Parasitol Res (2013) 112:1763-1770
DOI 10.1007/s00436-013-3335-1

ORIGINAL PAPER

Associations between innate immune function
and ectoparasites in wild rodent hosts

Evelyn C. Rynkiewicz - Hadas Hawlena -
Lance A. Durden - Michael W. Hastriter -
Gregory E. Demas - Keith Clay

Received: 7 September 2012 / Accepted: 31 January 2013 /Published online: 17 February 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract Immune function is an important component of
host fitness, and high investment in immunity should occur
when the benefits outweigh the costs, such as when risk of
parasitism is high. We sampled two rodent hosts, white-
footed mice (Peromyscus leucopus), and prairie voles
(Microtus ochrogaster), and their tick, flea, and mite ecto-
parasites. A bacterial killing assay was used to measure the
host’s innate immune function. We hypothesized that classes
of hosts (species, sexes, or age classes) with overall higher
tick burdens would have a higher innate immune function as
an evolutionary response to historically greater exposure.
We hypothesized a weaker relationship between the fleas
and mites and immune function because of high host spec-
ificity in fleas and the absence of known vector function in
North American mites. Ectoparasites were significantly
overdispersed on hosts. In accordance with our hypothesis,
Peromyscus that had higher tick burdens also exhibited
significantly higher bacterial killing ability compared to
Microtus. There was no significant difference in total flea
burden between rodent species and no relationship with
bacterial killing ability. Microtus had higher burdens of
mites in each order than Peromyscus, and female rodents
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had higher mite burdens than males. The benefits of main-
taining high levels of innate immune factors appear to be
greater than the energetic costs for Peromyscus compared to
Microtus.

Introduction

Immune function is an important component of host fitness,
but it is energetically costly (Demas et al. 1997; Graham et
al. 2010). High investment in immunity should occur when
the benefits of high immune function outweigh the costs,
such as in habitats dense with parasites or when host fitness
is strongly affected by parasitism (Allen 1994; Baucom and
de Roode 2011; Graham et al. 2011). Moreover, the verte-
brate immune system is diverse with components adapted to
respond to different kinds of challenges. The time scale and
nature of host interactions with parasites should determine
the evolutionary patterns of immune investment. Short-term
interactions with parasites are expected to increase the ben-
efit of investing in specific antibodies and cell-mediated
responses. For example, kittiwake birds (Rissa tridactyla)
exhibited a positive correlation between tick density and
Borrelia burgdorferi antibodies in kittiwake eggs (Gasparini
et al. 2001). In contrast, longer-term and more widespread
interactions should select for higher investment in constitu-
tive, innate responses. This is supported by observations of
small ground finches (Geospiza fuliginosa) where birds from
larger islands in the Galapagos with higher parasite diversity
had higher levels of general immune measures and lower
levels of cell-mediated immunity compared to birds from
smaller islands (Lindstrom et al. 2004). Given that the host
immune system interacts directly with parasites, a better un-
derstanding on the broader ecological consequences of the
relationship between immune function and parasitism is need-
ed (Bradley and Jackson 2008; Hawley and Altizer 2011;
Pedersen and Fenton 2007).
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There are several hypotheses predicting the relationship
between immune function and parasitism in animal hosts.
The immunocompetence handicap hypothesis (ICHH), pro-
posed by Folstad and Karter (1992) in response to an anal-
ysis by Hamilton and Zuk (1982), states that there is a
physiological trade-off between energetic investment in sec-
ondary sexual characteristics and immune function such that
males with the showiest traits have the lowest immune
function and higher susceptibility to parasites. This relation-
ship, where hosts with low immunity have more parasites,
has also been used to explain the formation of “super-
spreaders” (Shaw and Dobson 1995; Shaw et al. 1998),
individuals that transmit far more infectious propagules than
the majority of the population (Woolhouse et al. 1997).
While there is evidence supporting the ICHH based on
patterns found in nature and in laboratory experiments
(Folstad et al. 1989; Muehlenbein 2006; Zuk et al. 1990a,
b), many studies have found mixed results on the relation-
ship between parasites and immune function (Bordes et al.
2012; Saino et al. 1995; Fuxjager et al. 2011; Ezenwa et al.
2011). These patterns suggest that the relationship between
host immune function and parasites may be determined by
long-term ecological interactions, the natural history of the
host and parasites, and the type of immunity measured.

Another hypothesis derived from plant pathology pre-
dicts how host immune response can lead to resistance
and/or tolerance to parasites (Fornoni et al. 2004;
Puustinen et al. 2004; Bordes et al. 2012). It suggests that
tolerant hosts with high parasite loads are able to reduce
fitness costs of infection by confining parasite spread or
investing in immune components that sequester parasites
or protect host tissues. By contrast, highly resistant hosts
may be as fit as tolerant hosts but have low parasite loads
due to highly effective removal of parasites through immune
clearance (Raberg et al. 2007; Baucom and de Roode 2011).
Based on predictions from the resistance—tolerance trade-off
hypothesis, observed superspreaders may not be the indi-
viduals with the “poorest” immune function, but rather
individuals that invest in tolerance mechanisms and survive
long enough to propagate many secondary infections.

In this study, we measured ectoparasite burdens (ticks,
fleas, and mites) on two common rodent hosts in order to
investigate how ectoparasite exposure relates to innate im-
mune function of the host. We employed a bacterial killing
assay as a measure of general, innate immunity that is
independent of previous exposure and thus does not mea-
sure acquired immunity to specific agents (Millet et al.
2007; Tieleman et al. 2005). We hypothesized that classes
of hosts (e.g., species, sexes, or age classes) with consis-
tently higher tick burdens will have a higher innate immune
response. While individual hosts may vary greatly in tick
and other ectoparasite burden in the short term (Calabrese et
al. 2011; Krasnov et al. 2006), over the longer term, certain
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classes of hosts are more likely to be parasitized than others
(Perkins et al. 2008; Ostfeld et al. 1995) and are more likely
to be exposed to vector-borne pathogens (Ginsberg 2008).
By contrast, because the flea species, Ctenophthalmus pseu-
dagyrtes and Orchopeas leucopus, are specific to the rodent
hosts examined here (Traub 1985), we expected that they
would be poor predictors for immunocompetency. The mites
found in our study are facultative hematophages, not feeding
exclusively on blood (Whitaker 1982; Radovsky 1985), and
mite-borne pathogens in North America are very rare
(Zavala-Castro et al. 2009; Whitaker et al. 2007; Iwasa et
al. 1990), suggesting that mites would also be weak predic-
tors of immunocompetency.

Methods
Study system

The most common rodent species in our study sites in southern
Indiana (USA) are Peromyscus leucopus (white-footed mouse)
and Microtus ochrogaster (prairie voles). Both hosts support a
diversity of ectoparasites (Whitaker 1982; Durden 1992). P
leucopus is found mostly in forested habitats, while M.
ochrogaster is found in open, grassy habitats and prefers
shorter and varied vegetation (Krebs 1970; Mumford and
Whitaker 1982). The most common rodent ectoparasites are
the ticks, Ixodes scapularis (black-legged deer tick) and
Dermacentor variabilis (American dog tick); the fleas, C.
pseudagyrtes and O. leucopus; and mites from the orders
Mesostigmata and Trombidiformes (Mumford and Whitaker
1982; Durden 1992). Lice may also infest these rodents, but
their quantification would have required sacrificing animals,
which was not done here (Whitaker 1982). The two tick species
found in this study are generalists that use a wide variety of
hosts during their lifetime (Klompen et al. 1996; Whitaker
1982). In contrast, the two flea species are highly host specific,
with O. leucopus parasitizing Peromyscus spp. and C. pseuda-
gyrtes parasitizing Microtus spp. almost exclusively. Mites
within a family or order can vary greatly in their host specificity
and their feeding ecology (Whitaker 1982; Radovsky 1985).
Peromyscus and Microtus species are reservoir hosts for human
and wildlife vector-borne pathogens such as B. burgdorferi
(LoGiudice et al. 2003; Ostfeld and LoGiudice 2003),
Babesia microti (Anderson et al. 1986; Burkot et al. 2000),
and Bartonella spp. (Hofimeister et al. 1998).

Field collections

Eight sites in southern Indiana were sampled for small
mammals and their ectoparasites from May to July, 2009.
Three 40 % 50-m grids were established in forested and open,
grassy habitats at each site. Forty Sherman live traps (3 x
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3.5%9 in; H.B. Sherman Traps, Tallahassee FL, USA) were
placed in each grid for a total of 120 traps per site, and each
site was surveyed for three consecutive days for a total of
2,880 trap nights (8 sitesx3 nightsx 120 traps). Traps were
baited each evening before dusk with millet seeds, puffed
corn peanut butter snack, and cotton batting and were checked
early the next morning. Each rodent was censused for ecto-
parasites only at its first capture in order to have equal sam-
pling effort for each individual. The skin and fur of each
rodent was thoroughly searched with forceps. All ticks and
fleas observed were collected, and the majority (68 %) of
observed mites were collected for identification. Mites were
numerous on certain individual rodents and, unlike ticks, were
highly mobile, making it difficult to collect 100 % of the
observed mites. Ticks, fleas, and mites collected from rodents
were placed in 70 % ethanol and stored in the laboratory
at —20 °C until they were identified to species.

After sampling rodents for ectoparasites, a 100-pl blood
sample was taken under anesthesia once per sampling peri-
od using retro-orbital sinus bleed. Non-heparinized blood
samples were kept on ice until they were centrifuged
(12,000 RPM for 15 min) to separate red blood cells from
serum. Serum was aliquoted, and both blood components
were stored separately at —80 °C. Serum samples were then
used for immune assays. After sampling, all rodents were
marked with a numbered, steel ear tag and were released at
the exact site of their capture. All rodent handling proce-
dures were approved by the Bloomington Institutional
Animal Care and Use Committee (protocol no. 11-001).

Immune assay

A Dbacterial killing assay (BKA) was used to measure each
host’s innate immune function; it does not measure current
pathogen infection in the host (modified from Chester et al.
2010; Millet et al. 2007). Because serum samples were stored
frozen, bacterial killing here was primarily due to complement
proteins in the rodent serum which create pores on the surface
of bacterial cells causing them to lyse (Boughton et al. 2011;
Chester et al. 2010). Individual variation in background levels
of immune factors is expected and reflected as measurable
variation in bacterial killing ability. To perform the BKA, a
pellet of a known number of Escherichia coli cells [Epower™
Microorganisms no. 0483E7, MicroBioLogics, St. Cloud, MN;
1 pellet=10 cells or colony forming units (CFU)] was prepared
in glutamine-enriched, CO,-independent growth media (Gibco
no. 18045, Carlsbad, CA). The pellet was activated by incu-
bating in 40 ml sterile 1 M phosphate-buffered saline (PBS) at
37 °C for 30 min, resulting in a 500,000-CFU/ml stock. A 10 %
working stock of E. coli was made using 1 M PBS, resulting in
a 50,000-CFU/ml solution.

Serum samples were diluted to 1:40 with CO,-indepen-
dent media (5 pl serum to 195 pl media; dilution determined

by pilot optimization). Next, 20 ul of working stock bacteria
was added to the 200 pl serum dilution. The positive control
consisted of 20 ul working stock bacteria (but no serum)
added to 195 pl media and 5 pl PBS. The negative control
was made using 25 pl PBS and 195 pl growth media. All
samples were incubated at 37 °C for 30 min. Then, 50 pl of
each sample was plated onto a Trypticase Soy Nutrient Agar
plate. Each sample was plated in triplicate. All plates were
incubated at 37 °C for 8 h, after which colonies were
counted. The mean number of colonies was calculated
from the three plates for each sample, and the number
of colonies on sample plates was compared to positive
control plates to obtain “proportion alive” for each rodent
host. Bacterial killing ability, or “proportion killed”, was
calculated as 1—proportion alive.

Statistical analysis

A generalized linear model analysis with a negative bino-
mial distribution was used to analyze differences in ectopar-
asite burdens between hosts. A general linear mixed model
(GLMM) was used to analyze differences in bacterial killing
ability between host classes. A square-root transformation
was used to improve the normality of the bacterial killing
data. Host sex, species, age, body mass, reproductive con-
dition, and habitat were fixed variables in both analyses, and
collection site was included as a random variable in the
GLMM. Measures of ectoparasite burden (number of ticks,
fleas, or mites collected from each host) were added as fixed
variables in GLMM analysis of bacterial killing ability.

Results
Ectoparasite distributions on hosts

A total of 192 rodents were trapped during this study [126 P
leucopus, 62M. ochrogaster, 3 Microtus pinetorum (pine
vole), and 1 Microtus pennsylvanicus (meadow vole);
Table 1]. Further analyses were conducted only on P. /eu-
copus (hereafter, Peromyscus) and M. ochrogaster (hereaf-
ter, Microtus), due to the small numbers of M. pinetorum
and M. pennsylvanicus captured. From Peromyscus and
Microtus, a total of 273 ticks (157 D. variabilis and 116 L
scapularis), 80 fleas (26 C. pseudagyrtes and 54 O. leuco-
pus), and 201 mites were collected. Eight mite species in the
order Mesostigmata were identified (153 mites total), with
Androlaelaps fahrenholzi and Laelaps kochi being the most
abundant, while one species in the order Trombidiformes
was collected (Eutrombicula alfreddugesi, 48 mites total;
Table 1). One individual Listrophorus mexicana, a hair mite
(order Sarcoptiformes), was also collected.
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Table 1 Summary of ectoparasites (ticks, fleas, and mites) collected from rodent hosts divided by species and sex

Peromyscus (126)
Sum (Mean+SE)

Female (51)

Male (75)

Microtus (62)

Female (28)

Male (34)

306 (2.43+0.22)

90 (1.76+0.24)

216 (2.88+0.31)

351 (5.75+0.32)

143 (5.11+0.56)

208 (6.03+0.38)

Class Acari

Ticks
Dermacentor
variabilis

Ixodes scapularis
Mites

141 (1.05+0.18)

52 (0.38+0.24)

34 (0.67+0.28)

11 (0.22+0.37)

107 (1.43+0.23)

41 (0.55+0.31)

16 (0.26+0.26)

64 (1.03£0.34)

45 (0.726+0.199)
0 (0)

27 (0.435+0.54)
3 (0.0480.12)
1(0.01620.13)

7 (0.113+0.18)
46 (0.741£0.17)
1 (0.016+0.13)

8 (0.129+0.12)

7 (0.25+0.38)

22 (0.79+0.50)

17 (0.607+0.26)
0 (0)

27 (0.964+0.80)
3 (0.1070.18)
0 (0)

3 (0.1070.24)
11 (0.393+0.22)
0 (0)

3 (0.107+0.18)

9 (0.27+0.35)

42 (1.27+0.46)

28 (0.823+0.29)
0 (0)
0 (0)
0 (0)
1 (0.029+0.171)

4(0.117+0.27)
35 (1.029+0.22)
1 (0.029+0.171)

5 (0.147+0.16)

Androlaelaps 34 (0.272+0.14) 10 (0.196+0.18) 24 (0.324+0.20)
fahrenholzi
Eulaelaps 1 (0.008+0.09) 1(0.019+0.14) 0(0)
stabularis
Eutrombicula 21 (0.168+0.26) 18 (0.353+£0.43) 3 (0.04+0.15)
alfreddugesi
Haemogamasus 2 (0.016+0.09) 0(0) 2 (0.027+0.12)
liponyssoides
Haemogamasus 0 (0) 0(0) 0(0)
longitarsus
Laelaps alaskensis 0 (0) 0 (0) 0 (0)
Laelaps kochi 0(0) 0(0) 0 (0)
Listrophorus 0 (0) 0(0) 0 (0)
mexicana
Ornithonyssus 5 (0.04+0.16) 5(0.098+0.26) 0 (0)
bacoti
Class Insecta
Fleas
Ctenophthalmus 3 (0.02+0.05) 1 (0.02+0.08) 2 (0.027+0.06)
pseudagyrtes
Orchopeas 54 (0.42+0.07) 19 (0.37+0.11)
leucopus

23 (0.39+0.07) 17 (0.61£0.11) 6 (0.182+0.10)

35 (0.47+0.09) 0 0 0

All values are presented as total (mean+1 SE)

Data in bold highlight the host species sums and means for each ectoparasite

We found an overdispersed (aggregated) pattern of ecto-
parasites on rodent hosts. Most hosts had zero or a few
ectoparasites, while a few hosts had many ectoparasites
(variance/mean ratio=7.081, skewness=3.756+0.178;
Fig. 1). High variance/mean ratio and skewness greater than
1.0 indicate that the distributions of ectoparasites on hosts
are best described by a negative binomial distribution
(Petney et al. 1990), which accurately describes the distri-
bution of many macroparasites (Fenton et al. 2010;
McAloon and Durden 2000; Shaw and Dobson 1995).

Dermacentor ticks were found at all eight sites and on
both host species, whereas Ixodes ticks were found only at
two sites. Therefore, further analyses on tick distributions
were conducted only for Dermacentor. There was a signif-
icant difference in tick burden between rodent species with
Peromyscus carrying significantly more Dermacentor ticks
than Microtus (likelihood ratio=26.27, degrees of freedom
(df)=1, p<0.0001; Fig. 2). When considering all hosts, male
rodents had higher Dermacentor burdens than females
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Fig. 1 Distribution of all ticks, fleas, and mites on the two host
species. A majority of individuals carry no or few ticks and a minority
carry many ticks, leading to the observed skewed distribution (vari-
ance/mean ratio=7.081, skewness=3.756+0.178)
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Fig. 2 Mean [+1 standard error (SE)] D. variabilis tick (triangles), C.
pseudagyrtes flea (circles), O. leucopus flea (squares, top panel),
Mesostigmata (diamonds), and Trombidiformes (Xs, bottom panel)
burdens on Peromyscus and Microtus hosts

(likelihood ratio=9.91, p=0.002). There was not a signifi-
cant speciesxsex interaction. However, when host species
were analyzed separately, the sex difference was driven by
male Peromyscus, which had significantly higher tick bur-
dens than female Peromyscus (Fig. 2; likelihood ratio=8.24,
p=0.004). No sex differences in tick burden were found
between male and female Microtus. Habitat, date, body size,
age, reproductive condition, and host density did not affect
tick burden (»p>0.20 for all listed variables).

C. pseudagyrtes fleas were found nearly exclusively on
Microtus (likelihood ratio=30.56, df=1, p<0.0001) and O.
leucopus occurred only on Peromyscus (Table 1). This is
consistent with previous results reporting high host speci-
ficity in these flea species (Durden 1992; Mumford and
Whitaker 1982). There were no significant species differ-
ences in total flea burden between hosts, but there was a
significant species % sex interaction (likelihood ratio=5.71, p
=0.017), with Peromyscus males and Microtus females hav-
ing higher flea burdens. Habitat, date, body size, age, repro-
ductive condition, and host density did not affect flea burden
(»p>0.20 for all listed variables).

Mites were binned by order for statistical analysis (ex-
cluding Sarcoptiformes because only a single L. mexicana
mite was found; Table 1). Microtus had significantly more
Mesostigmata (likelihood ratio=15.87, p<0.0001) and
Trombidiformes mites (likelihood ratio=39.91, df=1, p<
0.0001) than Peromyscus. Female rodents also had higher

mite burdens than males (Mesostigmata, likelihood ratio=
16.012, p<0.0001; Trombidiformes, likelihood ratio=
3.424, p=0.064). There were no significant host species x
sex effects for either mite order.

Immune response of hosts and ectoparasites

Blood samples were collected from a total of 114 rodents, with
56 Peromyscus and 14 Microtus samples providing sufficient
serum for immune analysis. There was no significant linear
relationship between individual bacterial killing ability and
tick (R*=0.001, F;=0.094, p=0.76) or flea burden (R*=
0.003, F;=0.217, p=0.64). There was also no significant
linear relationship between mite burden for either order and
bacterial killing ability (Mesostigmata, R*=—0.012, F;=0.16,
p=0.69; Trombidiformes, R2=0.006, F1=1.40, p=0.24).
There was, however, a significant difference in bacterial
killing ability between host species, with Peromyscus serum
samples killing more bacteria (proportion killed=0.76=+
0.03) than Microtus serum samples (0.33£0.06, F/3.56=
48.31, p<0.0001). There was also a nonsignificant trend for
Peromyscus males (0.78+0.037) to kill more bacteria than
females (0.74%0.05, Fy/53.07=2.35, p=0.13; Fig. 3), but
there was no difference in bacterial killing between male
and female Microtus. Habitat, body size, age, reproductive
condition, and host density did not affect bacterial killing
ability (p>0.20 for all listed variables). While there can be
changes in rodent physiology due to day length and other
seasonal changes (Nelson and Demas 1996; Zysling et al.
2009), date was also not a significant factor in our analyses.

Discussion

The results of our field sampling and laboratory assays
provide partial support for our hypothesis that classes of
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Fig. 3 Mean bacterial killing ability (=1 SE) of both host species and
both host sexes. Bacterial killing ability was square root transformed to
improve normality
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hosts with higher tick burdens will have higher innate im-
mune function. Here, Peromyscus, the host species with the
higher tick burden, had significantly higher bacterial killing
ability than Microtus. As predicted, there was no relation-
ship between flea burden and bacterial killing. There was a
significant negative correlation between mite burden and
bacterial killing, reflecting that Microtus had the highest
mite burden and the lowest bacterial killing ability. In addi-
tion, male Peromyscus had higher tick burdens than female
Peromyscus and a higher, but nonsignificant, bacterial kill-
ing ability, which is partially consistent with the ICHH
(Folstad and Karter 1992; Roberts et al. 2004). The differ-
ences in tick burden and innate immune function between
rodent species, however, were more consistent with the
hypothesis that classes of hosts with high parasite loads
are more tolerant and exhibit high innate immune function
(Baucom and de Roode 2011). The immunocompetence of
an individual may represent a combination of both resis-
tance and tolerance mechanisms (Keil et al. 2001).

We found significant differences in innate immune func-
tion between two host species, with Peromyscus showing
higher bacterial killing ability than Microtus. The observed
host species differences could result from longer-lived
Peromyscus investing more in immune function than
shorter-lived Microtus (Martin et al. 2007). However, habi-
tat differences and parasite exposure between the two host
species could also provide different selective environments
for investment in innate immune function. At our study
sites, Peromyscus was found primarily in forests, where tick
densities on vegetation were higher, while Microtus
inhabited open, grassy areas with lower tick densities
(Durden 1992; Rynkiewicz et al., unpublished data). The
benefits of maintaining high innate immune function may
outweigh the costs for Peromyscus if they are more likely to
encounter ticks and vector-borne pathogens, while the same
energetic expenditure may be less beneficial for Microtus.
Ticks and fleas vector a number of microbial pathogens, and
hosts with more ectoparasites will be more frequently ex-
posed to vector-borne pathogens (Ginsberg 2008). Because
the innate immune system responds nonspecifically to chal-
lenges and may be more responsive to long-term, predict-
able patterns of host—parasite interactions, variation in
ectoparasite burden among classes of hosts may provide a
stronger selective force than short-term variation among
individuals.

There was no relationship between flea burden and bac-
terial killing ability. Microtus and Peromyscus had similar
flea burdens, yet Peromyscus had higher bacterial killing
ability. The host species-specific fleas sampled in this study
can spend their entire adult life on the same individual
(Mumford and Whitaker 1982; Whitaker 1982). Given this
high level of specificity between host and ectoparasite, we
would expect higher host investment in adaptive, as
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opposed to innate, immunity. While these fleas can vector
pathogenic bacteria (Hawlena et al. 2013; Abbot et al. 2007;
Erickson et al. 2009), they are quite host specific, unlike the
ticks sampled here; so, a host is less likely to be exposed to
novel flea-borne pathogens over their lifetime (Traub 1985).
However, this pattern may not be universal for all flea and
host species (Brinkerhoff et al. 2011; Gomez-Diaz et al.
2007; Jones and Britten 2010).

Mesostigmata and Trombidiformes mites were more
abundant on Microtus, and female rodents had more mites
of both orders than males. While Microtus had higher mite
burdens than Peromyscus and lower bacterial killing ability,
the mites found on the rodents in this study are not known to
be vectors of pathogens. Some biting mites may cause small
wounds on the host, which could lead indirectly to infection.
However, most of the mite species found in this study are
facultative hematophages and often feed on skin secretions
or debris or on body fluids from other arthropods on the host
or in the host nest (Radovsky 1985). Therefore, the mites
sampled here are unlikely sources of infection and probably
do not impose a fitness cost on their host and so may
provide a weak selective pressure on host innate immune
function.

Our results suggest that there are species-specific differ-
ences in innate immune function. Mammals are known to
develop antibodies both to components of tick saliva as well
as to tick-borne pathogens (Brown 1988; Schwanz et al.
2011; Wikel 1999). However, the innate immune factors
active in the bacterial killing assay we utilized are first
responders to infection (Janeway et al. 2007). Complement
proteins are always circulating in the blood, but contact with
bacterial surface proteins and lipopolysaccarides, such as
those on the surface of many gram-negative, vector-borne
bacteria, can locally activate proliferation of complement
proteins (Tilly et al. 2008; Amerault et al. 1981; Francis et
al. 1980). A metagenomic survey of ticks and fleas from the
same sampling sites reported here revealed high levels of
bacterial diversity (Hawlena et al. 2013). The higher innate
immune function in highly parasitized classes of hosts may
therefore also reflect defense against ectoparasite-borne bac-
teria. Detailed analyses of vector-borne infections within
hosts, immune function, and bacterial communities of ecto-
parasites would bring further clarity to issues of tolerance
and resistance in these rodent hosts.

Our analyses of natural communities of ectoparasites and
rodent hosts indicate that P. leucopus have higher tick bur-
dens and higher bacterial killing ability than M. ochrogaster.
Higher tick burdens in Peromyscus may have selected for
high innate immune function to enhance their tolerance to
high tick burdens and potential vector-borne pathogen ex-
posure throughout their lifetime. Thus, these results indicate
that potential superspreaders may have higher, rather than
lower, immune function than the majority of the population
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(Baucom and de Roode 2011; Bordes et al. 2012). Hawley
and Altizer (2011) recently highlighted the need for field
data linking immune function, host life history character-
istics, and aggregated distribution of parasites to determine
how they lead to patterns of host—parasite interactions ob-
served in nature. Our results on rodent innate immune
function, variation among life history and taxonomic clas-
ses, and ectoparasite aggregation help address this knowl-

edge gap.
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