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Abstract 

Background Vector‑borne infections pose significant health risks to humans, domestic animals, and wildlife. 
Domestic dogs (Canis lupus familiaris) in the United States may be infected with and serve as sentinel hosts for 
several zoonotic vector‑borne pathogens. In this study, we analyzed the geographical distribution, risk factors, and 
co‑infections associated with infection with Ehrlichia spp., Anaplasma spp., Borrelia burgdorferi, and Dirofilaria immitis 
in shelter dogs in the Eastern United States.

Methods From 2016 to 2020, blood samples from 3750 shelter dogs from 19 states were examined with IDEXX 
 SNAP®  4Dx® Plus tests to determine the seroprevalence of infection with tick‑borne pathogens and infection with 
D. immitis. We assessed the impact of factors including age, sex, intact status, breed group, and location on infection 
using logistic regression.

Results The overall seroprevalence of D. immitis was 11.2% (n = 419/3750), the seroprevalence of Anaplasma spp. 
was 2.4% (n = 90/3750), the seroprevalence of Ehrlichia spp. was 8.0% (n = 299/3750), and the seroprevalence of B. 
burgdorferi was 8.9% (n = 332/3750). Regional variation in seroprevalence was noted: D. immitis (17.4%, n = 355/2036) 
and Ehrlichia spp. (10.7%, n = 217/2036) were highest in the Southeast while seroprevalence for B. burgdorferi (19.3%, 
n = 143/740) and Anaplasma spp. (5.7%, n = 42/740) were highest in the Northeast. Overall, 4.8% (n = 179/3750) of 
dogs had co‑infections, the most common of which were D. immitis/Ehrlichia spp. (1.6%, n = 59/3750), B. burgdorferi/
Anaplasma spp. (1.5%, n = 55/3750), and B. burgdorferi/Ehrlichia spp. (1.2%, n = 46/3750). Risk factors significantly 
influenced infection across the evaluated pathogens were location and breed group. All evaluated risk factors were 
significant for the seroprevalence of D. immitis antigens.

Conclusions Our results demonstrate a regionally variable risk of infection with vector‑borne pathogens in shelter 
dogs throughout the Eastern United States, likely due to varying distributions of vectors. However, as many vectors 
are undergoing range expansions or other changes in distribution associated with climate and landscape change, 
continued vector‑borne pathogen surveillance is important for maintaining reliable risk assessment.
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Background
Vector-borne infections pose significant health risks to 
humans, domestic species, and wildlife. Domestic dogs 
(Canis lupus familiaris) are susceptible to many vector-
borne pathogens (VBP) of veterinary and public health 
concern [1–6], with Dirofilaria immitis (heartworm), 
Borrelia burgdorferi (Lyme disease), Anaplasma spp. 
(anaplasmosis), and Ehrlichia spp. (ehrlichiosis) being 
some of the most studied pathogens [7, 8]. Importantly, 
several of these pathogens are significant pathogens 
of domestic dogs [9]. Finally, because several of these 
pathogens are zoonotic, dogs can serve as sentinel hosts. 
Using Lyme disease as an example, seroprevalence 
of B. burgdorferi infections in dogs is associated with 
counties where human infections occur [6, 10]. For these 
reasons, understanding the epidemiology of vector-borne 
infections in dogs is important for both human and 
veterinary health.

The origin and history of individual dogs is key to 
effective surveillance of canine VBP. Generally, the 
domestic dog population can be divided into groups 
such as owned dogs with veterinary care, owned dogs 
without veterinary care, stray dogs, and shelter dogs. The 
assumption is that many owned dogs under veterinary 
care would receive a combination of preventatives 
specific to VBP and intestinal parasites [9, 11, 12]. Dogs 
without veterinary care (owned or not) and those that 
enter shelters (generally > 50% of which are strays) 
are likely to be at a higher risk of infection with VBP 
through increased environmental exposure and/or lack 
of preventatives [7, 13, 14]. Other potential risk factors 
associated with an increased likelihood of VBP infection 
include age and body condition [15]. Older dogs will 
have a higher probability of being exposed during 
their lifetime, and dogs in poor body condition may be 
immunologically compromised, increasing infection risk.

Co-infections of vertebrate hosts are common and may 
complicate diagnosis and treatment or increase the risk 
of severe disease [4, 16–18]. In general, co-infections 
occur with pathogens with a common vector and/or 
overlapping geographical ranges [4, 7, 9, 11, 12]. For 
the pathogens of interest in our study, D. immitis is a 
mosquito-borne parasite, while the most common vector 
of B. burgdorferi and Anaplasma phagocytophilum is 
Ixodes scapularis, the most common vector of Ehrlichia 
canis is Rhipicephalus sanguineus and presumptively 
Anaplasma platys, and Amblyomma americanum is a 
common vector of Ehrlichia chaffeensis and Ehrlichia 
ewingii [7, 19].

The geographical distribution of tick species is 
changing, and thus the risk of co-infections is changing. 
This is reflected in the changes in the distribution and 
prevalence of canine VBP, highlighting the need for 

contemporary data [5, 8, 20–23]. In the Southeastern 
United States, co-infections between D. immitis and 
Ehrlichia spp. have been common while co-infections 
with B. burgdorferi and A. phagocytophilum are more 
common in the Upper Midwest and Northeast [1, 9, 
11, 12]. The increasing detection of A. americanum in 
northeastern states could increase the risk of Ehrlichia 
infections in dogs in that region [24, 25]. Infection with 
many tick-borne pathogens causes similar clinical signs 
and presentations, but may require different treatments 
(e.g., Babesia spp.); thus, knowledge regarding the risk of 
co-infections is important. The purpose of this study is 
to evaluate the seroprevalence of select VBP (D. immitis, 
Ehrlichia spp., Anaplasma spp., and B. burgdorferi) in 
shelter dog populations in the Eastern United States and 
evaluate risk factors associated with seroprevalence and 
co-infections.

Methods
Sample collections
From 2016 to 2020, we recruited shelters in 19 states to 
participate in the study. Focal areas included 97 counties 
in the eastern half of the United States and were selected 
due to known geographical ranges of the focal pathogens 
(Fig.  1). Participating shelters were either asked to test 
dogs that met the inclusion criteria or provide data that 
was collected using the same methods and inclusion 
criteria. To be included, dogs had to be 6 months of 
age or older and had to originate from the county or 
neighboring counties around the shelter. Dogs that were 
too young or under bite quarantine were excluded. Dog 
blood samples were tested using  SNAP®  4Dx® Plus 
tests which were provided by IDEXX Laboratories and 
shipped directly to the shelter or to the University of 
Georgia (UGA) for sample testing. We requested that 
shelters test between 50 and 200 dogs. Furthermore, 
 SNAP®  4Dx® Plus data were provided by investigators 
from a related shelter study in Mississippi, which 
included data collected from June 2016 through February 
2017 [15]. The approximate age, location, date the sample 
was collected, estimated breed and the corresponding 
American Kennel Club (AKC) breed group, sex, and 
intact status were collected for each dog.

Data analysis
Variables assessed as risk factors included age (< 1 
year old or ≥ 1 year old), location, breed group, intact 
status, and sex. Dogs were classified into AKC breed 
groups based on dominant breed features because 
many of the dogs were of mixed breed. Each pathogen 
and co-infection combination were evaluated using 
binomial generalized linear models (GLMs) to assess the 
relationship between the risk factor and the  SNAP®  4Dx® 
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Plus test outcome (positive, negative). Significant results 
from the GLMs were further analyzed through pairwise 
comparison to calculate the odds ratio (OR), confidence 
interval (CI), and P-value using the lsmeans package 
[26]. P-values were adjusted to correct for multiple 
comparisons using Tukey’s honestly significant difference 
test. All pathogens were assessed on an individual basis 
per pathogen and further analyzed through observed 
co-infection combinations, excluding dogs with no 
applicable values for the variable being analyzed. 
Statistical analyses were performed in R version 4.1.1 [27] 
and factors with P ≥ 0.05 were considered significant.

Results
Population data
The study included 3750 dogs from 19 states and 97 
counties with dogs per county ranging from two to 
226. The demographic data of the dogs in our study 
population can be found in Table  1. Most dogs were 
≥ 1  year and intact; similar numbers of males and 
females were sampled (Table  1). The AKC breed 
group with the largest representation was the terrier 
breed group (n = 1185/3750, 31.6%) (Table  1). Nearly 
half (n = 2036/3750, 54.3%) of the dogs were from the 
Southeast with the remaining were from the Midwest 
(n = 974/3750, 26.0%) and Northeast (n = 740/3750, 
19.7%) (Table 1).

Dirofilaria immitis antigen seroprevalence
A total of 419 (11.2%, n = 3750) dogs were positive for D. 
immitis antigens (Table 1, Fig. 2). Dogs < 1 year of age had 
a significantly lower seroprevalence and were 12.2 times 
less likely to have D. immitis antigens detected compared 
with dogs ≥ 1  year of age (Tables  1 and 2). A higher 
seroprevalence was noted for males than for females 
(Tables  1 and 2). Dogs that were intact were twice as 
likely to be positive as non-intact dogs (Tables 1 and 2). 
The seroprevalence of D. immitis antigens was lower in 
the toy breed group than in the herding, hound, non-
sporting, sporting, and terrier breed groups (Tables 1, 2).

Dirofilaria immitis antigen detection was highest in 
dogs from the Southeast (17.4%, n = 355/2036) followed 
by dogs from the Midwest (5.3%, n = 52/974) and dogs 
from the Northeast (1.6%, n = 12/740) (Table  1, Fig.  1). 
Dogs from the Midwest were 3.4 times more likely to 
have D. immitis antigen detection than dogs from the 
Northeast (Table 2). Dogs in the Southeast were 3.7 times 
more likely to have D. immitis antigen detection than 
dogs from the Midwest and 12.7 times more likely than 
dogs from the Northeast (Table 2). An analysis of state vs. 
state comparisons is provided in Additional file 1: Text S1 
and Table S1.

Ehrlichia spp. antibody seroprevalence
Ehrlichia spp. antibodies were detected in 8.0% 
(n = 299/3750) of the dogs (Table  1, Fig.  2). Analyzed 

Fig. 1 Map of the counties included in the study and seroprevalence maps of Borrelia burgdorferi, Anaplasma spp., Ehrlichia spp., and Dirofilaria 
immitis. For the county map, gray counties are where dogs originated from and black counties are where the shelters are located. For the 
seroprevalence map, the circles denote the approximate number of dogs tested in the state, and states in gray were not included in the study. The 
maps were created in R statistical software (R Core Team)
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Table 1 Demographic data and seroprevalence of infection with vector‑borne pathogens among 3750 dogs from shelters in 19 states 
in the Eastern United States

a Heartworm data from Mississippi is published (Donnett et al. [15])

No. of samples Number of dogs positive (%)

Dirofilaria immitis Anaplasma spp. Ehrlichia spp. Borrelia burgdorferi

Total sample 3750 419 (11.2) 90 (2.4) 299 (8.0) 332 (8.9)

Age group

 < 1 year old 492 6 (1.2) 8 (1.6) 13 (2.6) 15 (3.0)

 ≥ 1 year old 3100 405 (13.1) 75 (2.4) 283 (9.1) 305 (9.8)

 Unknown 158 8 (5.1) 7 (4.4) 3 (1.9) 12 (7.6)

Sex

 Female 1938 202 (10.4) 47 (2.4) 154 (7.9) 178 (9.2)

 Male 1686 213 (12.6) 39 (2.3) 143 (8.5) 145 (8.6)

 Unknown 126 4 (3.2) 4 (3.2) 2 (1.6) 9 (7.1)

Intact status

 Intact 2163 312 (14.4) 47 (2.2) 191 (8.8) 180 (8.3)

 Not intact 1274 100 (7.8) 34 (2.7) 95 (7.5) 107 (8.4)

 Unknown 313 7 (2.2) 9 (2.9) 13 (4.2) 45 (14.4)

AKC breed group

 Herding 391 42 (10.7) 14 (3.6) 37 (9.5) 40 (10.2)

 Hound 503 54 (10.7) 14 (2.8) 91 (18.1) 78 (15.5)

 Non‑sporting 159 18 (11.3) 3 (1.9) 9 (5.7) 9 (5.7)

 Sporting 466 60 (12.9) 26 (5.6) 32 (6.9) 52 (11.2)

 Terrier 1185 169 (14.3) 17 (1.4) 71 (6.0) 86 (7.3)

 Toy 418 15 (3.6) 1 (0.2) 13 (3.1) 12 (2.9)

 Working 268 21 (7.8) 6 (2.2) 19 (7.1) 31 (11.6)

 Unknown 360 40 (11.1) 9 (2.5) 27 (7.5) 24 (6.7)

Region/State

 Northeast 740 12 (1.6) 42 (5.7) 34 (4.6) 143 (19.3)

  Maine 189 2 (1.1) 22 (11.6) 4 (2.1) 44 (23.3)

  Maryland 202 10 (5.0) 2 (1.0) 29 (14.4) 39 (19.3)

  New Hampshire 37 0 (0) 2 (5.4) 1 (2.7) 5 (13.5)

  New York 171 0 (0) 14 (8.2) 0 (0) 42 (24.6)

  Pennsylvania 141 0 (0) 2 (1.4) 0 (0) 13 (9.2)

 Midwest 974 52 (5.3) 19 (2.0) 48 (4.9) 66 (6.8)

  Kansas 16 0 (0) 0 (0) 1 (6.3) 0 (0)

  Minnesota 97 3 (3.1) 11 (11.3) 3 (3.1) 28 (28.9)

  Missouri 335 36 (10.7) 2 (0.6) 37 (11.0) 1 (0.3)

  North Dakota 2 0 (0) 0 (0) 0 (0) 0 (0)

  Ohio 352 13 (3.7) 1 (0.3) 5 (1.4) 22 (6.3)

  Wisconsin 172 0 (0) 5 (2.9) 2 (1.2) 15 (8.7)

 Southeast 2036 355 (17.4) 29 (1.4) 217 (10.7) 123 (6.0)

  Florida 372 59 (15.9) 0 (0) 18 (4.8) 3 (0.8)

  Georgia 200 31(15.5) 0 (0) 9 (4.5) 1 (0.5)

  Louisiana 177 59 (33.3) 1 (0.6) 4 (2.3) 0 (0)

  Mississippi 116 35 (30.2)a 0 (0) 21 (18.1) 0 (0)

  North Carolina 197 56 (28.4) 0 (0) 52 (26.4) 7 (3.6)

  Oklahoma 200 26 (13.0) 0 (0) 18 (9.0) 0 (0)

  Tennessee 382 75 (19.6) 4 (1.0) 13 (3.4) 1 (0.3)

  Virginia 392 14 (3.6) 24 (6.1) 82 (20.9) 111 (28.3)
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risk factors in relation to detection of Ehrlichia spp. 
antibodies of significance were age, breed group, 
and location (Table  2). Dogs ≥ 1  year of age were 3.7 
times more likely to have Ehrlichia spp. antibody 
seroprevalence than dogs < 1  year of age (Table  2). The 
hound breed group had the highest seroprevalence of 
Ehrlichia spp. antibodies (Table 1). The hound group was 
at an increased risk of Ehrlichia spp. antibody detection 
compared to the other analyzed breed groups (Table 2). 
The herding breed group was found to be 3.2 times more 
likely to have Ehrlichia spp. antibody detected than the 
toy breed group (Table 2).

The highest seroprevalence of Ehrlichia spp. 
antibodies was documented in dogs from the Southeast 
(10.7%, n = 217/2036) (Table  1, Fig.  1). The lowest 
seroprevalence was documented in dogs from the 
Northeast (4.6%, n = 34/740) and dogs from the Midwest 
had a seroprevalence of 4.9% (n = 48/974) (Table  1). 
Dogs from the Southeast had a statistically higher risk 
of Ehrlichia spp. antibody seroprevalence (Table  4). 
Dogs from the Southeast were 2.5 times more likely to 
have Ehrlichia spp. antibody seroprevalence than dogs 
from the Northeast and 2.3 times more likely than dogs 
from the Midwest (Table 2). An analysis of state vs. state 
comparisons is provided in Additional file 1: Text S2 and 
Table S2.

Anaplasma spp. antibody seroprevalence
Anaplasma spp. antibodies were detected in 2.4% 
(n = 90/3750) of the dogs (Table  1, Fig.  2). Risk factors 
that were significant in relation to Anaplasma spp. 
antibody seroprevalence included breed group and 
location (Table  2). The sporting breed group had the 
highest seroprevalence of Anaplasma spp. antibodies of 
5.6% (n = 26/466) (Table  1). The sporting breed group 
was at an increased risk of Anaplasma spp. antibody 
seroprevalence compared to the terrier and toy breed 
groups (Table 2). The sporting breed group was 4.1 times 
more likely to have Anaplasma spp. antibodies detected 
than the terrier breed group (Table 2). The sporting breed 
group was 24.5 times more likely to have Anaplasma spp. 
antibodies detected than the toy breed group (Table 2).

The highest seroprevalence of Anaplasma spp. 
antibodies was documented in dogs from the Northeast 
(5.7%, n = 42/740) (Table  1, Fig.  1) followed by dogs 
from the Midwest (2.0%, n = 19/974) and dogs from the 
Southeast (1.4%, n = 29/2036) (Table  1, Fig.  1). Dogs 
from the Northeast were 4.2 times and 3.1 times more 
likely to have Anaplasma spp. antibodies than dogs from 
the Southeast and Midwest, respectively (Table  2). An 
analysis of state versus state comparisons is provided in 
Additional file 1: Text S3 and Table S3.

Fig. 2 Bar plot of single seroprevalence data and co‑infection data. The main bar plot represents the dogs that either had only one pathogen 
detected or had co‑infections detected. The side bar plot represents the single seroprevalence data without the subtraction of the co‑infections
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Borrelia burgdorferi antibody seroprevalence
Borrelia burgdorferi antibodies were detected in 8.9% 
(n = 332/3750) of dogs (Table 1, Fig. 2). Risk factors found 
to be significantly related to detection of B. burgdorferi 
antibodies were age, breed group, and location (Table 2). 
Dogs ≥ 1  year of age were 3.5 times more likely to have 
B. burgdorferi antibodies than dogs < 1  year of age 
(Tables 1 and 2). The hound breed group had the highest 
seroprevalence of B. burgdorferi antibodies (15.5%, 
n = 78/503) (Table  1). The herding, hound, sporting, 
terrier, and working breed groups had significantly 
higher seroprevalence of B. burgdorferi compared to the 
other analyzed breed groups (Table 2). Additionally, the 
toy breed group (2.9%, n = 12/418) had a decreased risk 
of B. burgdorferi antibody detection (Table 2).

The highest B. burgdorferi antibody seroprevalence 
was documented in dogs from the Northeast (19.3%, 
n = 143/740) followed by dogs from the Midwest 
(6.8%, n = 66/974) and dogs from the Southeast (6.0%, 
n = 123/2036) (Table 1, Fig. 1). Dogs from the Northeast 
had an increased risk of B. burgdorferi antibody detection 
which was 3.3 times more likely than dogs from the 
Midwest and 3.8 times more likely than dogs from the 
Southeast (Table  2, Fig.  1). An analysis of state versus 
state comparisons is provided in Additional file 1: Text S4 
and Table S4.

Co‑infections
There were nine different co-infection combinations 
observed in 179 dogs (Table  3, Fig.  2). The three most 
prevalent co-infections were B. burgdorferi + Anaplasma 
spp. (1.47%, n = 55/3750), B. burgdorferi + Ehrlichia spp. 
(1.23%, n = 46/3750), and D. immitis + Ehrlichia spp. 
(1.57%, n = 59/3750) (Tables 3, 4, Figs. 2, 3).

For all three of these co-infection pairs, location 
was a significant risk factor (Table  5). The B. 
burgdorferi + Anaplasma spp. pair was more likely to be 
detected in the Northeast than in the Southeast (Tables 4 
and 5, Fig. 3). The co-infection combination between B. 
burgdorferi + Ehrlichia spp. was mostly observed in the 
Northeast and was significantly more likely to be detected 
in the Northeast than in the Midwest, although all of the 

Table 2 Significant results of bivariable generalized linear model 
and pairwise comparison analysis of potential risk factors for 
seropositive status for vector‑borne pathogens among 3750 
dogs from shelters in 19 states in the Eastern United States

Pathogens and pairs of risk factors OR 95% CI P value

Dirofilaria immitis

 Age group

  ≥ 1 year old vs. < 1 year old 12.2 5.4–27.4  < 0.0001

 Sex

  Male–Female 1.2 1.0–1.5 0.0418

 Intact status

  Intact–Non‑intact 2.0 1.6–2.5  < 0.0001

 Breed group

  Herding–Toy 3.2 1.7–5.9 0.0032

  Hound–Toy 3.2 1.8–5.8 0.0020

  Non‑sporting–Toy 3.4 1.7–7.0 0.0120

  Sporting–Toy 4.0 2.2–7.1 0.0001

  Terrier–Toy 4.4 2.6–7.6  < 0.0001

 Region

  Midwest–Northeast 3.4 1.8–6.4 0.0005

  Southeast–Midwest 3.7 2.8–5.1  < 0.0001

  Southeast–Northeast 12.7 7.1–22.7  < 0.0001

Ehrlichia spp.

 Age group

  ≥ 1 year old vs. < 1 year old 3.7 2.1–6.5  < 0.0001

Breed group

  Herding–Toy 3.2 1.7–6.2 0.0073

  Hound–Herding 2.1 1.4–3.2 0.0060

  Hound–Non‑sporting 3.6 1.8–7.4 0.0067

  Hound–Sporting 3.0 1.9–4.6  < 0.0001

  Hound–Terrier 3.5 2.5–4.8  < 0.0001

  Hound–Toy 6.8 3.7–12.4  < 0.0001

  Hound–Working 2.9 1.7–4.8 0.0013

 Region

  Southeast–Midwest 2.3 1.7–3.2  < 0.0001

  Southeast–Northeast 2.5 1.7–3.6  < 0.0001

Anaplasma spp.

 Breed group

  Sporting–Terrier 4.1 2.2–7.6 0.0002

  Sporting–Toy 24.5 3.3–181.3 0.0288

 Region

  Northeast–Midwest 3.1 1.8–5.3 0.0002

  Northeast–Southeast 4.2 2.6–6.8  < 0.0001

Borrelia burgdorferi

 Age group

  ≥ 1 year old vs. < 1 year old 3.5 2.0–5.9  < 0.0001

 Breed group

  Herding–Toy 3.8 2.0–7.4 0.0014

  Hound–Non‑sporting 3.0 1.5–6.2 0.0388

  Hound–Terrier 2.3 1.7–3.2  < 0.0001

  Hound–Toy 6.1 3.3–11.5  < 0.0001

  Sporting–Toy 4.2 2.2–8.0 0.0002

Table 2 (continued)

Pathogens and pairs of risk factors OR 95% CI P value

  Terrier–Toy 2.6 1.4–4.9 0.0336

  Working–Toy 4.4 2.2–8.8 0.0004

 Region

  Northeast–Midwest 3.3 2.4–4.5  < 0.0001

  Northeast–Southeast 3.8 2.9–4.9  < 0.0001

OR odds ratio, CI confidence interval
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Northeast positives were from Maryland (Table 5, Fig. 3). 
The co-infection pair of D. immitis + Ehrlichia spp. was 
significantly more likely to occur in the Southeast than 
the Midwest, and no cases were noted in the Northeast 
(Tables 4 and 5, Fig. 3).

There were also significant associations for breed 
group for co-infections B. burgdorferi + Anaplasma 
spp. and B. burgdorferi + Ehrlichia spp. (Table  5). The 
sporting breed group was 3.8 times more likely to have 
co-infections with B. burgdorferi + Anaplasma spp. than 
the terrier breed group (Table 5). The hound breed group 
was 7.0 times more likely to have co-infections with 
B. burgdorferi + Ehrlichia spp. than the sporting breed 
group and 4.1 times more likely than the terrier breed 
group (Table 5).

Additional risk factors for co-infections with D. 
immitis + Ehrlichia spp. were age group and intact 
status (Table  5). Dogs that were ≥ 1  year of age were 
9.3 times more likely to have a co-infection with D. 
immitis + Ehrlichia spp. than dogs < 1  year of age 
(Table  5). Dogs that were intact were 2.1 times more 
likely to have co-infections with D. immitis + Ehrlichia 
spp. than dogs that were not intact (Table 5).

Discussion
In the present study, we investigated the seroprevalence 
of VBP (D. immitis, Ehrlichia spp., Anaplasma spp., 
and B. burgdorferi) in shelter dogs in the Eastern 
United States from 2016 to 2020. We found regional 
variation in seroprevalence of all pathogens and several 
risk factors (age, sex, breed group, and intact status) 
were associated with infection. We also observed 
several different co-infection combinations with B. 
burgdorferi + Anaplasma spp., B. burgdorferi + Ehrlichia 
spp., and D. immitis + Ehrlichia spp. being the most 
frequently detected. This study provides contemporary 
data on the seroprevalence of these pathogens in a group 

of dogs that are expected to have limited veterinary care 
or preventative use. High seroprevalence and detection 
outside of known endemic regions highlight the need for 
continued monitoring.

Knowledge regarding the accurate distribution of 
pathogens is critically important for veterinarians 
and clients to gauge the risk of disease in dogs and 
other possible hosts. In general, the geographical 
distributions for the VBP were consistent with the known 
geographical ranges reported in previous studies for 
both the pathogens and vectors [1, 4, 5, 9, 11, 12, 15, 16, 
22, 28]. However, there were some notable findings. We 
detected a low seroprevalence (1.1%, n = 2/189) of D. 
immitis in Maine which historically has few heartworm 
detections (< 0.5%) [11]. Detection of D. immitis outside 
the known endemic range is often assumed to be related 
to travel or translocated dogs from heartworm-endemic 
regions. However, the inclusion criteria of this study 
should have excluded most translocated dogs, and 
our findings are supported by increasing heartworm 
prevalence trends in the far Northeast and other regions 
(e.g., Colorado) [11, 21, 29, 30]. The potential for local 
transmission in non-endemic regions highlights the need 
for heartworm preventative use. In addition, we noted a 
higher seroprevalence of B. burgdorferi infection in dogs 
from Virginia compared to past studies using similar 
methods [11], which corresponds with reported changes 
in the distribution of this pathogen in dogs and people 
and its vector in Virginia [8, 31–34]. In addition, a low 
number of B. burgdorferi-positive dogs were detected 
in states where Lyme disease risk is low (e.g., Missouri, 
Florida, and Georgia). Our inclusion criteria should have 
excluded translocated dogs, but we do not know whether 
all shelters were 100% compliant (although few dogs 
from the Northeast/Upper Midwest where Lyme disease 
is more common are moved south). Additional studies 
are needed to investigate the possible transmission 

Table 3 Co‑infections among 3750 dogs from shelters in 19 states in the Eastern United States

Pathogens No. of 
co‑infections

Location Prevalence (%)

Dirofilaria immitis Borrelia burgdorferi Ehrlichia spp. 4 NC, VA 0.11

D. immitis B. burgdorferi Anaplasma spp. 2 ME 0.05

B. burgdorferi Anaplasma spp. Ehrlichia spp. 5 ME, MD, MN, VA 0.13

D. immitis Ehrlichia spp. 59 FL, GA, LA, MS, MO, NC, OK, TN, VA 1.57

D. immitis Anaplasma spp. 1 TN 0.03

D. immitis B. burgdorferi 6 FL, MD, MO, OH 0.16

B. burgdorferi Ehrlichia spp. 46 FL, MD, MN, NC, OH, VA 1.23

B. burgdorferi Anaplasma spp. 55 MD, ME, MN, NH, NY, OH, PA, VA, WI 1.47

Anaplasma spp. Ehrlichia spp. 1 MO 0.03

Total co‑infections 179 4.77
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Table 4 Demographic data and seroprevalence of infection with the three most prevalent co‑infection combinations (Borrelia 
burgdorferi + Anaplasma spp., B. burgdorferi + Ehrlichia spp., and Dirofilaria immitis + Ehrlichia spp.) pathogens among 3750 dogs from 
shelters in 19 states in the Eastern United States

n total number of samples

n Dirofilaria immitis + Ehrlichia 
spp. (%)

Borrelia burgdorferi + Ehrlichia spp. 
(%)

Borrelia 
burgdorferi + Anaplasma 
spp. (%)

Age group

 < 1 year old 492 1 (0.20) 1 (0.20) 4 (0.81)

 ≥ 1 year old 3100 58 (1.87) 44 (1.42) 47 (1.52)

 Unknown 158 0(0) 1 (0.63) 4 (2.53)

Sex

 Female 1938 32 (1.65) 22 (1.14) 25 (1.29)

 Male 1686 27 (1.60) 23 (1.36) 27 (1.60)

 Unknown 126 0 (0) 1 (0.79) 3 (2.38)

Intact status

 Intact 2163 46 (2.13) 28 (1.29) 34 (1.57)

 Non‑intact 1274 13 (1.02) 13 (1.02) 16 (1.26)

 Unknown 313 0 (0) 5 (1.60) 5 (1.60)

AKC breed group

 Herding 391 6 (1.53) 4 (1.02) 10 (2.56)

 Hound 503 12 (2.39) 22 (4.37) 9 (1.79)

 Non‑Sporting 159 3 (1.89) 1 (0.63) 0 (0)

 Sporting 466 9 (1.93) 3 (0.64) 16 (3.43)

 Terrier 1185 16 (1.35) 13 (1.10) 11 (0.93)

 Toy 418 1 (0.24) 1 (0.24) 0 (0)

 Working 268 3 (1.12) 1 (0.37) 2 (0.75)

 Unknown 360 9 (2.50) 1 (0.28) 7 (1.94)

Region

 Northeast 740 0 (0) 13 (1.76) 20 (2.70)

  Maine 189 0 (0) 0 (0) 7 (3.70)

  Maryland 202 0 (0) 13 (6.44) 1 (0.50)

  New Hampshire 37 0 (0) 0 (0) 2 (5.41)

  New York 171 0 (0) 0 (0) 9 (5.26)

  Pennsylvania 141 0 (0) 0 (0) 1 (0.71)

 Midwest 974 7 (0.72) 4 (0.41) 13 (1.33)

  Kansas 16 0 (0) 0 (0) 0 (0)

  Minnesota 97 0 (0) 1 (1.03) 9 (9.28)

  Missouri 335 7 (2.09) 0 (0) 0 (0)

  North Dakota 2 0 (0) 0 (0) 0 (0)

  Ohio 352 0 (0) 3 (0.85) 1 (0.28)

  Wisconsin 172 0 (0) 0 (0) 3 (1.74)

 Southeast 2036 52 (2.55) 29 (1.42) 22 (1.08)

  Florida 372 7 (1.88) 1 (0.27) 0 (0)

  Georgia 200 3 (1.50) 0 (0) 0 (0)

  Louisiana 177 4 (2.26) 0 (0) 0 (0)

  Mississippi 116 9 (7.76) 0 (0) 0 (0)

  North Carolina 197 22 (11.17) 2 (1.02) 0 (0)

  Oklahoma 200 2 (1.00) 0 (0) 0 (0)

  Tennessee 382 1 (0.26) 0 (0) 0 (0)

  Virginia 392 4 (1.02) 26 (6.63) 22 (5.61)



Page 9 of 12Hazelrig et al. Parasites & Vectors          (2023) 16:197  

of B. burgdorferi in these areas. Similarly, a few states 
had notable detections of Ehrlichia (e.g., Maine, New 
Hampshire, Minnesota, and Wisconsin). Although the 

species involved is unknown, these detections may be 
due to the well-documented northern expansion of A. 
americanum in the Northeast or E. muris eauclairensis in 
Minnesota and Wisconsin [24, 25, 35]. Continued studies 
on the distribution of VBP are warranted, as changes 
in the distribution and density of vectors and their 
associated pathogens have been noted in recent years, 
which may be related to several factors such as climate 
or habitat changes [5, 8, 20–23, 36]. Additionally, novel 
vectors (e.g., Asian longhorned tick, Haemaphysalis 
longicornis) have been introduced into the United States, 
and this tick may alter the native pathogen transmission 
dynamics [37–41].

Consistent with previous studies, dogs that were 
≥ 1  year of age had an increased risk of being positive 
[7, 15]. Tick-borne pathogen infection was assessed with 
the detection of antibodies which may be persistent; 
older dogs have an increased time at risk of exposure, 
increasing the likelihood of infection to the vector and 
pathogen. Heartworm infections also typically occur in 
older dogs as this parasite has a long life cycle and older 
dogs have increased time for mosquito exposure [42]. We 
also found that intact dogs were more likely to be infected 
with D. immitis compared with non-intact dogs, who 
may be more likely to have previous access to veterinary 
care or preventative medications. Other studies have also 
noted that intact dogs had higher rates of VBP infection 
[43, 44] and tick exposure [45].

Interestingly, we found that breed group was associated 
with changes in infection risk. Our findings indicate 
that the toy breed group specifically had a lower risk 

Fig. 3 Map of co‑infections included in the study. Each co‑infection combination is represented with a unique color and the included states are 
shaded gray. The points are representative of a single co‑infection and are randomly placed within the state of origin. The map was created in R 
statistical software (R Core Team)

Table 5 Significant results of the binomial generalized linear 
model and pairwise comparison analysis of potential risk factors 
for positive status for the three most common co‑infections 
noted in this study among 3750 dogs from shelters in 19 states in 
the Eastern United States

OR odds ratio, CI confidence interval

Pairs and risk factors OR 95% CI P value

Dirofilaria immitis + Ehrlichia spp.

 Age group

  ≥ 1 year old/< 1 year old 9.3 1.3–67.3 0.0269

 Intact status

  Intact–Non‑intact 2.1 1.1–3.9 0.0185

 Region

  Southeast–Midwest 3.6 1.2–11.1 0.0042

Borrelia burgdorferi + Ehrlichia spp.

 Breed group

  Hound–Sporting 7.0 2.1–23.6 0.0272

  Hound–Terrier 4.1 2.1–8.2 0.0013

 Region

  Northeast–Midwest 4.4 1.4–13.5 0.0275

Borrelia burgdorferi + Anaplasma spp.

 Breed group

  Sporting–Terrier 3.8 1.8–8.3 0.0131

 Region

  Northeast–Southeast 2.6 1.4–4.7 0.0072
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of infection for all pathogens, which is consistent with 
a previous study on ticks [45]. The decreased risk of 
infection for the toy breed group may be due to the 
popularity of these dogs in urban settings or that smaller 
dogs likely spend less time outdoors. Similarly, larger 
breed groups (e.g., hound, herding, sporting) had higher 
seroprevalence of infection, which may be related to 
more time spent outdoors. There may also be spatial 
differences in breed distribution because of different 
trends in owner popularity and dog utility. For example, 
both D. immitis and Ehrlichia were more common in 
large breed groups that are popular outdoor dogs in 
Southern states. Although this study focused on VBP, 
similar results (increased risk of parasitic infections for 
large breed groups) have been noted in other parasite 
systems (e.g., Dracunculus) [46, 47].

In general, the seroprevalence of pathogens included 
in this study was comparable to previous shelter-based 
studies conducted in the same regions using similar 
methods (e.g., 16.0% D. immitis seroprevalence in Texas) 
[7]. However, our seroprevalence rates for D. immitis, B. 
burgdorferi, and Ehrlichia spp. were higher than those in 
other studies primarily conducted on owned dogs and 
public data available on the Companion Animal Parasite 
Council (CAPC) website [11, 28]. Our observed higher 
seroprevalence rates most likely were because our sample 
collection was from shelter dogs, and > 50% of the dogs 
that enter a shelter are considered strays [13]. These dogs 
are expected to have decreased access to veterinary care 
and therefore preventative medications. Further analysis 
of this association is reported separately [48].

Dogs are not exposed to vectors or pathogens in 
isolation, and most geographical regions have multiple 
vectors and pathogens co-circulating. Many large 
serosurvey studies on dogs and pathogen infection 
are unable to examine co-infections because testing 
data are not associated with individual cases [11, 21]. 
However, prospective studies, such as this one, provide 
opportunities to examine patterns of co-infections [7]. 
Although we detected nine co-infection groups, including 
11 dogs with infection with three pathogens, the most 
common pairs were B. burgdorferi + Anaplasma spp., B. 
burgdorferi + Ehrlichia spp., and D. immitis + Ehrlichia 
spp. The most likely explanation for the increased 
frequency between these three combinations is because 
of the pathogens’ shared ranges and vectors. Anaplasma 
phagocytophilum and B. burgdorferi have overlapping 
ranges in the Northeast, which was the region of highest 
seroprevalence documented in our study, and share 
the same vector (I. scapularis) [9, 49]. Co-infections 
between B. burgdorferi and Ehrlichia spp., and D. immitis 
and Ehrlichia spp. were most likely more common 
due to overlapping ranges. The Ehrlichia spp. most 

commonly detected in our study is likely E. canis, due to 
its documented prevalence in the South; however, other 
Ehrlichia spp. are possible [9].

Conclusions
In this study, we analyzed seroprevalence data for VBP 
in 3750 dogs sampled in shelters from 97 counties in 
19 states in the Eastern United States. In general, we 
found D. immitis and Ehrlichia spp. seroprevalence 
to be highest in the Southeast and Anaplasma spp. 
and B. burgdorferi seroprevalence to be highest in the 
Northeast, which is consistent with previous studies and 
expected vector ranges. Co-infections that were most 
common were between B. burgdorferi + Anaplasma 
spp., B. burgdorferi + Ehrlichia spp., and D. 
immitis + Ehrlichia spp. We found decreased risk of 
infection in dogs that were less than 1 year of age, in 
the toy breed group, and in dogs that had been spayed 
or neutered. In general, we found increased risk of 
infection in dogs that were more than 1 year of age and 
in the hound breed group. However, some pathogens 
were detected outside their typical range, so these data 
support previous studies that show an expanding range 
for these pathogens and/or vector species, highlighting 
the need for continued surveillance and assessment of 
risk factors in both owned and unowned dogs.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13071‑ 023‑ 05813‑1.

 Additional file 1. State‑level statistical analysis of the seroprevalence of 
the four vector‑borne pathogens in domestic dogs between each pair of 
states. 

Acknowledgements
With much gratitude, we thank IDEXX Laboratories, Inc. for sharing data from 
their database that were collected from shelters and for providing the  SNAP® 
 4Dx® Plus tests that were used by the shelters that participated in this study.

Author contributions
JRG, CMH, CAC, and MJY designed this study and contributed to the 
interpretation of the results. CMH, CAC, and MJY wrote the manuscript. AVS 
and KH provided data from Mississippi for the analysis. CMH, JRG, CAC, MJY, 
AVS, AAM, KH, KWB, and MJY reviewed and edited. All authors read and 
approved the final manuscript.

Funding
JRG was funded by the Companion Animal Parasite Council (CAPC). The 
funders had no role in any part of the study or manuscript.

Availability of data and materials
Aggregated data from shelters are provided in the manuscript and are 
available from the corresponding author on reasonable request.

https://doi.org/10.1186/s13071-023-05813-1
https://doi.org/10.1186/s13071-023-05813-1


Page 11 of 12Hazelrig et al. Parasites & Vectors          (2023) 16:197  

Declarations

Ethics approval and consent to participate
Not applicable (prospective shelter data were obtained during routine testing 
of dogs under shelter guidelines).

Consent for publication
Not applicable.

Competing interests
KWB is an employee of IDEXX Laboratories, Inc.

Author details
1 Southeastern Cooperative Wildlife Disease Study, Department of Population 
Health, College of Veterinary Medicine, University of Georgia, Athens, GA, 
USA. 2 Warnell School of Forestry and Natural Resources, University of Georgia, 
Athens, GA, USA. 3 Department of Comparative Biomedical Sciences, College 
of Veterinary Medicine, Mississippi State University, Mississippi State, MS, 
USA. 4 Department of Physiology and Pharmacology, College of Veterinary 
Medicine, University of Georgia, Athens, GA, USA. 5 Center for Ecology 
of Infectious Diseases, University of Georgia, Athens, GA, USA. 6 IDEXX 
Laboratories, One IDEXX Drive, Westbrook, ME, USA. 7 Present Address: 
Department of Comparative Pathobiology, Cummings School of Veterinary 
Medicine, Tufts University, North Grafton, MA, USA. 8 Present Address: West 
Asheville Family Vet, Asheville, NC, USA. 

Received: 30 March 2023   Accepted: 15 May 2023

References
 1. Duncan AW, Correa MT, Levine JF, Breitschwerdt EB. The dog as a sentinel 

for human infection: prevalence of Borrelia burgdorferi C6 antibodies in 
dogs from Southeastern and Mid‑Atlantic States. Vector Borne Zoonotic 
Dis. 2004;4:221–9. https:// doi. org/ 10. 1089/ vbz. 2004.4. 221.

 2. Yabsley MJ, McKibben J, Macpherson CN, Cattan PF, Cherry NA, Hegarty 
BC, et al. Prevalence of Ehrlichia canis, Anaplasma platys, Babesia canis 
vogeli, Hepatozoon canis, Bartonella vinsonii berkhoffii, and Rickettsia spp. 
in dogs from Grenada. Vet Parasitol. 2008;151:279–85. https:// doi. org/ 10. 
1016/j. vetpar. 2007. 11. 008.

 3. Hamer SA, Tsao JI, Walker ED, Mansfield LS, Foster ES, Hickling GJ. Use of 
tick surveys and serosurveys to evaluate pet dogs as a sentinel species for 
emerging Lyme disease. Am J Vet Res. 2009;70:49–56. https:// doi. org/ 10. 
2460/ ajvr. 70.1. 49.

 4. Yancey CB, Hegarty BC, Qurollo BA, Levy MG, Birkenheuer AJ, Weber DJ, 
et al. Regional seroreactivity and vector‑borne disease co‑exposures in 
dogs in the United States from 2004–2010: utility of canine surveillance. 
Vector Borne Zoonotic Dis. 2014;14:724–32. https:// doi. org/ 10. 1089/ vbz. 
2014. 1592.

 5. Self SCW, Liu Y, Nordone SK, Yabsley MJ, Walden HS, Lund RB, et al. Canine 
vector‑borne disease: mapping and the accuracy of forecasting using big 
data from the veterinary community. Anim Health Res Rev. 2019;20:47–
60. https:// doi. org/ 10. 1017/ s1466 25231 90000 45.

 6. Liu Y, Nordone SK, Yabsley MJ, Lund RB, McMahan CS, Gettings JR. 
Quantifying the relationship between human Lyme disease and Borrelia 
burgdorferi exposure in domestic dogs. Geospat Health. 2019. https:// doi. 
org/ 10. 4081/ gh. 2019. 750.

 7. Hodo CL, Rodriguez JY, Curtis‑Robles R, Zecca IB, Snowden KF, Cummings 
KJ, et al. Repeated cross‑sectional study of Trypanosoma cruzi in shelter 
dogs in Texas, in the context of Dirofilaria immitis and tick‑borne 
pathogen prevalence. J Vet Intern Med. 2019;33:158–66. https:// doi. org/ 
10. 1111/ jvim. 15352.

 8. Gettings JR, Self SCW, McMahan CS, Brown DA, Nordone SK, Yabsley MJ. 
Regional and local temporal trends of Borrelia burgdorferi and Anaplasma 
spp. seroprevalence in domestic dogs: contiguous United States 
2013–2019. Front Vet Sci. 2020;7:561592. https:// doi. org/ 10. 3389/ fvets. 
2020. 561592.

 9. Bowman D, Little SE, Lorentzen L, Shields J, Sullivan MP, Carlin EP. 
Prevalence and geographic distribution of Dirofilaria immitis, Borrelia 

burgdorferi, Ehrlichia canis, and Anaplasma phagocytophilum in dogs in 
the United States: results of a national clinic‑based serologic survey. Vet 
Parasitol. 2009;160:138–48. https:// doi. org/ 10. 1016/j. vetpar. 2008. 10. 093.

 10. Eng TR, Wilson ML, Spielman A, Lastavica CC. Greater risk of Borrelia 
burgdorferi infection in dogs than in people. J Infect Dis. 1988;158:1410–1. 
https:// doi. org/ 10. 1093/ infdis/ 158.6. 1410.

 11. Little S, Braff J, Place J, Buch J, Dewage BG, Knupp A, et al. Canine 
infection with Dirofilaria immitis, Borrelia burgdorferi, Anaplasma spp., and 
Ehrlichia spp. in the United States, 2013–2019. Parasit Vectors. 2021;14:10. 
https:// doi. org/ 10. 1186/ s13071‑ 020‑ 04514‑3.

 12. Little SE, Beall MJ, Bowman DD, Chandrashekar R, Stamaris J. Canine 
infection with Dirofilaria immitis, Borrelia burgdorferi, Anaplasma spp., and 
Ehrlichia spp. in the United States, 2010–2012. Parasit Vectors. 2014;7:1–9. 
https:// doi. org/ 10. 1186/ 1756‑ 3305‑7‑ 257.

 13. Lord LK, Ingwersen W, Gray JL, Wintz DJ. Characterization of animals with 
microchips entering animal shelters. J Am Vet Med Assoc. 2009;235:160–
7. https:// doi. org/ 10. 2460/ javma. 235.2. 160.

 14. Tzipory N, Crawford PC, Levy JK. Prevalence of Dirofilaria immitis, Ehrlichia 
canis, and Borrelia burgdorferi in pet dogs, racing greyhounds, and shelter 
dogs in Florida. Vet Parasitol. 2010;171:136–9. https:// doi. org/ 10. 1016/j. 
vetpar. 2010. 03. 016.

 15. Donnett U, Hubbard K, Woodruff K, Varela‑Stokes A. Prevalence of 
canine heartworm infection in Mississippi animal shelters. Vet Parasitol. 
2018;259:68–73. https:// doi. org/ 10. 1016/j. vetpar. 2018. 07. 007.

 16. Beall MJ, Chandrashekar R, Eberts MD, Cyr KE, Diniz PP, Mainville C, et al. 
Serological and molecular prevalence of Borrelia burgdorferi, Anaplasma 
phagocytophilum, and Ehrlichia species in dogs from Minnesota. Vector 
Borne Zoonotic Dis. 2008;8:455–64. https:// doi. org/ 10. 1089/ vbz. 2007. 
0236.

 17. Gaunt SD, Beall MJ, Stillman BA, Lorentzen L, Diniz PPVP, Chandrashekar 
R, et al. Experimental infection and co‑infection of dogs with Anaplasma 
platys and Ehrlichia canis: hematologic, serologic and molecular findings. 
Parasit Vectors. 2010;3:1–10. https:// doi. org/ 10. 1186/ 1756‑ 3305‑3‑ 33.

 18. De Tommasi AS, Otranto D, Dantas‑Torres F, Capelli G, Breitschwerdt EB, 
de Caprariis D. Are vector‑borne pathogen co‑infections complicating 
the clinical presentation in dogs? Parasit Vectors. 2013;6:1–5. https:// doi. 
org/ 10. 1186/ 1756‑ 3305‑6‑ 97.

 19. Ramos RA, Latrofa MS, Giannelli A, Lacasella V, Campbell BE, Dantas‑
Torres F, et al. Detection of Anaplasma platys in dogs and Rhipicephalus 
sanguineus group ticks by a quantitative real‑time PCR. Vet Parasitol. 
2014;205:285–8. https:// doi. org/ 10. 1016/j. vetpar. 2014. 06. 023.

 20. Self SCW, McMahan CS, Brown DA, Lund RB, Gettings JR, Yabsley MJ. A 
large‑scale spatio‑temporal binomial regression model for estimating 
seroprevalence trends. Environmetrics. 2018;29:1–17. https:// doi. org/ 10. 
1002/ env. 2538.

 21. Self SW, Pulaski CN, McMahan CS, Brown DA, Yabsley MJ, Gettings 
JR. Regional and local temporal trends in the prevalence of canine 
heartworm infection in the contiguous United States: 2012–2018. Parasit 
Vectors. 2019;12:380. https:// doi. org/ 10. 1186/ s13071‑ 019‑ 3633‑2.

 22. Dewage BG, Little S, Payton M, Beall M, Braff J, Szlosek D, et al. Trends in 
canine seroprevalence to Borrelia burgdorferi and Anaplasma spp. in the 
eastern USA, 2010–2017. Parasit Vectors. 2019;12:476. https:// doi. org/ 10. 
1186/ s13071‑ 019‑ 3735‑x.

 23. Gettings JR, Self SCW, McMahan CS, Brown DA, Nordone SK, Yabsley MJ. 
Local and regional temporal trends (2013–2019) of canine Ehrlichia spp. 
seroprevalence in the USA. Parasit Vectors. 2020;13:153. https:// doi. org/ 
10. 1186/ s13071‑ 020‑ 04022‑4.

 24. Springer YP, Eisen L, Beati L, James AM, Eisen RJ. Spatial distribution of 
counties in the continental United States with records of occurrence 
of Amblyomma americanum (Ixodida: Ixodidae). J Med Entomol. 
2015;51:342–51. https:// doi. org/ 10. 1603/ me131 15.

 25. Kopsco HL, Duhaime RJ, Mather TN. Crowdsourced tick image‑informed 
updates to U.S. county records of three medically important tick species. 
J Med Entomol. 2021;58:2412–24. https:// doi. org/ 10. 1093/ jme/ tjab0 82.

 26. Lenth RV. Least‑squares means: the R Package lsmeans. J Stat Soft. 2016. 
https:// doi. org/ 10. 18637/ jss. v069. i01.

 27. R Core Team: R: A language and environment for statistical computing 
Secur. Vienna, Austria: R Core Team; 204. http:// www.R‑ proje ct. org. 
Accessed 1 May 2023.

 28. CAPC (Companion Animal Parasite Council): Parasite prevalence maps. 
2023. https:// capcv et. org/ maps/#/. Accessed 1 May 2023.

https://doi.org/10.1089/vbz.2004.4.221
https://doi.org/10.1016/j.vetpar.2007.11.008
https://doi.org/10.1016/j.vetpar.2007.11.008
https://doi.org/10.2460/ajvr.70.1.49
https://doi.org/10.2460/ajvr.70.1.49
https://doi.org/10.1089/vbz.2014.1592
https://doi.org/10.1089/vbz.2014.1592
https://doi.org/10.1017/s1466252319000045
https://doi.org/10.4081/gh.2019.750
https://doi.org/10.4081/gh.2019.750
https://doi.org/10.1111/jvim.15352
https://doi.org/10.1111/jvim.15352
https://doi.org/10.3389/fvets.2020.561592
https://doi.org/10.3389/fvets.2020.561592
https://doi.org/10.1016/j.vetpar.2008.10.093
https://doi.org/10.1093/infdis/158.6.1410
https://doi.org/10.1186/s13071-020-04514-3
https://doi.org/10.1186/1756-3305-7-257
https://doi.org/10.2460/javma.235.2.160
https://doi.org/10.1016/j.vetpar.2010.03.016
https://doi.org/10.1016/j.vetpar.2010.03.016
https://doi.org/10.1016/j.vetpar.2018.07.007
https://doi.org/10.1089/vbz.2007.0236
https://doi.org/10.1089/vbz.2007.0236
https://doi.org/10.1186/1756-3305-3-33
https://doi.org/10.1186/1756-3305-6-97
https://doi.org/10.1186/1756-3305-6-97
https://doi.org/10.1016/j.vetpar.2014.06.023
https://doi.org/10.1002/env.2538
https://doi.org/10.1002/env.2538
https://doi.org/10.1186/s13071-019-3633-2
https://doi.org/10.1186/s13071-019-3735-x
https://doi.org/10.1186/s13071-019-3735-x
https://doi.org/10.1186/s13071-020-04022-4
https://doi.org/10.1186/s13071-020-04022-4
https://doi.org/10.1603/me13115
https://doi.org/10.1093/jme/tjab082
https://doi.org/10.18637/jss.v069.i01
http://www.R-project.org
https://capcvet.org/maps/#/


Page 12 of 12Hazelrig et al. Parasites & Vectors          (2023) 16:197 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 29. Drake J, Parrish RS. Dog importation and changes in heartworm 
prevalence in Colorado 2013–2017. Parasit Vectors. 2019;12:207. https:// 
doi. org/ 10. 1186/ s13071‑ 019‑ 3473‑0.

 30. Drake J, Wiseman S. Increasing incidence of Dirofilaria immitis in dogs 
in USA with focus on the southeast region 2013–2016. Parasit Vectors. 
2018;11:39. https:// doi. org/ 10. 1186/ s13071‑ 018‑ 2631‑0.

 31. Brinkerhoff RJ, Gilliam WF, Gaines D. Lyme disease, Virginia, USA, 2000–
2011. Emerg Infect Dis. 2014;20:1661–8. https:// doi. org/ 10. 3201/ eid20 10. 
130782.

 32. Herrin BH, Zajac AM, Little SE. Confirmation of Borrelia burgdorferi 
sensu stricto and Anaplasma phagocytophilum in Ixodes scapularis 
Southwestern Virginia. Vector Borne Zoonotic Dis. 2014;14:821–3. https:// 
doi. org/ 10. 1089/ vbz. 2014. 1661.

 33. Watson SC, Liu Y, Lund RB, Gettings JR, Nordone SK, McMahan CS, et al. 
A Bayesian spatio‑temporal model for forecasting the prevalence of 
antibodies to Borrelia burgdorferi, causative agent of Lyme disease, 
in domestic dogs within the contiguous United States. PLoS ONE. 
2017;12:e0174428. https:// doi. org/ 10. 1371/ journ al. pone. 01744 28.

 34. Morris CN, Gaff HD, Berghaus RD, Wilson CM, Gleim ER. Tick species 
composition, collection rates, and phenology provide insights into tick‑
borne disease ecology in Virginia. J Med Entomol. 2022;59:1993–2005. 
https:// doi. org/ 10. 1093/ jme/ tjac1 21.

 35. Johnson DK, Schiffman EK, Davis JP, Neitzel DF, Sloan LM, Nicholson WL, 
et al. Human Infection with Ehrlichia muris‑like Pathogen, United States, 
2007–2013(1). Emerg Infect Dis. 2015;21:1794–9. https:// doi. org/ 10. 3201/ 
eid21 10. 150143.

 36. Rocklov J, Dubrow R. Climate change: an enduring challenge for vector‑
borne disease prevention and control. Nat Immunol. 2020;21:479–83. 
https:// doi. org/ 10. 1038/ s41590‑ 020‑ 0648‑y.

 37. Thompson AT, White SA, Shaw D, Garrett KB, Wyckoff ST, Doub EE, et al. 
A multi‑seasonal study investigating the phenology, host and habitat 
associations, and pathogens of Haemaphysalis longicornis in Virginia, 
U.S.A. Ticks Tick Borne Dis. 2021;12:101773. https:// doi. org/ 10. 1016/j. 
ttbdis. 2021. 101773.

 38. White SA, Bevins SN, Ruder MG, Shaw D, Vigil SL, Randall A, et al. Surveys 
for ticks on wildlife hosts and in the environment at Asian longhorned 
tick (Haemaphysalis longicornis)‑positive sites in Virginia and New Jersey, 
2018. Transbound Emerg Dis. 2021;68:605–14. https:// doi. org/ 10. 1111/ 
tbed. 13722.

 39. Beard BC, Occi J, Bonilla DL, Egizi AM, Fonseca DM, Mertins JW, et al. 
Multistate infestation with the exotic disease–vector tick Haemaphysalis 
longicornis—United States, August 2017–September 2018. Morb Mortal 
Wkly Rep. 2018;67:1310–3. https:// doi. org/ 10. 15585/ mmwr. mm674 7a3.

 40. Yabsley MJ, Thompson AT. Haemaphysalis longicornis (Asian longhorned 
tick). Trends Parasitol. 2023;39:305–6. https:// doi. org/ 10. 1016/j. pt. 2022. 12. 
007.

 41. Thompson AT, White SA, Doub EE, Sharma P, Frierson K, Dominguez K, 
et al. The wild life of ticks: using passive surveillance to determine the 
distribution and wildlife host range of ticks and the exotic Haemaphysalis 
longicornis, 2010–2021. Parasit Vectors. 2022;15:331. https:// doi. org/ 10. 
1186/ s13071‑ 022‑ 05425‑1.

 42. Hoch H, Strickland K. Canine and feline dirofilariasis: life cycle, 
pathophysiology, and diagnosis. Compendium. 2008;30:133–41.

 43. Lashnits EW, Dawson DE, Breitschwerdt E, Lanzas C. Ecological and 
socioeconomic factors associated with Bartonella henselae exposure in 
dogs tested for vector‑borne diseases in North Carolina. Vector Borne 
Zoonotic Dis. 2019;19:582–95. https:// doi. org/ 10. 1089/ vbz. 2018. 2397.

 44. Purswell EK, Lashnits EW, Breitschwerdt EB, Vaden SL. A retrospective 
study of vector‑borne disease prevalence in dogs with proteinuria: 
southeastern United States. J Vet Intern Med. 2020;34:742–53. https:// doi. 
org/ 10. 1111/ jvim. 15610.

 45. Raghavan M, Glickman N, Moore G, Caldanaro R, Lewis H, Glickman L. 
Prevalence of and risk factors for canine tick infestation in the United 
States, 2002–2004. Vector Borne Zoonotic Dis. 2007;7:65–75. https:// doi. 
org/ 10. 1089/ vbz. 2006. 0570.

 46. Williams BM, Cleveland CA, Verocai GG, Swanepoel L, Niedringhaus KD, 
Paras KL, et al. Dracunculus infections in domestic dogs and cats in North 
America; an under‑recognized parasite? Vet Parasitol Reg Stud Rep. 
2018;13:148–55. https:// doi. org/ 10. 1016/j. vprsr. 2018. 05. 005.

 47. Yu Z, Ruan Y, Zhou M, Chen S, Zhang Y, Wang L, et al. Prevalence 
of intestinal parasites in companion dogs with diarrhea in Beijing, 

China, and genetic characteristics of Giardia and Cryptosporidium 
species. Parasitol Res. 2018;117:35–43. https:// doi. org/ 10. 1007/ 
s00436‑ 017‑ 5631‑7.

 48. Gettings JR, McMahan CS, Cleveland CA, Varela‑Stokes A, Hubbard 
K, Hamer SA, et al. Association between vector‑borne pathogen 
seroprevalence in shelter and owned dog populations in the contiguous 
United States. Manuscript in revision to Parasites and Vectors May 4, 2023 
(unpublished data).

 49. Chandrashekar R, Beall MJ, Thatcher B, Saucier JM, Tyrrell P, Lappin MR. 
Serologic responses to peptides of Anaplasma phagocytophilum and 
Borrelia burgdorferi in dogs infested with wild‑caught Ixodes scapularis. Vet 
J. 2017;226:6–11. https:// doi. org/ 10. 1016/j. tvjl. 2017. 06. 005.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1186/s13071-019-3473-0
https://doi.org/10.1186/s13071-019-3473-0
https://doi.org/10.1186/s13071-018-2631-0
https://doi.org/10.3201/eid2010.130782
https://doi.org/10.3201/eid2010.130782
https://doi.org/10.1089/vbz.2014.1661
https://doi.org/10.1089/vbz.2014.1661
https://doi.org/10.1371/journal.pone.0174428
https://doi.org/10.1093/jme/tjac121
https://doi.org/10.3201/eid2110.150143
https://doi.org/10.3201/eid2110.150143
https://doi.org/10.1038/s41590-020-0648-y
https://doi.org/10.1016/j.ttbdis.2021.101773
https://doi.org/10.1016/j.ttbdis.2021.101773
https://doi.org/10.1111/tbed.13722
https://doi.org/10.1111/tbed.13722
https://doi.org/10.15585/mmwr.mm6747a3
https://doi.org/10.1016/j.pt.2022.12.007
https://doi.org/10.1016/j.pt.2022.12.007
https://doi.org/10.1186/s13071-022-05425-1
https://doi.org/10.1186/s13071-022-05425-1
https://doi.org/10.1089/vbz.2018.2397
https://doi.org/10.1111/jvim.15610
https://doi.org/10.1111/jvim.15610
https://doi.org/10.1089/vbz.2006.0570
https://doi.org/10.1089/vbz.2006.0570
https://doi.org/10.1016/j.vprsr.2018.05.005
https://doi.org/10.1007/s00436-017-5631-7
https://doi.org/10.1007/s00436-017-5631-7
https://doi.org/10.1016/j.tvjl.2017.06.005

	Spatial and risk factor analyses of vector-borne pathogens among shelter dogs in the Eastern United States
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Sample collections
	Data analysis

	Results
	Population data
	Dirofilaria immitis antigen seroprevalence
	Ehrlichia spp. antibody seroprevalence
	Anaplasma spp. antibody seroprevalence
	Borrelia burgdorferi antibody seroprevalence
	Co-infections

	Discussion
	Conclusions
	Anchor 20
	Acknowledgements
	References


