ABSTRACT
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As emerging zoonotic vector borne pathogens, members of the Bariasellaare
increasingly recognized as causes of disease in human and veterinary méleidemestic cat
is the reservoir host for multiple species of zoonBactonellg the most weistudied of which
isBartonellahenselage t he eti ol ogic agent of a syndr ome
di s e as e@ften(inth8niah infection with zoonotRartonellaspp. the source of infection
remains unknown or speculative, and some repatisate potential for other epidemiologically
important hosts and vectors that are not cats and fleas (particularly Fekter understanding
of transmission and pathogenesiBaftonellaspp.is most effectively gained with a One Health
approach.

With this backgroundthe research presented hdescribeshe epidemiologic landscape
of Bartonellaspp. exposure in dogs, charactegpotential risk factors for exposure, and
descriling possible transmission scenarios. Additionally, the clinical research studies included
here evaluated one potential disease manifestation in dogs, and another in people, among the

many currently proposed for investigation.
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CHAPTER 1
Introduction
As emerging zoonotic vector borne pathogens, members of the Bariasellaare
increasingly recognized as causes of disease in human and veterinary medicine. While human
Bartonellaspecies B. bacilliformisin South America anB. quintanaworldwidei have been
recognized as the cause of disease for generations, the potential for zBartotiellaspecies
to cause disease in humans has only been realized over the past few decades, with the first report
of B. hensela@s a cause of catratch disease in 1990 has taken even longer fBartonella
spp. to be recognized as etiologic agents of infectious disease in veterinary medicine, with the
first caseof bartonellosis in a dog reported in 1995.
Given this short history, transmission has been comparativelystuelied for the
humanadaptedBartonellaspp. 8. quintanaandB. bacilliformig), but relatively little is still
known about transmission of zoondBartorella spp® The domestic cat is the reservoir host for
multiple species of zoonotBartonellg the most wetktudied of which iBartonella henselge
the etiologic agent of a syndrome?*historicall
Bartonellosis has historically been defined by CSBicW includes a triad of a cat scratch or
bite, fever, and regional lymphadenopathy. However, with the advent of increasingly sensitive
molecular and microbiological tools with which to diagnBsetonellaspp. infection, there are
increasing reports ofatp i ¢ a | mani festations of bartonell os
CSDo) , including severe and persistent neur ol
endocarditis, and other n@pecific signs of chronic illne$& The cat flea is the major vector
for transmission oB. hensela@mong cats, but the exact role of tla¢ ftea in the transmission

of B. hensela¢o humang and whether fleas act as mechanical or biological vettbas not



been determined. Often in human infection with zoorB#idtonellaspp. the source of infection
remains unknown or speculative, amdng reports indicate potential for other epidemiologically
important hosts and vectors that are not cats and fleas (particularly&itks).

Further understanding of transmission and pathogeneBisrtafnellaspp.is most
effectivelygained with a One Health approach. While investigaBagonellainfection in cats
helps to elucidate transmission risk in ecological and epidemiological studies, as well as for
individual human patients, accurately diagnosing dogs may help by providatgral model
system in which to study zoonoartonellaspecies. As has been seen with Lyme Disease and
in the realm of toxicology, dogs may have similar exposures to their human companions, thereby
potentially serving as a sentinel for emerging iritect diseases affecting both spedé¥. In
addition, as an incidental hosts ®rhenselaand other cator wildlife-adaptedartonellaspp.,
dogs and humans appear to exhibit similar disease manifestations and imncahcdsgonses,
enhancing the dog as a naturally occurring model for human barton&ligsssmilar zoonotic
Bartonellaspp. to those that infect humans also infect pet dogs, and it has been suggested that
dogs may serve not only as a sentinel of human exposure risk, but also as a source of infection
for human cases of bartonello$is® InvestigatingBartonellaspp. infection in both cats and
dogs is, therefore, of paramount importance to informing our understanding of Bantanella
spp. transmission and infection and ultimately pritgdhuman health.

With this background, the research presented here aimed to describe the epidemiologic
landscape oBartonellaspp. exposure in dogs, characterize potential risk factors for exposure,
and describe possible transmission scenarios. Addilyotize clinical research studies included
here evaluated one potential disease manifestation in dogs, and another in people, among the

many currently proposed for investigation.
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Descriptive epidemiology oBartonellaexposure in dogs
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Background: Improved understanding of Bartonella species seroepidemiology in dogs may aid clinical decision making
and enhance current understanding of naturally occurring arthropod vector transmission of this pathogen.

Objectives: To identify demographic groups in which Bartonella exposure may be more likely, describe spatiotemporal
variations in Bartonella seroreactivity, and examine co-exposures to other canine vector-borne diseases (CVBD).

Animals: A total of 15,451 serology specimens from dogs in North America were submitted to the North Carolina State
University, College of Veterinary Medicine Vector Borne Disease Diagnostic Laboratory between January 1, 2008, and
December 31, 2014.

Methods: Bartoneila henselae, Bartonella koehlerae, and Bartonella vinsonii subspecies berkhoffii indirect fluorescent anti-
body (IFA) serology results, as well as results from a commercial assay kit screening for Dirofilaria immitis antigen and Ehrii-
chia species, Anap phagocytophil and Borrelia burgdorferi antibodies, and Ehrlichia canis, Babesia canis, Babesia
gibsoni, and Rickettsia species IFA results were reviewed retrospectively.

Resmlts: Overall, 3.26% of dogs were Bartonella spp. serorcactive; B. hemselee (2.13%) and B. koehlerae (2.39%) were
detected more frequently than B. vinsonii subsp. berkhaoffii (1.42%, P < 0.0001). Intact males had higher seroreactivity
(5.04%) than neutered males (2.87%, P < 0.0001) or intact or spayed females (3.22%, P = 0.0003). Mixed breed dogs had
higher seroreactivity (4.45%) than purcbred dogs (3.02%, P = 0.0002). There was no trend in seasonal seroreactivity; geo-
graphic patterns supported broad distribution of exposure, and co-exposure with other CVBD was common.

Conclusions and Clinical Importance: Barfonella spp. exposure was documented throughout North America and at any
time of year. Male intact dogs, mixed breed dogs, and dogs exposed to other CVBD have higher seroreactivity to multiple

Bartonella species.
Key words: Canine; Seroreactivity; Zoonoses.

embers of the genus Bartonella, fastidious gram-

negative rod-shaped hemotropic and endothe-
liotropic bacteria, are important emerging pathogens in
dogs and humans worldwide.'™ For the past 2 decades,
an increasingly diverse number of Barfonella species
have been isolated or detected using PCR in a wide
range of animals including cats, dogs, and humans, as
well as many wildlife reservoir and arthropod vector
species.* Bartonella persists in erythrocytes and vascular
endothelial  cells, causing chrenic  relapsing
bacteremia. 8
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Abbreviations:

CI confidence interval

CVBD canine vector-borne discases
IFA immunofluorescent antibody
OR odds ratio

YBDDL Vector Borne Disease Diagnostic Laboratory

Worldwide, domestic dogs can be infected with at
least 10 Bartonella species.™” Bartonella vinsonii subsp.
berkhaffii, B. henselae, and B. koehlerae represent the
most frequent species found infecting dogs in North
America.'® All 3 of these species have been imy Phcated
as pathogenic in cases of endocarditis in dogs™!!* and
have been associated with other clinical abnormalities
in dogs including vasoproliferative diseases, vasculitis,
myocarditis, polyarthritis, granulomatous disease (lym-
phadenitis, rhinitis, hepatitis), epistaxis, and neurologic
diseases.'*?® However, because they are emerging
pathogens in dogs, the spectrum of diseases associated
with Bartonella infection has not been fully elucidated.

Bartonella sg ies are primarily arthropod vector
transmitted ****° A wide vatiety of Bartonella species have
coevolved with their specific vertebrate reservoirs hosts,
among which transmission occurs via the arthropod vectors
that typically infest these reservoirs (eg, cats are the primary
reservoir host for B. henselue and B. henselae is transmitted
between cats by the cat flea Ctenocephalides felis).>*** To
date, no definitive vector has been identified for natural
transmission of Bartonella to dogs. However, on the basis
of case reports,»1%252 gerosurveys ?*¢ surveys of arthro-
pod vectors,”*#' and experimental data (Lappin and Bre-
itschwerdt, unpublished data),>** ticks (including Fxodes
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spp. and Rhipicephalus sanguineus), and fleas (C. felis and
Ctenocephalides canis) have been proposed as potential vec-
tors for Bartonella spp. transmission in dogs.

To date, a limited number of Bartonella seroepidemi-
ologic studies have been performed involving large
numbers of dogs from different regions of North Amer-
ica. Bartonella seroepidemiologic studies can provide
important information about temporospatial distribu-
tion, disease prevalence, and potentially may help eluci-
date modes of transmission. Regional and seasonal
differences in Bartonella spp. seroreactivity, as well as
associations with other vector-borne pathogens across
dog populations, can indirectly implicate potential
arthropod vectors. In addition, seroreactivity data can
guide clinical decision making, For example, coinfection
with multiple vector-borne pathogens can cause more
severe manifestations of disease, and determining expo-
sure to Barionella in dogs suspected of other CVBD is
warranted.*546

To better understand the epidemiology and distribu-
tion of Bartonella infection in dogs in North America,
we analyzed a large diagnostic laboratory database. The
purpose of our study was to identify Bartonella serore-
activity differences among demographic groups, describe
variations in temporal and geographic patterns of Bar-
tonella seroreactivity, and examine co-exposure between
Bartonella and other vector-borne pathogens. Improved
understanding of seroepidemiologic patterns may aid
clinical decision making, as well as increase our under-
standing of transmission by arthropod vectors in natu-
rally infected dogs.

Materials and Methods

Canine serum samples submitted to the North Carelina State
University, College of Veterinary Medicine, Vector Borne Disease
Diagnostic Laboratory (VBDDL), over a 7-year period between
January 1, 2008, and December 31, 2014, were selected for study.
Samples originated from veterinary hospitals in North America
for diagnostic immunofluorescent antibody {IFA) testing for Bar-
tonella and other vector-borne diseases. Available patient informa-
tion included date of sample collection, date of sample receipt,
signalment, and veterinary practice location. Test results were ret-
rospectively reviewed, and the extracted data were analyzed. This
a convenience sample given that the NCSU VBDDL is 1 of several
laboratories where canine Bartonella serology samples can be sub-
mitted in North America. Samples were excluded if a sample from
the same dog was submitted within the prior 5 weeks, to exclude
convalescent samples.

Serum samples included in the study were submitted by the
attending clinician to the VBDDL for individual serologic tests for
2 1 Bartonelia spp., or for a comprehensive vector-borne pathogen
serology panel. The VBDDL is not informed as to the motivation
for testing, and thus, this information was not available in the
data. Between January 2008 and July 2011, only B. henselae and
B. vinsonii subsp. berkhoffii were used as antigens for IFA testing.
After July 2011, the serology panel was amended to include
B. koehlerae. Before July 2012, comprehensive panels included a
SNAP 4Dx; starting in July 2012, this was changed to a SNAP
4Dx PLUS® test. Other antigens included in comprehensive serol-
ogy pancls for dogs included FEkrlichia canis, Babesia canis, Babe-
sia gibsoni, and Rickettsia specics. A subset of samples also was
submitted for Barfonella alpha proteobacteria growth medium

(BAPGM) culture enrichment and polymerase chain reaction, per-
formed as previously described.*”

All TFA antigens were grown in vitro at the VBDDL. Bar-
tonella strains were isolated from naturally infected cats or dogs
with species characterizations made using PCR amplification and
DNA sequence analysis techniques. A canine isolate of B. vinsonii
subsp. berkhaffii genotype I (NCSU 93C0O-01, ATCC type strain
#51672) and feline isolates of B. henselae H-1 strain (NCSU
93F0-23) and B. koehierae (NCSU Q9FQ0-01) were passed from
agar plate grown cultures into a Barfomelio-permissive cell line,
DHS2 cells (a canine monocytoid cell ling) to obtain antigens for
IFA testing; the same isolates were used across all years of this
study (2008-2014). For each antigen, heavily infected cell cultures
were spotted onto 30-well teflon-coated slides, air-dried, acetone
fixed, and stored frozen. Serum samples diluted in phosphate-buf-
fered saline solution containing normal goat serum, Tween-20, and
powdered nonfat dry milk to block nonspecific antigen binding
sites were screened at dilutions of 1:16 to 1:64. All sera that were
reactive at a titer of 1:64 were further tested with 2-fold dilutions
out to 1:8,192. Fluorescein-conjugated goat anti-dog IgG was used
to visualize bacteria within cells using a fluorescent microscope.
To avoid confusion with possible nonspecific binding found at low
dilutions, a cutoff of 1:64 was used to define a seroreactive titer.

Regions were based on address provided with sample submis-
sion and defined by US census region as follows: Pacific—WA,
OR, CA; Mountain—ID, NV, MT, WY, UT, CO, AZ, NM; West
North Central ND, SD, NE, KS, MN, IA, MO; West South
Central—OK, AR, TX, LA; Bast North Central—WI, IL, IN,
OH, MI; East South Central —KY, TN, MS, AL; South Atlantic
—MD, DE, WV, VA, NC, SC, GA, FL; Middle Atlantic—NY,
PA, NJ; New England—ME, NH, VT, MA, CT. Dogs from AK
and HI (n = 8) were not included in these regions. Canada was
considered as 1 region. Breed groups were defined uwsing AKC
breeds; breeds that are not considered by the AKC were grouped
with mixed breed dogs. Seasonality was based on month: autumn:
September, October, and November; winter: December, Januaty,
and February; spring: March, April, and May and; summer: June,
July, and August,

Descriptive statistics were obtained, and seroreactivity to each
Bartonella species was compared for different demographic, regio-
nal, and chronologic variables using the chi-square test. Logistic
regression was used to identify univariate associations between
Bartonella seroreactivity and selected comparison groups. Possible
effects on the odds ratios (ORs) of the low event per variable were
checked using the Firth adjustment, also known as the penaliza-
tion approach.” ORs and 95% confidence intervals (CIs) for the
ORs were estimated. Maps were created using ArcGIS.® Bound-
aries were created from publicly available data from the US Cen-
sus Bureau® and Statistics Canada,® using the North American
Datum (NAD) 1983 geographic coordinate system with Geodetic
Reference System (GRS) 1980 spheroid. For each Bartonella spp.,
the minimum number of samples needed to detect a single positive
sample was calculated based on the overall seroreactivity for that
species in North America. States were excluded from seroreactivity
maps if the number of samples submitted from a state was lower
than the minimum number calculated above. Data analysis was
performed using SAS/STAT software® and OpenEpi.® Statistical
significance was considered at a P value of <0.05.

Results

Over 7 years, from 2008 through 2014, 15,451 indi-
vidual canine serum samples from 15,295 dogs were
submitted to the VBDDL for Barfonella TFA serology
as previously described. Of these, 14,935 dogs (96.7%)
were tested for both B. henselae and B. vinsonii subsp.
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berkhoffii antibodies; 4,517 dogs (29.2%) were tested for
B. henselae, B. vinsonii subsp. berkhoffii, and B. koeh-
lerae antibodies. The highest number of samples origi-
nated from the South Atlantic region (6,548, 42.4%);
the fewest samples came from the New England region
(367, 2.4%). The region was not reported for 13 sam-
ples (0.08%). The largest number of samples was sub-
mitted in 2009 (2,581, 16.7%) and the smallest number
in 2012 (1,780, 11.5%). The breeds most frequently rep-
resented in the study population included mixed breed
dogs (2,608, 16.9%), Labrador Retrievers (1,603,
10.4%), and Golden Retrievers (858, 5.5%), with dogs
from each remaining breed (188 breeds) making up
<5% of the study population. Breed was not reported
for 1 sample. Ages ranged from 4 weeks to 20 years,
with a median of 6.0 years; the age was not reported
for 642 dops. There were 7,482 males (5,855 neutered,
78%) and 7,691 females (6,752 spayed, 88%). Sex was
not reported for 278 samples (1.8%). Breed, sex, region,

Lashnits et al

date of submissions, and seroreactivity are summarized
in Table 1.

On the basis of IFA seroreactivity, 504 (3.26%) dogs
were seroreactive to >1 Barfonella spp. Seroreactivity to
B. henselae (2.13%) and B. koehlerae (2.39%) antigens
was detected more frequently than seroreactivity to
B, vinsonii subsp. berkhoffii (1.42%, P < 0.0001) antigen
(Fig 1).

The youngest seroreactive dog was 4 weeks of age,
and the oldest was 20 years of age, with a median age
of 6 years. The median age for both seropositive and
seronegative dogs was 6.0 years.

There was no statistically significant difference in
overall seroreactivity based upon sex (248 seroreactive
females and 250 seroreactive males). However, intact
male dogs were more likely to be seroreactive (5.04%)
than neutered males (2.87%; OR, 1.80; 95% CI, 1.37—
2.35) or intact or spayed females (3.22%; OR, 1.59;
95% CI, 1.23-2.05; also see Table 2). When the

Table 1, Summary of samples submitted for Bartonella serology and number seroreactive to each antigen,
Bh Bvb Bk Any spp. % Of
Tested Bk % Bht+  Tested Bvb+ % Bvb+ Tested Bk+ % Bk+  Tested Total
All 15,017 320 2.1 15,365 218 14 4,521 108 24 15,451 —
Sex
F 893 19 21 931 12 1.3 257 7 27 939 6.1
FS 6,597 144 22 6,715 90 1.3 1,999 49 25 6,752 43.7
M 1,556 47 30 1,612 45 28 398 9 23 1,627 10.5
MC 5,702 106 19 5,829 68 1.2 1,746 40 23 5,855 379
Breed
Herding 1,747 39 22 1,784 38 21 518 15 29 1,797 11.6
Hound 1,663 41 25 1,697 25 1.5 483 8 1.7 1,714 11.1
Mixed 2,533 80 32 2,593 52 20 84 27 34 2,608 169
Nonsporting 1,035 20 19 1,060 13 1.2 305 2 0.7 1,067 6.9
Sporting 3,568 61 1.7 3,649 33 09 1,003 23 23 3,660 237
Terrier 1,245 19 15 1,270 15 1.2 420 14 3.3 1,276 8.3
Toy 1,541 24 1.6 1,581 9 0.6 494 6 1.2 1,591 10.3
‘Working 1,684 36 2.1 1,730 33 1.9 514 13 2.5 1,737 11.2
Region
Canada 465 11 2.4 469 3 0.6 64 1 1.6 472 31
E. N. Central 2,051 42 2.0 2,059 19 0.9 439 8 1.6 2,063 13.4
E. §. Central 532 10 1.9 541 6 1.1 212 5 24 544 3.5
Mid-Atlantic 1,067 20 1.9 1,155 19 1.6 398 6 1.5 1,164 7.5
Mountain 627 10 1.6 657 12 1.8 129 5 39 661 4.3
New England 356 14 39 363 6 1.7 152 5 33 367 24
Pacific 521 15 2.9 612 1 1.8 210 5 24 619 4.0
$. Atlantic 6,421 116 1.8 6,508 77 1.2 1,827 37 20 6,548 424
‘W. N. Central 477 11 23 4387 5 1.0 189 7 3.7 494 32
W. 8. Central 2,487 71 29 2,501 60 24 844 29 34 2,506 16.2
Year
2008 2,456 138 5.6 2,506 53 21 — — — 2,516 16.3
2009 2,460 50 2.0 2,556 52 20 — — — 2,581 16.7
2010 2,029 33 1.6 2,111 35 1.7 — — — 2,140 13.9
2011 1,987 13 0.7 2,064 18 09 51 1 20 2,076 13.4
2012 1,729 14 0.8 1,771 14 0.8 117 14 12.0 1,780 115
2013 1,920 29 15 1,921 20 1.0 1,917 60 31 1,921 124
2014 2,436 43 18 2,436 26 1.1 2,436 33 14 2,437 15.8
Month
December—February 3,454 76 22 3,533 65 1.8 982 34 35 3,554 23.0
March—May 3,829 79 21 3,921 47 1.2 1,082 25 23 3,940 255
June-August 3,994 83 21 4,072 59 14 1,221 24 20 4,096 26.5
September—November 3,740 82 22 3,839 47 1.2 1,236 25 20 3,861 25.0

Bh, B. henselae; Bvb, B. vinsonii subsp. berkhoffii; Bk, B. koehlerae; Any, seroreactive to any 1 or more Bartonella spp.
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Fig. 1. Bartonelln spp. seroreactive dogs, 2008-2014. Bk,
B. henselae; Bvb, B. vinsonii subsp. berkhoffii; Bk, B. koehlerae;
Any, positive to any one or more species, Numbers represent the
percent of dogs seroreactive to each Barronella species (right side
scale). Error bars represent standard error for the percent of dogs
seroreactive to each Bartonella species. Statistically significant dif-
ferences (P < 0.05) between percent of dogs seroreactive to each
species represented by * and *.

proportion of dogs seroreactive to each species of Bar-
tonella was determined using 2 x 2 tables, male intact
dogs had higher seroreactivity than male neutered dogs
or female intact or spayed dogs for both B. henselae
and B. vinsonii subsp. berkhoffii, but mnot for
B. koehlerae. There was no difference in seroteactivity
between female intact and female spayed dogs, either in
overall seroreactivity or when analyzed for each individ-
nual Bartonella species.

Mixed or non-AKC breed dogs were more likely to be
seroreactive to any Barionella spp. (4.45%) than were
purebred dogs (3.02%; OR, 1.49; 95% CI, 1.21-1.85).
‘When compared to mixed breed dogs, multiple categories
of pure breed dogs were less likely to be Bartonella spp.
seroreactive (Table 2). The actual ORs are presented in
Table 2, given the negligible differences using the maxi-
mum likelihood estimates with logistic regression and
logistic regression with the Firth bias reduction for the
possible effect of low event per variable.

Overall proportions of seroreactive dogs by region
are shown in Figure 2. For any Barfonella species, the
highest proportions of seroreactive dogs in the study
population were found in the New England, Pacific,
and West South Central regions (5.18, 4.52, and 4.39%,
respectively), whereas the lowest seroreactivity was
found in the South Atlantic and East South Central
regions (2.75 and 2.76%). Bartonella henselae had the
highest proportion of seroreactive dogs in the New Eng-
land region (3.93%), and lowest in the Mountain region

Table 2. Odds ratios for main effects based on logistic
regression for seroreactivity to any of the 3 Barfonella
spp. tested.

OR 95% CI P Value

Sex

Versus MI

F 0.64 0.42-098 0.0409*

FS 0.62 047-0.81 0.0004*

MC 0.55 042-0.73 <0.0001*
Breed

Versus mixed

Herding 0.78 0.5-1.06 0.1101

Hound 0.77 0.56-1.06 0.1082

Nonsporting 0.56 0.37-0.85 0.0065*

Sporting 0.53 040-0.70 <0.0001*

Terrier 0.64 044093 0.0197*

Toy 0.45 0.30-0.66 <0.0001*

Working 0.74 0.54-1.02 0.0653
Region

Versus S. Atlantic

Canada 1.19 0.69-2.03 0.7554

E. N. Central 1.05 0.78-1.41 0.1350

E. S. Central 0.95 0.55-1.66 0.2416

Mid-Atlantic 111 0.77-1.60 0.3798

Mountain 1.27 0.81-2.00 0.9722

New England 2.03 1.24-3.30 0.0381*

Pacific 1.66 1.10-2.49 0.1662

W. N. Central 1.31 0.79-2.18 0.9145

W. 8. Central 1.62 1.26-2.06 0.0338+*

Season of submission did not contribute significantly to the
model.

P values were cbtained using analysis of maximum likelihood
estimates and Wald chi-square test. Statistical significance indi-
cated by * at P < 0.05.

(1.59%). Bartonella vinsonii subsp. berkhoffii had the
highest proportion of seroreactive dogs in the West
South Central region (2.4%) and lowest in Canada and
East North Central regions (0.64 and 0.92%). Bar-
tonella koehlerae had the highest proportion of serore-
active dogs in the Mountain and West North Central
regions (3.88 and 3.7%) and lowest in the Middle
Atlantic, Canada, and Fast North Central regions
(1.51, 1.56, and 1.64%, respectively). Based on logistic
regression, region was a significant factor for seroreac-
tivity against any Bartonelle spp. (P = 0.0036). With
this model, dogs from the New England, Pacific, and
‘West South Central regions were more likely than dogs
from the South Atlantic region to be seroreactive
against any of the 3 Bartonella spp. antigens (Table 2).

Seroreactivity varied by state and species (Fig 3).
When states with low numbers of submissions were
removed, state-by-state percentage seroreactive for
B. henselae ranged from 0% (NM, 0/71) to 6.67%
(Washington, 4/60), for B. vinsonii subsp. berkhoffii ran-
ged from 0% (NM, 0/71 and IN, 0/300) to 3.8% (OK,
3/79), and for B. koehlerae ranged from 0% (VA, 0/
171) to 6.59% (MO, 6/91).

Overall seroreactivity varied by year (Fig 4), with the
highest overall seroreactivity in 2008 (6.92%), and lowest
in 2011 (1.2%; OR, 6.095; 95% CI, 3.991-9.308). Serore-
activity was particularly high for B. henselae in 2008
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Fig. 2. Bartonella spp. seroreactivity by region. Bh, B. henselae;
Bvb, B. vinsonii subsp. berkhoffii, Bk, B. koehlerae; Any, positive
to any one or more species.

(5.62%) compared to 2011 and 2012 (0.65 and 0.81%),
and only increased slightly again in 2013 and 2014 (1.51
and 1.77%). Similarly, B. vinsonii subsp. berkhoffii
seroreactivity was highest in 2008 (2.11%), decreased to
its lowest in 2011 and 2012 (0.87 and 0.79%), and
increased slightly again in 2013 and 2014 (1.04 and
1.07%). Bartonella koehlerae serology was not offered
before July 2011, but the highest annual seroreactive rate
for B. koehlerae was in 2012 (11.97%), before it too
decreased in 2013 and 2014 (3.13 and 1.35%). There was
no significant trend in seroreactivity by month and no
seasonal trend either for overall seroreactivity or serore-
activity to each of the Bartonella spp. (Fig 4). The highest
overall seroreactivity was in June (4.85%) and the lowest
in July (1.82%). Season did not contribute significantly
to the logistic regression model.

Of dogs tested for Bartonella, 13,803 also had con-
comitant SNAP 4Dx or SNAP 4Dx PLUS testing per-
formed, indicating 2.12% positive for Anaplasma platys|
phagocytophilum, 4.59% positive for B. burgdorferi, and
5.36% positive for E. canis/ewingii. Odds ratios for
coinfection between Bartonella and other vector-borne
pathogens are presented in Table 3. Dogs that were
B. henselae seroreactive had increased risk of being
E. canis (by IFA), E. canis/E. ewingii (by SNAP test),
B. burgdorferi, A. platys, A. phagocytophilum, B. canis,
and Rickettsia spp. seroreactive. Dogs that were

Bartonelia spp.
#submissions

o m s 1000 i
P e oI

Fig. 3. (A) Map showing the total number of samples per state/province submitted for Bartonella spp. serology during the study period
(2008-2014). (B-D) Maps of Bartonella spp. scroreactivity in North America. Colors depict the percent of dogs serorcactive for cach spe-
cies, ratios shown within each state or province show number of positive samples in the numerator and total number of samples in the
denominator; states with low sample sizes are excluded (shown in gray). Alaska, Hawaii, and Canadian provinces for which no samples

were submitted are not shown. (B) B. hensel:

ivity. (C) B. v

ii subsp. berkhoffii seroreactivity. (D) B. koehlerae seroreactivity.
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Fig. 4. Amnual and monthly trends in Bartonella spp. seroreactivity. Bh, B. henselae; Bvb, B. vinsonii subsp. berkhoffii; Bk, B. koehlerae;
Any, positive to any one or more species. (A} Trends by year. Top panel shows total submissions by year; bottom panel shows percent
seroreactive by year. B. koehlerae was added to the comprehensive serology panel in July 2011. (B) Trends by month.

B. vinsonii berkhoffii seroreactive had increased risk of
being E. canis (by IFA), E. canis(E. ewingii (by SNAP
test), B. burgdorferi, Dirofilaria immitis, B. canis, and
Rickettsia  spp. seroreactive. Dogs that were
B. koehlerae scroreactive had increased risk of being
E. canis (by IFA), E. canis/E. ewingii (by SNAP test),
D. immitis, and Rickettsia spp. seroreactive. All 34 B.
gibsoni  seroreactive dogs were Bartonella spp.
seronegative,

Coinfections with different Bartonella spp. were com-
mon (Fig 5). Of 4,517 dogs tested for all 3 Bartonella
spp., 159 (3.52%) were seroreactive to >1 species. The
majority of these seroreactive dogs was seroreactive to
B. koehlerae alone (67/159, 42%) or B. henselae alone
(33/159, 21%), but 23 (14%) were seroreactive to all 3
Bartonella spp. antigens. Very few dogs were seroreac-
tive to B. vinsonii subsp. berkhoffii alone (7/159, 4%).
Dogs that were B. vinsonii subsp. berkhoffii or
B. koehlerae seroreactive had an increased likelihood of
being Bartonella PCR or Bartonella alpha proteobacte-
ria growth medium (BAPGM) culture positive com-
pared to dogs seronegative for those Barfomella spp.
(OR, 5.72; 95% CI, 1.67-19.60; P = 0.0017 and OR,
18.69; 95% CI, 5.65-61.86; P < 0.0001, respectively).
However, B. henselae seroreactive dogs were no more
likely than B. henselae seronegative dogs to be Bar-
tonella PCR or BAPGM culture positive (OR, 2.44;
95% CI, 0.57-10.45; P = 0.2139).

Discussion

Overall, 3.26% of dogs in our study were Bartonella spp.
seroreactive, a percentage that is comparable to

seroreactivity patterns for other CVBDs among US canine
population-wide serosurveys.>**¥2 For comparison,
based on the Companion Animal Parasite Council publicly
available data for 2014 (the final year of our study), the
seroprevalence for the contiguous United States, of
B. burgdorferi, chrlichiosis, and anaplasmosis was 6.35,
3.01, and 2.97%, respectively (https://www.capevet.org/par
asite-prevalence-maps). Seroreactivity to B. henselae
(2.13%) or B. koehlerae (2.39%) antigen was detected sig-
nificantly more frequently than seroreactivity to B. vinsonii
subsp. berkhoffii (1.42%) antigen. Although it was previ-
ously thought that B. vinsonii subsp. berkhoffii was the
most common Bartonella to infect dogs, recent evidence
from 2 studies,**® as well as the results presented here,
refutes that assumption.

In our study, male intact dogs had significantly
higher seroreactivity (5.04%) than either female dogs
(3.22%) or male neutered dogs (2.87%). Male intact
status previously has been reported as a high risk cate-
gory for heartworm disease in dogs.>**** Mechanisti-
cally, lifestyle or socioeconomic factors, rather than a
biologic phenomenon, is considered the most likely rea-
son for male intact status as a marker of heartworm
disease risk. Additionally, mixed or non-AKC registered
breed dogs were more likely to be Bartonella spp.
seroreactive (4.45%) than purebred dogs (3.02%). It is
unknown what underlies either of these risk factors for
Bartonella infection, and further studies are warranted
to investigate confounding factors.

Geographic patterns of seroreactivity did not corre-
spond with other regional CVBD patterns (https://
www.capcovet.org/parasite-prevalence-maps). In contrast
to previous studies,’®*? no Bartonella species was found
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Table 3. Co-exposure between Bartonella spp. and
other CVBD pathogens.

OR 95% CI P Value
B, henselae
Lyme SNAP 2.44 1.59-3.76 <0.0001*
Anaplasma SNAP 2.58 1.42-4.66 0.0012*
Ehrlichia SNAP 1.68 1.05-2.67 0.0277*
E. canis [FA 334 2.31-4.85 <0.0001*
Babesia canis TFA 3.93 1.70-9.06 0.0005*
Rickettsia IFA 4.38 3.23-5.93 <0.0001*
HW SNAP 1.36 0.33-5.55 0.6694
B. vinsonii subsp. Berkhoffii
Lyme SNAP 242 1.36-4.33 0.002*
Anaplasma SNAP 1.52 0.564.15 0.4067
Ehrlichia SNAP 2.79 1.67-4.68 <0.0001*
E. canis IFA 6.00 3.96-9.10 <0.0001*
Babesia canis IFA 5.94 2.37-14.86 <0.0001*
Rickettsia IFA 5.78 395847 <0.0001*
HW SNAP 390 1.22-12.50 0.0135*
B. koehlerae
Lyme SNAP 1.95 0.83-4.55 0.1171
Anaplasma SNAP 2.44 0.87-6.84 0.0787
Ehrlichia SNAP 233 1.274.27 0.0052*
E. camis [FA 345 1.84-6.50 <0.0001*
Babesia canis IFA 239 0.57-10.05 0.2196
Rickettsia IFA 272 1.574.71 0.0002*
HW SNAP 7.62 1.70-34.12 0.0018*
Any Bartonella spp.
Lyme SNAP 242 1.69-3.46 <0.0001*
Anaplasma SNAP 2.00 1.16-3.46 0.0115*
Ehrlichia SNAP 197 1.37-2.83 0.0002*
E. canis [FA 331 2.43-4.51 <0.0001*
Babesia canis IFA 3.50 1.68-7.26 0.0003*
Rickettsia IFA 4.34 3.37-5.59 <0.0001*
HW SNAP 341 1.56-7.44 0.001*
OR, odds ratio.

ORs represent odds of seroreactivity to each CVBD for sample
seroreactive to each Bartonella species antigen (or any Barfonella
spp.), compared to samples not scroreactive to each Bartonella
antigen (or any Bartonella spp.). ORs obtained using Cochran-
Mantel-Haenszel test for categorical data.

Statistical significance indicated by * at P < 0.05.

to be most common in dogs from the Southeast or in
warmer climates. Rather, seroreactivity was distributed
broadly across the North American regions from which
samples originated. The largest number of samples orig-
inated from the South Atlantic region (42% of sam-
ples), which was expected because of the location of the
VBDDL in North Carolina. Extrapolations to under-
represented regions (Canada, Mountain and Pacific
regions, New England, and areas of the Midwest)
should be done with caution given the lower sample
numbers from these regions (300-700 samples per
region; see Table 1). However, even when excluding
states with low sample numbers, there were states with
apparently higher exposure that were different for each
Bartonella species, including B. henselae in WA (4/56
seroreactive) and CT (9/141 seroreactive), and
B. koehlerae in MO (6/91 seroreactive). Because of this
finding, it appears important to evaluate each Bartonella
spp. separately based on their disparate geographic pat-
terns. Future studies using multivariate analysis or

Total seroreactive = 159
Total tested = 4517

] 1spp. I 2spp. I 3spp.

Bh + Bvb +
Bk

23
(14%)

Fig. 5. Coinfection between Bartonella spp. Bh, B. henselae; Bvb,
B. vinsomii subsp. berkhoffii; Bk, B. kochlerae. Numbers within
each section show the number of dogs seroreactive to the particu-
lar combination of Barionella species represented; percentages in
parentheses show the proportion of dogs tested for all 3 Bartonella
species that were seroreactive to that particular combination of
species. Shades show the number of different species to which a
dog was seroreactive.

statistical modeling could integrate climate and land-use
data to identify possible locations with higher Bar-
tonella exposure. Clinicians should be aware that Bar-
tonella infections in dogs can be seen throughout North
America.

No scasonal trend in seroreactivity was found, with
seroreactivity varying with no discernable pattern
throughout the year. The lack of seasonality may reflect
transmission by different vectors at various time points
throughout the year, variability among individual dogs
in the time required to seroconvert, the duration of
infection at the time of testing, or other factors that
were not examined in our study. However, if there is no
seasonal trend for dogs acquiring Bartonella infection,
exposure to >1 vector is equally likely to occur year-
round. Clinicians should be aware that it is possible to
detect Barfonella seroreactive dogs in North America
during any season of the year.

The high risk for co-exposure with Bartonelle and
other vector-borne (Pathogens has been reported
previously'*?%?731-33  and is consistent with the
results of our study. In conjunction with male intact
status, sequential or concurrent infection with another
vector-borne pathogen may be a marker for lifestyle
behaviors that influence a dog’s risk of Bartonella expo-
sure, including failure to effectively administer flea and

10
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tick prevention products, outdoor exposure, ability to
roam, and increased contact with reservoir hosts (eg,
feral cats, wild canids such as coyotes, or their ecto-
parasites). "%  Co-exposure or coinfection with
known tick-borne pathogens continues to support
ticks as possible vectors for Bartonella transmission.
As significant rates of coinfection were found for all
Bartonella spp., and particularly for B. vinsonii subsp.
berkchoffii and B. henselae, our data do not specifically
implicate any single vector, but provide supportive
evidence for many previously proposed vectors
including Rhi i%halm sanguinegus,2627-31,35,39,44
Ixodes s&p,zs’ﬁ’a& 84043 Dermacentor variabilis|
andersonii, 2031343 or  Amblyomma americanum. '
However, given the likelihood of CVBD co-exposures
and coinfections,”’ screening for Bartonella infection
should be considered in dogs infected with, or
exposed to, other CVBD pathogens. This is particu-
larly important in sick dogs, because treatment with
doxycycline, which is indicated for several other vec-
tor-borne diseases, does not appear to be effective in
eliminating Bartonellz infection.® Thus, doxycycline
treatment failure could lead to chronic illness or
incomplete resolution of clinical signs or clinicopatho-
logic abnormalities. 2275

Interestingly, B. koehlerae seroreactivity, unlike
seroreactivity to B. henselae or B. vinsonii subsp.
berkhoffii, was not significantly associated with either
Anaplasma spp. or B. burgdorferi seroreactivity, 2
agents known to be transmitted by Ixodes ticks. Based
on state-by-state seroreactivity rates, B. koehlerae expo-
sure in dogs also appears to be more common in areas
of the Rocky Mountains and Midwest where Ixodes
ticks are uncommon, and less common in the Northeast
and Middle Atlantic where B. burgdorferi transmission
by Ixodes scapularis ticks is widespread. Based on this
finding, studies focusing on vectors other than Ixodes
spp. ticks should be considered for B. koehlerae. Bar-
tonella koehlerae previously has been detected in cat
fleas (C. felis),5**! and flea transmission should be
considered for B. koehierae in dogs as well.

Several limitations are inherent to retrospective sero-
prevalence studies. Although the motivation for sub-
mission of samples to the VBDDL is not specified on
submission forms, typically most testing is performed
diagnostically for sick dogs or when screening blood
donors; therefore, our study sample does not represent
a random sample from the general dog population in
North America. The decision to submit a sample for
testing may be biased by both owners and veterinari-
ans, based on previous experience with or knowledge
of Bartonella, as well as perception of vector-borne dis-
ease risk in certain locations or seasons. Whether test-
ing was done to confirm a suspected clinical diagnosis,
to rule out a possible underlying etiology for a clinical
syndrome typically asscciated with Barronella or
another vector-borne disease, or to screen a healthy
dog (eg, blood donors, military or other working
dogs), is unknown. These samples, however, do not
include experimental animals from research institu-
tions, but rather diagnostic submissions only. Limited

knowledge of, and access to, Bartonella serology test-
ing by both dog owners and veterinarians may lead to
dogs not being tested by serology for this emerging
infectious disease. The population examined in our
study may overestimate or underestimate the true
prevalence of exposure in healthy or sick populations
of dogs. Additionally, several laboratories across the
country perform Bartorella serology testing, but we
have no reason to believe that samples would be pref-
erentially submitted to any particular laboratory for
reasons related to likelihood of positive test, so this
possibility likely contributes little bias to our sample.

In addition to sample submission bias, there are lim-
itations inherent in using serology as a diagnostic test.
Serology is the current gold standard for determination
of exposure to Bartonella for both diagnostic and sero-
survey purposes, but this modality has limitations.S
Dogs experimentally infected with single species of
Bartonella did not develop cross-reactive antibodies
against other species,®? but the extent to which sero-
logic cross-reactivity versus co-exposure to multiple
Bartonella species occurs in naturally infected dogs is
unknown. Previous studies have shown poor associa-
tions between seroreactivity and bacteremia,®*%* with
antibody reactivity to Bartonella species antigens
detected in <50% of dogs and humans in which active
infection with B. vinsonii subsp. berkhoffii and
B. henselaze can be documented.”'® Therefore, IFA
antibody testing lacks sensitivity, and, if detected, the
presence of antibodies can only be used to infer prior
exposure.”®> The seroreactivity data described our
study could underestimate the true infection rate in a
given population, and do not provide information on
active or subclinical infection.

In summary, we report the largest North American
retrospective seroepidemiologic study targeting 3 Bar-
tonella species in dogs by IFA testing. The overall
B. henselae and B. koehlerae seroreactivity for the dogs
tested in our study was similar to that reported for
other CVBD in population-wide serosurveys, whereas
lower overall B. vinsonii subsp. berkhoffii seroreactivity
was found. Dogs appear to be exposed to Bartonella
spp. throughout most of North America, and seroreac-
tivity can be detected at any time of year. Dogs
exposed to other CVBD, male intact dogs, and mixed
breed dogs are at higher risk for Bartonella exposure.
Fleas and several tick species are proposed vectors for
bartonellosis in dogs; our seroepidemiologic analyses
suggest there may be multiple vectors or nonvectorial
transmission for Barfonella infection in dogs, or that
the primary vector may depend on local geographic,
environmental, or reservoir host factors.

Footnotes

® Canine SNAP 4Dx or SNAP 4Dx PLUS, IDEXX Laboratories,
Westbrook, ME

® ArcMap ArcMap v. 10.4.1, Environmental Systems Research
TInstitute, Redlands, CA
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° SAS v. 9.4, SAS Institute 2002-2012, SAS, Cary, NC
4 Version 3.01, www.OpenEpi.com
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Abstract

Bartonella henselae is a zoonotic vector-borne pathogen affecting both humans and dogs. Little is known about
the epidemiology of B. henselae in dogs, including risk factors associated with exposure. The objectives of this
study were to map the current distribution of B. henselae in dogs in North Carolina (NC) and to identify
ecological and socioeconomic factors influencing B. henselae seroreactivity.

Results from 4446 B. henselae serology samples from dogs in NC submitted by veterinarians for clinical
diagnostic testing to the North Carolina State University College of Veterinary Medicine Vector Borne Disease
Diagnostic Laboratory between January 1, 2004 and December 31, 2015 were retrospectively reviewed. These
results were used to generate a map of B. henselae seroreactivity. To account for sparsely sampled areas,
statistical smoothing using head banging and areal interpolation kriging was performed. Using previously
described risk factors for exposure to canine tick-borne diseases, eight multivariable logistic regression models
based on biologically plausible hypotheses were tested, and a final model was selected using an Akaike’s
Information Criterion weighted-average approach.

Seroreactivity among dogs tested for vector-borne disease was variable across the state: higher along the
southern/eastern coastal plains and eastern Piedmont, and lower in the western mountains. Of 25 explanatory
factors considered, the model combining demographic, socioeconomic, climatic, and land use variables fits best.
Based on this model, female intact sex and increasing percentage of the county with low-intensity development
and evergreen forest were associated with higher seroreactivity. Conversely, moderate development, increasing
median household income, and higher temperature range and relative humidity were associated with lower
seroreactivity. This model could be improved, however, by including local and host-scale factors that may play
a significant role in dogs’ exposure.

Keywords: canine, seroreactivity, tick, flea, zoonoses, vector-borne

Background inoculation of infected flea feces through the patient’s skin
through cat scratch (Zangwill 2013, Regier et al. 2016). Al-
MEMBERS OF THE BACTERIAL GENUS Bartonella are im-  though the cat flea, Crenocephalides felis, serves as the pri-

portant emerging pathogens in dogs and humans mary arthropod vector for transmission of B. henselae among

worldwide (Harms and Dehio 2012, Breitschwerdt et al. the domestic cat reservoir, the primary vector for transmission

2017). There are »30 named species, more than half of which
have been associated with human and animal diseases
(Breitschwerdt et al. 2014, 2017). One of the most common
zoonotic species of Bartonella in humans and dogs is Bar-
tonella henselae, the causative agent of human cat scratch
disease (CSD) (Breitschwerdt et al. 2014, Regier et al. 2016,
Lashnits et al. 2018). Inhumans, B. kenselae is transmitted by

to dogs is unknown (Billeter et al. 2008, Angelakis et al. 2010,
Mosbacher et al. 2011). Ticks (primarily fxodes spp., but also
Dermacentor spp., Amblyomma americanum, and Rhipice-
phalus sanguineus)y and fleas (C. felis and Pulex spp.) have
been proposed as vectors for B. henselae in dogs based on case
reports, serosurveys, surveys of arthropod vectors, and lab-
oratory transmission studies investigating Barfonella spp.
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FACTORS ASSOCIATED WITH B. HenseLAE IN NC DOGS

transtission (Pappalardo et al. 1997, 2000, Breitschwerdt
et al. 1998, Kordick et al. 1999, Chang et al. 2001, Honadel
etal. 2001, Chang et al. 2002, Adelson et al. 2004, MacDonald
et al. 2004, Morozova et al. 2004, Solano-Gallego et al.
2004, Henn et al. 2003, Holden et al. 2006, Foley et al. 2007,
Wikswo et al. 2007, Billeter et al. 2008, 2012, Cotté et al.
2008, Reis et al. 2011, Yancey et al. 2014, Lashnits et al.
2018, Regier et al. 2017, Duplan et al. 2018). There is also
evidence suggesting that occasionally human B. henselae
infection may be due to tick transmission, including with
repotts of CSD, in patients with no reported cat contact, or
with reported tick exposure or Lyme disease (Lucey et al.
1992, Zangwill et al. 1993, Amez et al. 2003, Podsiadly
et al. 2003, Breitschwerdt et al. 2007, Billeter et al. 2008,
Angelakis et al. 2010, Rigaud et al. 2016, Dona et al. 2018).

Climatic conditions, geographical factors, and socioeco-
nomic factors have been associated with the prevalence
of tick-borne discases in dogs, including Anaplasma spp.
(McMabhan et al. 2016), Borrelia burgdorferi (Watson et al.
2017), and Ehrlichia spp. (Liu et al. 2017). Although
B. burgdorferi and Ehrlichia spp. have different tick vectors,
modeling studies suggest higher exposure to either of these
diseases in locations with lower population density and more
forest (away from urban centers) (Liu et al. 2017, Watson
et al. 2017). However, no such analysis for Bartonella ex-
posure in dogs has been published.

The availability of a large amount of Barfonella serology
data from a national diagnostic laboratory (North Carolina State
University College of Veterinary Medicine Vector Borne Dis-
ease Diagnostic Laboratory [NCSU-VBDDL], North Carolina
State University, NC) has previously allowed us to investigate
trends across dog populations and over many years, to identify
demographic and geographical risk factors associated with
Bartonella spp. exposute in dogs (Solano-Gallego et al. 2004,
Yancey et al. 2014, Lashnits et al. 2018). However, ecological
and socioeconomic factors associated with B. henselae expo-
sure in dogs have not previously been studied.

The goal of this study was, therefore, to provide further in-
sight into ecological and socioeconomic factors associated with
B. henselae exposure in dogs, using NCSU-VBDDL clinical
diagnostic serology data from dogs residing in North Carolina
(NC) and suspected of having one or more canine vector-borne
diseases (CVBDs). NCis a logical choice to identify large-scale
patterns of association between Bartonella exposure and eco-
logical and socioeconomic factors, because it is a large and
diverse state, with wide variation in these factors (see Supple-
mentary Fig. S1), as well as having the largest number of
sample submissions for Bartonella diagnostic testing each year.

The specific aims of this study were to map the current
spatial distribution of B. hemselae in dogs in NC and to
characterize ecological and socioeconomic factors associated
with B. henselae exposure based on NCSU-VBDDL serology
data. We hypothesized that risk factors previously associated
with vector-borne diseases of dogs, including climatic con-
ditions, geographical factors, and societal factors, are asso-
ciated with B. henselae exposure in dogs.

Materials and Methods

Study design, setting, and participants

We performed a retrospective cross-sectional observa-
tional analysis of dog blood samples submitted to the NCSU-
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VBDDL for B. henselae serology. The NCSU-VBDDL
routinely tests sera for antibodies against B. henselae as
an individual serological test or as a patrt of comprehensive
panel that includes multiple Bartonella spp. as well as other
CVBDs. Samples originate from veterinary hospitals and
practices throughout North America.

In this study, we included samples from dogs submitted
from either from the North Carolina State University Veter-
inary Hospital or other veterinary clinics located throughout
NC between January 1, 2004, and December 31, 2015. If dogs
had multiple tests submitted, only one test per year was in-
cluded. If multiple samples were submitted within 1 year,
samples were excluded after the first positive result. If no
samples were positive, the chronologically first sample was
chosen and the others excluded. Dogs enrolled with the
NCSU Veterinary Hospital Blood Bank were identified by
manual review of medical records, and excluded.

Data source for outcome variable

Samples were tested for B. henselae H-1 strain through
immunofluorescent antibody (IFA) as previously described,
using a cutoff of 1:64 to define a seroreactive titer (Hegarty
et al. 2014).

Map creation

To characterize the spatial distribution of B. henselae in
dogs tested for vector-borne disease in NC during the study
period, a map of the average percentage of samples sero-
reactive over all sample years, for each county, was created
using ArcGIS (ArcMap v. 10.4.1; Environmental Systems
Research Institute [ESRI], Redlands, CA). Boundaries were
created from publicly available data from the U.S. Census
Bureau (United States Census Bureau 2017) and ESRI using
the North American Datum 1983 geographic coordinate
systemn with Geodetic Reference System 1980 spheroid.

Two smoothing techniques were applied to the empiric
map. First, a weighted head-banging algorithm (NCI 2016)
was used to reduce the influence of sparsely sampled counties
(Wang et al. 2014, McMahan et al. 2016). Missing values
were replaced with the average proportion of B. henselae
seropositive dogs for adjacent counties with sampling.
Parameters used were 6 nearest neighbors, 4 triples, 10
iterations, and 135 degrees angle. Second, to aid visuali-
zation, we smoothed the map into a continuously variable
surface using areal interpolation kriging with baseline pa-
rameters in the geostatistical analyst extension of ArcGIS
(Wang et al. 2014, McMahan et al. 2016). Maps for ex-
planatory factors, averaged over all study years, were also
created (Supplementary Fig. S1).

Data sources for explanatory variables

Patient information available from the NCSU-VBDDL
included date of sample collection, signalment (age, breed,
gender), and veterinary practice location. County of sample
origin was assigned based on owner’s zip code if available, or
veterinary clinic location if not.

Previous studies have examined risk factors for exposure
to CVBDs (Stich et al. 2014, Wang et al. 2014, McMahan
et al. 2016). These factors were initially investigated for
analysis, and included climate factors (annual temperature,
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precipitation, and humidity); socioeconomic factors (median
household income, population density, and estimate of num-
ber of dogs per county); and geographic factors (elevation and
land cover). In addition, the presence or absence of fxodes spp.
ticks on a county-wide scale across the United States. was
recently reported (Eisen et al. 2016a), and this presence/ab-
sence data were used as an additional factor. Year of sample
submission was initially explored, but ultimately not included
as an explanatory factor since it does not provide any mech-
anistic information about the underlying drivers of exposure.
A list of considered factors and the publicly available data
sources are provided in Table 1, and the range of values for
these variables within NC is given in Table 2 and Supple-
mentary Figure S1.

Detailed data collection and management information are
available in Supplementary Data. All data management and
analyses were performed in R 3.3.1 (R Core Team 2016).

Descriptive statistics

To better characterize differences between seroreactive
and nonseroreactive dogs, descriptive statistics were ob-
tained for gender, breed, and county-level tick reporting.
Differences between seroreactive and nonseroreactive dogs
were calculated using chi-squared tests.

Model development

To evaluate ecological and socioeconomic factors associ-
ated with B. henselae exposure, we followed a model selec-
tion approach in which we combined explanatory variables
representing biologically plausible hypotheses (Johnson and
Omland 2004). There were 25 explanatory variables initially
considered, and a subset of these variables was included in
each hypothesis-based model (Fig. 1). We first evaluated all
pairwise correlations among the explanatory variables, using
Pearson’s correlation coefficients, to minimize statistical is-
sues associated with collinearity. Combinations of exces-
sively correlated explanatory variables were avoided in the
hypothesis-based models.

The combinations of explanatory variables for each
hypothesis-driven model are shown in Fig. 1. Dog gender was
included in all hypothesis-based models, based on previous
studies showing significant differences in Bartonella spp.
exposure in different genders (Henn et al. 2005, Lashnits
et al. 2018). The basis for the specific combinations of vari-
ables in each hypothesized model is as follows:

1. In model 1, we hypothesize that host factors, primarily
dog demographics, are most important in explaining the
variation in B. henselae exposure in dogs. Dog demo-
graphics include gender and breed, but not age, based
on previous studies investigating demographics (Pap-
palardo et al. 1997, Honadel et al. 2001, Henn et al.
2005, Foley et al. 2007, Lashnits et al. 2018). Based on
a recent and large-scale seroepidemiologic study of
Bartonella spp. exposwre in dogs (Lashnits et al. 2018),
we hypothesize that the odds of exposure is highest in
male intact mixed breed dogs.

2. In model 2, we explore the hypothesis that climatic
factors alone are most important in explaining the
variation in B. hemselae exposure in dogs. The hy-
pothesis for this model is that exposure is highest in

LASHNITS ET AL.

areas with high relative humidity and in less extreme
climates (lower temperature range).

. In model 3, we consider the hypothesis that socio-

economic and development factors are most important
in explaining the variation in B. henselae exposure in
dogs. The hypothesis is that the highest seroreactivity
is found where there is high median household income
and high levels of development.

. In model 4, we assume access to active farmland is

most important in explaining the variation in B. hen-
selae exposure in dogs. This model is based on a case—
control study performed in the southeast United States
in the 1990s, indicating that Bartonella vinsonii subsp.
berkhoffii exposure was higher in dogs in rural envi-
ronments, particularly on farms (Pappalardo et al. 1997).
For this model, land covers including crops and pasture
are tested, with the hypothesis that exposute is highest in
cournties with a high percentage of farmland.

. Inmodel 5, we assume that different types of forest cover

are most Important in explaining the variation in B. hen-
selae exposure in dogs. In NC, the forest type follows an
elevation gradient from the coastal ecastern counties,
which are predominantly evergreen forest, to the moun-
tainous western counties, which are predominantly de-
ciduous forest. A previous study of landscape risk factors
for tick borne diseases of dogs in northern California
found the highest seroprevalence for Barfonella vinsonii
subsp. berkhoffii in evergreen forests (Foley et al. 2007).
Based on this, the hypothesis is that exposure is highest
in counties with large proportions of mixed or evergreen
forest.

. In model 6, we take into account multiple different

land uses to explain the variation in B. henselae ex-
posure in dogs. Including all land use categoties pro-
duces excessive collinearity, particularly with all levels
of development and all forest types. Therefore, high-
intensity development and mixed forest were not in-
cluded. The hypothesis is that the highest seroreactivity
will be seen in areas with large percentage of forest,
grass/shrub, and development.

. In model 7, we include multiple categories of factors

to explain the variation in B. henselae exposure in dogs.
Particular types of land cover (forest and grass/shrub) as
well as climate variables (temperature range and relative
humidity) were included based on previous studies of
factors important in predicting other CVBDs (Springer
et al. 2015, Hahn et al. 2016, Alkishe et al. 2017, Eisen
et al. 2018, Soucy et al. 2018). Whether Ixodes spp. ticks
had been previously reported in each county was also
included (Eisen et al. 2016a). The hypothesis is that
exposure is highest in counties with established Ixodes
spp. ticks, high percentage of land dedicated to forest
or grass/shrub, and low temperature ranges with high
relative humidity.

. Inmodel 8, we also include multiple categories of factors

that may be associated with positive B. henselae serology,
but we leave out the direct assessment of reported pres-
ence of Ixodes spp. ticks and instead include a measure of
development. The hypothesis is that exposure is highest in
counties with high percentage of land dedicated to forest
or grass/shrub, low temperature ranges with high relative
humidity, and high levels of development and income.
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586 LASHNITS ET AL.
TABLE 2. MEDIAN AND RANGE FOR COUNTY-LEVEL EXPLANATORY VARIABLES

Variable Abbreviation Median Range

Climate
Maximum annual temperatare (°F) MaxTemp 71.05 56.6-76.1
Mean annual temperature (°F) MeanTemp 60.1 47.8-65
Minimum annual temperature (°F) MinTemp 49 38-55.6
Mean amnual dew peint (°F) DP 47 38.9-554
Annual precipitation {inches) Precip 484 27.08-97.51
Temperatwre range (°F) TempRange 222 15.1-28.6
Relative humidity (%) MeanRH 63.40 51.40-75.71

Socioeconomic
Population density (100 persens/sq. mi.) FD 1.094 0.0858-18.904
Number of dogs (per county) DogEst 13,751.6 986.7-258,254.5
Median househeld income ($1000/year) Inc 30.642 27.487-67.309

Geographic
Elevation (100 ft. above sea level Elev 4.35 0.01-35.82

Land use (% of county)
Developed-high DevHi 0.10 0-4.34
Developed-medium DevMed 0.40 0.01-8.94
Developed-opentlow DevOpLow 753 1.27-49.34
Evergreen forest EvFor 0.63 0.50-34.57
Deciduous forest DecFor 28.95 0-84.01
Mixed forest MixFor 2.00 0.02-7.44
Grass+shrub GS 8.00 0.44-21.07
Pasture Pst 7.09 0-38.04
Crops Crop 1.30 0-46.27
Wetland+open water Wet 4.62 0.12-92.86

Median and range over all 100 North Carolina counties Tor all study years (2004-2015). Land use type represented by the percentage of

each county with specified land use type.

We used logistic regression to quantify the log odds of
B. henselae exposuare. The dependent variable was positive
(vs. negative) B. henselae IFA sample.

Mode! selection and assessment

Foreach of the eight models, model pvalue was caleulated
based on ANOVA test cempared with a null model, and
goodness of fit (GOF) was assessed using the Hosmer—
Lemeshow GOF test with the “Resource Selection” package
(Subhash et al. 2017) and McFadden’s Pseudo-R2 using the
“pac]l” package (Jackman 2017). Akaike’s Information Cri-

terion (AIC) was calculated for each medel, and the relative
importance of each model was assessed by assigning AIC
weights (Anderson 2008) using the “MuMIn’ package
(Barton 2018). A minth model, the final weighted model, was
selected based on averaging the meodels within AATC of 9
(Anderson 2008), allowing for evaluation of the relative
support in the data for each model, and therefore quantita-
tively measure support for each model (Johnson and Omland
2004). Odds ratios (ORs) and 95% confidence intervals for
the ORs were estimated for the final weighted-average
model. Unless otherwise stated, p < 0.05 was considered
statistically significant.

MODEL SUMMARY
3 TICK
s PD | INC [WET | | Inc | [nC |
g cR | psT | TR | RH TR | RH
8 TR | RH [ DEV ]| | DEV |
8 | ELEV | [(Dev ] CR | psT [[For ] FOR | 6s | FoR [ es | For | cs
,E SEX BREED SEX SEX SEX SEX SEX SEX SEX
@
é 1 2 3 4 5 6 7 8

FIG. 1. Hypothesis model structures. Model summary, showing variables included in each hypothesis model. Colored
boxes show mdividual explanatory variables included in each hypothesis-based model, with color based on the variable
category. Yellow, demographic variable; blwe, climate variables; greer, geographic varables; pink, socioeconomic varl-
ables; brown, tick vector presence. BRD, breed group; CR, crops; DEV, developed land (cpen/low or moderate); ELEV,
elevation; FOR, forest (evergreen, deciduous, or mixed); GS, grass and shrab; INC, median household income; PD,
population density; PST, pasture; RH, relative humidity; TR, temperature range; TICK, Ixodes spp. ticks established,

reported, or not reported; WET, wetland and open water.
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FACTORS ASSOCIATED WITH B. Hewsetae IN NC DOGS
Results

During the 12-year study peried, there were 4446 blood
samples tested for B. henselge, comprising 4343 unique dogs
(demographic characteristics available in Supplementary
Table S1). There were samples submitted from 88 counties
(out of 100 counties in NC). Within a given year, the number
of sampled counties ranged from 35 countiss in 2007 to 59
counties in 2004. The counmties from which the highest
number of samples was submitted incladed Wake, Durham,
and Mecklenburg; samples from these three counties made up
55% of the sample size. The largest number of samples (583,
13.1%) was submitted in 2015, the smallest namber (137,
3.1%) in 2007 (Fig. 2).

There were 136 dogs (3.1%) that had serological evidence
of B. henselae exposure. Test results by coumty of erigin are
shown in Fig. 3 (top panel). The smoothed map showing
estimated percentages of dogs with seroreactivity to B. hen-
selae across NC over the entire study period, based on head-
banging and areal interpolation kriging, is shown in Fig. 3
(bottom panel). There are areas of higher seroreactivity cnthe
coast as well as through the middle of the state, with areas of
lower seroreactivity in the western part of the state and
through the middle of the coastal plains.

600
500 ——
>
400
FIG. 2. BRartonella hense-
lae seroreactivity by year
during the study period. To-
tal IFA submissions on left
axis; positive samples in so- 300

lid gray, negative samples in
striped gray. Percentage of
samples seroreactive per year
on nght axis; emor bars rep-
resent 95% confidence inter-
vals for the estimated 200 —
proportions, and are cut off at
0%. IFA, immuncfluerescent
antibody.

Total submissions

100

M

587

Female intact dogs had higher seroreactivity (3.5%) com-
pared with the other genders (male castrated 1.9%, p=0.0002;
male intact 2.0%, p=0.148; female spayed 2.3%, p=00324).
There were no statistically significant differences in seror-
eactivity when compared between American Kemnel Club
(AKC) breed groups, or when comparing specific breeds that
made up 5% of the samples. There was higher seroreactivity in
cownties with Ixodes spp. ticks reported (4.35%) than in coun-
ties with fxodes spp. ticks established or not reperted (2.69%
and 2.53%, respectively; p=0.0225). Seroreactivity was high-
est in 2004 (12.5%), and otherwise ranged from 0% in 2012 to
4.9% in 2005; overall annual serereactivity is shown in Fig. 2.

The moest informative model was model 8, which included
as explanatory factors dog gender, median household in-
come, relative humidity, temperature range, and percentage
of land with evergreen forest, grass/shrub, open or low-
intensity development, and moderate intensity development.
This model had the lowest AIC (1152.7) and an AIC weight
of 0.9 (Table 3), with a McFadden pseude-R2 of 0.072
(where avalue of >0.2 indicates an excellent fit) (McFadden
1979). The Hosmer-Lemeshow GOF test had a nonsignifi-
cant z value (p=0.299%), indicating that this model appro-
priately fit the data. The next best model was model 7, with an
AIC weight of 0.08. Models 1 and 3-6 had AAIC 9, and,
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Raw data (empiric)

LASHNITS ET AL.

Interpolated and smoothed

B. henselae seroreactivity

B o [712.1-4 [ ]Bhcounties w no data
No1-1HM41-10
| EE11-2 > 10

FIG.3. Map of B. henselae seroreactivity in dogs. Top panel shows the empiric map (raw data), with the percentage of
seroreactive dogs in each county. Bottom panel shows the smoothed and interpolated map, with estimated percentage of

seroreactive dogs.

therefore, did not contribute to the AIC weighted average.
Results of the initial eight hypothesis-based models are
shown in Table 4. The weighted-average model (Table 5)
showed that female intact or unknown gender status and in-
creasing percentage land cover with open or low-intensity
development or evergreen forest were independently asso-
ciated with increased log odds of B. henselae exposure.
Conversely, increasing percentage of moderate intensity de-
veloped land, increasing median household income, in-
creasing temperature range, and increasing relative humidity
were independently associated with decreased log odds of
B. henselae exposure.

Discussion

This study provides a statistical modeling approach to
understanding B. henselae exposure in dogs suspected of
vector-borme disease across NC. There was varable sero-
reactivity across the state, with areas of apparent higher ex-
posure along the coastal counties in the east, in the southern
coastal plains counties, and in the eastern Piedmont counties.
There was lower seroreactivity in the western mountain
counties. Of the initial hypotheses for associations between
explanatory variables and seroreactivity, the data provided
the most support for a combination of patient demographic

TABLE 3. AKAIKE'S INFORMATION CRITERION WEIGHTED MODEL AVERAGE

Model Rank DF logLik AlCe AAIC Weight Pseudo R2
8 1 12 —564.29 1152.66 0 0.9 0.072
7 2 11 —567.69 1157.43 4.78 0.08 0.067
2 3 9 -571.5 1161.05 8.39 0.01 0.060
3 4 8 —580.76 1177.54 24.89 0.00 0.045
6 5 13 —576.67 1179.42 26.76 0.00 0.052
4 6 7 —583.03 1180.08 2742 0.00 0.041
5 7 8 —582.92 1181.87 29.21 0.00 0.041
1 8 14 —578.65 1185.4 3274 0.00 0.048

Models listed in descending order of AIC.
AIC, Akaike’s Information Criterion.
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TABLE 4. HYPOTHESIS-BASED MODEL RESULTS

Estimate Standard error P OR 95% CI
Model 8
(Intercept) 16.3458 4.5227 0.0003*
Gender
MI 0.1690 0.3800 0.6565 1.18 0.54-2.42
ES 0.2524 0.2577 0.3273 1.29 0.78-2.16
FI 1.2709 03292 0.0001* 3.56 1.84-6.75
Unk 1.0531 02742 0.0001* 2.87 1.68-4.96
DevOpLow 0.0832 0.0318 0.0089* 1.09 1.02-1.16
DevMed -0.3939 0.1616 0.0148* 0.67 0.49-0.92
Inc —-0.0391 0.0128 0.0022* 0.96 0.94-0.99
EvFor 0.0969 0.0320 0.0025%* 1.10 1.03-1.17
GS -0.0751 0.0459 0.1018 0.93 0.85-1.01
MeanRH —0.1328 0.0439 0.0025%* 0.88 0.8-0.95
TempRange -0.5219 0.1019 <0.0001* 0.59 0.49-0.72
Model 7
(Intercept) 18.5113 4.4983 <0.0001*
Gender
Ml 0.1226 0.3794 0.7466 1.15 0.52-2.34
FS 0.2371 0.2569 0.3561 1.27 0.77-2.12
FI 1.1914 03278 0.0003* 3.33 1.72-6.29
Unk 1.2795 0.2608 <0.0001* 3.46 2.07-5.89
EvFor 0.0942 0.0318 0.0030* 1.11 1.04-1.19
GS -0.0923 0.0464 0.0465%* 0.9 0.82-0.99
MeanRH —0.1667 0.0422 0.0001* 0.85 0.78-0.93
TempRange -0.5047 0.1021 <0.0001* 0.61 0.50-0.74
Inc -0.0362 0.0117 0.0019* 0.97 0.94-0.99
Tick status
Not reported =0.0409 0.3844 0.9153 0.96 0.43-1.97
Reported 0.1961 0.26344 0.4566 1.22 0.72-2.03
Model 2
(Intercept) 15.6372 4.1363 0.0002*
Gender
MI 0.1416 03795 0.7092 1.15 0.52-2.35
FS 0.2450 0.2568 0.3401 1.28 0.78-2.14
FI 1.2598 03250 0.0001* 3.52 1.83-6.62
Unk 1.3705 0.2591 <0.0001* 3.94 2.39-6.62
TempRange -0.4099 0.0899 <0.0001* 0.66 0.56-0.79
MeanRH -0.1535 0.0403 0.0001* 0.86 0.79-0.93
Inc -0.0229 0.0102 0.0246* 0.98 0.96-1.00
Elev -0.0320 0.0261 0.2197 0.97 0.91-1.01
Model 3
(Intercept) —2.7989 0.7075 0.0001*
Gender
MI 0.0554 0.3767 0.8832 1.06 0.01-0.24
FS 0.2298 0.2560 0.3693 1.26 0.48-2.15
FI 1.1275 0.3198 0.0004* 3.09 0.77-2.10
Unk 1.3848 0.2653 <0.0001* 3.99 1.62-5.73
Inc -0.0269 0.0153 0.0789 0.97 2.39-6.79
DevMed -0.5035 0.2472 0.0417* 0.60 0.94-1.00
PopDens 0.2689 0.1304 0.0392* 1.31 0.37-0.96
(continued)
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TABLE 4. (CONTINUED)

Estimate Standard error p OR 95% CT
Model 6
(Intercept) —4.8029 7.0339 0.4947
Gender
MI 0.1279 0.3775 0.7348 1.14 0.52-2.31
FS 0.2485 0.2562 0.3321 1.28 0.78-2.14
FI 1.2050 0.3235 0.0002* 3.34 1.74-6.24
Unk 1.1748 0.2790 <0.0001* 3.24 1.89-5.65
DevMed —0.5380 0.2148 0.0123* 0.58 0.38-0.89
DevOpLow 0.1081 0.0772 0.1614 1.11 0.96-1.29
DecFor -0.0128 0.0736 0.8622 0.99 0.85-1.14
EvFor 0.0501 0.0912 0.5832 1.05 0.88-1.25
Crop 0.0070 0.0738 0.9241 1.01 0.87-1.16
Pst 0.0250 0.0731 0.7327 1.03 0.89-1.18
GS -0.0661 0.0785 0.3999 0.94 0.80-1.09
Wet 0.0111 0.0702 0.8741 1.01 0.88-1.16
Model 4
(Intercept) —1.0361 0.2500 <(0.0001*
Gender
MI 0.0691 0.3759 0.8542 1.07 0.49-2.17
FS 0.2355 0.2558 0.3573 1.27 0.77-2.11
FI 1.1232 0.3190 0.0004* 3.07 1.62-5.70
Unk 15154 0.2552 <0.0001* 4.55 2.78-7.60
Crop 0.0006 0.0107 0.9526 1.00 0.98-1.02
Pst 0.0065 0.0123 0.5983 1.01 0.98-1.03
Model 5
(Intercept) —4.0828 0.3569 <0.0001*
Gender
MI 0.0625 03760 0.8680 1.06 0.49-2.16
FS 0.2364 0.2558 0.3555 1.27 0.77-2.11
FI 1.1139 03198 0.0005* 3.05 1.60-5.66
Unk 1.5359 0.2588 <0.0001* 4.65 2.82-7.80
EvFor 0.0145 0.0215 0.5001 1.01 0.97-1.06
DecFor 0.0010 0.0080 0.9005 1.00 0.98-1.02
MixFor -0.0277 0.0591 0.6391 0.97 0.87-1.09
Model 1
(Intercept) —3.7057 0.2846 <(.0001*
Gender
MI 0.0465 03769 0.9018 1.05 0.48-2.13
FS 0.2466 0.2563 0.3361 1.28 0.78-2.14
FI 1.1385 03197 0.0004* 3.12 1.64-5.80
Unk 1.4410 0.2583 <0.0001* 4.22 2.56-7.09
Breed group
Herding -0.3751 03351 0.2629 0.69 0.35-1.32
Hound -0.1409 03414 0.6799 0.87 0.44-1.68
Non AKC 0.1477 0.7598 0.8459 1.16 0.18-4.16
Nonsporting —0.6257 04397 0.1547 0.53 0.21-1.21
Sporting -0.0570 0.2686 0.8319 0.94 0.56-1.62
Terrier -0.9167 0.5021 0.0679 0.40 0.13-0.99
Toy —0.6664 04205 0.1130 0.51 0.21-1.13
Working -0.2937 03412 0.3895 0.75 0.37-1.44
Unk 0.2217 0.6507 0.7333 1.25 0.28-3.93

Logistic regression models based on biologically plausible hypotheses for factors driving differences in Bartonella henselae exposure in
dogs, with B. henselae seroreactivity as dependent variable. Models are listed in ranked order based on AIC. Baseline sex male castrated;
baseline breed mixed; baseline tick status established. Models listed in descending order of AIC. Statistical significance considered at

p <0.05 for individual factors (indicated by *).
AKC, American Kennel Club; CI, confidence interval; OR, odds ratio; Unk, gender/breed not recorded.
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FACTORS ASSOCIATED WITH B. HenseLAE IN NC DOGS 591
TABLE 5. AKAIKE’S INFORMATION CRITERION WEIGHTED-AVERAGE MODEL RESULTS

Variable Estimate Standard error P OR 95% CI
Gender

MI 0.1673 0.3801 0.6600 1.18 0.56-2.49

FS 0.2517 0.2576 0.3287 1.29 0.78-2.13

FL 1.2679 0.3294 0.0001* 3.55 1.86-6.78

Unk 1.0654 0.2786 0.0001* 2.9 1.68-5.01
EvFor 0.0959 0.0340 0.0048* 1.1 1.03-1.17
DevOpLow 0.0783 0.0363 0.0307* 1.09 1.02-1.16
DevMed -0.3719 0.1813 0.0402% 0.67 0.49-0.93
Tnc -0.0386 0.0129 0.0028* 0.96 0.94-0.99
MeanRH —0.1342 0.0442 0.0024* 0.87 0.8-0.95
TempRange -0.5194 0.1027 0.0000* 0.59 0.49-0.73
Elev —0.0003 0.0049 0.9260 0.97 0.92-1.02
GS -0.0751 0.0468 0.1087 0.93 0.85-1.01
Tick status

Not reported -0.0017 0.0789 0.9828 0.96 0.45-2.04

Reported 0.0082 0.0666 0.9022 1.22 0.73-2.04

Estimates and standard error of slope, p value for each explanatory variable, and ORs with 95% CIs for explanatory variables included in

AIC weighted-average logistic regression model.

*Statistical significance considered at p <0.05 for individual factors.

Sex baseline MC, tick status baseline established; Unk, gender not recorded; EvFor, percentage of county with evergreen forest
classification; DevOpLow, percentage of county with open or low-intensity development classification; DevMed, percentage of county with
medium development classification; Inc, median household income/1000; MeanRH, mean relative humidity; TempRange, difference
between annual average highest temperature and annual average lowest temperature (°F); Elev, county average elevation/100; GS,

percentage of county with grass or shrub classification.

factors, owner socioeconomic factors, and climate and land use
factors. This model could be improved, however, by including
local and host-scale factors that may play a significant role in
dogs” exposure. Unmeasured factors that may influence ex-
posure include, among others, local effects of a dog’s partic-
ular living environment; host factors including acaricide usage,
immunocompromise or other comorbidities, or genetic sus-
ceptibility; and direct evidence for proposed arthropod vector
abundance and activity including possible seasonal trends.

The likelihood of a positive IFA test is dependent on three
basic categories of factors: vector presence, vector contact,
and detection of exposure. As direct evidence for any of these
three variables is lacking, indirect associations with socio-
economic and ecological variables were assessed in this
study. Because of this, any interpretation of these findings
with regard to their implication for vector transmission
must be done with caution.

That said, these findings suggest that the varjation in sero-
reactivity may reflect variation in exposure not only to fleas,
the widely accepted vector for B. henselae transmission in
cats and humans, but also potentially to ticks. Since climate
and habitat are well known to play a key role in the preva-
lence and activity of many species of ticks, the model pro-
vides support for transmission through ticks on a population
scale but does not specify a particular species of tick vector
(Springer et al. 2015, Eisen et al. 2016b, Ogden and Lindsay
2016, Minigan et al. 2017).

Flea abundance depends on temperature and humidity, but
the suitable climatic range is wide [temperatures between
37°F and 95°F, with relative humidity >33% (Traversa
2013)] and climate extremes sufficient to limit flea devel-
opment are rarely found in NC based on our data. In addition,
exposure to fleas, particularly C. felis, may be independent of
climatic and habitat factors due to their ability to complete
their entire lifecycle indoors (Gracia et al. 2008, Rust 2017).

However, in some cases, flea infestation may have a seasonal
component, and C. felis thrive in warm humid environments
(Cruz-Vazquez et al. 2001, Gracia et al. 2008, Traversa 2013).
This model does not, therefore, preclude the involvement of
fleas (or other arthropod vectors) in transmission, but rather
suggests that there is an additional more climate- and habitat-
dependent route of transmission than fleas alone.

It is possible that the variation in seroreactivity reflects
variation in exposure to both fleas and ticks, or even a
nonvector-borne pathway of transmission. Future epidemio-
logic studies surveying the ectoparasites present on dogs and
cats and investigating risk factors for vector exposure would
help define the role of these potential vectors, and address the
variables of both vector presence and vector contact.

In addition to highlighting the role of climate and habitat in
B. henselae exposure, this model showed that some of the
variability in exposure was due to patient gender. We hy-
pothesized that male intact dogs would have highest
B. henselae seroreactivity, but in this sample in fact female
intact dogs had highest B. henselae seroreactivity. The ex-
planation for gender differences in Barfonella spp. exposure
remains controversial. Whether there is a biological com-
ponent to being a female or intact dog that increases expo-
sure, such as the possibility of sexual transmission of
B. henselae or immunological differences in intact dogs, or
whether being an intact female is a marker of another con-
founding lifestyle factor that increases exposure, such as
living outdoors or lack of acaricide use, is unknown.

In a report of patients presented to a Pennsylvania teaching
hospital, patient age, owner household income, and being
neutered were associated with an increased likelihood of
heartworm preventative compliance, but it is difficult to
generalize these localized small-scale survey-based findings
to wider scale or to use of flea and tick preventatives (Gates
and Nolan 2010). However, gender differences in prevalence

24



Downloaded by NCSU North Carolina State University from www.liebertpub.com at 08/16/20. For personal use only.

592

of vector-borne disease have been previously found inthe case
of heartworm, with intact dogs more likely to have heartworm
disease (Selby et al. 1980, Levy et al. 2007), so this result is in
keeping with patterns of exposure for other CVBDs and in-
fectious disease generally (Hoffman et al. 2013).

Finally, in this model as median household income in-
creased, exposure to B. henselae decreased (in contrast to our
hypothesis of a positive association between median house-
hold income and B. henselae seroreactivity). Thus, assuming
that the knowledge of—and financial ability to test for—
Bartonella spp. as pathogens in dogs is not associated with
climatic or land-use variables, then the differences in sero-
reactivity across counties did not appear to be based solely on
increased detection. This may be indicative of lifestyle fac-
tors in dogs residing in counties with lower average median
household income, such as higher risk of contacting flea or
tick vectors due to lower use of acaricides, or reduced access
to veterinary care (Brown et al. 2012, LaVallee et al. 2017).

Counties with larger percentages of moderate development
had lower B. henselae seroreactivity, and counties with larger
percentages of low-level development or open developed
space, or evergreen forest, had higher B. henselae sero-
reactivity. As defined by the NLCD, areas of moderate de-
velopment mainly include buildings and impervious surfaces
such as roads and sidewalks, in contrast to low-level devel-
opment ot open space, which most commonly includes large-
lot single-family housing and vegetation such as parks or
lawns (Homer et al. 2015).

Along with the possibility that lower income levels are
associated with decreased detection, this pattern suggests a
rural-urban gradient of exposure. For example, counties with
the largest cities did not have the highest seroreactivity:
Mecklenburg, containing the city of Charlotte, had an aver-
age seroreactivity of 3.2%, compared with the adjacent sub-
urban to rural counties to the east, Union (4.2%) and Stanly
(8.3%). However, this model also provided little support for
an association between farms and B. henselae exposure in
dogs on a statewide level, in contrast to a previous study
showing increased exposure to B. vinsonii subsp. berkhoffii in
dogs in rural environments or with access to farms (Pappa-
lardo et al. 1997). In fact, no single variable explained the
distribution of B. henselae exposure well, further highlighting
the complexity of B. henselae disease ecology in dogs.

Limitations of this study include the limitations inherent in
a retrospective serology study using a convenience sample.
Although the motivation for submission of samples to the
VBDDL is not specified on submission forms, typically most
testing is performed diagnostically for sick dogs; therefore,
our study sample does not represent a random sample from
the general dog population in NC. The decision to submit a
sample for testing may be biased by both owners and veter-
inarians, based on previous experience with or knowledge of
Bartonella, as well as perception of vector-borne disease risk
in certain locations or seasons. Whether testing was done to
confirm a suspected clinical diagnosis, to rule out a possible
underlying etiology for a clinical syndrome typically asso-
ciated with Bartonella or another vector-borne disease, or to
screen a healthy dog (e.g., military or other working dogs), is
unknown. These samples, however, do not include experi-
mental animals from research institutions or blood donor
dogs screened at NCSU, but rather diagnostic submis-
sions only.

LASHNITS ET AL.

Limited knowledge of, and access to, Barfonella serology
testing by both dog owners and veterinarians may lead to
dogs not being tested by serology for this emerging infectious
disease. The population examined in our study may overes-
timate or underestimate the true prevalence of exposure in
healthy or sick populations of dogs. Because sampling was
not uniformly distributed throughout the state, and there was
scant data from rural counties and counties in the far western
part of the state, extrapolations to these under-represented
regions should be done with caution. However, even when
excluding counties with low number of samples, there were
arcas with apparently higher exposure, including Granville
(3/39 seroreactive), Wayne (3/45 seroreactive), and Meck-
lenburg (30/557 seroreactive), compared with areas with low
exposure (Wilson county, 0/44 and Hanover, 2/187); these
findings were confirmed with the smoothed map.

Travel histories for the dogs were not available, and it is
possible that dogs in this sample were exposed to B. henselae
in other locations besides their home county. Despite these
limitations, the NCSU-VBDDL database provides one of the
best sources for existing Bartonella spp. serology data in dogs
to date. This study included data from >80% of the counties in
the state and >4300 dogs, which is a fairly large and com-
prehensive sample for a retrospective study of this nature.

Although serology is the current gold standard for deter-
mination of exposure to B. henselae for both diagnostic and
serosurvey purposes, this modality does have limitations
(Perez et al. 2011, Brenner et al. 2012, Hegarty et al. 2014,
Maggi et al. 2014). Previous studies have shown poor asso-
ciations between seroreactivity and bacteremia (Brenner
et al. 2012), with antibody reactivity to Bartonella species
antigens detected in <350% of dogs in which active infection
can be documented (Perez et al. 2011). Therefore, IFA anti-
body testing lacks sensitivity, and may underestimate the true
prevalence of B. henselae exposure in dogs.

Finally, limitations are inherent in the statistical model
itself. This model does not account for factors that are not
routinely measured with publicly available data. Importantly,
this model analyzed factors at the county level on an annual
timescale, and there may be important drivers of exposure at
smaller scales or seasonally that we were not able to assess
(Robertson and Feick 2018). Household-level effects may
drastically change exposure risk for dogs within similar en-
vironments, particularly when considering variation in acar-
jeide use. Because of this, care must be taken in interpreting
the results from this model, particularly at smaller spatial
scales. Further studies should focus on methods to assess
previously undefined factors, such as household-level risks
for vector exposure, and different spatial scales.

Conclusions

In this study, we report a statistical model for B. henselae
seroreactivity in dogs in NC, providing a better understand-
ing of its endemic range and highlighting the importance of
considering ecological factors when evaluating B. henselae
exposure. The model with the best fit included demographic,
socioeconomic, climatic, and landscape factors. The maps
created herein may help inform public health and veterinary
professionals in NC about B. henselae in their areas, and
may suggest areas where humans are at increased risk for
B. henselae exposure. Humans and dogs share environments
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both indoors and outdoors, and are thus often exposed to
similar vectors and vector-borne diseases. Indeed, if B. hen-
selae in dogs shares similar ecology with that in people, it could
be expected that seroreactivity in dogs may be correlated with
exposure risk in humans. In the future, this model may be
expanded to investigate transmission risk and explore alterna-
tive vectors for B. henselae in humans, used to evaluate pos-
sible consequences of ecological and socioeconomic changes
to the range and prevalence of B. henselae in dogs, or expanded
to wider geographic areas as serology data become available.
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Abstract

Background: Dynamics of infection by Bartonella and Rickettsia species, which are
epidemiologically assaciated in dogs, have not been explored in a controlled setting.
Objectives: Describe an outbreak investigation of occult Bartonella spp. infection
among a group of dogs, discovered after experimentally induced Rickettsia rickettsii
(R} infection.

Animals: Six apparently healthy purpose-bred Beagles obtained from a commercial
vendor.

Methods: Retrospective and prospective study. Dogs were serially tested for
Bartonella spp. and Rr using serology, culture, and PCR, over 3 study phases:
3 months before inoculation with Rr (retrospective), 6 weeks after inoculation with Rr
(retrospective), and 8 months of follow-up (prospective).

Results: Before Rr infection, 1 dog was Bartonella henselae (Bh) immunofluorescent
antibody assay (IFA) seroreactive and 1 was Rickettsia spp. |FA seroreactive. After
inoculation with Rr, all dogs developed mild Rocky Mountain spotted fever compati-
ble with low-dose Rr infection, seroconverted to Rickettsia spp. within 4-11 days, and
recovered within 1 week. When 1 dog developed ear tip vasculitis with intra-lesional
Bh, an investigation of Bartonella spp. infection was undertaken. All dogs had

seroconverted to 1-3 Bartonella spp. between 7 and 18 days after Rr inoculation.

Abbrevlations: BAPGM ePCR, Bartonella alpha-proteobacteria growth medium enrichment PCR; Bh $A2, Bartonelia henselae San Antonio 2 strain; Bh, Bartonelia henselae; Bk, Bartonelia koehlerae;

Bvb ), Barfonefla vinsonii subspecies berkhoffii

vinsoni subspecies berkhoffii; CVBD, canine vector-bome diseases; IFA, immunoflusrescent antibody assay; ITS, internal

transcribed spacer; LAR, Laboratory Animal Resources; NCSU-VBDDL, North Carolina State University College of Veterinary Medicine Vector Borne Diseases Diagnostic Laboratory; RMSF,
Rocky Mountain spotted fever; Rr, Rickettsia rickettsii; SFGR, spotted fever group Ricketisia spp.
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1 | INTRODUCTION

The genus Bartonella consists of over 40 globally distributed species of
alpha-proteobacteria, infecting a wide range of mammalian hosts includ-
ing dogs.'? Studies on Bartonella exposure in dogs have described an
epidemiclogic association between spotted fever group Rickettsia spp.
(SFGR} and Bartonella species.®” Based on infection of both fleas and
ticks with Bartonelfa spp. and SFGR, it is assumed that the serologic
assodation between these 2 pathogens represents exposure from coin-
fected vectors or sequential exposure to multiple infected vectors. As
the dynamics of Bartonella spp. and SFGR seroreactivity in coexposed
dogs have not previously been explored in a controlled setting, it is also
possible that infection with Riciettsia rickettsii (Rr) could result in recru-
descence of chronic subdinical Bartonella infection,

Vector transmission of different Bortonella species by sand flies,
fleas, lice, ticks, and flies is reasonably well documented by laboratory
and field studies®®—and transmission by a variety of other vectors
has been suspected—but defining a single natural vector for Bartonella
transmission among dogs has proved difficult.2®11 Nonvectorial
routes of transmission of Bartonella spp. are also proposed. Being
scratched by an Infected, flea-infested cat—allowing inoculation of
flea feces under the skin—is a well-known route of transmission for
Bartonefla henselae (Bh) to humans. Transmission of Bartonella spp. by
needle stick and blood transfusion has been reported, demonstrating
direct transmission via infected cells, blood, or interstitial fluid in the
absence of passage through an arthropod vector.'?1¢ There are also
reports implicating transmissicn by bites or suggesting the possibility
of viable Bartonella spp. bacteria in the mouth or saliva.2”-1? In Korea,
Bh DNA was PCR-amplified from over 15% of pet canine saliva sam-
ples and almost 30% of toenail samples,2® and in the United States
5 of 44 Golden Retrievers sampled had Bartonella spp. DNA on oral
swabs.?! Bartonella henselae DNA was found in the saliva of a man
with angioedema of the tongue and in his healthy dog,22 and in east-
ern China Bartonella exposure was associated with dog bites.®* How-
ever, the extent to which saliva might be infectious has not been
established and direct transmission among dogs has not been
reported.

Despite the evidence of nonvectorial routes of transmission, in
the absence of concurrent flea infestation, the risk of Bartonelia

Between 4 and 8 months after Rr inoculation, Bh DNA was amplified from multiple
tissues from 2 dogs, and Bartonella vinsonii subsp. berkhoffii (Bvb) DNA was amplified
from 4 of 5 dogs' oral swabs.

Conclusions and Clinical Importance: Vector-borne disease exposure was demon-
strated in research dogs from a commercial vendor. Despite limitations, our results
support the possibilities of recrudescence of chronic subclinical Bartonelia spp. infec-
tion after Rr infection and horizontal direct-contact transmission between dogs.

PCR, recrudescence, serology, transmission

transmission is currently considered minimal 2425 However, if trans-
mission can occur directly between dogs—or from dogs to humans in
the absence of vectors—this could be of substantial importance.
Establishment of an experimental model of Bartonella spp. infection in
non-reservoir hosts has thus far remained elusive,?® so investigation
of the potential for direct transmission of Bartcnella spp. has been
confined to epidemiologic associations and case reports.

The original study objective was to evaluate sequentially timed
serological response to low-dose experimental Rr infecton in
laboratory-raised dogs. However, after completion of the Rr study, Bh
DNA was detected in ear-tip vasculitis lesions in 1 dog. Subsequently,
Bartonella spp. antibodies were documented in all dogs, either before or
after the experimental Rr infection in a vector-free hiocontainment facil-
ity. This unexpected circumstance provided an opportunity to investi-
gate both the serologic response to coinfection with these 2 previously
associated pathogens, as well as to investigate the potential for reac-
tivation and non-vectorial transmission of Bartonella species. Therefore,
the objective of this study was to describe an outbreak investigation of
occult Bartonella spp. infection among a group of laboratory-reared dogs
subsequent to experimentally induced Rr infection.

2 | METHODS
21 | Animals

The animals included in this study were é healthy purpose-bred
laboratory-reared female Beagles age 6-12 months (to protect their
identities, referred to here as Shok, Kat, Tan, Cher, Pam, and Sax). The
dogs had received routine preventative care and vaccinations before
arrival at the NCSU Laboratory Animal Resources (LAR) facility,
including treatment with sulfamethoxazole (30 mg/kg PO daily) and
fenbendazole (25 mg/kg PO daily) for 1 week for coccidiosis prior to
transport. The dogs were reported by the vendor to be otherwise free
from intestinal parasites; Dirofilaria immitis and Brucelfa canis testing
were negative. The vendor's canine housing facility consists of
indoor/outdoor concrete-floor runs. The vendor practices routine pest
control for the facility environment, but study dogs were not treated
with flea/tick preventatives while housed at the vendor. The study

31



LASHNITS e AL

Journal of Veterinary Internal Medicine ACW' M 147
o

was approved by the NCSU Institutional Animal Care and Use Com-
mittee (Protocol #16-206).

2.2 | Study timeline

The dogs were acquired from a commercial vendor and arrived at the
NCSU LAR facility on December 19, 2016. The study timeline is
divided into 3 phases: pre-inoculation (Pl phase, December
19, 2016-March 19, 2017), before experimental intervention; Rr mon-
itoring (RM phase, March 20, 2017-April 28, 2017), the approximately
6-week period after experimental inoculation with Rr, and extended
follow up (EF phase, April 29, 2017-December 12, 2017} when the
remaining dogs were housed in the LAR facility and evaluated as
needed and based on test results. All dogs were routinely vaccinated
with DAPP and Rabies vaccines on é July, 2017. One dog (Tan) was
adopted on August 24, 2017. Due to concerns for zoonotic disease
transmission, 4 dogs were transferred to other investigators for stud-
ies that required euthanasia {October 24, 2017-11 December, 2017).
A gross necropsy was permitted for 1 of these 4 dogs (Shok,
11 December, 2017) but histopathology was not performed. One dog
(Kat) remains a resident at NCSU LAR at the time of writing (approxi-

mately 2.5 years after arrival).

Tan | Pam I Sax | Shok | Cat | Cher

FIGURE 1 Schematic of dog housing in
Laboratory Animal Resources. A, Housing
during Pl and RM phases. All dogs were
housed in individual runs, with chain-link
fence doors (broken dotted line) opening
onto a common corridor run in the front,
and chain-link fence {(dashed line) in the

rear. B, Housing during EF phase. Four dogs
were housed as pairs, and 2 dogs were
housed singly in the same room. Dashed line
indicates chain-link fence, broken dotted
line indicates chain-link door, thick black line
indicates concrete walls and room

borders. EF, extended follow up; P, pre-
inoculation; RM, Rr monitoring

Common corridor
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23 | Study setting

From the date of amrival on December 19, 2017 through April 28, 2017
(the Pl and RM phases), all dogs were housed in individual runs with
access restricted to LAR personrel and study investigators. Figure 1
shows a housing schematic. The run endosures had solid concrete 4-ft
walls. Metal chain-link fence extended from the wall tops to the ceiling.
The front and back of each run was endosed with chain-link fence, with
front doors opening onto a common corridor run. Dogs were isolated
from one another in these separated run enclosures, except during twice
daily 5- to 10-minute periods when runs were being cleaned. While runs
were cleaned, each dog had access to the common corridor; the fencing
between the corridor and each dog's individual run allowed for nose-to-
nose contact between a dog in the corridor and any other dog.

During the EF phase, dogs were moved to various locations
within LAR (Figure 1B). Four dogs were housed as pairs {Tan and Pam
together, and Cher and Sax together), and 2 dogs (Shok and Kat) were
housed singly in the same room. During the EF phase only, all dogs
were allowed short periods of outdoor access (5-20 minutes) as part
of their daily enrichment activities in compliance with the IACUC pro-
tocol and welfare standards. During this period, dogs were allowed to
interact directly during twice daily exercise periods for approximately

5-20 minutes, both in indoor common areas and an outdoor play area;

Common corridor

Door to Hallway

Common corridor
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detailed records of dog-dog interactions were not available for review
from the EF phase, but it is possible that any dog could come into
contact with any other dog during this time. During all study phases,
dogs were observed at least twice daily by LAR staff. At no time was
any arthropod or insect vector found on dogs or within the LAR bio-
containment facility. During the RM phase, all personnel wore per-
sonal protective equipment including a laboratory coat or disposable
coveralls, shoe covers/booties, and gloves.

24 | Rickettsia rickettsii experimental infection

According to the original objective of the study—to evaluate sequen-
tially timed serological response to low-dose experimental Rr infection
in dogs—each dog was inoculated with 3 x 10% TCIDs, (Median Tis-
sue Culture Infectious Dose) of Rr via intradermal injection on March
20, 2017. Inoculum was prepared from frozen stocks cf a canine Rr
isolate derived from a clinical case of Rocky Mountain spotted fever
(RMSF; NCSU-2008-CO4, “Murphy” strain).?” The inoculum was pre-
pared in the NCSU College of Veterinary Medicine Biosafety Level Il
Laboratory and the dose determined from previous experiments.2%2?

To determine if the Rr cell culture inoculum used during the Rr exper-
imental infection was contaminated with 1 or more Bartonella spp., DNA
was extracted for PCR testing from the stored DH-82 Rr cell culture inoc-
ulum (see details in "Diagnostic methods® section). The inoculum was not
cultured in BAPGM due to biosafety concems involved with handling of
this BSL-3 organism, as well as the presumed sensitivity of gPCR to
amplify Bartonella spp. if concurrently growing in this cell line, since the
DH82 cell line is also routinely used to grow Bartonelia spp. intracellularly
by the North Carolina State University College of Veterinary Medicine
Vector Borne Diseases Diagnostic Laboratory (NCSU-VBDDL).

25 | Clinical monitoring

From arrival on December 19, 2017, through Rr inoculation on March
20, 2017 (Pl phase), dogs were observed daily by LAR staff. After Rr
inoculation and continuing fior 35 days until April 28, 2017 (RM phase),
dogs underwent daily observation as well as measurement of body
temperature, pulse, and respiratory rate. Results were recorded by a
veterinarian or veterinary staff member. After April 28, 2017
(EF phase), dogs were observed by LAR husbandry staff during the
course of their daily care and examined by veterinary staff only if con-
cerns were noted, A detailed timeline of diagnostic testing performed is
included in the “Diagnostic sampling chronology” section. Complete
blood counts were performed according to routine procedures by the
NCSU Veterinary Hospital Clinical Pathology Laboratory.

2.6 | Diagnostic methods

Serum samples were tested using previously described indirect immu-
nofluorescent antibody {IFA) assays, with results considered

seroreactive at titer of 1:64 or greater.®° Antibodies to 3 Bartonella
species (Barionella henseloe San Antonio 2 strain [Bh SA2], Barionella
vinsonii subsp. berkhoffii genotype | [Bvb ], and Bartonella koehlerae
[BK]), as well as Rr, Ehriichia canis, Babesia canis, Babesia gibsoni, and
Leishmania infantum were assessed by IFA. Rickettsia rickettsii anti-
body titers were evaluated using 3 secondary antibodies: fluorescein
isothiocyanate (FITC)-labeled goat anti-dog 1gG (H + L), goat anti-dog
1gG (gamma), and goat anti-dog I1gM (mu) (KPL, Gaithersburg, Mary-
land).2® This Rr IFA cannot distinguish between SFGR species due to
the strong cross-reactivity within the group. Bartonelia antibody titers
were evaluated using 4 commercially available conjugates. The FITC-
labeled Goat anti-Dog IgG (H + L) (Sigma-Aldrich, St. Louis, Missouri)
conjugate is used for commercially available diagnostic testing of
Bartonella spp. through the NCSU-VBDDL (referred to hereafter as
“diagnostic IFA"). To elucidate serological response of different anti-
body isotypes over time, goat anti-dog IgG (gamma}, and goat anti-
dog IgM (mu) (KPL) were also used for IFA testing.>*° For manufac-
turer consistency with the isotype-specific conjugates, FITC-labeled
goat anti-dog IgG (H + L) {KPL) was also used to test a subset of sam-
ples. Positive and negative control sera were tested concurrently with
each IFA run. If results were equivocal or difficult to interpret, IFA
was repeated on the same sample and the more conservative (lower)
titer was reported.

A commercially available ELISA (4 DX Plus SNAP test, IDEXX Lab-
oratories, Westbrook, Maine) was used to test for Anaplasma
phagocytophilum, Anaplasma platys, Borrelia burgdorferi, E canis, and
Ehtlichio ewingil antibodies and Dirofilaria immitis antigen.

Bartonella spp. bacteremia was assessed using enrichment blood
culture with the Barionella alpha proteobacteria growth medium
(BAPGM) as previously described.! By using standard operating pro-
cedures, DNA was extracted from samples intended for Barionella
spp. PCR3° Bartonella spp. and strain classification was performed
using primers designed to amplify 2 consensus sequences in the
Bortonella 165-23S intemal transcribed spacer (ITS) region as
described previously with minor modifications,3°%23¢ All amplicon
products were commercially sequenced (Genewiz, Research Triangle
Park, North Carolina) to determine the Bartonella sp. and strain type.
DNA extracted from whole-blood and tissue samples was also used
for Rickettsia genus-specific PCR as described previously.>®

2.7 | Diagnostic sampling chronology

The diagnostic testing timeline is shown in Figure 2. Briefly, blood and
serum specimens from all dogs were obtained at prespecified intervals
during the Pl and RM phases: 4 time points during the Pl phase and
3 times weekly for 2 weeks then twice weekly for the subsequent
4 weeks during the RM phase. During the EF phase, samples were
obtained at various time points for the dogs remaining in the study, at
the discretion of the investigators.

Rr IFA serology was performed on serum from each dog at every
time point blood was drawn during the Pl and RM phases, and at
1 time point during the EF phase (July 20, 2017). One dog (Kat) also
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