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Abstract

An outbreak of Rocky Mountain spotted fever (RMSF) transmitted by the brown dog tick
(Rhipicephalus sanguineus sensu lato) has emerged as a major human and animal health
concern in Mexicali, Mexico. Due to high rates of brown dog tick infestation, susceptibility,
and association with humans, dogs serve as sentinels and have a key role in the ecology of
RMSF. A cross-sectional household questionnaire study was conducted in six rural and
urban locations to characterize dog ecology and demography in RMSF high-and low-risk
areas of Mexicali. In addition, we tracked movement patterns of 16 dogs using a GPS data
logger. Of 253 households, 73% owned dogs, and dog ownership tended to be higher in
high-risk areas, with a mean dog:human ratio of 0.43, compared with 0.3 in low-risk areas.
Dogs in high-risk areas had higher fecundity and roamed more, but the dog density and
numbers of free-roaming dogs were comparable. There was a higher proportion of younger
dogs and lower proportion of older dogs in high-risk areas. The high proportion of immuno-
logically naive puppies in high risk areas could result in a lack of herd immunity leading to a
more vulnerable dog and human population. The marked increase of space use of free-
roaming dogs in high-risk areas suggests that unrestrained dogs could play an important
role in spreading ticks and pathogens. As means to limit RMSF risk, practical changes could
include increased efforts for spay-neuter and policies encouraging dog restraint to limit
canine roaming and spread of ticks across communities; due to dog density is less impactful
such policies may be more useful than restrictions on the number of owned dogs.

Introduction

Domestic dogs (Canis lupus familiaris) have featured in human civilization for tens of thou-
sands of years, providing protection, assistance hunting, companionship, and other services [1,
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2]. However, dogs share pathogens and parasites with humans, in some cases bridging disease
from other animals including wildlife to people, serving as reservoirs for shared disease agents,
and acting as sentinels for human risk [3]. Dogs with greater roles in human disease ecology
include those that interact with wildlife or roam free, those in populations characterized by
rapid turnover (due to high mortality or fecundity rates), and those subject to low standards of
veterinary care including vaccination. Examples of diseases associated with pet dogs include
rabies, which is endemic in some areas where dogs are not restrained or vaccinated [4], and
the tapeworm Echinococcus for which dogs and other canids can be important sources of envi-
ronmental contamination [5].

Rocky Mountain spotted fever (RMSF), a potentially fatal disease of dogs and people caused
by the bacterium Rickettsia rickettsii, is the most important rickettsiosis in North America [6,
7]. Tick vectors of RMSF include the American dog tick (Dermacentor variabilis), the wood
tick (D. andersoni), the brown dog tick (Rhipicephalus sanguineus sensu lato), as well as several
Amblyomma tick species (e.g. A. cajennense, A. imitator, and A. parvum) [8-12]. While Der-
macentor spp. ticks are essentially sylvatic, preferring wild small mammal hosts in immature
stages, all feeding stages of the brown dog tick prefer dogs, such that this tick is unusual in
being fully peri-domestic. The abundance of the brown dog tick is determined by the number
of dogs, especially stray dogs, in a community [8, 13, 14], with ticks sometimes spilling over to
feed on humans. Rickettsial infections in dogs influence prevalence in ticks and serve to
amplify the presence of the pathogen [8, 15].

Epidemics of RMSF have been associated with high numbers of stray dogs and uncontrolled
tick infestations in eastern Arizona in the United States and in the Mexican states of Sonora
and Baja California [8, 13]. Atleast 250 cases with 19 deaths occurred among American Indi-
ans in Arizona from 2003-2012, prompting an aggressive and successful response by public
health officials incorporating long-acting acaricidal collars on dogs, treatment of the environ-
ment, and spay-neuter plus tethering of dogs [13]. The RMSF epidemic in Baja California is
much larger than those in Arizona. Since 2008, an outbreak of RMSF is ongoing in Mexicali, a
city of 700,000 people immediately south of the border with the US, affecting at least 1000 peo-
ple and countless dogs, with a high human mortality rate of approximately 40% [16]. In
Mexico, the vector is a distinct tropical lineage of brown dog tick, in contrast with epidemics
in Arizona associated with the temperate lineage [17]; increased warming and drying associ-
ated with climate change may permit the tropical lineage ticks to expand northward, with evi-
dence that canine exposure is increased directly north of the US/Mexico border [18].

Epidemiological determinants of RMSF in Mexico are not well-understood. Ticks can
acquire the infection from infected dogs as well as transovarially through passage of the bacte-
rium through tick eggs [19, 20]. However, surveillance may reveal very low prevalence of anti-
bodies in dogs and low proportion of Rickettsia-positive ticks [21], possibly due in part to fine
spatial scale endemic foci as well as local disease extinction and introduction of disease to new
areas. Across Mexicali, there appears to be a higher risk for human cases and seropositive dogs
in some neighborhoods on the periphery of the city and in agricultural small towns (ejidos) in
the valley that extends to the southeast of the city [21-23]. Even though local elevations in tick
numbers increase risk, there have been cases of RMSF and documented brown dog tick infes-
tations even in homes without dogs [21]. Although RMSF may be fatal in dogs, animals that
survive infection may develop immunity for some period of time, suggesting that abundant
puppies could reduce herd immunity and enhance the persistence of the pathogen in a com-
munity. Human decisions about dog ownership including allowing animals to roam, not treat-
ing the dogs with acaricides, and keeping dogs outside could all impact tick infestation risk as
well as risk of RMSF both in the dog and in humans in the household.
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Our goals in this study were to document dog population size, dog:human ratios, and
demographic characteristics of canine populations in neighborhoods characterized as high
and low-risk for RMSF, and to evaluate canine movement patterns in these differing areas.

Materials and methods

Study area

Work was approved by the University of California Davis Institutional Animal Care and Use
Committee (protocol # 20483) and the Hospital General de Mexicali Research Committee pro-
tocol # 02-01-HGMXL/ISESALUD/CDC/UCDAVIS-2019-08-07-250.

The study was conducted during August 2019 (when ticks have increased abundance and
activity [24]) at six locations, including three rural villages and three urban areas in and near
Mexicali in northwestern Mexico (Fig 1). Mexicali is located within the lower Colorado River
Delta in the Sonoran Desert, and comprises a mosaic of landscapes dominated by urban and
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Fig 1. Sampling sites of rural and urban areas in Mexicali Valley, Mexico. Capital letters refer to locations (Urban neighborhoods: GM: Gabriela Mistral, HP
Hacienda Los Portales, VC: Venustiano Carranza; rural areas: ED: Ejido Durango, EO: Ejido Oaxaca, AG: Algodones). Reprinted from the OpenStreetMap vector
basemap hosted by Environmental Systems Research Institute (Esri) and provided under a CC BY 4.0 license, (Map data © OpenStreetMap contributors, Map layer by

Esri 2019).
https://doi.org/10.1371/journal.pone.0233567.9001
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rural settlements and agriculture, with some areas of riparian and shrub-dominated vegeta-
tion. The climate is arid with a mean annual precipitation of 55.4 mm and highly variable tem-
peratures from 6°C—42°C with a mean annual temperature of 22.4 °C.

The locations chosen for study included two urban and two rural sites that were categorized
as high-risk for RMSF (Gabriela Mistral, 32°37°N, 115°34’W, and Hacienda Portales, 32°35'N,
115°29°W in Mexicali City and Ejido Durango, 32°14’N, 115°15°W and Algodones, 32°42°N,
114°44'W in the agricultural valley), and one low-risk rural and urban control (Venustiano
Carranza, 32°36'N, 115°24’'W in Mexicali City and Ejido Oaxaca, 32°21'N, 115°10°'W in the
valley). RMSF risk was classified based on a previous study [21], defining a high-risk area as
the one that meet three criteria 1) at least one confirmed R. rickettsii-positive tick; 2) a preva-
lence of RMSF antibodies in dogs > 30% (cut-off titer >1:64); and 3) a confirmed human case
of RMSF within 12 months preceding the study.

Household questionnaires

A cross-sectional household questionnaire was conducted. We randomly selected three blocks
from each rural town and urban neighborhood. At each block, questionnaires were deployed
by choosing a random house and asking if the inhabitants consented to participate. If consent
was not provided or the household did not own a dog (s), the team continued around the
block and the surrounding areas until obtaining consent of at least 10 dog-owning households.
Questionnaires were delivered orally in Spanish by students from the Medical School of Baja
California Autonomous University and personnel of the Baja California Secretary of Health.
Questions focused on number of dogs, demography of dogs, female dog reproductive history,
and household dog ownership (SI Table). At each sampled household, the person at home and
best able to answer questions related to dogs and their care was asked for a verbal consent to
participate in the survey. Institutional review board (IRB) approval was not required as all
questions specifically related to care and husbandry of the dogs and were covered under the
veterinarian-client relationship.

Households were classified as dog-owning (DOHH) and non-dog owning (NDOHH). For
DOHH, we recorded the number of dogs in the household, and we asked the owners questions
relating to reasons for owning the dog(s) (guardian, shepherd, pet, hunting), origin of dogs
(acquired from neighbor or family, bought, found or adopted, or born at home), number of
sterilized animals, the presence of free-roaming dogs of unknown origin and if each animal
was allowed to roam freely. We also asked how many dogs were female and how many litters
had been produced by female dogs. The area of each neighborhood and rural village was deter-
mined by drawing a perimeter of the polygon using QGIS 3.4 (QGIS Development Team,
2009).

GPS-tracking data collection

Sixteen free-roaming male dogs were collared and monitored from August 10-22, 2019: these
included five dogs (three were 1-yr old, one was 4 yr-old, and one was 5-yr old) from a high-
risk rural village (Ejido Durango), five (ages 1-yr for two dogs and one dog each aged 2, 3, and
4-yr old) from low-risk rural Ejido Oaxaca, three (two 2-yr old and one 6-yr old) from high-
risk urban Colonia Hacienda Portales and three (ages 1, 2, and 5-yr old) from low-risk urban
Colonia Venustiano Carranza. None of these dogs was neutered. All collaring and tracking
was done after obtaining written informed consent from the owners. Collars were lightweight
nylon with an attached motion-detecting GPS-data logger (Igot-U GT600, Mobile Action
Technology, Taipei, Taiwan) configurated to record a location every 10 min. Logger data were
downloaded into the i-gotU Sport Analyzer software (Mobile Action Technology). Each track
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was visually inspected for anomalies and gaps in data collection, and GPS coordinates for each
recorded location were extracted into a spreadsheet. Locations were visualized and analyzed
with QGIS. We estimated the area occupied (AO) by each dog by calculating the minimum
convex polygon (MCP) with the Minimum Bounding Geometry tool. We determined the
number of houses that each dog visited (NHV) as the number of houses within each occupied
area. Maximum distance moved (MDM) by each dog was calculated as the maximum distance
among location points using the Measure tool.

Statistical analysis

Summary statistics were calculated including mean number of dogs per DOHH for each
neighborhood. We estimated the dog population size and dog density for each site using the
data derived from the questionnaires (proportion of households that own dogs and mean
numbers of dogs per household). The dog population size was calculated by multiplying the
number of inhabited households by the proportion of dog owning household and then by the
mean number of dogs per household that owned at least one dog in each neighborhood and
rural village. The dog population density was calculated by dividing the estimated dog popula-
tion by the area of each site. The dog:human ratio was estimated by dividing the total human
population by the total number of dogs calculated for each location. Human population size
and the number of inhabited households were taken from the human census of 2016 per-
formed by the Instituto Nacional de Estadistica y Geografia of Mexico [25]. Female reproduc-
tion information was used to calculate mean litter size and female fecundity. Fecundity was
determined as the number of female offspring per female per year m(x), i.e. proportion of
breeding females (>12months) and the mean number of pups/female in the past 12 months
following [26]. This fecundity estimation assumes a 1:1 male:female ratio at birth.

Associations between RMSF risk level and numbers of free roaming dogs, dog function,
and dog origin were assessed using chi-square tests for rural and urban areas. Fecundity and
dog density were compared by risk level (high vs low), and landscape (rural vs urban), using a
two-sided Student’s t-test with equal variances. Two-way ANOV A models were performed to
evaluate for effects of risk level (high vs low) and landscape (rural vs urban) on means AO,
MDM, and NHYV of dogs surveyed. Data were analyzed with the statistical program “R”
(R-Development Core Team, 2015) with P<0.05 used as a cutoff to infer statistical
significance.

Results

Household dog ownership patterns

The mean proportions of households sampled in high and low-risk areas were 5.9% and 8.1%,
respectively. Of 253 households interviewed in this study, 182 (73%) were DOHH with a total
of 346 dogs. The percentage of DOHH ranged from 63.3 to 85.7% in rural and urban areas and
tended to be higher in RMSF high-risk (76.1%) vs. low-risk areas (64.9%, X*>=3.68,df=1,

p = 0.055, Table 1). Overall, there was an average of 1.9 + 0.05 dogs per DOHH. Mean dog
numbers did not differ significantly between RMSF high (1.9 £ 0.1 dogs) and low-risk areas
(1.8 £ 0.2 dogs; t = 0.371, df = 106, p = 0.712), or between urban (1.8 + 0.1 dogs) and rural
areas (2.0 £ 0.1 dogs; t = 0.981, df = 180, p = 0.328). Free roaming dogs of unknown ownership
were reported in all locations, ranging from 36.6% to 93.3% of dogs present. A higher percent-
age was reported in high-risk (76.6-93.3%) compared with low-risk (36.6%) in rural areas (X
=21.8, df = 1, p-value = 0.000), but did not differ between high (83.3-87.4%) and low-risk
(90.3%) neighborhoods in urban areas (X* = 0.47, df = 1, p-value = 0.494) (Table 1).
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Table 1. Dog ownership patterns, population size and densities in RMSF risk-urban and rural areas in and near Mexicali, Mexico.

Landscape Rural Urban

Locations Ejido Oaxaca | Ejido Durango | Algodones | Venustiano Carranza | Gabriela Mistral | Hacienda Portales
RMSF risk level" Low High High Low High High
Households interviewed 45 35 46 49 36 42
DOHH %> 66.7 85.7 65.2 63.3 83.3 73.8
Free-roaming dogs of unknown ownership %’ 36.6 76.6 93.3 90.3 83.3 87.4
No. of owned dogs in survey 56 61 62 57 58 52
Mean dogs per household 1.9 2.0 2.1 1.8 1.9 1.7
No. of houses in neighborhood 727 439 1528 491 367 1528
Estimated number of households with dogs in 485 376 997 311 306 1128
neighborhood

Estimated dog population size per neighborhood 905 765 2059 571 591 1892
Human population size per neighborhood 2677 1593 5398 1804 1415 5272
Dog:human ratio 0.3 0.5 0.4 0.3 0.4 0.4
Location (neighborhood) area (km?) 2.1 1.6 2.4 0.3 0.7 0.8
Density (Dogs/kmz) 426.7 479.4 843.8 1729.3 812.9 2260.2

"High-risk level criteria: 1) at least one confirmed R. rickettsii-positive tick; 2) a prevalence of RMSF antibodies in dogs > 30%; and 3) a confirmed human case of RMSF
within 12 months preceding the study

2 DOHH = dog-owning household

® Estimated from data at the household level.

https://doi.org/10.1371/journal.pone.0233567.t001

Rural areas had a higher percentage of free-roaming dogs than urban areas (62.9% vs
49.1%; Table 2). There was also a slightly lower percentage of dogs allowed to freely roam in
high compared with low-risk settlements in rural areas (54.5 vs 59.3%), but these differences
were not statistically significant (Table 2).

Most dogs were considered pets or guard dogs, and none were used as herding or hunting
dogs (Table 2). The proportion of guarding and pet dogs did not differ between high and low-
risk areas nor within rural and urban areas. The most common source of owned dogs in every
neighborhood and rural village was dogs obtained as a gift from a family member or neighbor

Table 2. Chi-square tests for dog ownership practices comparing frequencies of the free-roaming activity, dog function and source of dogs among dogs from rural
and urban areas with two levels of RMSF risk in and near Mexicali, Mexico.

RMSF risk level" Landscape
High n (%) Low n (%) x? df P-value Rural n (%) Urban n (%) X2 df P-value

Free-roaming activity 0.71 1 0.400 6.36 1 0.012
Yes 127 (54.5) 67 (59.3) 112 (62.6) 82 (49.1)

Dog function 1.35 1 0.244 0.13 1 0.712
Guard 100 (42.9) 56 (49.6) 79 (44.1) 77 (46.1)

Pet 133 (57.1) 57 (50.4) 100 (55.9) 90 (53.9)

Source of dogs 4.58 1 0.205 3.68 1 0.298
Gift 118 (50.6) 68 (60.2) 100 (55.9) 86 (51.5)

Bought 20 (8.6) 12 (10.6) 18 (10.1) 14 (8.4)

Found 62 (26.6) 20 (17.7) 35 (19.5) 47 (28.1)

Born 33 (14.2) 13 (11.5) 26 (14.5) 20 (12.0)

"High-risk level criteria: 1) at least one confirmed R. rickettsii-positive tick; 2) a prevalence of RMSF antibodies in dogs > 30%; and 3) a confirmed human case of RMSF

within 12 months preceding the study; Significant p-values are indicated in bold.

https://doi.org/10.1371/journal.pone.0233567.t1002
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Table 3. Statistics summary for dog density and reproductive performance among dogs from rural and urban areas with two levels of RMSF risk in and near Mexi-

cali, Mexico.

Source of Variation Level' Mean + SE d.f. T P
Density (dogs/km?)
Risk level 4 1.14 0.841
High 1328.2 + 406.7
Low 619.8 +193.1
Landscape 4 -2.30 0.042
Rural 583.3 +£131.2
Urban 1600.8 + 422.7
Reproduction performance
Fecundity
Risk level 4 3.30 0.015
High 21402
Low 1.2+0.1
Landscape 4 -0.40 0.355
Rural 1.7+0.3
Urban 1.9+0.4
Mean litters/female
Risk level 4 2.04 0.055t
High 1.9+0.1
Low 1.3+0.4
Landscape 4 1.22 0.144
Rural 1.9+0.2
Urban 1.5+0.3

1High—risk level criteria: 1) at least one confirmed R. rickettsii-positive tick; 2) a prevalence of RMSF antibodies in dogs > 30%; and 3) a confirmed human case of RMSF

within 12 months preceding the study; Significant p-values are indicated in bold; tMarginally significant.

https://doi.org/10.1371/journal.pone.0233567.t1003

(from 26% to 40%); the second-most common source was the dog being found (from 8 to
22%, Table 2).

We estimated a population size ranging from 765 to 2059 owned dogs for rural areas and
from 571 to 1892 for urban neighborhoods (Table 1). Hacienda Los Portales had the highest
dog density with 2260 dogs/km?, followed by Venustiano Carranza with 1729 dogs/km*. Mean
dog density was significantly higher in urban vs. rural areas, but did not differ significantly
between RMSF high-risk and low-risk areas (Table 3).

Among the 383 owned dogs surveyed, 56.7% were male, resulting in a male:female ratio of
1.3:1. However, there were slightly fewer breeding males per female in high-risk (1.3:1) than
low-risk areas (1.6:1). The age and sex structure of the owned dog population is compared by
landscape and RMSF risk level (Fig 2). Fifty percent of the dog population was between 4
months and 2 years old. However, the percentage of puppies (< 1 yr old) was significantly
higher for RMSF high than low-risk areas (30.8% vs 18.9%, X* = 6.40, df = 1, p = 0.011), while
the percentage of dogs older than 6 years was significantly lower for RMFS high than low-risk
areas (5.7% vs 12.3%, X* = 4.94, df = 1, p = 0.026). Only a small proportion of the dog popula-
tion was sterilized (9.9%; 38/283), including a slightly higher percentage in female (n = 22;
13.2%) vs male (n = 16; 7.4%) dogs. The proportion of sterilized dogs ranged from 3.5% to
23.0% across sites, with a higher rate in urban than rural (X* = 4.71, df = 1, p-value = 0.03), but
did not differ significantly by RMSF risk level (X* = 0.48, df = 1, p = 0.487), and sex (X = 3.64,
df =1, p = 0.056).
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Fig 2. Age-sex population pyramid of owned dogs inhabiting urban RMSF low-risk (a), urban high-risk (b), rural low-
risk (c), and rural high-risk (d) areas in and near Mexicali, Mexico.

https://doi.org/10.1371/journal.pone.0233567.9002

Of 170 female dogs surveyed in this study, there were 122 mature breeding females, of
which 86 (70.5%) had already had at least one litter. None of the 48 female dogs less than 12
months old had had a litter, and the longest reproductive lifespan reported was 12 years old.
Mean litter size was 3.5 + 0.4 pups, while mean fecundity rate was 1.8 + 0.2 female offspring
per female per year (Table 4). Fecundity was significantly higher in RMSF high-risk vs. low-
risk areas (Table 3); however, no significant differences were detected between rural and urban
areas. The overall mean number of litters per female was marginally higher in high-risk areas
compared to low-risk areas (Table 3).

Patterns of movement

We recorded 4,341 location points, including 3,069 location points from 10 rural dogs and
1,272 location points from 6 urban dogs to summarize movement patterns (Figs 3 and 4).
Two-way ANOVA results indicate that mean AO, MDM and NHYV differed significantly
between risk level and landscape types. The mean AO of dogs from RMSF high-risk areas was
significantly higher than for dogs in low-risk areas. Similarly, mean MDM was higher for
high-risk vs. low-risk dogs, as were mean number of houses within areas. There were signifi-
cant differences among AO, MDM, and NHYV between rural vs urban areas (Table 5; Fig 5).

Discussion

Opver the last two decades, eastern Arizona and northwestern Mexico have experienced emer-
gence of RMSF vectored by brown dog ticks [16, 24]. Parasitism by brown dog ticks and trans-
mission risk of R. rickettsii are associated with an increase of free-roaming dogs and the
presence of highly infested dogs in the environment [13, 14]. Here, we provide valuable
insights into the demography and behavior patterns of dogs in a RMSF epidemic region at the
northwestern Mexico-US border. Both rural and urban areas characterized by R. rickettsii-
infected ticks, high canine seroprevalence, and high-risk of human disease [21] tended to have
more puppies and dogs that roamed much more widely, but not absolutely higher dog density
or numbers of free roaming dogs.

Table 4. Fecundity m(x) and reproduction performance of female dogs from rural and urban areas with two levels of RMSF risk in and near Mexicali, Mexico.

Locations RMSE risk Total number of owned Number of Number of Mean number of litters | Mean offspring born last | m
level' breeding females in survey litters puppies last year per breeding female year per female (x)

Rural villages

Ejido Oaxaca Low 19 32 43 1.7 23 1.1

Ejido Durango | High 23 52 94 2.3 4.1 2.0

Algodones High 19 35 71 1.8 3.7 1.9
Urban areas

Venustiano Low 19 18 48 0.9 2.5 1.3
Carranza

Hacienda High 14 23 50 1.6 3.6 1.8
Portales

Gabriela Mistral | High 18 35 92 1.9 5.1 2.6

"High-risk level criteria: 1) at least one confirmed R. rickettsii-positive tick; 2) a prevalence of RMSF antibodies in dogs > 30%; and 3) a confirmed human case of RMSF

within 12 months preceding the study.

https://doi.org/10.1371/journal.pone.0233567.t1004
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Fig 3. Occupied area of three dogs from a RMSF high-risk neighborhood (a, b), and three dogs from a low-risk
neighborhood (c) in Mexicali City. Reprinted from the OpenStreetMap vector basemap hosted by Environmental
Systems Research Institute (Esri) and provided under a CC BY 4.0 license, (Map data © OpenStreetMap contributors,
Map layer by Esri 2019).

https://doi.org/10.1371/journal.pone.0233567.9003

Our results of higher fecundity and litter numbers in high-risk areas suggest that lack of
herd immunity due to high puppy recruitment can increase vulnerability in the dog and
human populations. Although transovarial and transstadial transmission of R. rickettsii in
brown dog ticks can maintain the infection within a population [20, 27], prevalence in ticks is
often below 3% [21, 24], indicating that infected dogs may be important in RMSF epidemics.
Once a susceptible dog is infected, it may experience high bacteremia and can serve as a source
of rickettsial infection to brown dog ticks, with dogs thus serving as amplifying hosts [19].
Dogs affected by RMSF can develop a similar illness as humans and may die as a result of ill-
ness [28]. Dogs recovering from spotted fever rickettsioses are reported to have antibodies that
persist at least 6-12 months which, together with cell-mediated immunity, limit or protect
against further clinical disease [29, 30]. This suggests a link between the high risk for RMSF in
Mexicali and the high proportion of immunologically naive puppies and increase in the pro-
portion of susceptible dogs.

Reproduction performance of wild and domestic canids can be affected by multiple vari-
ables such as body size, age, dog breed, population density and structure, feeding habits, habi-
tat variance, and climate conditions [31-33]. The higher fecundity in high-risk areas could be
explained by the population structure of dogs, with a lower proportion of older dogs in these
areas. A previous study of dogs found a positive relationship between decline in whelping rate
and advancing age [33]. Availability of resources and to what degree humans accept dog pres-
ence can also affect reproduction performance in dog populations. Food stress can reduce ovu-
lation rate and lactation, which in turn has consequences on litter size at birth and weaning,
respectively [31]. In addition, socioeconomic and cultural factors affect the food availability of,
as well as, the dependence of the dog population on environmental resources such as garbage
dumps and waste food [34-36]. Nevertheless, although free-roaming dogs were frequently
observed scavenging in waste in both rural and urban areas in Mexicali (Lopez-Perez, unpub.
data), further investigations are required to elucidate whether or not feeding patterns and qual-
ity of food are affecting the reproduction performance of dogs in this site.

The GPS logger provided unique insights on the patterns of domestic dog mobility and
their relationship with transmission of RMSF. The marked increase of space use by free-roam-
ing dogs in high-risk areas, as well as the fact that these dogs visited twice as many houses as
dogs from low-risk areas, suggest that unrestrained dogs may play an important role in spread-
ing ticks into homes and yards. This is consistent with earlier findings [13] that unrestrained
dogs tended to have more ticks than restrained dogs, suggesting that they are more likely to
travel to untreated areas such as outlying non peri-domestic sites and acquire ticks.

Movement patterns of free-roaming dogs are determined by several ecological, behavioral,
environmental, and socio-economic factors occurring at multiple spatial and temporal scales,
including animal fitness, scavenging for food, population density, social interactions, sex and
reproductive status, dog ownership practices, human interactions, and landscape structure
[37-42]. Two likely explanations for the increased mobility of free-roaming male dogs in high-
risk areas of Mexicali could be that, due to food sources, they were foraging farther from their
households [37, 39] and that they were seeking intact bitches in estrous [38, 42], given our
finding of high fecundity, as well as the slightly greater number of male dogs compared with
females.
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Fig 4. Occupied area of five dogs from RMSF high-risk rural villages (a) and five dogs from low-risk rural villages (b)
in Mexicali Valley, Mexico. Reprinted from the OpenStreetMap vector basemap hosted by Environmental Systems
Research Institute (Esri) and provided under a CC BY 4.0 license, (Map data © OpenStreetMap contributors, Map

layer by Esri 2019).

https://doi.org/10.1371/journal.pone.0233567.9004
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Table 5. Summary and ANOVA test statistics for the outcomes of area occupied as determined by minimum complex polygon (AO), maximum distance moved
(MDM) and total number of houses visited (NHV) among collared dogs from rural and urban areas with two levels of RMSF risk in and near Mexicali, Mexico.

Source of Variation | Level Mean + SE d.f. F P
Area (AO: hectare)
Risk level 1 5.81 0.033
High 38409
Low 09+0.3
Landscape 1 12.45 0.004
Rural 31109
Urban 1.1+0.3
Risk*Landscape 1 2.60 0.133
Residuals 12
Distance (MDM: meter)
Risk level 1 5.08 0.044
High 322.8 +40.8
Low 136.8 £ 20.8
Landscape 1 21.13 0.000
Rural 265.1 +46.2
Urban 170.9 £ 31.9
Risk*Landscape 1 0.87 0.370
Residuals 12
Houses (NH)
Risk level 1 27.75 0.000
High 46.9 8.6
Low 16.6 £3.7
Landscape 1 33.59 0.000
Rural 21.1+4.9
Urban 49.5 +10.6
Risk*Landscape 1 5.23 0.041
Residuals 12

"High-risk level criteria: 1) at least one confirmed R. rickettsii-positive tick; 2) a prevalence of RMSF antibodies in dogs > 30%; and 3) a confirmed human case of RMSF

within 12 months preceding the study; Significant p-values are indicated in bold.

https://doi.org/10.1371/journal.pone.0233567.t005

Our results raise the valid question whether age and sex of dogs affect the dog movement
pattern in high and low-risk RMSF areas. Our study featured a relatively small number of col-
lared dogs, and all initial dogs enrolled by chance were male and of similar age; thus our analy-
sis was constrained only to male dogs. Thus we could not test for differences between sex and
age. Male dogs often move greater distances and have larger home ranges than females [42, 43]
(although these differences are not always detected in the literature [44] and may differ
depending on whether dogs are neutered or intact [42]), suggesting that they could spread
more ticks than females. Previous studies did not find significant differences in movement pat-
terns among dogs of different ages [42, 45].

Although our findings suggest that dog reproductive performance and turnover are impor-
tant factors affecting the transmission of RMSF in Mexicali, it is probable that the epidemio-
logical dynamics of the diseases are also influenced by other indirect and direct, multifactorial
factors including socioeconomic, biological, and environmental factors at different temporal
and spatial scales [13, 18, 21, 46]. For instance, although this study focused on owned free-
roaming dogs, dogs of unknown ownership were often observed by study participants, and
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were significantly more common in rural high- compared with low-risk rural areas (but not in
urban areas). Further studies could clarify whether free-roaming dogs are “stray” or owned,
because stray and owned free-roaming dogs could differ in their movement patterns and prob-
ability of spreading ticks and RMSF, and management of these different canine subsets would
differentially involve dog owners or public health and animal control authorities.

Although study limitations, such as the relatively small sample size and the fact that site risk
levels were characterized based on a previous study but not long-term epidemiological surveil-
lance, this study represents important data and should be used to motivate further evaluation.
Moreover we provide important insight into how dog demography, ownership, and movement
patterns might impact the ecology of RMSF in northwestern Mexico. In addition to previous
approaches for RMSF control and prevention such as treatment of houses with pesticides, use
of a long-acting tick collar [13, 47, 48], our data indicate that policies encouraging changes the
population structure of dog by decreasing the proportion of puppies such as through spay-
neuter campaigns could enhance herd immunity if the adult dogs have been exposed and
developed immunity. Fewer intact bitches could reduce attraction to stray males, and this ben-
efit could further be enhanced by reducing the number of free-roaming dogs. In addition, our
results point out that policies encouraging dog restraint to limit the free trafficking of dogs and
ticks across communities may have implications as means to limit RMSF risk, rather than the
restriction of the number of owned dogs. Finally, use of a vaccine in dogs, such as the recently
described whole-cell inactivated antigen vaccine [49], could also reduce risk to humans and
dogs by boosting canine herd immunity.

This study emphasizes the importance of a One Health approach and a long term monitor-
ing epidemiological survey to better understand the transmission mechanisms of R. rickettsii
and pathogen-vector-hosts interactions. Better understanding can improve control and pre-
vention of the spread of rickettsioses and other diseases for people and dogs.

Supporting information

S1 Table. Household questionnaires deployed.
(DOCX)

Acknowledgments

We thank Christopher Paddock at the Centers for Disease Control and Prevention and Javier
Verdugo from UMA La Piocha for technical advice and logistical support, the residents of
Mexicali, the UABC medical students, and personnel from Secretaria de Salud de Baja Califor-
nia who participated in the study.

Author Contributions

Conceptualization: Andrés M. Lopez-Pérez, Janet Foley.
Data curation: Andrés M. Lopez-Pérez, Libertad Orozco.
Formal analysis: Andrés M. Lopez-Pérez, Janet Foley.
Funding acquisition: Janet Foley.

Investigation: Andrés M. Lopez-Pérez, Libertad Orozco, Oscar E. Zazueta, Maria Fierro,
Paola Gomez, Janet Foley.

Methodology: Andrés M. Lopez-Pérez, Libertad Orozco, Oscar E. Zazueta, Maria Fierro,
Paola Gomez, Janet Foley.

PLOS ONE | https://doi.org/10.1371/journal.pone.0233567 May 21, 2020 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233567.s001
https://doi.org/10.1371/journal.pone.0233567

PLOS ONE

Dog ecology in a rickettsia spotted fever epidemic region in Mexico

Writing - original draft: Andrés M. Lopez-Pérez, Janet Foley.

Writing - review & editing: Andrés M. Lopez-Pérez, Libertad Orozco, Oscar E. Zazueta,

Janet Foley.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

Podberscek AL, Paul ES, Serpell JA. Companion animals and us: Exploring the relationships between
people and pets. Cambridge: Cambridge University Press; 2005.

Savolainen P, Zhang Y-p, Luo J, Lundeberg J, Leitner T. Genetic evidence for an East Asian origin of
domestic dogs. Science. 2002; 298(5598):1610-3. https://doi.org/10.1126/science.1073906 PMID:
12446907

Bowser NH, Anderson NE. Dogs (Canis familiaris) as sentinels for human infectious disease and appli-
cation to Canadian populations: a systematic review. Vet Sci. 2018; 5(4):83.

World Health Organization. Rabies. https://www.who.int/news-room/fact-sheets/detail/rabies,
Accessed 24 November, 2019. 2019.

Deplazes P, van Knapen F, Schweiger A, Overgaauw PA. Role of pet dogs and cats in the transmission
of helminthic zoonoses in Europe, with a focus on echinococcosis and toxocarosis. Vet Parasitol. 2011;
182(1):41-53. https://doi.org/10.1016/j.vetpar.2011.07.014 PMID: 21813243

Eremeeva ME, Dasch GA. Challenges posed by tick-borne rickettsiae: eco-epidemiology and public
health implications. Front Publ Health. 2015; 3:55.

Biggs HM, Behravesh CB, Bradley KK, Dahlgren FS, Drexler NA, Dumler JS, et al. Diagnosis and man-
agement of tickborne rickettsial diseases: Rocky Mountain spotted fever and other spotted fever group
rickettsioses, ehrlichioses, and anaplasmosis—United States. MMWR: Recommendations and
Reports. 2016; 65(No. RR-1):1-44.

Nicholson WL, Paddock CD, Demma L, Traeger M, Johnson B, Dickson J, et al. Rocky Mountain spot-
ted fever in Arizona: documentation of heavy environmental infestations of Rhipicephalus sanguineus
at an endemic site. Ann NY Acad Sci. 2006; 1078(1):338—41.

Eremeeva ME, Zambrano ML, Anaya L. Rickettsia rickettsiiin Rhipicephalus ticks, Mexicali, Mexico. J
Med Entomol. 2011; 48(2):418-21. https://doi.org/10.1603/me10181 PMID: 21485383

Oliveira KA, Pinter A, Medina-Sanchez A, Boppana VD, Wikel SK, Saito TB, et al. Amblyomma imitator
ticks as vectors of Rickettsia rickettsii, Mexico. Emerg Infect Dis. 2010; 16(8):1282. https://doi.org/10.
3201/eid1608.100231 PMID: 20678325

Dzul-Rosado K, Peniche-Lara G, Tello-Martin R, Zavala-Veldzquez J, de Campos Pacheco R, Labruna
M, et al. Rickettsia rickettsiiisolation from naturally infected Amblyomma parvum ticks by centrifugation
in a 24-well culture plate technique. Open Veterinary Journal. 2013; 3(2):101-5. PMID: 26623321

Labruna MB, Mattar S, Nava S, Bermudez S, Venzal JM, Dolz G, et al. Rickettsioses in Latin America,
Caribbean, Spain and Portugal. Revista MVZ Cérdoba. 2011; 16(2):2435-57.

Drexler N, Miller M, Gerding J, Todd S, Adams L, Dahlgren FS, et al. Community-based control of the
brown dog tick in a region with high rates of Rocky Mountain spotted fever, 2012-2013. PLoS One.
2014; 9(12):e112368. https://doi.org/10.1371/journal.pone.0112368 PMID: 25479289

Dantas-Torres F. Biology and ecology of the brown dog tick, Rhipicephalus sanguineus. Parasites &
Vectors. 2010; 3(26):1—-11.

Norment B, Burgdorfer W. Susceptibility and reservoir potential of the dog to spotted fever-group rickett-
siae. Amer J Vet Res. 1984; 45(9):1706—-10. PMID: 6548617

Alvarez-Hermandez G, Roldan JFG, Milan NSH, Lash RR, Behravesh CB, Paddock CD. Rocky Moun-
tain spotted fever in Mexico: past, present, and future. Lancet Infect Dis. 2017; 17(6):e189-€96. https://
doi.org/10.1016/S1473-3099(17)30173-1 PMID: 28365226

Villarreal Z, Stephenson N, Foley J. Possible northward introgression of a tropical lineage of Rhipice-
phalus sanguineus ticks at a site of emerging Rocky Mountain spotted fever. J Parasitol. 2018; 104
(3):240-5. https://doi.org/10.1645/18-10 PMID: 29553918

Estrada |, Balagot C, Fierro M, Kriner P, Iniguez-Stevens E, Kjemtrup A, et al. Spotted fever group rick-
ettsiae canine serosurveillance near the U.S.-Mexico border in California. Zoon Publ Health. 2020; 67
(2):148-55. https://doi.org/10.1111/zph.12666.

Piranda EM, Faccini JLH, Pinter A, Pacheco RC, Cangado PH, Labruna MB. Experimental infection of
Rhipicephalus sanguineus ticks with the bacterium Rickettsia rickettsii, using experimentally infected
dogs. Vector-Borne Zoonotic Dis. 2011; 11(1):29-36. https://doi.org/10.1089/vbz.2009.0250 PMID:
20569011

PLOS ONE | https://doi.org/10.1371/journal.pone.0233567 May 21, 2020 16/18


https://doi.org/10.1126/science.1073906
http://www.ncbi.nlm.nih.gov/pubmed/12446907
https://www.who.int/news-room/fact-sheets/detail/rabies
https://doi.org/10.1016/j.vetpar.2011.07.014
http://www.ncbi.nlm.nih.gov/pubmed/21813243
https://doi.org/10.1603/me10181
http://www.ncbi.nlm.nih.gov/pubmed/21485383
https://doi.org/10.3201/eid1608.100231
https://doi.org/10.3201/eid1608.100231
http://www.ncbi.nlm.nih.gov/pubmed/20678325
http://www.ncbi.nlm.nih.gov/pubmed/26623321
https://doi.org/10.1371/journal.pone.0112368
http://www.ncbi.nlm.nih.gov/pubmed/25479289
http://www.ncbi.nlm.nih.gov/pubmed/6548617
https://doi.org/10.1016/S1473-3099(17)30173-1
https://doi.org/10.1016/S1473-3099(17)30173-1
http://www.ncbi.nlm.nih.gov/pubmed/28365226
https://doi.org/10.1645/18-10
http://www.ncbi.nlm.nih.gov/pubmed/29553918
https://doi.org/10.1111/zph.12666
https://doi.org/10.1089/vbz.2009.0250
http://www.ncbi.nlm.nih.gov/pubmed/20569011
https://doi.org/10.1371/journal.pone.0233567

PLOS ONE

Dog ecology in a rickettsia spotted fever epidemic region in Mexico

20.

21,

22,

23.

24,

25.

26.

27.

28.
29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

Nicholson WL, Allen KE, McQuiston JH, Breitschwerdt EB, Little SE. The increasing recognition of rick-
ettsial pathogens in dogs and people. Trends Parasitol. 2010; 26(4):205—12. https://doi.org/10.1016/j.
pt.2010.01.007 PMID: 20207197

Foley J, Tinoco Gracia L, Rodriguez M, Estrada-Guzman J, Fierro M, Peterson A, et al. Unbiased
assessment of abundance of Rhipicephalus sanguineus sensu lato ticks, canine exposure to spotted
fever group Rickettsia, and risk factors in Mexicali, México. Am J Trop Med Hygiene. 2019; 101:22-32.
https://doi.org/10.4269/ajtmh.18-0878.

Gomez-Castellanos P, Tinoco-Gracia L, Lopez-Valencia G, Oshima S, Medina Basulto G. Deteccion
de especies del genero Rickettsia por PCR en pacientes del sector salud y analisis de factores de
riesgo en Mexicali Baja California. Rev Biomed. 2015; 26:59.

Tinoco Gracia L, Rodriguez Lomeli M, Hiro-Oshima S, Stephenson N, Foley J. Molecular confirmation
of a Rocky Mountain spotted fever epidemic in Mexicali, Mexico. Emerg Infect Dis. 2018; 24(9):1723-5.
https://doi.org/10.3201/eid2409.171523 PMID: 30124418

Demma LJ, Traeger MS, Nicholson WL, Paddock CD, Blau DM, Eremeeva ME, et al. Rocky Mountain
spotted fever from an unexpected tick vector in Arizona. New Engl J Med. 2005; 353(6):587-94. hitps://
doi.org/10.1056/NEJM0a050043 PMID: 16093467

INEGI. Instituto Nacional de Estadistica y Geografia. Censo de Poblacién y vivienda. https://www.inegi.
org.mx/app/mapa/espacioydatos/#. 2016.

Acosta-Jamett G, Cleaveland S, Cunningham A, Bronsvoort B. Demography of domestic dogs in rural
and urban areas of the Coquimbo region of Chile and implications for disease transmission. Prev Vet
Med. 2010; 94(3—4):272-81. https://doi.org/10.1016/j.prevetmed.2010.01.002 PMID: 20096943

Parker R, Philip CB, Jellison W. Rocky Mountain spotted fever. Potentialities of tick transmission in rela-
tion to geographical occurrence in the United States. Amer J Trop Med. 1933; 13(4).

Warner RD, Marsh WW. Rocky Mountain spotted fever. J Amer Vet Med Assoc. 2002; 221(10):1413—7.

Keenan K, Buhles W, Huxsoll D Jr, Williams R, Hildebrandt P, Campbell J, et al. Pathogenesis of infec-
tion with Rickettsia rickettsiiin the dog: a disease model for Rocky Mountain spotted fever. J Infect Dis.
1977;135:911-7. https://doi.org/10.1093/infdis/135.6.911 PMID: 405432

Piranda EM, Faccini JLH, Pinter A, Saito TB, Pacheco RC, Hagiwara MK, et al. Experimental infection
of dogs with a Brazilian strain of Rickettsia rickettsii: clinical and laboratory findings. Memérias do Insti-
tuto Oswaldo Cruz. 2008; 103(7):696—701. https://doi.org/10.1590/s0074-02762008000700012 PMID:
19057821

Bronson FH. Mammalian Reproductive Biology. Chicago: University of Chicago Press; 1989.

Ponzio P, Canello S, Guidetti G, Sergiacomo M, Sferra C, Macchi E. Influence of a dietary supplementa-
tion on the semen quality and endocrine functionality in the dog breeding. Veterinaria Mexico. 2013; 27
(5):15-22.

Hollinshead F, Hanlon D. Factors affecting the reproductive performance of bitches: A prospective

cohort study involving 1203 inseminations with fresh and frozen semen. Theriogenology. 2017; 101:62—
72. https://doi.org/10.1016/j.theriogenology.2017.06.021 PMID: 28708517

Morters MK, McKinley TJ, Restif O, Conlan AJ, Cleaveland S, Hampson K| et al. The demography of
free-roaming dog populations and applications to disease and population control. J Appl Ecol. 2014; 51
(4):1096-106. https://doi.org/10.1111/1365-2664.12279 PMID: 25657481

Dias RA, Guilloux AGA, Borba MR, de Lourdes Guarnieri MC, Prist R, Ferreira F, et al. Size and spatial
distribution of stray dog population in the University of Sdo Paulo campus, Brazil. Prev Vet Med. 2013;
110(2):263-73. https://doi.org/10.1016/j.prevetmed.2012.12.002 PMID: 23273378

Raymond TN, Roland ME, Francoise KM, Francis Z, Livo EF, Clovis ST. Do open garbage dumps play
a role in canine rabies transmission in Biyem-Assi health district in Cameroon? Infection Ecology and
Epidemiology. 2015; 5(1):26055.

Newsome TM, Ballard G-A, Crowther MS, Peter JSF, Dickman CR. Dietary niche overlap of free-roam-
ing dingoes and domestic dogs: the role of human-provided food. J Mammal. 2014; 95:392—-403.

Sparkes J, Kortner G, Ballard G, Fleming P, Brown W. Effects of sex and reproductive state on interac-
tions between free-roaming domestic dogs. PLoS One. 2014; 9(12):e116053. https://doi.org/10.1371/
journal.pone.0116053 PMID: 25541983

Ruiz Izaguirre E, Woersem A, Eilers CHAM, Wieren v SE, Bosch G, Zijpp vdAJ, et al. Roaming charac-
teristics and feeding practices of village dogs scavenging sea-turtle nests. Anim Cons. 2015; 18:146—
56.

Molloy S, Burleigh A, Durr S, Ward M. Roaming behaviour of dogs in four remote Aboriginal communi-
ties in the Northern Territory, Australia: preliminary investigations. Aust Vet J. 2017; 95:55-63. https:/
doi.org/10.1111/avj.12562 PMID: 28239863

PLOS ONE | https://doi.org/10.1371/journal.pone.0233567 May 21, 2020 17/18


https://doi.org/10.1016/j.pt.2010.01.007
https://doi.org/10.1016/j.pt.2010.01.007
http://www.ncbi.nlm.nih.gov/pubmed/20207197
https://doi.org/10.4269/ajtmh.18-0878
https://doi.org/10.3201/eid2409.171523
http://www.ncbi.nlm.nih.gov/pubmed/30124418
https://doi.org/10.1056/NEJMoa050043
https://doi.org/10.1056/NEJMoa050043
http://www.ncbi.nlm.nih.gov/pubmed/16093467
https://www.inegi.org.mx/app/mapa/espacioydatos/#
https://www.inegi.org.mx/app/mapa/espacioydatos/#
https://doi.org/10.1016/j.prevetmed.2010.01.002
http://www.ncbi.nlm.nih.gov/pubmed/20096943
https://doi.org/10.1093/infdis/135.6.911
http://www.ncbi.nlm.nih.gov/pubmed/405432
https://doi.org/10.1590/s0074-02762008000700012
http://www.ncbi.nlm.nih.gov/pubmed/19057821
https://doi.org/10.1016/j.theriogenology.2017.06.021
http://www.ncbi.nlm.nih.gov/pubmed/28708517
https://doi.org/10.1111/1365-2664.12279
http://www.ncbi.nlm.nih.gov/pubmed/25657481
https://doi.org/10.1016/j.prevetmed.2012.12.002
http://www.ncbi.nlm.nih.gov/pubmed/23273378
https://doi.org/10.1371/journal.pone.0116053
https://doi.org/10.1371/journal.pone.0116053
http://www.ncbi.nlm.nih.gov/pubmed/25541983
https://doi.org/10.1111/avj.12562
https://doi.org/10.1111/avj.12562
http://www.ncbi.nlm.nih.gov/pubmed/28239863
https://doi.org/10.1371/journal.pone.0233567

PLOS ONE

Dog ecology in a rickettsia spotted fever epidemic region in Mexico

41.

42,

43.

44.

45.

46.

47.

48.

49.

Belo V, Struchiner C, Werneck G, Teixeira Neto R, Tonelli G, de Carvalho Junior C, et al. Abundance,
survival, recruitment and effectiveness of sterilization of free-roaming dogs: A capture and recapture
study in Brazil. PLoS One. 2017; 12(11):e0187233. https://doi.org/10.1371/journal.pone.0187233
PMID: 29091961

Dirr S, Dhand N, Bombara C, Molloy S, Ward M. What influences the home range size of free-roaming
domestic dogs? Epidemiology & Infection. 2017; 145(7):1339-50.

Vaniscotte A, Raoul F, Poulle M-L, Romig T, Dinkel A, Takahashi K, et al. Role of dog behaviour and
environmental fecal contamination in transmission of Echinococcus multilocularis in Tibetan communi-
ties. Parasitol. 2011; 138(10):1316-29.

Van Kesteren F, Mastin A, Mytynova B, Ziadinov |, Boufana B, Torgerson PR, et al. Dog ownership,
dog behaviour and transmission of Echinococcus spp. in the Alay Valley, southern Kyrgyzstan. Parasi-
tol. 2013; 140(13):1674-84.

Van Bommel L, Johnson CN. How guardian dogs protect livestock from predators: territorial enforce-
ment by Maremma sheepdogs. Wildlife Res. 2015; 41(8):662-72.

Parola P, Socolovschi C, Jeanjean L, Bitam |, Fournier P-E, Sotto A, et al. Warmer weather linked to
tick attack and emergence of severe rickettsioses. PLoS Negl Trop Dis. 2008; 2(11):e338. https://doi.
org/10.1371/journal.pntd.0000338 PMID: 19015724

Straily A. Notes from the field: community-based prevention of Rocky Mountain spotted fever—Sonora,
Mexico, 2016. Morbidity and Mortality Weekly Report. 2016; 65.

Alvarez-Hernandez G, Drexler N, Paddock CD, Licona-Enriquez JD, la Mora JD-d, Straily A, et al. Com-
munity-based prevention of epidemic Rocky Mountain spotted fever among minority populations in
Sonora, Mexico, using a One Health approach. Trans Roy Soc Trop Med Hyg. 2019; 10.

Alhassan A, Liu H, McGiill J, Cerezo A, Jakkula LU, Nair AD, et al. Rickettsia rickettsii whole-cell anti-
gens offer protection against Rocky Mountain spotted fever in the canine host. Infect Immun. 2019; 87
(2):e00628-18. https://doi.org/10.1128/IA1.00628-18 PMID: 30396898

PLOS ONE | https://doi.org/10.1371/journal.pone.0233567 May 21, 2020 18/18


https://doi.org/10.1371/journal.pone.0187233
http://www.ncbi.nlm.nih.gov/pubmed/29091961
https://doi.org/10.1371/journal.pntd.0000338
https://doi.org/10.1371/journal.pntd.0000338
http://www.ncbi.nlm.nih.gov/pubmed/19015724
https://doi.org/10.1128/IAI.00628-18
http://www.ncbi.nlm.nih.gov/pubmed/30396898
https://doi.org/10.1371/journal.pone.0233567

