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ABSTRACT: There are many known species of Bartonella, Gram-negative bacteria that can cause febrile
illness and fatality in humans and animals. These pathogens are often transmitted through
hematophagous arthropod vectors such as fleas and lice. Despite increasing awareness about Bartonella
spp. and their zoonotic potential, as well as existing literature on Bartonella spp. in cervids, little is
known about the diversity of Bartonella spp. in white-tailed deer (Odocoileus virginianus) and their
associated keds in the southeastern US. We examined the prevalence and diversity of Bartonella spp. in
an enclosed herd of white-tailed deer and their ectoparasites, deer keds (Lipoptena mazamae), in
Alabama. The overall prevalence of Bartonella infection in this population of deer was 16% (10/63) and
24% (23/96) in keds associated with deer that we sampled. Three species of Bartonella were identified
in both deer and their keds: Bartonella bovis, Bartonella schoenbuchensis, and Bartonella sp. 1.
Additionally, Bartonella melophagi was detected in white-tailed deer but not in the sampled keds. The
detection of four Bartonella species in one population of white-tailed deer, three of which have known
zoonotic potential, highlights the importance of Bartonella diversity within host species.
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INTRODUCTION

Bartonellosis is a vector-borne disease
caused by Gram-negative bacteria of the
genus Bartonella. These bacteria infect eryth-
rocytes, endothelial cells, and macrophages,
which can lead to persistent blood-borne
infections. Bacteria of the genus Bartonella
are variable in pathogenicity and prevalence.
The taxonomy of Bartonella species has
expanded significantly since the early 1990s,
as has the number of species known to infect
humans (Angelakis et al. 2010; Okaro et al.
2017). Many arthropod vectors are known to
transmit Bartonella efficiently and cause
zoonotic infections. These include sandflies
(Lutzomyia verrucarum; Battisti et al. 2015),
human body louse (Pediculus humanus; Kim
et al. 2017), cat flea (Ctenocephalides felis;
Chomel et al. 2006), a rodent flea (Ctenoph-
thalmus nobilis; Parola et al. 2003), and the
sheep tick (Ixodes ricinus; Reis et al. 2011).
Bartonella has many additional suspected

vectors, including other biting flies (Chung
et al. 2004), fleas (Parola et al. 2003), ticks
(Angelakis et al. 2010), and deer keds of the
genus Lipoptena (Regier et al. 2018). In a
previous study, 94% of collected keds and
other Hippoboscidae harbored Bartonella
DNA (Halos et al. 2004).

The deer ked (Lipoptena mazamae) is a fly
that seeks a bloodmeal as a winged adult and
then again on their hosts where they lose their
wings and find mates. These vectors show
adenotrophic viviparity and have only one
offspring at a time. This makes keds vulner-
able to transovarial infection, which is a
hypothesized reason why keds are such good
vectors even though they only have one
offspring at a time (Härkönen and Kaitala
2013; Korhonen et al. 2015). Vertical trans-
mission of pathogens such as Bartonella has
been documented in the abdomen from
mothers to larval keds (De Bruin et al.
2015). The wingless nature of many adult
keds reduces their opportunities for feeding
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on a variety of hosts and can limit their
geographic mobility. The deer ked is found
throughout the southeastern US and Central
America (Heine et al. 2017; Skvarla and
Machtinger 2019) and is associated with
white-tailed deer and occasionally humans.

To examine Bartonella diversity in deer and
associated keds, we selected a population of
semiwild white-tailed deer (Odocoileus virgin-
ianus) located in the Piedmont region of east-
central Alabama (Neuman et al. 2016; New-
bolt et al. 2017) for this study, due to the high
prevalence of deer-ked infestation in the
population (Zikeli 2018). This semiwild pop-
ulation is ideal for this study because deer
were present at densities approximately five
times greater than that found naturally in the
region and provided a unique opportunity to
study Bartonella-host-ked dynamics.

The purpose of this study was to identify
species of Bartonella in O. virginanus and
their associated deer keds in the southeastern
US. Deer and their keds are an important
study system for understanding vector trans-
mission dynamics because of the high infes-
tation rates of keds on deer, the ability for
keds to vector Bartonella spp., and the
zoonotic potential of these pathogens.

MATERIALS AND METHODS

Sample collection

The Auburn University Deer Lab is a 174 ha
facility (32849037 00N, 85838044 00W) and consists of
5.5 km of 3 m, high-tensile perimeter fencing. The
animals in the facility had free-range of the entire
complex, and behavioral interactions among
animals were natural. Sex ratios during the time
of the study were 1:1. At the time of construction,
approximately 35 wild deer were enclosed in the
facility, and during the study period from October
to March 2016–17 and 2017–18 the population
consisted of approximately 120 animals that were
either the original deer or their descendants.
Population numbers were maintained within the
facility through natural mortality and the removal
of 10–15, 6-mo-old fawns per year. A high
proportion of the males in the herd were �3.5
yr old. Deer had access to natural forage as well as
to supplemental feed (16–18% extruded protein
feed; Record Rackt, Nutrena Feeds, Minneap-
olis, Minnesota, USA) that was available ad
libitum at three gravity feeders. Additionally, four

timed feeders each provided deer with approxi-
mately 2 kg/d of corn from October to March.
Corn was dispensed for capture purposes and not
to meet nutritional needs. Vegetation within the
facility consisted of approximately 40% open fields
maintained for hay production, 13% bottomland
hardwoods (Quercus spp.), 26% mature mixed
pine (Pinus taeda) and hardwood (Quercus spp.
and Carya spp.), 11% early successional regener-
ating thickets (Rubus spp., Liquidambar styraci-
flua, Juniperus virginiana, and Ligustrun sinense),
and 10%, 10–15-yr-old P. taeda plantation.
Properties outside of the facility consisted pri-
marily of forestland of various ages, areas of
pasture maintained for hay production, approxi-
mately 80 ha of pasture with cattle, and other
residential and rural land uses.

Sixty-three adult male white-tailed deer were
chemically immobilized and captured from Octo-
ber to March in 2016–17 and 2017–18. Deer were
immobilized using a combination of tiletamine-
zolazepam (Telazolt, Zoetis, Parsippany, New
Jersey, USA; 100 mg/mL given at a rate of 4.5
mg/kg) and xylazine (Lloyd Laboratories, Shenan-
doah, Iowa, USA; 100 mg/mL given at a rate of 2.2
mg/kg). Anesthetized deer were reversed with
tolazoline (Tolazinet, Lloyd Laboratories; 100
mg/mL given at a rate of 6.6 mg/kg; Miller et al.
2004). Chemical immobilization was delivered
using cartridge-fired dart guns (Pneu-Dart, Wil-
liamsport, Pennsylvania, USA) equipped with
night vision scopes and transmitter darts at
feeders (Saalfeld and Ditchkoff 2007). Once
immobilized, approximately 10 mL of whole blood
was collected from each deer via jugular veni-
puncture for later molecular analysis. A full-body
count of keds was conducted using a single flea
comb and fine-toothed steel forceps (Fantahun
and Mohamed 2012), with the goal of collecting at
least one adult ked from each captured deer.
Collected keds were identified to species, sexed,
and stored in 90% ethanol. All methods were
approved by the Auburn University Institutional
Animal Care and Use Committee (PRN 2013-
2372 and 2016-2964) and followed the American
Society of Mammalogists’ guidelines (Sikes and
Animal Care and Use Committee of the American
Society of Mammalogists 2016).

Molecular techniques

A 5-mL aliquot of whole blood from each
individual deer was stored in vials with ethylene-
diaminetetraacetic acid as anticoagulant at �20 C
until DNA was extracted. The Qiagen DNeasy
Blood and Tissue Extraction Kit (Qiagen Inc.,
Germantown, Maryland, USA) was used accord-
ing to the manufacturer’s instructions. Pan-
Bartonella primers were designed using the
National Center for Biotechnology and Informa-
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tion’s Primer-Blast tool (2012) based on the 16S
rRNA gene for genus-specific detection with a
481 base pair amplicon size (forward-5 0-
TTAGCCGTCGGGTGGTTTAC-3 0; reverse-5 0-
GCGATTCCGACTTCATGCAC-30). We used 1
lL of each forward and reverse primer of 10 lM
concentration in the PCR reactions. Negative
controls were used for DNA extraction to evaluate
potential contamination.

Using a conventional PCR protocol, 3 lL of
extracted DNA was combined with a Qiagen
HotStarTaq Plus Master Mix Kit (Qiagen) and
nuclease-free water according to the manufactur-
er’s instructions. Thirty-microliter aliquots of the
master mix and DNA sample were placed in flat-
capped stripped tubes inside a Bio-Rad T100
Thermal Cycler (Hercules, California, USA) for
35 cycles of the following program: 95 C for 5
min, 94 C for 30 s, 54 C for 30 s, 72 C for 1 min,
with a final cycle of 72 C for 10 min. Ultra-pure
water served as the no-template control for PCR.
Gel electrophoresis was performed on a 2%
agarose gel and run at a consistent 100 V for
35–40 min before being imaged. A c200 ultravi-
olet light (Azure Biosystems, Dublin, California,
USA) was used for gel imaging. All samples with
positive PCR amplicons were subsequently se-
quenced using Sanger sequencing (Eurofins
Scientific, Val, Flueri, Luxembourg) and resulted
in Bartonella spp. matches suggesting high
specificity of this assay. All sequences were
deposited in GenBank, and the accession num-
bers are MK951985–MK951994.

Each ked was bisected vertically, with one half
used for DNA extraction (using the same method
as used for the whole blood). We extracted DNA
from 96 keds, a minimum of one from each
sampled deer according to the manufacturer’s
instructions for the tissue protocol of the Qiagen
DNeasy Blood and Tissue kit (Qiagen). Ectopar-
asites were first homogenized in a solution of 180
lL buffer ATL and 20 lL Proteinase K with the
addition of eight autoclaved 6-mm zinc oxide ball
bearings (BC Precision, Chattanooga, Tennessee,
USA) using a bead mill homogenizer (Omni
International, Kennesaw, Georgia, USA) at 4,000
revolutions per minute for 45 sec. Samples were
then incubated in a thermomixer (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) at 56 C
until foam from homogenization had subsided.
The remaining steps followed the manufacturer’s
protocol for DNA extraction. Ked extracts were
processed using the same Bartonella primers as
the blood protocol described above. Negative
controls were used throughout the DNA extrac-
tion and PCR process to evaluate contamination.
Positive controls were also used to validate the
PCR results of positive banding. A laboratory-
cultured sample of Bartonella henselae was used
as a genus-wide positive control.

Statistical methods

Analysis was conducted using a Poisson distri-
bution to evaluate for zero inflation in the
statistical program R, version 3.0.3 (glmmTMB;
R Development Core Team 2018). All models
included a random term to control for the
repeating sample of male deer over the two study
years and to account for variation that occurs in
infection over the seasonal period.

Phylogenetic analysis

Retrieved Bartonella sequences and reference
sequences from GenBank were aligned using the
Vector NTI Express software (Life Technologies,
Carlsbad, California, USA). Based on these
alignments, phylogenetic trees were constructed
by the neighbor-joining method using the Kimura
2-parameter model. We further examined boot-
strap values in which only values equal to or
greater than 70% are considered valid using
MEGA 6 (Tamura et al. 2013), to compare our
detected Bartonella spp. with known sequences
(Supplementary Material Fig. 1).

RESULTS

A total of 63 adult male white-tailed deer
were included in this study. All individuals
captured were infested, and the only ked
species that we found was L. mazamae (Fig.
1). Whole blood was collected from each deer,
and a total of 96 keds (a minimum of one per
deer) were processed. Ten of the 63 blood
samples tested positive for Bartonella spp.
(16%); Bartonella melophagi (GenBank no.
MK995240) was the most prevalent with four
deer testing positive, three deer tested positive
for a previously undescribed Bartonella sp. 1
(GenBank nos. MK951985–MK951994), two of
the 10 deer tested positive for Bartonella bovis
(GenBank no. MK951984), and one deer tested
positive for Bartonella schoenbuchensis (Gen-
Bank nos. MK951995–MK951998; Fig. 2). Deer
infected with Bartonella had 37% more keds
(x̄¼119.6; SE¼14.23; P¼0.006) per individual
than noninfected deer (x̄¼87.3; SE¼4.34).

Keds were found around the face and neck
(to the shoulder), ears (inside and outside),
along the spine (5–10 cm in width on one side),
and the anogenital region (the anus to base of
tail, surrounding scrotum and to the femoral
region), from the shoulder to the rear flank, and
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from the sternum to the femoral region. Among
the 96 deer keds collected and analyzed, 23
were positive for Bartonella spp. Eight of these
were from deer that were confirmed as
Bartonella positive. The remaining 15 positive
keds were from deer that did not have
detectable Bartonella spp. DNA present in the
whole blood samples. Of the positive keds, 10
were identified as B. schoenbuchensis (44%) at
identity �99% (GenBank no. CP19789), eight
were identified as B. bovis (35%) with an
identity �99% (NR-025121), and five were
identified as Bartonella spp. (22%) with an
identity �99% (GenBank no. CP019781). Two
of the five keds that tested positive for
Bartonella sp. were determined to have the
previously undescribed Bartonella sp. 1, which
was also found in the deer that they parasitized
(Fig. 2).

DISCUSSION

We documented the diversity of Bartonella
species in white-tailed deer and their associ-
ated keds in the southeastern US. We
anticipated that the most common Bartonella
infection would be that of B. schoenbuchensis

because it has previously been isolated or
detected from other ruminants, such as roe
deer (Capreolus capreolus; Dehio et al. 2004),
and it has been suspected to be transmitted by
a wide variety of vectors, including ticks and
deer keds (Angelakis et al. 2010; De Bruin et
al. 2015). However, we noted diverse Barton-
ella species in both deer and keds, including
one previously undescribed species. Due to
sample depletion, we were unable to attempt
isolation and use additional gene targets, such
as rpoB and gltA, which have been implicated
as the best markers for demarcation of
Bartonella species (La Scola et al. 2003).
Therefore, the samples we refer to as
Bartonella sp. 1 may be more conservatively
considered Bartonella lineage 1. Future work
on this population may provide a description
of this lineage in greater detail.

The deer ked is a known vector of several
Bartonella spp. (Szewczyk et al. 2017; Regier
et al. 2018), especially B. schoenbuchensis.
Detection of B. bovis, B. schoenbuchensis, and
Bartonella sp. 1 in deer keds suggested
infection but does not implicate the deer
ked as a competent vector of these species.
Vector competency has not yet been con-

FIGURE 1. Deer keds (Lipoptena mazamae) were found to infest all individuals in our study population of
semiwild white-tailed deer (Odocoileus virginanus) in an enclosure in Alabama, USA, and representative adult
specimens were collected from each deer. Adult female keds were removed from white-tailed deer and sampled
for Bartonella spp. diversity (A), although adults of both sexes were found parasitizing individuals and were often
found mating on deer (B).
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firmed in any hippoboscid fly or ked. Vertical
transmission of B. schoenbuchensis occurs in
the abdomen of mothers to larval keds (De
Bruin et al. 2015). Little is known about the
transmission dynamics of deer keds; however,

it is known that they preferentially feed on
deer (Välimäki et al. 2011).

Bartonella infection in deer was correlated
with infestation of keds. Bartonella-positive
keds were collected from Bartonella-negative

FIGURE 2. Phylogenetic tree of Bartonella amplicons based on sequences of the 16S Bartonella gene.
Phylogenetic trees were constructed using the neighbor-joining method. The 33 different sequences of 16S
rRNA obtained were classified into Bartonella bovis, Bartonella melophagi, Bartonella schoenbuchensis, and
Bartonella sp. 1. GenBank accession numbers and bolded text represent samples in our study of Bartonella spp.
detected in deer keds (Lipoptena mazamae) recovered from semiwild white-tailed deer (Odocoileus virginianus)
in an enclosure in Alabama, USA. Text that is not bold represents phylogenetic Bartonella outgroups, Brucella
melitensis, and their GenBank accession numbers. Deer and ked icons in the figure demonstrate whether each of
the four species detected was found in sampled deer, keds, or both.
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deer and vice versa, making it impossible to
conclude the likelihood of transmission from
this study, but it is possible that deer keds may
play a role in the transmission of Bartonella
among this deer population. We observed a
positive trend of infection in relation to
severity of infestation by deer keds, which
may also play a role in the transmission of
Bartonella through this system. Vertical trans-
mission of Bartonella has been identified in
deer keds, and this may be another mecha-
nism through which this deer ked may
perpetuate Bartonella through the system. It
is also possible that keds could be parasitizing
available host animals outside of the facility
and transporting Bartonella into, out of, or
throughout the enclosure, either through
contact and direct movement of keds, vertical
transmission to larvae, or through winged
adults that could feed on either side of the
fenced enclosure.

Our study site was a semiwild enclosure for
white-tailed deer, surrounded by agricultural
fields, forested habitats, and human settle-
ments. Since B. melophagi and B. bovis are
most often detected in livestock, it is possible
that winged adult keds fed on animals
adjacent to the enclosure before feeding on
white-tailed deer within the enclosure. The
enclosure’s perimeter fence allowed for the
passage of smaller mammals both over and
through it. Camera traps located in the
enclosure have captured domestic house cats
(Felis catus), raccoons (Procyon lotor), bob-
cats (Felis rufus), coyotes (Canis latrans),
nine-banded armadillos (Dasypus novemcinc-
tus), eastern gray squirrels (Sciurus carolinen-
sis), Virginia opossums (Didelphis virginiana),
and other medium-sized mammals during the
trapping periods of this study. These animals
that can move beyond the fence and easily
encounter other animals and humans that live
in the area. The deer ked has wings when it
emerges from its puparium but loses them
once it finds a host. White-tailed deer overlap
with humans and other species in Alabama,
and these interactions may present opportu-
nities for interspecific and intraspecific ked
movement and opportunities for the zoonotic
Bartonella spp. detected here to be transmit-

ted. The high prevalence of previously unde-
scribed Bartonella sp. 1 in both deer and keds
in this population suggests the potential
significance of this bacterium in the region.
Further investigation into this Bartonella
species may provide insight into its pathoge-
nicity and zoonotic potential.

SUPPLEMENTARY MATERIAL

Supplementary material for this article is online
at http://dx.doi.org/10.7589/2019-08-196.
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Vertical transmission of Bartonella schoenbuchensis
in Lipoptena cervi. Parasit Vectors 8:176.

Dehio C, Sauder U, Hiestand R. 2004. Isolation of
Bartonella schoenbuchensis from Lipoptena cervi, a
blood-sucking arthropod causing deer ked dermatitis.
J Clin Microbiol 42:5320–5323.

Fantahun B, Mohamed A. 2012. Survey on the distribu-
tion of tick species in and around Assosa Town,
Ethiopia. Res J Vet Sci 5:32–41.

Halos L, Jamal T, Maillard R, Girard B, Guillot J, Chomel
B, Vayssier-Taussat M, Boulouis H-J. 2004. Role of
Hippoboscidae flies as potential vectors of Bartonella
spp. infecting wild and domestic ruminants. Appl
Environ Microbiol 70:6302–6305.

Härkönen L, Kaitala A. 2013. Months of asynchrony in
offspring production but synchronous adult emer-
gence: The role of diapause in an ectoparasite’s life
cycle. Environ Entomol 42:1408–1414.

Heine KB, DeVries PJ, Penz CM. 2017. Parasitism and
grooming behavior of a natural white-tailed deer
population in Alabama. Ethol Ecol Evol 29:292–303.

Kim JH, Previte DJ, Yoon KS, Murenzi E, Koehler JE,
Pittendrigh BR, Lee SH, Clark JM. 2017. Compar-
ison of the proliferation and excretion of Bartonella
quintana between body and head lice following oral
challenge. Insect Mol Biol 26:266–276.

510 JOURNAL OF WILDLIFE DISEASES, VOL. 56, NO. 3, JULY 2020



Korhonen EM, Vera CP, Pulliainen AT, Sironen T,
Aaltonen K, Kortet R, Härkönen L, Härkönen S,
Paakkonen T, Nieminen P, et al. 2015. Molecular
detection of Bartonella spp. in deer ked pupae, adult
keds and moose blood in Finland. Epidemiol Infect
143:578–585.

La Scola B, Zeaiter Z, Khamis A, Raoult D. 2003. Gene-
sequence-based criteria for species definition in
bacteriology: The Bartonella paradigm. Trends Mi-
crobiol 11:318–321.

National Center for Biotechnology and Information. 2012.
Primer-Blast tool. https://www.ncbi.nlm.nih.gov/tools/
primer-blast/. Accessed January 2016.

Neuman TJ, Newbolt CH, Ditchkoff SS, Steury TD. 2016.
Microsatellites reveal plasticity in reproductive suc-
cess of white-tailed deer. J Mammal 97:1441–1450.

Newbolt CH, Acker PK, Neuman TJ, Hoffman SI,
Ditchkoff SS, Steury TD. 2017. Factors influencing
reproductive success in male white-tailed deer. J
Wildl Manag 81:206–217.

Okaro U, Addisu A, Casanas B, Anderson B. 2017.
Bartonella species, an emerging cause of blood-
culture-negative endocarditis. Clin Microbiol Rev 30:
709–746.

Parola P, Sanogo OY, Lerdthusnee K, Zeaiter Z, Chauvancy
G, Gonzalez JP, Miller RS, Telford SR III, Wongsri-
chanalai C, Raoult D. 2003. Identification of Rickettsia
spp. and Bartonella spp. in fleas from the Thai-
Myanmar border. Ann N Y Acad Sci 990:173–181.

Regier Y, Komma K, Weigel M, Pulliainen AT, Goettig S,
Hain T, Kempf VJ. 2018. Microbiome analysis reveals
the presence of Bartonella spp. and Acinetobacter
spp. in deer keds (Lipoptena cervi). Front Microbiol
9:3100.

Reis C, Cote M, Le Rhun D, Lecuelle B, Levin ML,
Vayssier-Taussat M, Bonnet SI. 2011. Vector compe-
tence of the tick Ixodes ricinus for transmission of
Bartonella birtlesii. PLoS Negl Trop Dis 5:e1186.

R Development Core Team. 2018. A language and
environment for statistical computing. R Foundation

for Statistical Computing, Vienna, Austria. http://

www.R-project.com. Accessed January 2018.

Saalfeld ST, Ditchkoff SS. 2007. Survival of neonatal

white-tailed deer in an exurban population. J Wildl
Manag 71:940–944.

Sikes RS, Animal Care and Use Committee of the

American Society of Mammalogists. 2016. Guidelines

of the American Society of Mammalogists for the use

of wild mammals in research and education. J
Mammal 97:663–688.

Skvarla MJ, Machtinger ET. 2019. Deer keds (Diptera:

Hippoboscidae: Lipoptena and Neolipoptena) in the

United States and Canada: New state and county

records, pathogen records, and an illustrated key to

species. J Med Entomol 56:744–760.

Szewczyk T, Werszko J, Steiner-Bogdaszewska Ż, Jeż-
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