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Background: Brucellosis is one of the most important zoonotic diseases in the world. Canine brucellosis, caused mainly by Brucella
canis, is seriously neglected, and there is a lack of accurate diagnostic tools.

Methods: In this study, to compare BP26, Omp25, Omp31 and a multiepitope-based fusion protein in the serological detection of
canine brucellosis, using 34 brucellosis-positive dog sera and 62 negative control sera, the Brucella outer membrane proteins Omp31,
BP26, Omp25 and a multiepitope-based fusion protein were evaluated by iELISA for their potential use as antigens in the serological
diagnosis of canine brucellosis.

Results: The results showed that the multiepitope-based fusion protein performed best in distinguishing brucellosis-positive and
brucellosis-negative dog sera, with a positive predictive value (PPV) of 100% and a negative predictive value (NPV) of 98.41%. BP26
and Omp31 showed excellent sensitivity in detecting brucellosis-positive dog sera, but their cross reaction to sera infected with Vibrio
parahaemolyticus and Listeria monocytogenes may hinder their application as diagnostic reagents. Omp25 lacked sufficient sensitivity
and showed limited ability in distinguishing positive and negative dog sera.

Conclusion: The multiepitope-based fusion protein can be used as an ideal antigen for serologically diagnosing canine brucellosis
currently prevalent worldwide.
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Introduction
Brucellosis, caused by members of the genus Brucella, is one of the most important zoonotic diseases in the world. Of
the twelve classified species in the genus Brucella, B. abortus, B. melitensis and B. suis are the main pathogenic species,
causing cattle, small ruminant and pig brucellosis, respectively.' These three species are also the main causative agents of
human brucellosis. B. canis is a relatively newly identified species and is primarily infectious to dogs, but its
pathogenicity to humans was also confirmed shortly after its first identification.” Due to the huge number of dogs raised
across the world, a healthy dog population free from Brucella infection would be of great significance to public health,
especially for owners who have intimate contact with their companion dogs in daily life.

The prevalence of canine brucellosis differs among countries, and a higher prevalence is usually found in rural areas
of developing countries.”® In China, canine brucellosis is recognized as a seriously neglected disease. Sporadic
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serological surveys suggested that the prevalence of canine brucellosis in the capital city of Beijing was 1.40%, while in
the northwest city of Urumgi, the prevalence was as high as 25.5%.”* Human brucellosis cases caused by B. canis have
been reported sporadically,” but more cases could be overlooked due to nonspecific signs and unreliable diagnostic tools.
Currently, in China, there are no reliable and commercially available diagnostic reagents for canine brucellosis. The
oligopolysaccharide (OPS)-based serological diagnosis for smooth Brucella (B. abortus, B. melitensis and B. suis)-caused
brucellosis is not applicable for B. canis-caused disease, as OPS is missing from B. canis. The traditional rapid slide
agglutination test (RSAT and ME-RSAT) using whole cells of rough Brucella failed to show sufficient specificity.'® The
recently developed molecular techniques (PCR and qPCR) have high sensitivity and specificity, but they are used in
a limited manner in laboratories equipped with expensive instruments.'""'? Thus, accurate and easy-to-perform serolo-
gical methods are still needed for the diagnosis of canine brucellosis.

Over the past years, studies on diagnostic methods with high sensitivity and specificity for canine brucellosis have mainly
focused on the iELISA technique and using outer Brucella membrane and cytoplasmic proteins as antigens.'> '> Some
functional enzymes in Brucella, such as LS and SOD, were also evaluated for their potential competency in the serological
diagnosis of canine brucellosis.'*'® However, most of these antigens were prepared from Brucella cultures, which are not
easily available for some kit manufacturers due to biosafety concerns. In addition, the average sensitivity and specificity of
these methods were no more than 95%, and there are still improvements that need to be made. More recently, we developed
a novel fusion protein containing multiple B-cell epitopes derived from Brucella main outer membrane proteins (OMPs) that
displayed considerable ability in identifying smooth Brucella-infected animal sera.'” In this study, the potential use of this
fusion protein in the serological diagnosis of canine brucellosis was evaluated with a collection of dog sera positive for
brucellosis and control sera collected from healthy dogs. At the same time, its efficacy as a diagnostic antigen was compared
to those of other important outer membrane proteins, such as Omp31, BP26 and Omp25. It is hoped that the data revealed in
this paper could accelerate the development of a more accurate diagnostic kit for canine brucellosis.

Materials and Methods

Canine Sample Collection and Testing

From 2019 to 2020, we collected 1220 canine serum samples from pet clinics and kennels in three cities of Tianjin,
Qingdao and Chongqing, China. First, these sera were screened for brucellosis using the RSAT method. The R-type Rose
Bengal reagent was provided by the China Institute of Veterinary Drug Control (CIVDC). RSAT-positive samples
(n=110) were further investigated by tracing back to their original hosts, from which blood and swab (urethral or
vaginal) samples were collected for PCR detection and bacteriological isolation.'""'? Meanwhile, we used an in-house
gPCR technique to determine if the dog was infected by B. canis. The primers and probe were redesigned based on the
BR0952 fragment in the Brucella genome according to a paper published by V. Hini¢.'"® The sequence of the upper
primer was 5’-CCTGCAAAAAGCAGGAACCA, that of the reverse primer was 5’-CCTCCGCCAGTCGTGAAA, and
that of the probe was 5’ ~-ATATGGCCGGCTATCCGCGTTCG. Brucella isolation was carried out in a biosafety level 111
laboratory at the China Animal Health and Epidemiology Center (CAHEC). Thirty-four dogs were confirmed to be
infected by Brucella by PCR and qPCR detection (n=32) and B. canis isolation (n=2). The backgrounds of 34 dogs
confirmed to have Brucella infection are listed in Table S1. A total of 62 sera were chosen as negative controls from three
beagle kennels (n=37) with no reported brucellosis cases in the past two years and fifteen pet-raising households (n=25)
that were clinically and superficially healthy. PCR results also showed that these dogs were negative for brucellosis.
These brucellosis-positive and brucellosis-negative sera were used in the following iELISA to evaluate the efficacy of
protein antigens in diagnosing canine brucellosis.

Preparation of the Multiepitope-Based Fusion Protein and Main OMPs

The multiepitope-based fusion protein was prepared according to our previously described method.'® Briefly, 22 B-cell
epitopes were predicted from five Brucella OMPs (BP26, Omp16, Omp2b, Omp25 and Omp31) using BepiPred Linear
Epitope Prediction software. These peptides were then concatenated by a GGGGS linker to form a fusion protein with
495 amino acids. The fusion protein was expressed in BL21 cells using the pET30a vector. Whole Omp25 and BP26
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proteins were expressed and purified with a prokaryotic expression system, and the detailed procedure can be found in
our published paper.®® For Omp31 (WP_006133751.1), a truncated protein without a signal peptide (amino acids 1-19)
was expressed in BL21 cells using the pET28a (+) vector. All proteins expressed in the prokaryotic system were purified
by nickel column affinity chromatography according to the manufacturer’s instructions (Takara, China).

Canine Serum Testing

An indirect ELISA method was used to test canine sera. In the antigen coating step, 100 uL of protein solution properly
diluted in carbon buffer solution (CBS, pH = 9.6) was added to each well of a 96-well plate (NUNC, Denmark) and
incubated overnight at 4 °C. After washing three times with PBST (PBS containing 0.05% Tween 20), 200 pL of 5%
skimmed milk powder was added to each well to block the plate. After another round of washing, 100 pL of diluted
serum (1:10 in 4% BSA) was added to each well of the plate and incubated at 37 °C for 1 h. The plate was washed three
times with PBST, and then HRP-labeled protein G (Bersee Science and Technology, China) was added (1:8000 dilution
in PBST) to each well and incubated at room temperature for 30 min. After that, the plates were washed four times with
PBST, and then 100 uL of TMB substrate (Sangon Biotech, China) was added to each well and incubated at room
temperature for 15 min. The coloring reaction was terminated by adding 50 pL of stopping buffer, and the plate was
measured immediately using an ELISA plate reader (BioTek, USA).

Cross-Reactivity with the Fusion Proteins Omp3 1, BP26 and Omp25

To verify the specificity of the fusion as diagnostic antigens, we used rabbit serum that had been immunized with
pathogenic bacteria that have or may have common antigens with Brucella, such as Yersinia enterocolitica O9,
Escherichia coli O157, Escherichia coli H7, Salmonella, Listeria monocytogenes, Vibrio parahaemolyticus and Vibrio
cholera. These sera were purchased from Tianjin Biochip Corporation (Tianjin, China). The cross-reactions with the
fusion proteins Omp31, BP26 and Omp25 were verified by the iELISA described above.

Statistical Analysis

Dot plot and receiver operating characteristic curve (ROC) analyses were performed using GraphPad Prism version 6.05.
The significance of gray intensity differences was determined by Student’s ¢ test (unpaired ¢ test). Differences were
considered statistically significant when P<0.05.

Results

Optimization of Antigen Concentration and Serum Dilution for iELISA

The optimal conditions for antigen coating and serum dilution in the iELISA were determined by chessboard titration.
The brucellosis-positive serum used in this assay was collected from a poodle confirmed by bacteriological isolation, and
the negative serum was collected from a healthy beagle dog. In the experiment using Omp31 as an antigen, the maximum
ratio of P/N was 17.49, under which the optimal antigen coating concentration was 0.625 pg/mL and the optimal dilution
of serum was 1:50 (Table 1). For Omp25, the maximum ratio of P/N was only 3.22, with an optimal antigen coating
concentration of 1.25 pg/mL. Fusion protein antigen and BP26 showed similar abilities to discern canine brucellosis-
positive and brucellosis-negative sera, with maximum P/N ratios of 4.33 and 4.67, respectively. However, for fusion

Table 1 Optimization of Antigen Concentration and Serum Dilution for iELISA

Antigen Maximum OD450 (meantSD) OD450 (meantSD) Antigen Coating Serum
P/N Value (Positive Serum) (Negative Serum) Concentration (ug/mL) Dilution
Fusion protein 433 0.5689+0.1408 0.1321+0.0700 25 1:25
Omp3| 17.49 1.7582+0.5520 0.1005+0.0531 0.625 1:50
BP26 4.67 1.7408+0.4470 0.3725+0.1471 1.25 1:50
Omp25 322 0.7593+0.1204 0.2360+0.0595 1.25 1:50
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protein antigen, a higher concentration (2.5 pg/mL) was needed to coat the plate, and more serum (1:25) was used in the

iELISA.

Comparison of BP26, Omp25 and Omp31| and Fusion Proteins in the Serological

Detection of Canine Brucellosis
Using the above optimized conditions and 96 canine brucellosis-positive and brucellosis-negative sera, the efficiencies of

the multiepitope-based fusion proteins Omp31, BP26 and Omp25 in serologically detecting canine brucellosis were
evaluated and compared. According to the iELISA results, the average ODyso values of 34 positive sera were 1.034,
1.317, 0.935 and 0.325 for the fusion proteins Omp31, BP26 and Omp25, respectively, while the average ODy,s( values of
62 negative sera were 0.189, 0.300, 0.310 and 0.184, respectively. Dotplot demonstrated that the fusion proteins Omp31 and
BP26 performed better than Omp25 in distinguishing canine brucellosis-positive and brucellosis-negative sera (Figure 1).

The ROC curves were also obtained for these four antigens (Figure 2). The fusion protein had the largest area under
the ROC curve (AUC=0.9991; 95% CI=0.9965 to 1.002), followed by Omp31 (AUC=0.9692; 95% CI=0.9215 to 1.017)

Figure | Dotplot of iELISAs using the fusion protein, Omp31, BP26 and Omp25 as antigens to detect canine brucellosis-positive and brucellosis-negative sera.
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Figure 2 ROC analysis of the fusion protein, Omp31, BP26 and Omp25 in detecting canine brucellosis.
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Table 2 Predictive Values for Positive and Negative Calculated at Different Cutoff Values

Cutoff Value Positive Negative PPV (%) NPV (%) Accuracy (%)
TP FN TN FP

>0.4855 (Fusion protein) 33 | 62 0 100.0 9841 99.0

>0.4130 (Omp31) 33 | 59 3 91.67 98.33 95.8

>0.6565 (BP26) 26 8 6l | 96.30 88.41 90.6

>0.2165 (Omp25) 32 2 47 15 68.09 95.92 82.3

Abbreviations: TP, true positives; TN, true negatives; FP, false positives; FN, false negatives; PPV, positive predictive value (TP/TP+FP)x100;
NPV, negative predictive value (TN/TN+FN) x100; Accuracy, (TP+TN)/(TP+FN+TN+FP)x100.

Table 3 Cross-Reaction of Rabbit Sera with Fusion Protein, Omp31, BP26 and Omp25 by iELISA

Pathogens Fusion Protein Omp3l BP26 Omp25
OD450 S/N OD450 S/N OD450 S/N OD450 S/N
Yersinia enterocolitica O9 0.0464 0.65 0.8049 1.23 0.1243 0.70 0.1718 0.73
Escherichia coli O 157 0.0483 0.68 0.7268 I.11 0.1641 0.93 0.2452 1.04
Escherichia coli H7 0.0876 1.23 0.6445 0.99 0.1048 0.59 0.1383 0.59
Salmonella 0.1241 1.75 0.8290 1.27 0.1276 0.72 0.7337 3.1
Listeria monocytogenes 0.0715 1.01 0.6399 0.98 0.4041 2.28 0.5808 2.46
Vibrio parahaemolyticus 0.1269 1.79 1.390 2.12 0.1846 1.04 1.4998 6.36
Vibrio cholerae 0.0591 0.83 1.053 1.61 0.1750 0.99 0.2848 1.21
Negative 0.0710 - 0.6543 - 0.1771 - 0.2357 -

and BP26 (AUC=0.9355; 95% CI=0.8824 to 0.9886). Omp25 showed the smallest area under the ROC curve
(AUC=0.9099; 95% CI=0.8505 to 0.9692).

Based on the Youden index, the optimal cutoff value for fusion protein antigen was 0.4855, under which the
sensitivity was 97.06% (95% CI=0.8467 to 0.9993) and the specificity was 100% (95% CI=0.9422 to 1.000). At the
optimal cutoff value, 33 out of 34 positive samples were accurately diagnosed, and all negative samples were correctly
identified. The positive predictive value (PPV) was 100%, and the negative predictive value (NPV) was 98.41%, making
the fusion protein the best performing antigen in the serological diagnosis of canine brucellosis (Table 2).
Correspondingly, the fusion protein antigen showed the highest accuracy (98.96%) in the serological detection of canine
brucellosis. The accuracies of Omp31 and BP26 were 95.83% and 90.63%, respectively, while for Omp25, the accuracy
was only 82.29%.

Cross-Reactivity with the Fusion Proteins Omp3 1, BP26 and Omp25

According to the S/N values (OD450, sample/negative) by iELISA, the fusion protein and BP26 showed no cross-
reactivity to the rabbit sera immunized with Yersinia enterocolitica O9 and Escherichia coli O157, which are pathogens
known to have cross-reactivity with S-type Brucella (Table 3). The fusion protein had slight cross-reactivity with
Escherichia coli H7, Salmonella and Vibrio parahaemolyticus, but all the S/N values were below 2.1, displaying
relatively good specificity. BP26 and Omp31 showed stronger cross-reactivity to sera infected with Listeria monocyto-
genes and Vibrio parahaemolyticus respectively, while Omp25 displayed the worst specificity among the four protein
antigens.

Discussion

Canine brucellosis, caused primarily by B. canis, is currently endemic globally. In the southeastern USA, the seropre-
valence rate of canine brucellosis has been estimated to be 7% to 8%.>' In European countries, a survey showed that
5.4% of dogs could be infected by B. canis.” The disease has also been reported in African and Asian countries, such as
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Nigeria, Zimbabwe and Korea.”?> ?* In China, canine brucellosis was first reported in 1984, and subsequent epidemio-
logical investigation showed that it was endemic in 20 provinces.>> Since its first identification in the 1960s, B. canis-
caused human infection has aroused increasing concern regarding its zoonotic significance. Human cases reported in
Japan and Argentina revealed that pet owners and laboratory workers handling Brucella cultures are the most susceptible
population for B. canis infection.?*2® More recently, in the Netherlands, a patient was diagnosed with B. canis following
exposure to infected dogs in a breeding facility, emphasizing that B. canis infection is an occupational disease.”’ In
China, a 45-year-old woman was diagnosed with B. canis infection in Zhejiang Province.” This patient was initially
diagnosed with pleurisy based on her clinical symptoms, which mainly included fever, back pain and fatigue. However,
when B. canis was isolated from her blood, she was finally confirmed to be infected by Brucella. Thus, human brucellosis
caused by B. canis may often be misdiagnosed due to the lack of knowledge about this pathogen and the lack of typical
symptoms in patients. As there is a large number of pet dogs being raised worldwide and the prevalence of canine
brucellosis is still unknown in many areas, an overall epidemiological investigation on canine brucellosis will be
necessary and significant to human health.

The unknown prevalence of canine brucellosis, to a great extent, is due to the lack of accurate and commercially
available testing reagents. RSAT and 2ME-RSAT using rough Brucella as an antigen were the first methods to detect

3031 and they are still popularly used worldwide.**** However, in China, there is no officially

canine brucellosis,
authorized RSAT antigen, and in-house prepared reagents are only available on a limited scale. Moreover, RSAT has
poor specificity in detecting dog sera. Among the 1220 canine sera screened for this study, approximately 10% were
positive, while using PCR and qPCR as confirmatory tests, the positive rate decreased to 2.78% (34/1440). In our study,
RSAT has a strong cross-reactivity to rabbit serum immunized with Vibrio parahaemolyticus. Vibrio parahaemolyticus is
a very popular foodborne pathogen in China.>* We isolated this pathogen from dog anal swabs, so we speculated that
Vibrio parahaemolyticus was one of the main factors affecting the specificity of RSAT in detecting canine brucellosis. In
addition to Vibrio parahaemolyticus, cross-reactivity was also discovered to Bordetella, Pseudomonas and Moraxella for
RAST."® Thus, RAST-positive dogs should be further tested with a more specific method.

PCR and qPCR have high sensitivity in detecting pathogen-specific nucleic acids. For canine brucellosis, PCR primer
sets have been proposed to detect B. canis from blood, swab and tissue samples, including ITS66 and ITS279 targeting
the 16-23S rRNA interspace region and BcSS-PCR primers targeting the B. canis species-specific fragment.* 7 In this
study, we also applied these two sets of primers to determine Brucella infection. With Brucella genome DNA preserved
in our laboratory, we found that the ITS66 and ITS279 primer set can amplify genome DNA of B. canis, B. melitensis,
B. abortus and B. suis, while B¢SS primers can identify genomes of B. canis and B. melitensis. However, dog genome
fragments were often amplified with these two sets of PCR primers with similar product sizes to the targeting fragment,
so all the PCR products had to be subjected to sequencing to rule out nonspecific amplification. In contrast, the gPCR
used in this study demonstrated higher sensitivity and specificity, which easily ruled out all the nonspecific amplification
and picked up all the positive samples confirmed by sequencing. The shortcoming of this qPCR assay is that it cannot
distinguish B. canis from B. suis, although it can rule out B. melitensis and B. abortus."® However, according to the
relevant literature, no B. suis has ever been isolated from dogs. Meanwhile, the successfully isolated Brucella isolates
from two Brucella-positive samples were identified as B. canis (Table S1), which also showed an MLVA16 profile
(2-3-9-11-3-1-5-2-5-40-9-6-7-9-4-3) very similar to B. canis strains discovered in China.”* All these works demonstrate
that all the positive control sera used in this study were very likely to be B. canis-infected. According to our testing data,
the serological method of RAST may have good sensitivity for testing canine brucellosis, but this method lacks sufficient
specificity. PCR and qPCR are very sensitive in detecting specific nucleic acid fragments and could be ideal testing
methods, but the shedding of B. canis in infected dogs is fluctuating and elusive, which can lead to lower sensitivity than
serological tests. Many antigens have been assessed for their potential use in serological detection for canine
brucellosis.'>!'>'¢ In this study, we also evaluated four protein antigens for their efficacy in the serological detection
of canine brucellosis. According to the data, the B-cell multiepitope-based fusion protein displayed the highest accuracy,
followed by Omp31 and BP26 (Table 2). The results indicated that protein antigens such as the fusion protein, Omp31
and BP26 can be used to detect not only smooth Brucella-caused brucellosis but also rough Brucella-caused
brucellosis.?**%° Based on a cross-reactivity assay, the fusion protein and Omp31 displayed less reaction to other
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commonly observed pathogens; therefore, they are the best candidate antigens for serological kit development for canine
brucellosis.

Conclusion

Canine brucellosis is currently a neglected zoonosis worldwide. As traditional RAST lacks sufficient sensitivity and
specificity, more accurate serological methods are urgently needed. The data displayed here proved that the novel B-cell
epitope-based fusion protein and Omp31 had better specificity than BP26 and Omp25 and provide sufficient sensitivity in
serologically detecting canine sera. Thereafter, the fusion protein and Omp31 may be ideal antigens for developing
a more accurate serological kit for canine brucellosis.
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