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Simple Summary: Canine brucellosis caused by Brucella canis is a zoonotic disease that is considered
the main infectious cause of infertility and reproductive failure in dogs worldwide, particularly in Latin
America. Reports of B. canis infection in people have increased, especially in people who work with
dogs and their owners, where the adoption of stray dogs poses a public health risk. Thus, this study
determined the prevalence of infection in kennels, household, and stray dogs in the Metropolitan
region, Chile, recording the genomic characteristics of the isolated circulating strains. Our results
demonstrate that the infection is widespread in the three canine populations analyzed, with no
differences in age or sex, and most of the infected animals do not show clinical signs or bacteremia.
Furthermore, the high genetic similarity of the isolated strains suggests a common transmission
route throughout the country. This study corroborates the need to implement official strategies
for the control and prevention of B. canis infection, including sanitary, diagnostic, and educational
measures under the One Health vision.

Abstract: Canine brucellosis caused by Brucella canis is a zoonotic disease that causes reproductive
alterations in dogs, such as infertility, abortion, and epididymitis. This pathogen is especially
prevalent in South America, and due to the lack of official control programs and the growing trend
of adopting dogs it constitutes a public health risk that must be addressed. The aim of this study
was to determine the prevalence of B. canis infection in kennel, shelter, and household dogs and
to characterize the genomic properties of circulating strains, including ure and virB operons and
omp25/31 genes. Samples from 771 dogs were obtained, and the infection was detected by blood
culture and/or serology in 7.0% of the animals. The complete ure and virB operons and the omp25/31
genes were detected. Interestingly, we found different single-nucleotide polymorphisms (SNPs) in
some of the analyzed genes, which could mean a change in the fitness or virulence of these strains.
This study provides further evidence about dogs as a source of B. canis strains that can infect people.
This also highlights the need to implement official control programs, including the mandatory testing
of dogs, especially stray dogs, before adoption.
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1. Introduction

Canine brucellosis is an illness caused mainly by B. canis and is a worldwide neglected zoonosis [1],
although other species within the genus, such as B. suis, can also infect dogs and generate a similar
disease [2]. The disease is considered to be the main cause of reproductive failures in dogs and
an important cause of economic losses in breeding kennels due to abortions, stillbirths, and sperm
abnormalities [1]. Non-reproductive manifestations such as discospondylitis, meningoencephalitis,
and glomerulonephritis are also described, but are less common [3]. Transmission among dogs occurs
mainly venereally, but also by the conjunctival and oronasal routes by contact with abortion products,
vaginal secretions, milk, seminal fluids, and urine [4].

Since its discovery in 1966 in the USA [5], B. canis has been isolated worldwide [6]; in South
America, it is considered endemic, with a seroprevalence of up to 35% [7], and specifically in Chile
it ranges between 1% and 8.9% [8,9]. Even though this bacterium shows a low virulence in people,
cases have been reported in HIV-infected patients [10,11], endocarditis in an adult [12], and disease
in children under 4 years old [13–15]. Additionally, both the World Health Organization [16] and
the World Organization for Animal Health (OIE) [17] point out brucellosis as meriting mandatory
notification in humans and animals, respectively, although the OIE does not specify B. canis in its list.

B. canis, as well as the other species within this genus, lacks well-known bacterial virulence factors
such as exotoxins, proteases, fimbriae, and capsule [18]. Thus, its virulence lies primarily in the ability
to survive and multiply inside macrophages and dendritic cells [19,20], as well as modulating the host
immune response. A key tool in this process is the expression of a type IV secretion system (T4SS),
encoded by the virB operon [18]. Other virulence factors exhibited by B. canis are the immunogenic
outer membrane proteins (Omps), where the Omp25/31 family has been related to its invasiveness [21].
Additionally, urease activity is particularly important in human pathogenesis, allowing its survival in
acidic environments such as the stomach [22].

Added to the above, all Brucella species are highly genetically related to each other, sharing at least
a 98% genomic identity in their core genome [23]. Unfortunately, the scarce isolation of B. canis strains
has prevented a detailed analysis of interaction with the hosts and their population dynamics in different
geographical areas, where the characteristics of virulence and phylogeography can be compared.
Nevertheless, in recent years some studies have addressed the genomic differences in the circulating
B. canis strains in China [24–26], Brazil [27], Colombia [28], and the USA [29,30]. Thus, by using highly
discriminatory techniques such as multiple locus variable-number tandem repeat analysis (MLVA),
whole-genome sequencing (WGS), and whole-genome single-nucleotide polymorphisms (wgSNP),
these authors have determined the existence of polymorphisms associated with adaptation to the host
and the local environment [25,29]. In this context, it has been reported that these strains exhibit a high
genomic homology over time, but with differences according to the geographical area of origin [25,30].
In addition, these studies have allowed to trace possible geographical routes of dissemination and
sources of infection in outbreaks [29], and to associate certain genomic patterns with the fitness of
the pathogen [28]. Among these genomic differences, mutations in some virulence genes, such as omp25,
which could be related to host environmental factors, co-evolution processes, and the effectiveness of
developing vaccines, have been identified. Therefore, the global comparison of genomic patterns of
circulating B. canis strains becomes essential to improve epidemiological knowledge and knowledge of
their evolutionary origin, as well as for the evaluation of public health risk.

Considering that B. canis strains circulating in several geographical areas exhibit some genomic
differences, this study aimed to detect the infection with B. canis in breeding kennel, shelter, and
household dogs in the metropolitan region, Chile, and also to characterize the genomic properties of
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the circulating strains in order to assess the potential impact of this pathogen on public health and to
elucidate the genetic variation and microevolution of this pathogen.

2. Materials and Methods

2.1. Sample Collection

Dogs were sampled with prior institutional (permit code 18131-VET-UCH) and signed owner
consent in the Metropolitan region in the capital region of Chile. A total of 771 samples were obtained
through cephalic or jugular venipuncture, where 143 blood samples were collected from household dogs,
178 were collected from dogs from seven breeding kennels, and 450 were collected from dogs from eleven
shelters during the 2018–2019 period. Sample size was calculated considering that, in the Metropolitan
region, Chile, there is an estimated dog population of 1,188,468 individuals, with 394,716 registered
owned dogs and a population of 274,580 of dogs that roam free [31], with a reported seroprevalence of
8.9% for household dogs [9] and 10% for stray dogs [32], with a confidence level of 95% and an α error of
5%. From animals over one year of age, without antimicrobial therapy during the previous four weeks,
not pregnant or in lactation, at least 4 mL of whole blood was collected by veterinarians in Vacutainer®

Heparin Blood Collection Tubes (Becton, Dickinson & Co., Franklin Lakes, NJ, USA) and at least 1 mL of
blood in Vacutainer® Serum Blood Collection Tubes (Becton, Dickinson & Co., Franklin Lakes, NJ, USA).
All the dogs were clinically examined at the time of blood collection, primarily for signs suggestive
of canine brucellosis. Among these signs, we looked for lumbar pain, lameness, vaginal discharge,
orchitis, epididymitis, scrotal dermatitis, testicular atrophy, uveitis, and enlargement of the lymph
nodes, as well as abortion, reproductive failure, stillbirth, and infertility records. After collection, all
the samples were immediately refrigerated and transported to the laboratory within 4 h.

2.2. Serological Samples Processing

All blood samples collected in serum tubes were centrifuged at 5000× g (Labofuge 200, Marshall
Scientific, Hampton, NH, USA) for 10 min to separate serum from clotted blood. Next, the presence
of antibodies against B. canis was determined by counterimmunoelectrophoresis (CIEF), with LPS-R
of B. ovis as an antigen, and was performed at 200 V and 30 mA for 90 min [33]. Serum previously
obtained from a bitch experimentally inoculated with the B. canis str. RM 666 was used as a positive
control [34].

2.3. Whole Blood Samples Processing

All blood samples collected in tubes with anticoagulant were analyzed in a class 2A biosafety
cabinet (Heal Force Safe 1200, Shanghai, China) with prior institutional biosecurity permission (permit
code 114-VET-UCH) by means of microbiological culturing according to Alton et al. [35] and Keid
et al. [36]. Briefly, 4 mL of whole blood was incubated in 40 mL of pH 7 tryptic soy broth (Becton,
Dickinson & Co., Franklin Lakes, NJ, USA) supplemented with sodium citrate 2% v/v (Merck®) at
37 ◦C for 30 days. Every seven days, 100 µL were plated onto Brucella agar (Becton, Dickinson & Co.,
Franklin Lakes, NJ, USA) plates supplemented with cycloheximide (100 mg/L, Merck®, Darmstadt,
Germany), bacitracin (25,000 IU, Merck®, Darmstadt, Germany), and polymyxin B (6000 IU, Merck®,
Darmstadt, Germany), and each plate was incubated at 37 ◦C for at least 72 h. For each plate with
bacterial growth, preliminary identification was performed through Gram staining and agglutination
with monospecific sera anti-A (B. abortus str. 1119-3) and anti-R (B. canis str. RM 666) obtained from
our collection. All suspicious colonies were cultured individually on Brucella agar plates (Becton,
Dickinson & Co., Franklin Lakes, NJ, USA), as described above, for further identification.

2.4. Molecular Identification of B. canis

All presumptive B. canis strains were subjected to real-time PCR (qPCR) to confirm their identity.
Thus, five colonies per plate per strain were suspended in 500 µL of sterile nuclease-free water and
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boiled for 15 min at 100 ◦C. A total volume of 200 µL of lysated bacteria per sample was used to
purify DNA using the NucleoSpin® Plant II kit (Macherey-Nagel®, Düren, Germany) following
the manufacturer’s instructions. The concentration and quality of extracted DNA was determined by
a Nanodrop spectrophotometer with EPOCH equipment (BioTek, Winooski, VT, USA) and stored at
−20 ◦C until further use.

The purified DNA was used to perform the qPCR analysis using forward
(5′-ACGAACACAAGGGCCAATAC-3′) and reverse primers (5′-GGACGGCTACAAGATCGAAG-3′),
previously described for B. canis [37]. This qPCR was performed using a final volume of 10 µL with
5 µL of KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems Inc., Wilmington, MA, USA), 0.5 µM of
forward primer, 0.5 µM of reverse primer, and 4 µL of sample DNA. Cycling conditions included a 3 min
denaturation (95 ◦C), followed by 40 amplification cycles (95 ◦C 5 s, 60 ◦C 45 s), and were performed
on a Rotor-Gene Q real-time PCR cycler (Qiagen, Hilden, Germany), and the results analyzed by
the Rotor-Gene Q series software (Qiagen, Hilden, Germany), determining the cycle threshold (Ct)
values. The samples were considered as positive for the presence of B. canis if they had a Ct value lower
than 35 cycles. A standard curve was generated using a 10-fold dilution series of DNA with six points,
in triplicate, using nuclease-free water as a negative control, the blood DNA of a non-infected dog as
an internal negative control, and DNA from B. canis SCL strain (access number: NZ_LGAQ00000000.1)
as a positive control. All the qPCR assays were carried out complying with the Minimum Information
for the Publication of Quantitative Real-Time PCR Experiments guidelines [38]. Additionally, and in
order to determine the presence of the pathogen directly in blood, all the samples from seropositive or
bacteriologically positive dogs were processed as described above.

2.5. WGS of B. canis Strains

2.5.1. Library Preparation and Sequencing

A total of 1 ng of DNA was used to perform sequencing libraries using the Nextera XT DNA
Library Prep kit (Illumina®, San Diego, CA, USA) according to the manufacturer’s protocol. The length
of the libraries was determined by capillary electrophoresis (Advanced Analytical Technologies,
Santa Clara, CA, USA) using the High Sensitivity NGS Fragment Analysis kit (Advanced Analytical
Technologies, Santa Clara, CA, USA). Libraries were quantified using the KAPA Library Quantification
kit (Kapa Biosystems Inc., Wilmington, MA, USA) using the Rotor-Gene Q series software (Qiagen,
Hilden, Germany), following the manufacturer’s protocol. Libraries were sequenced on a Miseq
platform (Illumina®, San Diego, CA, USA) using a v3 300 kit with 2 × 75 bp paired ends.

2.5.2. Filtering, Assembly, Annotation, and Comparison of Bacterial Genomes

The quality of the reads was assessed using the FastQC software (Babraham Institute, Babraham,
Cambridge, UK). Subsequently, raw reads were trimmed with the Fastx tool kit (Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY, USA) to remove low-quality reads, remaining adapters, and
short-length sequences (<50 bp). De novo assembly was performed using the CLC Genomics Workbench
v.7.0.3 software (Qiagen, Hilden, Germany). The posterior scaffolding was performed using the MeDuSa
platform [39]. Each scaffold was annotated independently using the prokaryotic genome annotation
service RAST [40]. The annotated genomes of all strains were simultaneously aligned and compared
using the SEED Viewer module [41], with the genome of the B. canis SCL strain as a reference
(PRJNA289097).

With the sequencing reads of the de novo assemblies, an analysis to identify variants between
the sequenced strains against the SCL genome (PRJNA289097) was performed. The Snippy software [42]
was applied, using the sequencing reads to identify variants in haploid genomes with the following
parameters: minimum mapping quality = 60, minimum coverage of variant site = 15, and minimum
proportion for variant evidence = 0.9. The graphical alignment was performed with the Jalview 2.11
software (The Barton Group, University of Dundee, Dundee, UK) [43]. Additionally, we looked for
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specific variations in the virB1-12 operon, urease operon (ureD, ureE, ureF, ureG; urease subunits α, β,
γ), and outer membrane proteins (omp25, omp31) encoding genes.

2.6. Statistical Analyses

Prevalence obtained by serology and/or blood culture was treated as a binary trait and analyzed
using logistic regression in order to estimate the probabilities of risk given sex and origin (household
dogs, kennel dogs, and stray dogs). The probabilities conditional on significant effects were obtained
using the following model: px = 11 + e − (bo + b1x), where p(x) is the probability of success
given the effect (sex and origin), bo is the intercept, b1 is the regression coefficient for each effect
considered, and x is the level of the effect. All these analyses were performed using R software v3.5.0
(https://www.R-project.org) (The R Foundation, Vienna, Austria).

3. Results

3.1. Detection of Infection in Sampled Animals

From the 771 samples analyzed, the infection was detected by culture and/or serology in 7.0%
(n = 54) of the animals, isolating the pathogen in 1.3% (n = 10) of them, with a seropositivity of 6.6%
(n = 51). Of the 10 bacteriologically positive dogs, six corresponded to household dogs and four to stray
dogs. Table 1 shows the epidemiologic characteristics of these bacteremic dogs (n = 10). On the other
hand, of the seropositive dogs (n = 51) 27 corresponded to stray dogs, 16 to household dogs, and 8 to
breeding kennel dogs. Among these seropositive animals, three of them had negative blood cultures.

Table 1. Epidemiologic characteristics of the bacteriologically and qPCR-confirmed infected dogs.

Dog
Number Origin Age

(Years) Sex Reproductive
Status Clinical Signs Serology

45 Household 5 Female Gonadectomized None +
119-1 Household 1 Female Entire Abortion +
119-2 Household 1 Female Entire None +
124 Household 7 Female Entire Abortion −

128 Household 2 Male Entire Discospondylitis +
301 Household 4 Female Entire Discospondylitis +

6 Stray 2 Female Gonadectomized None +
9 Stray 7 Male Gonadectomized None −

18 Stray 1 Male Gonadectomized None −

29 Stray 3 Male Gonadectomized None +

The infected animals corresponded to 31 females and 23 males, with ages varying from 1 year to
13 years. Most animals did not show clinical signs, but in those who did the most frequently presented
were discospondylitis and lumbar pain. Table S1 shows the epidemiologic characteristics of all infected
dogs (n = 54). Additionally, of the seven kennels analyzed, three of them harbored at least one infected
animal, while 10 of the shelters harbored at least one infected animal. Overall, the probability of
infection was higher for household dogs (8%) than stray (5%) and kennel dogs (2%). No significant
effects were obtained for sex and age.

3.2. Detection of B. canis by qPCR in Whole Blood

The results of the qPCR from blood of bacteriologically positive dogs showed amplification across
all the samples (Table S2), showing consistency with the blood culture, with Ct values between 13.8 to
33.2, evidencing that the bacterial load present in blood varied individually. No amplification was
detected in seropositive but bacteriologically negative dogs. Additionally, the standard curve for the set
of primers was in optimal range, with an R2 > 0.999 and efficiency of 98% (Figure S1). Additionally,

https://www.R-project.org
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a unique amplification product was observed for the reaction, as can be observed in the melting curve
analysis (Figure S2).

3.3. Whole-Genome Sequencing of Isolated B. canis Strains

Seven strains were subjected to WGS (9, 45, 119-1, 119-2, 124, 128, and 301), and a total of 19,627,877
reads were obtained, with an average of 2,803,982 high-quality reads per genome for the de novo
assembly of each strain. The average coverage of sequenced strains was 100×, with an average genome
size of the assembled genomes of 3,277,025 bp and an average GC content of 57.2%, presenting similar
values to those of the Chilean SCL strain (Table 2). Regarding the annotation of the genomes, an average
of 3395 coding sequences was annotated (Table 2).

Table 2. Genome de novo assembly and annotation statistics of sequenced strains of B. canis using
B. canis SCL strain as reference.

Statistics 9 45 119-1 119-2 124 128 301 SCL

Genome size
(bp) 3,254,281 3,250,735 3,307,435 3,253,352 3,296,208 3,284,800 3,292,366 3,284,845

GC Content
(%) 57.3 57.3 56.8 57.3 57.2 57.3 57.2 57.3

N50 124,708 104,649 8754 145,362 196,611 87,181 180,729 134,581
# of Contigs 2 2 144 3 14 4 12 53
# of Coding
Sequences 3281 3282 3879 3297 3356 3320 3347 3313

# of RNAs 52 50 62 49 52 51 50 49

A high similarity in the sequenced genomes compared with the SCL strain was detected.
The complete virB operon, urease operon, and omp25 and omp31 genes were found in all the sequenced
strains. However, the variant analysis showed some differences between the sequenced strains and
the SCL strain. Interestingly, we found three different SNPs (average coverage of 22×) leading to
a synonymous mutation in strains 9, 45, 124, and 128. Thus, one of them was detected in the virB4 gene
of strain 45, another in the ureG gene of strains 124 and 128, and an SNP in the hypothetical protein
BKD02 in strain 9. Another SNP in the methionine ABC transporter ATP-binding protein (MetN) was
identified in strains 9, 45, and 124, representing a missense mutation that changed the amino acid from
leucine in the SCL strain to proline (Figure S3), which could represent a neutral change in amino acid.
No variants were presents in the omp genes. No variants were detected in strains 119-1, 119-2, and 301
with respect to SCL. Table 3 summarizes the identified SNPs, while Table 4 shows the genotypes of
these SNPs.

Table 3. Comparative analysis of variants in the genomes of the Chilean B. canis isolates with
the SCL strain.

Strain Number

9 45 119-1 119-2 124 128 301

# of SNPs with
SCL strain 2 2 0 0 2 1 0
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Table 4. Genotypes of the identified SNPs among Chilean B. canis isolates with the SCL strain.

metN ureG virB4 Hypothetical Protein
BKD02

Strain Genotype Position Genotype Position Genotype Position Genotype Position

SCL A 18861 G 6120 G 9679 C 117032
9 G 18861 G 6120 G 9679 T 117032

45 G 18861 G 6120 T 9679 C 117032
119-1 A 18861 G 6120 G 9679 C 117032
119-2 A 18861 G 6120 G 9679 C 117032
124 G 18861 A 6120 G 9679 C 117032
128 A 18861 A 6120 G 9679 C 117032
301 A 18861 G 6120 G 9679 C 117032

4. Discussion

Several studies have addressed the seroprevalence of B. canis worldwide [7], but the information
about the genomic characteristics of the circulating strains in Latin America is scarce [27,28,44,45].
Moreover, in Chile a limited number of studies has described the seroprevalence of B. canis in dogs,
and none have addressed the genomic characteristics of the circulating strains [8,9,46].

Here, the low isolation rate of B. canis (1.3%) compared with the antibodies detection (6.6%)
supports the complexity of canine brucellosis diagnosis in infected animals without bacteremia [47–49].
On the other hand, the presence of four bacteremic but seronegative dogs corroborated the need to use
more than one diagnostic method [47,50,51]. In this context, in Hungary Gyuranecz et al. [52] observed
in an infected kennel the presence of a stud dog without clinical signs but with a positive culture,
and that serology turned negative one month later; in the USA, Johnson et al. [51] described a similar
situation in two acute patients—a seronegative dog with discospondylitis but that was positive to
intervertebral disc culture, and a seronegative bitch but with an abortion sample that was positive
to culture.

It is well known that B. canis is detected more frequently in dogs from breeding kennels, with global
seroprevalence ranging from 15% to 42.1% [50,53,54]. This could be due to the close contact of animals
in these facilities and to the exchange of breeders, which facilitates the transmission and geographic
spread of the pathogen [49,55]. In Chile, Pinochet et al. [56] determined a seroprevalence of 11.5% in
13 kennels in the Metropolitan region, with a prevalence of 40% in two of them. Here, we detected
the infection in 4.5% of the dogs belonging to these facilities, which could indicate a higher level
of care regarding reproductive management, the segregation of positive animals, and especially in
performing serological tests prior to mating. On the other hand, the kennels analyzed were small,
having an average of 25 animals older than one year, which makes it easier to control the associated
risk factors [53].

Regarding the detection of B. canis infection in household dogs, the seroprevalence in some Latin
American countries varies from 3.1% to 42% and is generally higher than in Europe, Asia, and North
America [9,57–61]. In this context, although the prevalence determined here in household dogs (11.9%)
is very similar to that observed in Paraguay, Colombia, and Argentina, it is lower than expected,
given the total absence of specific control and prevention programs in Chile. This could be due to
the greater awareness of dog owners regarding restricting their confinement and sterilizing them,
thereby reducing the venereal transmission and spread of this pathogen. Here, about 50% of these of
animals were gonadectomized, but this procedure only prevents sexual transmission and does not
limit the transmission by other secretions such as urine [62].

Stray dogs harbored in public or private shelters currently appear as a new significant risk factor
for public health due to the growing trend of adopting pets whose sanitary status prior to adoption is
unknown. In these animals, the seroprevalence detected (5%) is lower than that reported in different
countries such as Argentina, Colombia, Jordan, Mexico, Turkey, and the USA, with values ranging
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from 6.8% to 37.8% [63–68]. The registered differences are probably not only due to the sensitivity
and specificity of the serological techniques used to detect anti-B. canis antibodies [36,69], but also to
governmental, cultural, and religious differences that affect the management of these dogs [68]. In this
context, the obligatory sterilization of dogs at the time of entering a shelter is a factor that may have
influenced in the low seroprevalence detected in our study [70]. However, the fact that 10 of the 11
shelters presented at least one seropositive dog shows that the infection is widespread in urban areas
of the Metropolitan region.

To date, few studies have been carried out on characterizing the complete genome of the circulating
strains of B. canis in order to establish the genetic diversity and characteristics among the strains and
select the best candidates for molecular epidemiology studies, especially in B. canis outbreaks. In this
context, Di et al. [24] evaluated the genetic diversity of 29 B. canis isolates from China and compared
them with 38 foreign isolates, detecting 57 genotypes and grouping them into five clusters, with 26
Chinese isolates presenting a mutation in the omp25 gene. Similarly, Vicente et al. [27] determined
the existence of two genomic lineages among 53 B. canis isolates, grouping in lineage 1 the strains
from Europe, Asia, and the USA, while lineage 2 included all South American strains. Additionally,
they reported the existence of regional polymorphisms, such as the case of South America, and
the circulation of different clones of B. canis in the same country. In the same way, Wang et al. [30]
described geographic-related differences, where strains isolated from Asia and South America were
grouped in the same cluster. Recently, Borie et al. [45] sequenced and characterized the complete
genome of the Chilean B. canis SCL strain and compared its 16S gene region with that of 28 strains
available at the National Center for Biotechnology Information, revealing a high similarity and
suggesting a single spread route of this pathogen in South America, possibly from North America.
These genomic differences could be related to their different geographical origin and also as a response
to adapting to the conditions of different hosts and maintaining their fitness [44]. In the present study,
of the seven sequenced B. canis strains isolated, three of them did not present genetic variants with
respect to the B. canis SCL strain, while the remaining harbored some SNPs. Interestingly, three strains
presented a missense mutation in the methionine ABC transporter ATP-binding protein (MetN) gene,
changing the amino acid from leucine to proline. These transporters are responsible for importing
and exporting relevant molecules in the cell and are present in bacterial genomes in contiguous
open reading frames that share the substrate and the protein family [71]. In other Brucella species,
ABC transporters have been directly associated with their virulence [72–74] or even used as a vaccine
target [75]. However, in B. canis further studies are needed to determine the relevance of ABC systems
in virulence and the possible effect of this mutation in these strains.

Regarding other virulence factors of B. canis, studies of their variations have become more relevant,
especially characterizing those that are considered targets for vaccine development such as the omp
and virB genes [76–78]. In this context, de la Cuesta-Zuluaga et al. [79] analyzed the sequences of some
virB genes from seven strains of B. canis isolated from dogs in Colombia. These strains showed a high
genetic similarity to each other, although SNPs and mutations were detected in the whole virB operon.
Additionally, these authors registered polymorphisms both between and within the breeding facilities
analyzed, suggesting the circulation of more than one clone even within the same kennel. On the other
hand, our genomic analysis revealed that the seven strains analyzed presented the complete virB
operon (1–12), demonstrating a high similarity between them and also with the B. canis SCL strain,
although a SNP was detected in the virB4 gene in one strain (strain # 45) that produced a synonymous
mutation. The VirB4 plays a crucial role in the virulence of Brucella spp., constituting together with
VirB11 an ATPases/energy center [80], so that a mutation in this gene could affect the functionality
of the whole T4SS. Nevertheless, further studies are necessary to determine the functionality and
expression of this secretion system in B. canis. The omp25 and omp31 genes sequenced are similar to
the previously described SCL strain, presenting a non-synonymous mutation in the omp25 gene and
in the omp31 gene, resulting in a change in protein length due to the presence of a stop codon [45].
These mutations could mean not only a change in the functionality of these proteins and therefore
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a change in the virulence [18,81], but also in antigenic properties, which should be considered in
the development of vaccines. On the other hand, all seven strains presented the complete ure operon
(ure1 and ure2), with strains 124 and 128 presenting an SNP in the ureG gene, unlike the SCL strain that
presents a SNP in the α subunit [45]. Nevertheless, further studies are needed in order to elucidate
the biological effect of this change.

5. Conclusions

This is the first study that characterized B. canis strains circulating in Chile at the genomic level in
a region where a high number of the human population lives in close contact with dogs, both owned
and unowned. Our results show that B. canis infection remains endemic in the Metropolitan region of
Chile, being detected in household, stray, and breeding dogs, with a prevalence similar to that of other
Latin American countries, which certainly constitutes a risk for animal and public health. Additionally,
the circulating strains show a low genomic diversity, which could suggest a possible single spreading
route in Chile. These findings are essential in order to improve the epidemiological analysis between
isolated strains of dogs and people; to trace their geographical origin, especially in outbreaks; and also
to determine transmission routes, altogether in the One Health concept. Moreover, the genomic
characterization of certain virulence factors is a tool that can be used to improve the diagnosis of this
neglected pathogen and the development of effective vaccines. Finally, although we detected a low
prevalence of B. canis infection in only one region of Chile, our results highlight the need to implement
official control programs, including the mandatory testing of dogs, especially in stray dogs prior to
their adoption.
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characteristics of infected dogs. Table S2: CT values, serology and blood culture results of dog samples. All positive
samples to qPCR have Ct values under 35 cycles. All negative samples by qPCR presented in the table have no
presented amplification (no Ct values).

Author Contributions: Conceptualization, N.G., V.M. and C.B.; Methodology, N.G., V.M. and C.B.; Software, P.D.
and V.M.; Validation, N.G., P.D., V.M. and C.B.; Formal Analysis, P.D. and V.M.; Investigation, N.G., B.E., E.M.,
N.A., G.P., P.D., J.D., V.M. and C.B.; Resources, N.G., V.M. and C.B.; Data Curation, N.G., P.D., V.M. and C.B.;
Writing—Original Draft Preparation, N.G., P.D., V.M. and C.B.; Writing—Review and Editing, N.G., P.D., V.M. and
C.B.; Supervision, N.G. and C.B.; Project Administration, C.B.; Funding Acquisition, C.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Fondo Nacional de Desarrollo Científico y Tecnológico (FONDECYT)
grant number 1180544.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Holst, B.S.; Löfqvist, K.; Ernholm, L.; Eld, K.; Cedersmyg, M.; Hallgren, G. The first case of Brucella canis in
Sweden: Background, case report and recommendations from a northern European perspective. Acta Vet.
Scand. 2012, 54. [CrossRef] [PubMed]

2. Mor, S.M.; Wiethoelter, A.K.; Lee, A.; Moloney, B.; James, D.R.; Malik, R. Emergence of Brucella suis in dogs
in New South Wales, Australia: Clinical findings and implications for zoonotic transmission. BMC Vet. Res.
2016, 12, 199. [CrossRef] [PubMed]

3. Cosford, K.L. Brucella canis: An update on research and clinical management. Can. Vet. J. 2018, 59, 74–81.
[PubMed]

4. Shin, S.; Carmichael, L.E. Canine brucellosis caused by Brucella canis. In Recent Advances in Canine Infectious
Diseases; Carmichael, L., Ed.; IVIS: Ithaca, NY, USA, 1999.

5. Carmichael, L.E.; Kenney, R.M. Canine abortion caused by Brucella canis. J. Am. Vet. Assoc. 1968, 152,
605–616.

http://www.mdpi.com/2076-2615/10/11/2073/s1
http://dx.doi.org/10.1186/1751-0147-54-18
http://www.ncbi.nlm.nih.gov/pubmed/22452858
http://dx.doi.org/10.1186/s12917-016-0835-0
http://www.ncbi.nlm.nih.gov/pubmed/27613248
http://www.ncbi.nlm.nih.gov/pubmed/29302106


Animals 2020, 10, 2073 10 of 13

6. Buhmann, G.; Paul, F.; Herbst, W.; Melzer, F.; Wolf, G.; Hartmann, K.; Fischer, A. Canine brucellosis: Insights
into the epidemiologic situation in Europe. Front. Vet. Sci. 2019, 6. [CrossRef] [PubMed]

7. Hensel, M.E.; Negron, M.; Arenas-Gamboa, A.M. Brucellosis in dogs and public health risk. Emerg. Infect.
Dis. 2018, 24, 1401–1406. [CrossRef] [PubMed]

8. Tuemmers, C.; Lüders, C.; Rojas, C.; Serri, M.; Castillo, C.; Espinoza, R. Detección de Brucella canis por
método de inmunocromatografía en perros vagos capturados en la ciudad de Temuco, Chile, 2011. Rev. Chil.
Infectol. 2013, 30, 395–401. [CrossRef]

9. Abalos, P.; Sánchez, F.; Saadi, K.; Meza, M.; Retamal, P. Seroprevalencia de Brucelosis canina en perros con
dueño, en una gran metrópoli. In Proceedings of the II Congreso Internacional de Zoonosis. IX Congreso
Argentino de Zoonosis, Buenos Aires, Argentina, 5–7 June 2018.

10. Lucero, N.E.; Maldonado, P.L.; Kaufman, S.; Escobar, G.I.; Boeri, E.; Jacob, N.R. Brucella canis causing infection
in an HIV-infected patient. Vector-Borne Zoonotic Dis. 2010, 10, 527–529. [CrossRef]

11. Lawaczeck, E.; Toporek, J.; Cwikla, J.; Mathison, B.A. Brucella canis in a HIV-Infected Patient. Zoonoses Public
Health 2011, 58, 150–152. [CrossRef] [PubMed]

12. Manias, V.; Nagel, A.; Mollerach, A.; Mendosa, M.A.; Freyre, H.; Gómez, A.; Ferrara, E.; Vay, C.;
Méndez, E.D.L.A. Endocarditis por Brucella canis: Primer caso documentado en un paciente adulto
en Argentina. Rev. Argent. Microbiol. 2013, 45, 50–53.

13. Lucero, N.E.; Corazza, R.; Almuzara, M.N.; Reynes, E.; Escobar, G.I.; Boeri, E.; Ayala, S.M. Human Brucella
canis outbreak linked to infection in dogs. Epidemiol. Infect. 2010, 138, 280–285. [CrossRef] [PubMed]

14. Dentinger, C.M.; Jacob, K.; Lee, L.V.; Mendez, H.A.; Chotikanatis, K.; McDonough, P.L.; Chico, D.M.; De, K.B.;
Traxeler, R.M.; Campagnolo, E.R.; et al. Human Brucella canis infection and subsequent laboratory exposures
associated with a puppy, New York City, 2012. Zoonoses Public Health 2015, 62, 407–414. [CrossRef] [PubMed]

15. Marzetti, S.; Carranza, C.; Roncallo, M.; Escobar, G.I.; Lucero, N.E. Recent trends in human Brucella canis
infection. Comp. Immunol. Microbiol. Infect. Dis. 2013, 36, 55–61. [CrossRef]

16. World Health Organization. WHO Recommended Strategies for the Prevention and Control of Communicable
Diseases; World Health Organization: Geneva, Switzerland, 2001.

17. World Organization for Animal Health (OIE). OIE-Listed Diseases, Infections and Infestationsin Force in
2020. Available online: https://www.oie.int/es/sanidad-animal-en-el-mundo/enfermedades-de-la-lista-de-la-
oie-2020/ (accessed on 21 September 2020).

18. Gomez, G.; Adams, L.G.; Ficht, A.R.; Ficht, T.A. Host-Brucella interactions and the Brucella genome as tools
for subunit antigen discovery and immunization against brucellosis. Front. Cell. Infect. Microbiol. 2013, 3.
[CrossRef]

19. Pujol, M.; Castillo, F.; Alvarez, C.; Rojas, C.; Borie, C.; Ferreira, A.; Vernal, R. Variability in the response of
canine and human dendritic cells stimulated with Brucella canis. Vet. Res. 2017, 48, 72. [CrossRef]

20. Pujol, M.; Borie, C.; Montoya, M.; Ferreira, A.; Vernal, R. Brucella canis induces canine CD4+ T cells
multi-cytokine Th1/Th17 production via dendritic cell activation. Comp. Immunol. Microbiol. Infect. Dis. 2019,
62, 68–75. [CrossRef]

21. Martín-Martín, A.I.; Caro-Hernández, P.; Sancho, P.; Tejedor, C.; Cloeckaert, A.; Fernández-Lago, L.;
Vizcaíno, N. Analysis of the occurrence and distribution of the Omp25/Omp31 family of surface proteins in
the six classical Brucella species. Vet. Microbiol. 2009, 137, 74–82. [CrossRef]
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