes, with potential consequences for
Lyme borreliosis morbidity.
vasive infections leading to meningitis (1). Geography and
environmental features influence the genetic structure of certain pathogens by regulating their distribution, dispersal, or
population size (8, 31, 49). Accordingly, a heterogeneous environment will result in spatial structuring of genotype frequencies, with possible epidemiological implications.
Lyme borreliosis is a tick-borne zoonosis caused by Borrelia
burgdorferi, a spirochetal bacterium that exhibits genetic diversity throughout its range in eastern North America (12, 60),
where it is maintained in a horizontal transmission cycle between its vector, the blacklegged tick Ixodes scapularis, and
vertebrate reservoir hosts. I. scapularis has a two-year life cycle
in which it takes three blood meals, one per life stage, with the
two subadult stages responsible for the enzootic maintenance
of B. burgdorferi (2, 3, 51). Larval ticks hatch uninfected from
eggs (41) and acquire the spirochetes from infected reservoir
hosts. Infected larvae maintain the spirochetes transstadially,
allowing them to transmit B. burgdorferi to uninfected reservoirs during their nymphal blood meal the following summer.
The seasonal timing of activity, or phenology, of each tick life

An increasingly important area of research in infectious
disease epidemiology is the influence of pathogen strain diversity on patterns of disease risk and clinical outcome. Strainspecific pathogenicity or transmissibility can be important clinical and epidemiological parameters; for example, only a
subset of Neisseria meningitidis strains are responsible for in-

* Corresponding author. Mailing address: 60 College St., P.O. Box
208034, New Haven, CT 06520-8034. Phone: (203) 785-4434. Fax:
(203) 785-3604. E-mail: maria.diuk@yale.edu.
§ Present address: Children’s Hospital Informatics Program, Harvard-MIT Division of Health Sciences and Technology, 1 Autumn
Street, Boston, MA 02215.
¶ Present address: Department of Entomology, University of California, Davis, 1 Shields Avenue, Davis, CA 95616.
# Present address: Department of Infectious Diseases, Dermatovenerology and Microbiology, Vilnius University, Birutes Str. 1, LT08117 Vilnius, Lithuania.
‡ A. G. Gatewood and K. A. Liebman contributed equally to this work.
† Supplemental material for this article may be found at http://aem
.asm.org/.
䌤
Published ahead of print on 27 February 2009.
2476

Downloaded from http://aem.asm.org/ on February 23, 2019 by guest

Department of Epidemiology and Public Health, Yale School of Medicine, 60 College Street, New Haven, Connecticut 065201;
National Institute for Agricultural Research, UR346 Animal Epidemiology, F-63122 Saint Genès Champanelle, France2;
Department of Microbiology and Molecular Genetics, University of California, Irvine, 3046 Hewitt Hall, Irvine, California 926973;
Department of Fisheries and Wildlife, Michigan State University, 13 Natural Resources Building, East Lansing,
Michigan 488244; Department of Entomology, University of Nebraska, Lincoln, 12BA Entomology Hall,
East Campus, Lincoln, Nebraska 685835; Division of Science and Environmental Policy,
California State University Monterey Bay, 100 Campus Center, Seaside, California 939556;
NASA Ames Research Center, Moffett Field, California 940357; Department of
Environmental Studies, Emory University, 400 Dowman Drive, Atlanta,
Georgia 303228; and Department of Large Animal Clinical Sciences,
Michigan State University, East Lansing, Michigan 488249

CLIMATE PREDICTS B. BURGDORFERI STRAIN FREQUENCY

VOL. 75, 2009

MATERIALS AND METHODS
Tick collections. Host seeking ticks were collected between mid-May and late
September in the years 2004 to 2006. Potential collection sites were selected
according to a stratified random selection procedure described previously (17).
Over the 3-year period, 304 sampling sites were selected throughout the range of
I. scapularis in the United States. Host seeking I. scapularis ticks were found in
103 of these sites and were concentrated around two major foci of activity in the
Northeast and Upper Midwest (see Fig. S1 in the supplemental material). A
subset of these sites were sampled in multiple years, resulting in 115 total
site-year collections. Included in the present analysis were all collections where
larvae were found on a minimum of three visits over the course of a sampling
season. The lowest 10th percentile of site-year collections in terms of larval
counts was dropped from the analysis, yielding a minimum sample size of 19
larvae per site per year. These selection criteria resulted in 34 site-year collections that were adequate for examining seasonal host seeking activity. The 34
collections represented 30 unique sites; 2 of the 30 sites were visited in two
different years of the study, and one site was visited in all three years.

Each site was visited repeatedly at approximately even intervals throughout
the summer months, with a median of five visits during the season. At each visit,
host seeking ticks were collected from vegetation by using a 1-m2 drag cloth over
five 200-meter transects, for a total of 1,000 m2 sampled per visit. The cloth was
inspected for ticks every 20 m, and nymphal ticks were preserved in transectspecific vials of 70% ethanol. Larvae were either placed in the vial or collected
using adhesive tape and stored in plastic bags. All nymphs were identified to
species using the key by Durden and Keirans (20). Due to the large number of
larvae collected and the difficulty involved in identifying larvae of the genus
Ixodes to species, all larval specimens were identified to genus. Within the 3-year
sampling period, only 6 of 3,923 Ixodes spp. nymphs in the 34 collections included
in this study were not I. scapularis. Therefore, we estimated that less than 0.2%
of Ixodes spp. larvae would be a species other than I. scapularis and included all
Ixodes spp. larvae in this analysis.
Host seeking seasonality. For each site, the percent activity of larvae and
nymphs was plotted for each collection date, yielding overlapping activity curves
for the two stages. Percent activity was measured as the total number of I.
scapularis ticks of a given stage collected at a visit over the total number collected
at the site throughout the season. Seasonal synchrony was measured as the
overlapping area under both larval and nymphal percent activity curves. Seasonal
synchrony was calculated for each site, as well as each sampling year for repeated
sites. To more closely inspect patterns of host seeking seasonality, we pooled
observations into two groups based on the median value of seasonal synchrony
and plotted the 2-week moving average of larval and nymphal seasonal percent
activity for each group (see Fig. 2).
Environmental covariates. Previous research on ticks belonging to the Ixodes
ricinus species complex, of which I. scapularis is a member, has shown that
temperature can affect the seasonal activity of immature life stages (6, 35, 38, 40,
42, 45–48). In addition, vapor pressure deficit has been shown to affect the
distribution, survivorship, and host seeking behavior of I. scapularis (11, 35, 57).
Because the timing of host seeking in ticks is thought to be a genetic adaptation
to long-term climate patterns (9, 22), we used detrended averages of groundcollected climate data recorded between 1950 and 2006. Spatially continuous
meteorological surfaces of all variables, at an 8-km spatial resolution, were
derived by interpolation of daily data from meteorological stations by the Ecological Forecasting Laboratory at NASA Ames Research Center (http://ecocast
.arc.nasa.gov/) using the Surface Observation and Gridding System (29) and the
DAYMET algorithms (55). We included in our analyses the monthly average of
the daily maximum and minimum temperatures and the monthly average vapor
pressure deficit at each of the sites. In addition to the monthly means, we
calculated the detrended annual and biannual Fourier component magnitude
and phase of the maximum and minimum temperature and vapor pressure deficit
variables by using ERDAS Imagine version 9.1 (Leica Geosystems Atlanta, GA).
The temporal Fourier processing removes noise from the seasonal data, achieves
data reduction, and produces a set of orthogonal outputs while retaining a
description of seasonality. It is commonly used to study the distribution of vectors
(44, 50, 53). Processed raster surfaces were then overlaid with sampling points,
and point values were extracted by using ArcGIS 9 (ESRI, Inc., Redlands, CA).
Photoperiod has been shown to be the main trigger of nymphal emergence from
diapause for I. scapularis ticks (7). Therefore, we included latitude as a covariate
in our analyses.
DNA extraction and PCR. Total DNA was extracted from individual nymphal
I. scapularis ticks using ammonium hydroxide (NH4OH). Ticks were incubated
for 2 h in 5 l of 1.4 M NH4OH at room temperature and then crushed with a
pipette tip. Ninety-five microliters of water was added, followed by a second
incubation at 95°C for 30 min. The material was centrifuged to separate tick
debris from the DNA solution, and the supernatant was transferred to clean vials
containing 1 l of 0.1 M EDTA and stored at ⫺20°C.
All extracts were tested for the presence of B. burgdorferi DNA by using
real-time PCR targeting the 16S rRNA (rrs) gene, and positive samples were
subjected to a second real-time PCR to identify 16S-23S rRNA intergenic spacer
restriction fragment length polymorphism sequence type 1 (RST 1) strains as
described previously (56). Our choice of genotyping method, therefore, discriminated between two broad groups of strains, RST 1 strains and RST 2 and 3
strains. The reasons for this choice were twofold. (i) RST 1 strains, a genetically
conserved and monophyletic assemblage that includes the temporally persistent
infection-causing strain B206, have been linked with a greater range and severity
of clinical symptoms than RST 2 and RST 3 strains, which together form a
genetically more diverse group (30, 54, 61, 62); therefore, this genotyping modality has epidemiological and ecological relevance to our study question. (ii) By
using a single real-time PCR, we were able to assay a larger number of B.
burgdorferi samples than would have been possible using a sequencing-based
method. One limitation of our genotyping approach is that any ticks that were
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stage relative to the next is a critical factor in the maintenance
of B. burgdorferi because larvae typically must feed after an
infected nymph in order to acquire the bacteria (32).
Previous studies in Europe of tick-borne encephalitis virus
have shown that seasonal synchrony of immature ticks is necessary for the maintenance of the virus in natural enzootic
cycles because nonsystemic infections are transmitted from
nymphs to larvae feeding in close proximity on the same individual reservoir rodent (48). Furthermore, seasonal synchrony
of immature tick activity, a prerequisite of cofeeding, was
found to be correlated with climate (47). Although it is possible
for an I. scapularis larva to become infected with B. burgdorferi
by simultaneously feeding in close proximity to an infected
nymph, a role for cofeeding transmission in the enzootic maintenance of B. burgdorferi in North America has not been established (43). Rather, until recently, the existing evidence
indicated that B. burgdorferi causes life-long systemic infections
in reservoirs that allow for its maintenance in the absence of
seasonal synchrony of I. scapularis immatures (18). However,
recent studies suggest that this may not always be the case (34)
and that there are differences in the duration of infectiousness
that are strain specific (16, 28).
We hypothesized that large-scale, climate-driven geographic
variability in the host seeking phenology of immature I. scapularis ticks is associated with heterogeneity in the frequencies of
strains acquired by larval ticks. Using regression models and
accounting for spatial autocorrelation, we examined the relationships between climate, the temporal synchrony of larval
and nymphal seasonal host seeking activity, and B. burgdorferi
genotype frequency in ticks collected from 30 geographically
diverse sites systematically selected for their locations throughout the northeastern and midwestern United States.
Here we present empirical evidence that climate patterns,
specifically, regional variation in summer and winter temperature cycle extremes, are associated with variation in the seasonal synchrony of I. scapularis larval and nymphal host seeking activity. Furthermore, both climate and the differences in
the seasonal synchrony of the two immature tick stages are
related to geographic variation in B. burgdorferi genotype frequency. Our results point to the impact of climate upon the
natural dynamics of enzootic transmission and population genetic structure of an important vector-borne human pathogen,
with possible implications for the distribution of human disease risk and epidemiology.
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RESULTS
We estimated the seasonal overlap of host seeking I. scapularis larvae and nymphs by using collections of 31,917 Ixodes
spp. larvae and 3,929 I. scapularis nymphs at 30 geographically
diverse sites in the northeastern and midwestern United States
(see Table S1 in the supplemental material). In general, host
seeking Ixodes spp. ticks were concentrated in the Northeast
and Upper Midwest and were not found in and around the
state of Ohio despite extensive and systematic sampling
throughout the northern and eastern quadrant of the United
States (see Fig. S1 in the supplemental material). This distribution has been observed both in the sampling associated with
the present study (17) and in other studies (11, 15). Seasonal
synchrony, quantified as an index calculated as the area of
overlap in larval and nymphal seasonal host seeking activity
curves, was higher in midwestern sites than in northeastern
sites, although there was variability within each region (Fig.
1A). Dividing the observations into halves at the median value
of the seasonal synchrony index allowed for a more-detailed
illustration of host seeking seasonality patterns (Fig. 2).
Nymphal host seeking activity reached a peak early in the
season and then tapered off slowly over the summer months
over all sites. Larval host seeking activity reached a peak soon
after the nymphal peak in highly synchronous sites (Fig. 2A),
while in less-synchronous sites, larvae peaked toward the end
of the season, after the nymphal peak.
Of the 3,923 nymphs, 817 (20.8%) were infected with B.
burgdorferi, and of those, 212 (25.9%) had RST 1 strain infections (see Table S1 in the supplemental material). Infected
nymphs were found in 27 of the 30 sites, and RST 1 strains
were present in 25 sites. There was a general trend of increased

RST 1 strain prevalence in northeastern sites (Fig. 1B), where
there was less seasonal synchrony (Fig. 1A).
Using regression modeling, we identified the amplitude of
the annual cycle of maximum daily temperature as the best
predictor of seasonal synchrony (Table 1) based on AIC. Seasonal synchrony increased with increasing amplitude of the
annual cycle of maximum temperature [F(1, 29) ⫽ 37.32, P ⬍
0.0001, R2 ⫽ 0.51] (Fig. 3). This temporal Fourier-derived
variable is a descriptor of the magnitude of the difference
between winter and summer temperatures. Despite all of the
climate variables exhibiting high covariance (data not shown),
this variable outperformed the next-most-predictive variable
by more than 6 points of AIC. We then used both seasonal
synchrony and the amplitude of the annual cycle of maximum
temperature in separate logistic regressions to predict the presence/absence of RST 1 strains. We observed a significant negative relationship between both variables and the probability of
RST 1 strain presence (P ⬍ 0.001 and P ⫽ 0.001, respectively)
(Fig. 4).
DISCUSSION
Our results show that seasonal synchrony of the immature
stages of I. scapularis is significantly related to average maximum and minimum temperatures and vapor pressure deficit,
as well as variables that capture seasonal climate patterns (Table 1). These climate-associated differences in seasonal synchrony are also correlated with the relative frequencies of RST
1 genotypes of B. burgdorferi circulating in natural enzootic
cycles, resulting in an uneven geographic distribution of
strains.
A previous study of the host seeking phenology of all three
life stages of I. scapularis in a single site in Westchester County,
NY, showed that the majority of the seasonal activity of larvae
occurs in the late summer to early fall and is preceded by a
much smaller peak of activity that is coincident with nymphal
activity in early June (23). Because larvae do not hatch from
eggs until July, it has been hypothesized that the small, earlier
June peak in larval activity comprises larvae that were unsuccessful at finding a host in the preceding autumn and resumed
activity in spring after overwintering (14). We observed a similar pattern among sites characterized by asynchronous peaks
in immature ticks host seeking in the present study (Fig. 2B).
Interestingly, the pattern is reversed in sites that are characterized by greater synchrony between stages, where we also
observed a bimodal distribution of larval activity, but with the
early peak much more pronounced than the late-season peak
(Fig. 2A).
Abiotic factors, such as ground temperature, can affect the
seasonality of subadult life stages of I. scapularis (39) and I.
ricinus, the vector of B. burgdorferi and tick-borne encephalitis
virus in Europe (41, 45–48). The temporal Fourier-processed
climate variables evaluated in this study are summary descriptors of seasonal climate patterns and have been used previously
in mapping vector seasonal activity (47). In sites characterized
by a high amplitude of the annual cycles of maximum monthly
temperature, there is a large difference between winter and
summer temperatures. These higher extremes result in a more
abrupt autumnal cooling, which has been implicated previously
as a factor leading to unfed larvae entering diapause (5, 47). It
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coinfected with both RST 1 and RST 2 and 3 strains would have been scored as
positive for RST 1, thereby in effect underestimating the prevalence of RST 2
and 3 strains. Using finer-scale sequence-based genotyping at multiple loci,
including the 16S-23S rRNA intergenic spacer region, we have found a rate of
mixed infections of approximately 20% in all sites, with no geographic patterning
(A. G. Gatewood, unpublished data). Therefore, this potential source of bias
appears to be systematic and distributed evenly across our study area.
Statistical analyses. Linear regression was used to model the synchrony in
larval and nymphal seasonal activity using climate variables as predictors. Multiple regression models, including all combinations of two or more variables,
were not significant, likely due to small sample size and to the covariance
inherent in climate variables. The best-fit univariate model according to Akaike’s
information criterion (AIC) was selected as a basis for logistic regression analyses to examine the relationships between seasonal synchrony, climate, and RST
1 strain presence/absence in infected ticks.
The residuals of all models were tested for the presence of spatial autocorrelation, which would violate the underlying assumption of regression analysis that
residual errors are uncorrelated. Spatial autocorrelation was assessed at different
distance classes by calculating Moran’s I (13) over equally sized spatial lags, with
the smallest lag distance chosen to be the maximum distance between any point
and its nearest neighbor. When evidence of spatial autocorrelation was found, it
was adjusted for by including a spatial autocovariate in the model. The spatial
autocovariate was an inverse distance-weighted average of the response variable
that was calculated over a set of neighbors for each point, with the neighborhood
defined by the spatial extent of autocorrelation. Finally, for all models, standard
errors were adjusted to account for repeated sampling of the sites in more than
one year in three by using the cluster option in Stata (STATA SE 10; Stata
Corporation), which corrects for within-group autocorrelation. All distance calculations were performed on geographic data projected with a Lambert azimuthal equal area projection in ArcGIS (ESRI, Inc., Redlands, CA). All statistical calculations were done in Stata and in R using the spdep and ncf packages.
R procedures for generating autocovariate terms were adapted from Dormann
et al. (19).
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is also possible that more-extreme seasonal temperatures delay
ovipositioning and larval hatching, further shortening the window of opportunity for larvae to acquire a blood meal later in
the same season. Our observation of a dominant peak in larval
activity occurring in the spring in the more-continental sites
may, in part, reflect a cohort of ticks that overwintered as
unfed larvae as an adaptation to local climate conditions.
Our finding that RST 1 strains are more prevalent in sites
where immature tick activity is less synchronous is consistent

with the hypothesis that a temporal gap between nymphal and
larval feeding confers a higher relative fitness to these strains
than other strains. This is of particular interest in light of two
recent studies that compared the transmission dynamics of two
strains of B. burgdorferi, an invasive RST 1 strain (BL206)
isolated from human blood (58) and a slowly disseminating
RST 3 strain (B348) isolated from an erythema migrans lesion
(59). A population simulation study (38) found that BL206 was
weakly favored when immature tick feeding was synchronous
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FIG. 1. Maps of seasonal synchrony and RST 1 strain prevalence. (A) Seasonal synchrony, measured as the area of overlap of immature tick
seasonal host seeking activity curves, mapped by site. Large circles are sites characterized by a high degree of seasonal synchrony of immature tick
stage activity, and small circles represent sites with little seasonal overlap. Data are divided into categories by quantiles. Background shading
corresponds to the amplitude of the annual cycle of maximum temperature in degrees Celsius. Warm colors represent regions with extreme annual
temperature cycles, while areas shaded with cooler colors are characterized by milder seasonal climates. (B) RST 1 strain infection prevalence in
B. burgdorferi-positive ticks, mapped by site. Larger circles represent sites with high rates of RST 1 strain infection, while smaller circles indicate
sites with low RST 1 strain prevalence in infected ticks. Data are divided into categories by quantiles. Map background shading is as described for
panel A.
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FIG. 2. Seasonal activity of larvae and nymphs. Seasonal activity
curves of immature tick host seeking based on 2-week moving averages
of larval (solid lines/blue shading) and nymphal (dashed lines/red shading) host seeking. Observations of seasonal activity were pooled into
two groups divided at the median of the seasonal synchrony index.
Fifth-order polynomial trend lines were fitted for illustration purposes
and are shown in black.

but was more strongly favored when the temporal gap between
peak nymphal and larval feeding was long. Our study provides
empirical evidence that supports this theoretical finding. Another recent study experimentally compared the fitness of
BL206 and B348 by measuring the duration of infection with

TABLE 1. Univariate regression models to predict seasonal synchronya
Model

Latitude
Monthly mean Tmax
Tmax annual cycle amplitude
Tmax annual cycle phase
Tmax biannual cycle amplitude
Tmax biannual cycle phase
Monthly mean Tmin
Tmin annual cycle magnitude
Tmin annual cycle phase
Tmin biannual cycle amplitude
Tmin biannual cycle phase
Monthly mean VPD
VPD annual cycle magnitude
VPD annual cycle phase
VPD biannual cycle amplitude
VPD biannual cycle phase

Parameter

Parameter
estimate

Pr ⬎ 兩t兩

Pr ⬎ F

Intercept
Slope
Intercept
Slope
Intercept
Slope
Intercept
Slope
Intercept
Slope
Intercept
Slope
Intercept
Slope
Intercept
Slope
Intercept
Slope
Intercept
Slope
Intercept
Slope
Intercept
Slope
Intercept
Slope
Intercept
Slope
Intercept
Slope
Intercept
Slope

⫺32.21
0.96
22.36
⫺0.92
ⴚ15.78
1.7
248.47
⫺1.11
3.14
6.31
11.68
⫺0.01
11.79
⫺0.87
⫺12.06
1.59
207.07
⫺0.9
5.72
4.77
22.76
⫺0.06
22.19
⫺0.02
⫺9.52
0.04
219.12
⫺0.98
3.08
0.13
14.22
⫺0.06

0.002
⬍0.001
⬍0.001
⬍0.001
<0.001
<0.001
⬍0.001
⬍0.001
0.043
⬍0.001
0.574
0.903
⬍0.001
⬍0.001
0.011
⬍0.001
⬍0.001
0.001
⬍0.001
0.001
⬍0.001
⬍0.001
⬍0.001
0.005
0.08
0.002
0.001
0.002
0.304
0.04
0.005
0.29

⬍0.001

179

⬍0.001

179.4

<0.001

168.23

⬍0.001

178.67

⬍0.001

176.37

0.9

193.77

⬍0.001

178.44

⬍0.001

174.43

⬍0.001

183.66

⬍0.001

182.13

⬍0.001

186.82

0.005

187.78

0.002

187.49

0.002

185.17

0.04

188.3

0.29

192.2

AIC value

a
Results for the model with the lowest AIC are shown in boldface. Pr ⬎ F, P value associated with the F score for the model; Pr ⬎ 兩t兩, 2-tailed P value for testing
the null hypothesis that the parameter estimate is 0; Tmax, maximum daily temperature; Tmin, minimum daily temperature; VPD, vapor pressure deficit.
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FIG. 3. Relationship between seasonal synchrony and climate. Linear regression plot of the relationship between the area of overlap of
immature tick seasonal host seeking activity curves and the amplitude
of the annual cycle of maximum temperature. Solid gray line represents regression prediction. Dashed gray lines show the 95% confidence interval for the prediction line.

VOL. 75, 2009

CLIMATE PREDICTS B. BURGDORFERI STRAIN FREQUENCY

each strain in mice by their ability to infect larval ticks (28).
The authors found that the duration of BL206 infection in the
white-footed mouse, Peromyscus leucopus, lasted for at least 79
days, while B348 infection declined dramatically within 40
days. This confirmed a result of an earlier study, which found
that B348 infection dropped sharply by 21 days and approached zero by day 42 (16). It should be noted that P.
leucopus is an important reservoir host for B. burgdorferi but
that several other vertebrates are involved in its enzootic maintenance. Further studies are needed to determine if there are
strain-specific differences in persistence in other vertebrate
hosts, including birds.
The truncated infectious period of B348 observed in previous studies does not preclude its establishment under conditions favoring asynchronous immature tick activity. In fact,
B348 was originally isolated from a patient in Westchester
County, NY, the same county where asynchronous immature
tick activity was described previously (23) and where we observed low seasonal overlap of immature tick activity in this
study. In the absence of phenotypic data from other isolates or
an understanding of the genetic basis of persistence, we cannot
assume that all RST 1 strains share the high relative persis-

tence of infectiousness observed in BL206. In genotyping studies, RST 1 strains generally form a well-supported monophyletic clade (12, 54, 59, 61), while RST 2 and 3 strains are for the
most part diverged from RST 1 strains and exhibit more genetic diversity than do RST 1 strains, which are relatively more
conserved (12, 54). We postulate that the invasive and persistent BL206 is likely to be somewhat representative of RST 1
strains, on average, while RST 3 strains, and perhaps also RST
2 strains, are more likely to exhibit a wider range of phenotypes. This pattern is also suggested by studies of the outersurface protein C (ospC) locus, which is linked with the 16S23S rRNA intergenic spacer region. Both ospC major groups,
A and B, which correspond to RST 1, have been shown to be
associated with highly invasive disease, while only a few of the
more diverse and more numerous ospC genotype groups that
correspond to RST 2 and 3 have been shown to be more
capable of invasive infections (21, 52, 61).
Previous studies paint a complex and incomplete picture of
strain-specific variation in dissemination and persistence for B.
burgdorferi; nevertheless, they form the foundation for the hypothesis that less-invasive and -persistent strains would have a
relative fitness disadvantage in regions with low seasonal overlap of subadult tick activity, thereby allowing the more-persistent strains to reach a higher prevalence than they would under
synchronous conditions. Our finding that RST 1 strains are
more prevalent in areas with low seasonal synchrony of immature tick host seeking activity is consistent with the hypothesis
that seasonality-related drivers of selection for persistent
strains in part underlie the distribution of RST 1 strains that we
observed in this study. One likely source of noise in our model
is the possibility that observations of RST 1 absence included
in this analysis represent RST 2 or 3 strains that are highly
persistent either in mice or other reservoir species. Despite this
potential source of error, we observed a highly significant trend
of a relative enrichment of RST 1 strains in asynchronous sites.
If RST 1 strains have a fitness advantage in an asynchronous
environment, it could be argued that they should also have a
fitness advantage over other strains in an environment with
synchronous feeding on the basis that longer-persisting strains
will be more likely to be transmitted under any conditions.
Based on the findings of this and previous studies, we hypothesize that any fitness advantage conferred by long persistence
is more beneficial in sites with asynchronous immature tick
activity but that balancing selection is maintaining a degree of
strain diversity in both environments. Two mutually compatible mechanisms for balancing selection in B. burgdorferi have
been proposed by Brisson and Dykhuizen (10). First, B. burgdorferi appears to be under negative-frequency-dependent selection acting on the ospC gene (10, 60). Because a strong
secondary immune response protects individual reservoir hosts
from reinfection with the same ospC type but not from different ospC types (4), rare ospC types could have a selective
advantage, resulting in the maintenance of a variety of ospC
genotypes in a B. burgdorferi population (10, 60). Although the
16S-23S intergenic spacer is not subject to such selective pressures, its strong linkage with ospC (12, 28, 30, 59) suggests that
the maintenance of a diverse set of ospC genotypes will generally result in RST polymorphism in the population. It should
be noted that, although ospC and 16S-23S spacer region sequences correlate with the varied pathogenic and immunody-
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FIG. 4. Relationships between RST 1 strain prevalence, climate,
and seasonal synchrony. Logistic regression plot showing relationship
between proportions of ticks infected with RST 1 strains and the
amplitude of the annual cycle of maximum temperature (A) or seasonal synchrony measured as the area of overlap of immature tick
seasonal host seeking activity curves (B). Circles are proportional to
sample size. Solid gray lines are predicted probabilities of RST 1 strain
infection. Dashed gray lines show 95% confidence intervals for predictions.
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