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a b s t r a c t
Borrelia burgdorferi differentially exhibits outer surface proteins (Osp) on its outer membrane, and detection of particular Osp antibodies in mammals is suggestive of the infection
stage. For example, OspF is typically associated with chronic infection, whereas OspC suggests early infection. A ﬂuorescent bead-based multiplex assay was used to test sera from
New York and Pennsylvania white-tailed deer (Odocoileus virginianus) for the presence of
antibodies to OspA, OspC, and OspF. OspF seroprevalence was signiﬁcantly greater than
both OspA and OspC seroprevalence for all study sites. OspA, OspC, and OspF seroprevalences were signiﬁcantly greater in Pennsylvania deer than New York deer. The regional
differences in seroprevalence are believed to be attributable to a heterogeneous Ixodes
scapularis distribution. While most seropositive deer were solely OspF seropositive, deer
concurrently OspC and OspF seropositive were the second most commonly encountered
individuals. Simultaneous detection of OspF and OspC antibodies may occur when noninfected or chronically infected deer are bitten by an infected tick within a few months of
blood collection, thereby inducing production of antibodies associated with the early stages
of infection with B. burgdorferi.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Infection with Borrelia burgdorferi, the causative agent
of Lyme disease, is the most common vector-mediated
disease in the United States. Depending upon a variety
of different factors, the bacterium differentially expresses
outer surface proteins (Osp) on its outer membrane. These

Abbreviations: Osp, outer surface protein; MFI, median ﬂuorescent
intensities; NC, north central; NE, northeastern.
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Osp are often highly immunogenic and induce Ab production in the mammalian host. OspA expression begins soon
after the bacterium enters the tick and continues for the
entire length of time that the spirochete resides within the
resting tick’s midgut (Pal et al., 2000). When the tick initiates feeding on a mammal, expression of OspA begins to
decrease and production of OspC starts to increase (Schwan
et al., 1995). OspF is typically expressed after infection of
the mammalian host (McDowell et al., 2001; Wagner et al.,
2012). Detectible levels of antibodies to different Osp in
mammals, such as white-tailed deer (Odocoileus virginianus), is useful for diagnosis and may also suggest the stage
of infection (Wagner et al., 2012). A ﬂuorescent bead-based
multiplex assay based on recombinant OspA, OspC, and
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Fig. 1. Locations of sampled white-tailed deer and Borrelia burgdorferi outer surface protein (Osp) C and OspF seropositive deer by townships, New York,
2009.

OspF proteins was developed recently and was validated
for detection of antibodies to B. burgdorferi in dogs and
horses (Wagner et al., 2011a,b).
Although white-tailed deer are deadend hosts and not
considered competent B. burgdorferi reservoirs, they are
hypothesized to be potential sentinels for B. burgdorferi
range expansion (Gill et al., 1993; 1994). The successful
vector-mediated transmission of the spirochete to deer
(Magnarelli et al., 2010) and the vigorous immune response
of deer against the spirochete suggest their utility as sentinels (Gill et al., 1994). Spirochetemia has been reported
in deer (Bosler et al., 1984), but research has shown that
ticks feeding on spirochetemic deer do not become infected
with B. burgdorferi (Telford et al., 1988). Some methods of
B. burgdorferi surveillance, including small-mammal trapping or active tick surveillance, are very labor-intensive and
expensive (Gill et al., 1994). Thus, white-tailed deer surveillance is a valuable method of B. burgdorferi distribution
monitoring because of the ease of collecting samples from
hunter-harvested deer (Gill et al., 1994).
The purpose of the current study was to use a ﬂuorescent bead-based multiplex assay to detect antibodies
in white-tailed deer to B. burgdorferi Osp proteins. These
antibodies were then used as markers to determine the distribution of infected ticks feeding on wild white-tailed deer
in New York and Pennsylvania.
2. Materials and methods
We utilized sera collected from wild deer from four separate study areas in Pennsylvania (approximately 39–42◦
N, 74–80◦ W) and from across central New York (approximately 40–45◦ N, 71–79◦ W) (Figs. 1 and 2). Blood was
collected via jugular veinipuncture from 232 live-captured

deer in Pennsylvania from January until March 2010. The
blood was stored at 4◦ C, centrifuged (target speed 1300× g
for 10 min), and serum was separated and frozen at −80 ◦ C
(Martinez et al., 1999). All work was performed under a
Penn State University Institutional Animal Care and Use
Committee permit (#26886). In New York, 267 samples
from hunter-harvested deer were collected in November
2009. Blood samples were obtained from the thoracic cavity (Passler et al., 2008) or as it drained from the nasal and
oral cavities. Blood was processed as above.
Multiplex assays were performed as described by
Wagner et al. (2011a) with the following exceptions: deer
sera were diluted 1:400 in PBS containing 1.0% BSA and
0.05% sodium azide (PBN), detection of deer serum antibodies was performed using 50 l of unconjugated rabbit
anti-deer IgG (rabbit anti-deer IgG (H+L), Bethyl Laboratories, Inc., Montgomery, Texas, USA) diluted 1:800 in
PBN followed by 50 l of phycoerythin conjugated goat
anti-rabbit (R-Phycoerythrin AfﬁniPure F(ab’)2 Fragment
Goat Anti-Rabbit IgG (H+L), Jackson ImmunoResearch Laboratories, Inc., West Grove, Pennsylvania, USA) diluted
1:100 in PBN. Data were reported as median ﬂuorescent
intensities (MFI). Assay interpretation ranges were previously established for a canine and for an equine Lyme
multiplex assay. Both assays resulted in similar interpretation ranges (Wagner et al., 2011a,b). The equine
cut-off values were used here to classify the whitetailed deer samples because it is believed that horse
responses better represent white-tailed deer serological
responses.
Pearson’s Chi-squared test with Yates’ continuity correction was used to assess the signiﬁcance of the number
of positive samples by geographic location and by Osp
Ag within each individual site. R version 2.13.0 (R
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Fig. 2. Northeastern, north central, south central, and eastern Pennsylvania sample sites, 2010.

Development Core Team, 2008) was used to analyze the
data. A P-value < 0.05 was considered signiﬁcant.
3. Results and discussion
The median and range of MFI values and the OspA,
OspC, and OspF seroprevalences for New York and Pennsylvania deer are listed in Table 1. At all sites, the number

of OspF seropositive deer were signiﬁcantly greater than
the number of OspA and OspC seropositive deer (P ≤ 0.03).
This was expected because OspF antibodies represent
robust markers that can be detected throughout infection with B. burgdorferi (Wagner et al., 2012). The number
of OspA, OspC, and OspF seropositive deer were signiﬁcantly greater in Pennsylvania than New York (P < 0.003 for
OspA, OspC, and OspF). Signiﬁcant regional differences in

Table 1
Median and range values for ﬂuorescent intensity and seroprevalence (classiﬁed according to validated equine ranges) for white-tailed deer Borrelia
burgdorferi outer surface protein (Osp) antibodies using a ﬂuorescent bead-based multiplex assay.
Osp
New York
OspA
OspC
OspF
Pennsylvania (total)
OspA
OspC
OspF
Northeastern Pennsylvania
OspA
OspC
OspF
North Central Pennsylvania
OspA
OspC
OspF
Eastern Pennsylvania
OspA
OspC
OspF
South Central Pennsylvania
OspA
OspC
OspF
a
b
c
d
e

Rangea

Mediana

Seropositive samplesb

20–9402
11–10,209
19–19,975

681
402
721

38/267c (14.23%; 10.55%, 18.93%)
53/267d (19.85%; 15.51%, 25.05%)
89/267e (33.33%; 27.95%, 39.19%)

195–9883
51–21,241
83–18,901

1540
607
2387

78/232c (33.62%; 27.85%, 33.62%)
74/232d (31.90%; 26.24%, 38.15%)
172/232e (74.14%; 68.14%, 79.35%)

274–8564
51–21,241
83–18,901

1759
1747
1808

30/75c (40.00%; 29.66%, 51.31%)
30/75d (40.00%; 29.66%, 51.31%)
49/75e (65.33%; 54.05%, 75.11%)

297–8051
65–1650
173–12,221

928
1182
2448

6/28c (21.43%; 10.21%, 39.54%)
4/28d (14.29%; 5.70%, 31.49%)
25/28e (89.29%; 72.81%, 96.29%)

195–9883
163–12,115
190–13,502

1540
2282
3211

28/87c (32.18%; 23.30%, 42.57%)
25/87d (28.74%; 20.29%, 38.99%)
66/87e (75.86%; 65.90%, 83.63%)

263–8351
123–4608
405–13,037

1353
2102
2807

14/42c (33.33%; 21.01%, 48.44%)
15/42d (35.71%; 22.99%, 50.83%)
32/42e (76.19%; 61.47%, 86.52%)

Median ﬂuorescent intensity.
Total of seropositive animals/total number of animals tested (percent positive; 95% lower conﬁdence limit, 95% upper conﬁdence limit).
Equine seropositive OspA ﬂuorescent intensity: >2000 median ﬂuorescent intensity.
Equine seropositive OspC ﬂuorescent intensity: >1000 median ﬂuorescent intensity.
Equine seropositive OspF ﬂuorescent intensity: >1250 median ﬂuorescent intensity.

168

M.S. Kirchgessner et al. / Veterinary Immunology and Immunopathology 153 (2013) 165–169

Table 2
Classiﬁcation of Borrelia burgdorferi Osp seropositive white-tailed deer into single, double, and triple expression categories.
Seropositive status

Pennsylvaniaa

New Yorka

OspA only
OspC only
OspF only
OspA and OspC
OspA and OspF
OspC and OspF
OspA, OspC, and OspF

12/232 (5.17%; 2.98%, 8.82%)
8/232 (3.45%; 1.76%, 6.66%)
83/232 (35.78%; 29.89%, 42.13%)
6/232 (2.59%; 1.19%, 5.53%)
29/232 (12.5%; 8.85%, 17.38%)
29/232 (12.5%; 8.85%, 17.38%)
31/232 (13.36%; 9.57%, 18.34%)

9/267 (3.37%; 1.78%, 6.28%)
16/267 (5.99%; 3.72%, 9.51%)
46/267 (17.23%; 13.17%, 22.22%)
2/267 (0.75%; 0.21%, 2.69%)
8/267 (3.0%; 1.53%, 5.8%)
16/267 (6.0%; 3.72%, 9.51%)
19/267 (7.12%; 4.61%, 10.85%)

a

Total of seropositive animals/total number of animals tested (percent positive; 95% lower conﬁdence limit, 95% upper conﬁdence limit).

Pennsylvania were noted when sera were analyzed
between sample groups. The number of OspC seropositive
deer was signiﬁcantly greater in the northeastern (NE) site
when compared to the north central (NC) site (P = 0.026).
The number of OspF seropositive deer was signiﬁcantly
greater in the NC site when compared to either the NE
(P = 0.031) or the south central (P < 0.000) sites.
These results indicate that antibodies to B. burgdorferi
OspA, OspC, and OspF are more prevalent in Pennsylvania
deer than New York deer. Regional differences in seroprevalence may be attributable to a heterogeneous Ixodes
scapularis distribution. Alternatively, because the Pennsylvania deer were sampled in January through March,
whereas the New York deer were sampled in November,
the regional differences in prevalence and Ab production
intensity levels may be reﬂective of seasonal variation.
However, the latter may only inﬂuence antibodies to OspC
which are markers of early infection (Akin et al., 1999,
Pal et al., 2004) and disappear in the chronic disease
stage if no re-infection occurred, while antibodies to OspF
are robust and long-lasting indicators during all stages of
infection (Magnarelli et al., 1997; McDowell et al., 2001;
Wagner et al., 2012). The time between exposure to B.
burgdorferi and a detectable Osp Ab response was found
to be 3–5 weeks in experimentally infected dogs and
OspC antibodies lasted until 4–5 months post infection
(Wagner et al., 2012). In white-tailed deer, Magnarelli et al.
(2010) reported antibodies to B. burgdorferi VslE antigen
in samples collected from deer throughout the year and
documented sustained Ab titers showing minimal changes
in deer that were sampled at intervals ranging from 17
days to over 5 years. Responses to B. burgdorferi VslE antigen highly correlated to those to OspF antigen in dogs
and horses (Wagner et al., 2012, 2013). These data suggest that the regional differences noted in this study are
likely not attributable to seasonal variation but rather are
due to variable I. scapularis and/or B. burgdorferi geographic
distribution.
The signiﬁcantly greater percentage of OspF seropositive deer suggests that the majority of sampled deer were
chronically infected with B. burgdorferi. The signiﬁcantly
lower percentage of deer OspC seropositive suggests that
fewer sampled deer were acutely infected. Considering the
reported OspA kinetics in other species, the small percentage of OspA seropositive deer is not surprising. In humans,
OspA is believed to be rarely expressed (Pal et al., 2000),
but low and transient humoral OspA responses have been
detected in the early stages of some B. burgdorferi infections in humans and dogs (Akin et al., 1999; Wagner et al.,

2012) and in some patients diagnosed with chronic Lyme
arthritis (Akin et al., 1999). However, because deer, most
notably yearlings and adults, may be bitten thousands of
times each year by I. scapularis (Gill et al., 1994), the primary vector in the NE United States (Oliver et al., 1993).
It is believed that repeated exposure to low levels of OspA
may lead to a detectable Ab response in deer and explain
the presence of OspA seropositive deer in this study.
While the proportion of OspF seropositive deer was signiﬁcantly greater than either the percentage of OspA or
OspC seropositive deer in the majority of sampling sites,
many deer exhibited concurrent seropositivity to two or
more Osp (Table 2). In both New York and Pennsylvania, most seropositive deer were solely OspF seropositive,
but deer concurrently OspC and OspF seropositive exhibited the second highest prevalence. Simultaneous detection
of OspF and OspC antibodies may be observed when the
animal was infected within the past few months or may
occur when chronically infected deer are bitten by an
infected tick within a few months of blood collection,
thereby inducing production of antibodies associated with
the early stage of infection (Wagner et al., 2012). The most
infrequently encountered class of seropositives was concomitant OspA and OspC seropositive deer, which was
not surprising; OspA production is suggestive of repeated
low-level exposure to B. burgdorferi, whereas OspC production is more indicative of early infection. The regional
differences observed between the sampled populations
of deer in New York and Pennsylvania and the differential Osp Ab production in individual deer suggest that the
B. burgdorferi ﬂuorescent bead-based multiplex assay is
able to adequately measure relative Osp Ab production in
white-tailed deer. Furthermore, the preponderance of deer
with detectable levels of OspF suggests that the majority of
sampled deer were chronically infected with B. burgdorferi.
Although white-tailed deer are not considered competent
B. burgdorferi reservoirs, differential Osp Ab production in
individual deer and regional differences in Osp Ab production supports the hypothesis that white-tailed deer are
appropriate sentinels for B. burgdorferi.
Acknowledgements
We thank the Pennsylvania Game Commission for collecting blood samples in 2010 and also acknowledge all
of the SUNY-ESF students who helped collect samples in
New York in 2009. We would also like to thank Ed Tanguay and all of the other commercial deer processors who
allowed us to sample at their facilities. The multiplex assay

M.S. Kirchgessner et al. / Veterinary Immunology and Immunopathology 153 (2013) 165–169

development and the analysis of serum samples were
funded by the Method Development Funds of the Animal
Health Diagnostic Center at Cornell University.
References
Akin, E., Mchugh, G.L., Flavell, R.A., Fikrig, E., Steere, A.C., 1999. The
immunoglobulin (IgG) Ab response to OspA and OspB correlates with
severe and prolonged Lyme arthritis and the IgG response to P35
correlates with mild and brief arthritis. Infect. Immunity 67, 173–
181.
Bosler, E.M., Ormiston, B.G., Coleman, J.L., Hanrahan, J.P., Benach, J.L.,
1984. Prevalence of the Lyme disease spirochete in populations of
white-tailed deer and white-footed mice. Yale J. Biol. Med. 57, 651–
659.
Gill, J.S., McLean, R.G., Neitzel, D.F., Johnson, R.C., 1993. Serologic analysis of white-tailed deer sera for antibodies to Borrelia burgdorferi by
enzyme-linked immunosorbent assay and Western immunoblotting.
J. Clin. Microbiol. 31, 318–322.
Gill, J.S., McLean, R.G., Shriner, R.B., Johnson, R.C., 1994. Serologic
surveillance for the Lyme disease spirochete, Borrelia burgdorferi, in
Minnesota by using white-tailed deer as sentinel animals. J. Clin.
Microbiol. 32, 444–451.
Magnarelli, L.A., Flavell, R.A., Padula, S.J., Anderson, J.F., Fikrig, E., 1997.
Serologic diagnosis of canine and equine borreliosis: use of recombinant Ags in enzyme-linked immunosorbent assays. J. Clin. Microbiol.
35, 169–173.
Magnarelli, L.A., Williams, S.C., Fikrig, E., 2010. Seasonal prevalence of
serum antibodies to whole cell and recombinant Ags of Borrelia
burgdorferi and Anaplasma phagocytophilum in white-tailed deer in
Connecticut. J. Wildlife Dis. 46, 781–790.
Martinez, A., Salinas, A., Martinez, F., Cantu, A., Miller, D.K., 1999. Serosurvey for [319] selected disease agents in white-tailed deer from Mexico.
J. Wildlife Dis. 35, 799–803.
McDowell, J.V., Sung, S.Y., Price, G., Marconi, R.T., 2001. Demonstration of
the genetic stability and temporal expression of select members of
the Lyme disease spirochete OspF protein family during infection in
mice. Infect. Immunity 69, 4831–4838.

169

Oliver, J.H., Owsley, M.R., Hutcheson, H.J., James, A.M., Chen, C., Irby, W.S.,
Dotson, E.M., McLain, D.K., 1993. Conspeciﬁcity of the ticks Ixodes
scapularis and/dammini (Acari: Ixodidae). J. Med. Entomol. 30, 54–63.
Pal, U., de silva, A.M., Montgomery, R.R., Fish, D., Anguita, J., Anderson, J.F.,
Lobet, Y., Fikrig, E., 2000. Attachment of Borrelia burgdorferi within
Ixodes scapularis mediated by outer surface protein A. J. Clin. Invest.
106, 561–569.
Pal, U., Yang, X., Chen, M., Bockenstedt, L.K., Anderson, J.F., Flavell, R.A.,
Norgard, M.V., Fikrig, E., 2004. OspC facilitates Borrelia burgdorferi invasion of Ixodes scapularis salivary glands. J. Clin. Invest. 113,
220–230.
Passler, T.P., Walz, P.H., Ditchkoff, S.S., Walz, H.L., Givens, M.D., Brock, K.V.,
2008. Cohabitation of pregnant white-tailed deer and cattle persistently infected with bovine viral diarrhea virus results in persistently
331 infected fawns. Vet. Microbiol. 134, 362–367.
R Development Core Team. 2008. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna,
Austria. ISBN 3-900051-07-0, URL http://wwww.R-project.org
Schwan, T.G., Piesman, J., Golde, W.T., Dolan, M.C., Rosa, P.A., 1995. Induction of an outer surface protein on Borrelia burgdorferi during tick
feeding. PNAS USA 92, 2909–2913.
Telford III, S.R., Mather, T.N., Moore, S.I., Wilson, M.L., Spielman, A., 1988.
Incompetence of deer as reservoirs of the Lyme disease spirochete.
Am. J. Trop. Med. Hygiene 39, 105–109.
Wagner, B., Freer, H., Rollins, A., Erb, H.N., 2011a. A ﬂuorescent beadbased multiplex assay for the simultaneous detection of antibodies to
B. burgdorferi outer surface proteins in canine serum. Vet. Immunol.
Immunopathol. 140, 190–198.
Wagner, B., Freer, H., Rollins, A., Erb, H.N., Lu, Z., Gröhn, Y., 2011b.
Development of a multiplex assay for detection of antibodies to
Borrelia burgdorferi in horses and its validation using Bayesian and
conventional statistical methods. Vet. Immunol. Immunopathol. 144,
374–381.
Wagner, B., Freer, H., Rollins, A., Garcia-Tapia, D., Erb, H.N., Earnhart, C.,
Marconi, R., Meeus, P., 2012. Antibodies to Borrelia burgdorferi OspA,
OspC, OspF and C6 Ags as markers for early and late infection in dogs.
Clin. Vacc. Immunol. 19, 527–535.
Wagner, B., Goodman, L., Rollins, A., Freer, H.S., 2013. Antibodies to OspC,
OspF and C6 antigens as indicators for infection with Borellia burdorferi in horses. Equine Vet. J, http://dx.doi.org/10.1111/evj.12033.

