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Abstract: The aim of this study was to develop a 165-23S ribosomal deoxyribonucleic acid internal
transcribed spacer (ITS) quantitative polymerase chain reaction (QPCR) assay for the early diagnosis
and rapid screening of brucellosis. Blood, milk, and tissue samples were spiked with B. abortus biovar
1 (B01988-18 strain) to determine the analytical sensitivity and specificity of the assay. The 95% limit
of detection of the ITS qPCR assay was highest in tissue, followed by blood, then milk, i.e., 0.48, 4.43,
and 15.18 bacteria/PCR reaction, respectively. The diagnostic performance of the assay was compared
to the Brucella cell surface protein (BCSP) 31 qPCR assay and bacterial culture. Out of 56 aborted
foetal tissue samples from bovine, ovine, and caprine, 33% (19/56) were positive for Brucella spp.
The sensitivity and specificity of the ITS qPCR assay was 87% and 95% respectively, compared
to 92% and 89% for the BCSP31 qPCR assay and 47% and 55% for bacterial culture, respectively.
The assay was efficient, sensitive, and specific, making it a valuable tool in the early detection of the
Brucella pathogen.
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1. Introduction

Brucellosis is a zoonotic disease that causes abortion and infertility in animals and undulant fever
in humans [1]. It is distributed worldwide and endemic in developing countries. It is caused by the
genus Brucella [2] and belongs to the order alpha-Proteobacteria, which consists of mostly intra-cellular
bacteria that are recognised as pathogenic in a number of mammalian hosts [3]. Twelve Brucella species
have been characterised: six classical species, which includes Brucella suis, B. melitensis, B. abortus,
B. ovis, B. neotomae, and B. canis; an additional six novel species, which includes B. ceti from cetaceans,
B. pinnipedialis from seals [4], B. microti from wild rodents, B. inopinata from breast implant infection in
humans [5], B. vulpis from red foxes [6], and B. papionis from baboons [7]. These are classified based on
distinction between host preference and pathogenicity [8]. The smooth strains (B. suis, B. melitensis,
and B. abortus) are all zoonotic, and of the rough strains (B. ovis and B. canis), only B. canis is zoonotic [9].

Brucellosis is a controlled and notifiable disease in humans and animals across sub-Saharan
Africa [10]. Clinical signs vary in animals depending on the host species [11]. These include
spontaneous abortion, weak offspring, pyrexia, hygromas and mastitis [12], orchitis, epididymitis,
ampullitis, and seminal vesiculitis [13]. However, these clinical presentations are non-specific, making
diagnosis difficult. In addition, latent asymptomatic heifers introduced into a naive herd cause abortion
storms. The placenta, foetal fluid, and aborted foetus serve as major sources of infection to other
animals [14].
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The diagnosis of the disease is by routine serological tests and bacterial culture isolation, which is
the “gold standard” in brucellosis diagnosis [15]. However, these tests have inadequate sensitivity and
specificity, are time-consuming, and have the potential of causing infection in laboratory personnel.
To overcome these challenges, several conventional and real-time PCR assays utilising different primers
derived from different polymorphic regions in the Brucella genome have been developed [16,17]. While
these assays generally work well, immunological cross reactions with other closely related species such
as Ochrobactrum anthropi have been reported in conventional PCR assays [18], resulting in reduced
assay specificity [19]. Some of these assays are only able to differentiate a limited number of species [20].
There is a need to develop accurate and rapid diagnostic assays for high-throughput detection of
Brucella, in order to support appropriate control measures and contribute to the eradication of the
disease in a country.

The 165-235 ribosomal deoxyribonucleic acid (fDNA) internal transcribed spacer region (ITS)
PCR has proved to be a promising diagnostic tool. The 165-23S ITS has also been used in the diagnosis
of brucellosis in humans [21]. It has been proven to be rapid, specific, and more sensitive for the
diagnosis of brucellosis in both animals and humans because the rDNA exists in multiple copies [22].
The ITS region is highly conserved, with 100% sequence homology among Brucella spp. [23].

The aim of this study was to develop a rapid genus-specific qPCR assay to detect Brucella species
targeting the 165-235 rDNA ITS region.

2. Materials and Methods

2.1. Assay Design

Using B. abortus (GenBank accession number of X95889) as a template, nucleic acid sequences of
the 165-23S rDNA ITS region of Brucella spp. were retrieved from GenBank [24], using the nucleotide
Basic Local Alignment Search Tool (BLAST®, National Center for Biotechnology Information, Bethesda,
MD, USA) [24,25], and the highly similar sequences programme (megablast, National Center for
Biotechnology Information, Bethesda, MD, USA). An O. intermedium sequence (AJ867325) was used
as a template, together with the discontiguous megablast programme, to obtain sequences of other
bacteria with close homology to Brucella.

The retrieved genetic sequences were aligned online using a multiple sequence alignment
programme (MAFFT version 7) [26]. Data analysis in molecular biology and evolution software
(DAMBE) [27] was used to identify and remove identical sequences and sequences were edited with
BioEdit [28]. A TagMan® minor groove binder (MGB) assay was designed using Primer Express v3.0
using default primer/probe design parameters: melting temperature (Tm) of 58-60 °C and 68-70 °C
respectively, a GC% content of 30-80%, the last five nucleotides of the 3’ end of the primer do not
contain more than two ‘G’ and ‘C’ residues, and the 5" end of the probe does not contain a ‘G’ residue
(ThermoFisher Scientific, Waltham, MA, USA). The amplicon length was 72 bp.

Field strains of Brucella spp. obtained from the Department of Veterinary Tropical Disease (DVTD)
diagnostics laboratory, University of Pretoria (UP) and closely related non-Brucella species, such as
Ochrobactrum anthropi were used for this study (Table 1). All bacterial isolates were sub-cultured on
blood agar at 37 °C for 72 h for Brucella spp. and 24 h for other bacteria [22]. Chlamydia abortus was
cultured on a liquid yeast based medium, serum casein glucose yeast extract medium recommended
by the supplier of the control strain. The host used was Acanthamoeba castellani. Two millilitres (mL) of
medium and 20-50 microlitres (L) of Acanthamoeba castellani in a plastic 5 mL screw top tube was used.
After three days when a white precipitate at the bottom of the tube was seen, 50 uL of Chlamydia abortus
was added and reincubated in normal air at 30 °C for seven days.
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Table 1. Bacterial strains used in this study.

Organism Strain
Brucella abortus bv. 1 B01988-18
Brucella abortus bv. 1 B01897-18
Brucella abortus bv. 2 B01872-18
Brucella abortus bv. 1 B01853-18
Brucella abortus bv. 1 B01060-18
Brucella abortus bv. 1 B01100-18

Brucella melitensis BMR 1 8001
Ochrobactrum anthropi ATCC 49,687
Ochrobactrum intermedium DNA (Genbank accession number AJ867325) *
Escherichia coli ATCC 25,922
Streptococcus agalactine ATCC 27,956
Salmonella typhimurium ATCC 13,311
Pasteurella multocida ATCC 12945/43137
Enterococcus faecalis ATTC 29,212
Pseudomonas aeruginosa ATCC 27853
Chlamydia abortus DVTD, UP

ATCC—American Type Culture Collection, bv—biovar, DVTD, UP—Department of Veterinary Tropical Diseases,
University of Pretoria. * DNA synthesised by Integrated DNA Technologies (USA).

Cultures were obtained from the DVTD diagnostic laboratory. Colonies were harvested and
stored in 10% glycerol and stored at —80 °C for further use. Then, these were thawed, and sub-cultures
were prepared. These were streaked and inoculated on Selecta-MEDIA Blood Tryptose agar +5% sheep
blood agar (ThermoFisher Scientific, Waltham, MA, USA). The Brucella strains were cultured in an
HF151UV CO, incubator (Heal Force, Shangai, China) for 72 h. Bacterial colonies on the plates were
scraped off using 10 puL sterile inoculating loops and transferred to 1.5 mL Eppendorf tubes containing
200 pL phosphate-buffered saline (PBS) (Sigma-Aldrich, St Louis, MO, USA). Bacteria were quantified
using a TC20™ automated cell counter (Bio-Rad Laboratories, Singapore).

2.2. Control Samples

Anegative blood control sample was collected from a cow with no history of brucellosis. A complete
blood count and microscopic examination for haemoparasites was performed on the sample by the
Clinical Pathology Laboratory, Onderstepoort Veterinary Teaching Hospital, UP. A negative fresh milk
(bulk tank milk) control sample was collected from a farm with no history of brucellosis, located at
Irene, Gauteng, South Africa. Negative tissue control samples from the abattoir were collected from
bovine, caprine, and ovine. All samples (blood, milk, and tissue) tested negative for Brucella spp. by
the ITS qPCR assay.

Brucella colonies cultured on blood agar medium were scraped off the culture plates using a
sterile inoculating loop and harvested into 1 mL of PBS (Sigma-Aldrich, St Louis, MO, USA). This was
the stock solution used for all experiments throughout the study. The number of cells/mL of stock
solution (Brucella abortus bv. 1 (B01988-18 strain) with a bacterial cell count of 3.19 x 107 cells/mL) was
determined using a TC20™ automated cell counter (Bio-Rad Laboratories, Hercules, CA, USA). Blood
and milk samples (180 pL) were spiked with 20 uL of a stock B. abortus solution and 20-30 milligrams
(mg) of Brucella positive foetal aborted tissue (confirmed by culture isolation) were tested by the ITS
qPCR assay and used as positive controls.

2.3. Nucleic Acid Purification

Nucleic acid was purified using the KingFisher™ Duo Prime purification system and the MagMAX
CORE™ Nucleic Acid Purification Kit (ThermoFisher Scientific, Waltham, MA, USA) according to
the manufacturer’s instructions. Nucleic acid from blood and milk samples (200 uL) was purified
using the simple workflow and eluted in 90 uL of elution buffer before storage of the DNA at —20 °C.
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The simple and digestion methods were compared in purifying DNA from aborted foetal tissues.
The latter was determined to be superior, as this method produced lower cycle threshold results
with higher fluorescence on qPCR. Proteinase K (PK) solution, composed of (PK Buffer and MagMax
CORE Proteinase K) was added to approximately 20-30 mg of tissue and incubated for 2 h at 55 °C.
The supernatant was processed as recommended by the manufacturer. The complex workflow was
used to purify DNA from 300 pL foetal abomasal fluid.

VetMAX™ Xeno™ Internal Positive Control (IPC) DNA was added in all workflows.

2.4. Real-Time PCR

The VetMAX™-Plus qPCR Master Mix (ThermoFisher Scientific, Waltham, MA, USA) was used for
DNA amplification. The PCR amplification mixture comprised 12.5 pL 2x qPCR Master Mix, 400 nM
(final concentration) forward/reverse primers, 150 nM (final concentration) probe, 1 uL VetMAX™
Xeno™ Internal Positive Control-VIC™ Assay (ThermoFisher Scientific, Waltham, MA, USA), 2 uL
template DNA, and nuclease-free water to make up a total volume of 25 pL per reaction.

Detection and amplification of purified DNA by qPCR was performed on the StepOnePlus™
Real-Time PCR System running StepOne Software v2.3 system (ThermoFisher Scientific, Waltham,
MA, USA). The cycling conditions recommended by the manufacturer of the PCR reagents were used.

2.5. Assay Optimisation

The primer and probe concentration of the genus-specific JPCR assay was optimised by testing
primer/probe concentrations in triplicates for B. melitensis (BMR 18001) and B. abortus (B01988-18).
For primer optimisation, a combination of four primer concentrations in the PCR reaction (800, 400,
200, and 100 nM) of both forward and reverse primers were tested, with a constant probe concentration
in the PCR reaction of 250 nM. Then, the optimised primer concentration determined was used for
probe optimisation by varying probe concentrations in the PCR reaction (250, 200, 150, 100, and 50 nM).
The combination of primer and TagMan® probe concentration that yielded optimal assay performance
(low cycle threshold (Cr), efficient (steep) amplification slope, and low primer/probe concentration)
was chosen for further experiments.

2.6. Analytical Validation

The analytical performance of the assay was determined by following the Stage 1 validation
pathway in Chapter 1.1.2 of the OIE Manual of Diagnostic Tests and Vaccines for Aquatic Animals of
the World Organisation for Animal Health [29].

The intended purpose of the assay is to (i) contribute to the eradication or elimination of brucellosis
from defined populations, (ii) confirm the diagnosis of suspect or clinical cases and (iii) estimate the
prevalence of infection or exposure to facilitate risk analysis (surveys, herd health status, disease
control measures) in samples submitted for veterinary diagnostics.

2.6.1. Efficiency

Brucella abortus bv. 1 (B01988-18 strain) with a bacterial cell count of 3.19 x 107 cells/mL was
diluted with PBS in a ten-fold dilution series from 1078-10° Blood, milk, and digested tissue sample
matrix (180 uL) samples were spiked with 20 uL of the B. abortus dilution. DNA was purified from
each dilution, and the PCR was performed in triplicate.

Standard curves for each run and dilution series were plotted showing Cr-values versus log
bacteria/PCR reaction. Linear regressions of the data were performed using Microsoft Excel and the
slopes of the regression lines of the standard curve used to calculate the efficiency of the PCR assay
(%) = (10~ 1/slope _ 1) x 100.
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2.6.2. Analytical Sensitivity

The last dilution that produced a positive result in all replicates, obtained from the efficiency
analysis (70.89 bacteria/PCR reaction), was used to prepare a two-fold dilution series of B. abortus bv. 1
(B01988-18 strain) with PBS to cover the non-linear range of the assay. Blood, milk, and tissue sample
matrix were spiked with B. abortus. DNA from each dilution was purified five times, and each purified
DNA sample was tested by PCR five times (each dilution was tested 25 times in total) for all matrixes.

SPSS Statistics 25 software (IBM, New York, NY, USA) was used to perform a probit analysis to
determine the 95% limit of detection (LOD).

There are three genome copies of the 165-23S ITS region per Brucella sp. bacterium [21]. Results
were expressed in bacterial copies, where one bacterium is equivalent to three genome copies.

2.6.3. Analytical Specificity

The ITS qPCR assay was tested against a panel of Gram-positive and Gram-negative bacteria,
as listed in Table 1. Bacterial strains were cultured, and a loop full of colonies was harvested and mixed
wellin 1 mL of PBS for all the strains in Eppendorf tubes. The mixtures were diluted 1:10 in PBS before
the DNA was purified and tested by PCR, as described previously.

The O. intermedium bacterium was not available in our laboratory as a bacterial culture, and the
DNA sequence of O. intermedium that encompassed the target region of the PCR assay was synthesised
by IDT (Integrated DNA Technologies, Coralville, IA, USA).

2.6.4. Repeatability

Data obtained from the sensitivity results were used to determine the inter-run and intra-run
repeatability of the assay, using Microsoft Excel.

2.7. Diagnostic Performance on Field Samples

2.7.1. Sample Preparation

A blind study of random positive and negative samples was obtained from the Bacteriology
laboratory of the Department of Veterinary Tropical Diseases. A total of 56 aborted foetal tissue samples
were used to evaluate the diagnostic performance of the assay. The samples comprised 24 foetal
abomasal fluid samples and 32 tissue samples (which included aborted foetal liver, lung and placenta
from bovine, caprine, and ovine). DNA from these samples were purified and tested using the ITS
PCR and the BCSP31 PCR [16] assays in parallel.

2.7.2. Real-Time PCR

The developed ITS PCR assay was compared to the BCSP31 PCR assay for diagnostic validation
because the BCSP31 gene target is one of the most commonly used targets used for the detection of
Brucella spp. in animals [30] and is routinely used by OIE reference laboratories. The BCSP31 PCR can
be used in a real-time PCR format, and the primers and probe for the Brucella spp. described by Probert
et al. [16] was used in our study. This assay was used on a different platform (StepOne real-time PCR
machine, Applied Biosystems™, Foster City, CA, USA) and the VetMAX™-Plus qPCR Master Mix
(as described in 2.4, but with 300 nM forward and reverse primer concentrations and 100 nM probe
concentration in the final reaction.

2.7.3. Diagnostic Sensitivity and Specificity Statistical Analysis

Diagnostic sensitivity and specificity of the PCR assay were estimated in the absence of a gold
standard assay, by using a three-test one-population Bayesian latent class model that allowed for
conditional dependence between two of the tests and independence of the third test [31].
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Modes were obtained from published references [21,22,32,33]. For multiple references, the average
of the modes was used (Table 2). For the sensitivity of the 165-235 rDNA ITS PCR assay, the references
reported on the diagnostic sensitivity in blood samples. For the diagnostic sensitivity in aborted
material, the prior for this parameter was adjusted upwards. No reference could be obtained for
“prevalence”, the proportion of tested aborted material positive for Brucella spp. submitted to a
diagnostic laboratory in South Africa and expert opinion (Dr. A. Jonker, DVTD, UP) was obtained.

Table 2. Priors used in a three-test one-population Bayesian latent class model for the diagnosis of
Brucella spp. in field samples by bacterial culture, Brucella cell surface protein polymerase chain reaction:
BCSP31 PCR assay and ITS PCR assay. Prevalence = proportion of tested aborted material positive for

Brucella spp.

Parameter Mode 5/95th Percentile «-Value -Value

Sensitivity_Culture 0.440 0.10 1.6376 1.8114
Specificity_Culture 0.590 0.15 1.9571 1.6651
Sensitivity_ BCSP 0.990 0.70 8.7838 1.0786
Specificity_ BCSP 0.930 0.70 12.1696 1.8407
Sensitivity_ITS 0.900 0.70 15.0342 2.5594
Specificity_ITS 0.998 0.80 13.6318 1.0253

Prevalence 0.125 0.80 1.1386 1.9702

The model was run in OpenBUGS, version 3.2.3 rev 1012, a programme for Bayesian analysis
of complex statistical models using Markov chain Monte Carlo techniques [34,35]. Two chains were
used, and initial values were generated by forward sampling from the prior distribution for each
parameter. The first 10,000 iterations were discarded, and the next 50,000 iterations were used for
posterior inferences. The first 10,000 iterations were discarded because it was regarded as “burn-in” to
check convergence. The simulation was run for a further number of iterations to obtain samples that
could be used for posterior inference. Model convergence was assessed by visual inspection of the
trace plots.

2.8. Ethics Statement

Ethics approval was obtained from the University of Pretoria Animal Ethics Committee with the
project identification code (V004-19) on 29 January 2019. Section 20 approval was granted according to
Act 35 of 1984 by the Directorate of Animal Health, South Africa on 8 January 2019.

3. Results

3.1. Assay Design

An in silico analysis was done on all available Brucella and closely related species. This included
132 Brucella sequences and 126 closely related species (O. anthropi, O. intermedium, O. oryzae, O. otitici,
O. ogrignonense, O. spp, S. virus, O pituitosum, C. tokpelaia). The BLAST® analysis of the 165-235 rDNA
ITS region of our selected reference returned 391 sequences. Sequences that were less than 15 bases
were deleted and identical sequences were collapsed, resulting in 258 sequences.

Using the default parameters of the Primer Express software, no acceptable primer pairs were
found, but when the Ty, was increased from 60 to 61, suitable primers and probe were found. Using
Brucella abortus X95889 for nucleotide position, primers and a hydrolysis probe were designed to
specifically amplify a region from nucleotides 200-290 of all Brucella spp. (Figure 1 and Table 3).
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Figure 1. Multiple sequence alignment of the 165-23S rDNA internal transcribed spacer (ITS) region of
Brucella spp. and closely related Ochrobactrum spp. available on GenBank®. Primers and probe have
been indicated by arrows and a rectangle respectively. X95889 was used for the nucleotide position
numbering. Identical sequences have been grouped and labelled with a randomly selected sequence in
the group. The number of identical sequences in a group is indicated in brackets after the name of
the group.

Table 3. Primers and TagMan® minor groove binder (MGB) probe targeting the 165-23S internal
transcribed spacer (ITS) region of Brucella spp. and labelled with 6-caboxyfluorescein (6-FAM) dye,
nt—nucleotide, Ty—melting temperature. The length of the amplicon was 72 base pairs.

Name Sequence (5’ —3’) Length (nt) Tm %GC
BrucellalTS_F GTCGGCCTTGCGAAGCT 17 59 65
BrucellaITS_R GCCCAGATACCGACGCAAA 19 61 58
BrucellalTS_P FAM-ATCTGTGGATCGCGTAGTA-MGB 19 69 47

A BLAST® analysis of the amplicon indicated in silico specificity for Brucella spp. sequences.

3.2. Assay Optimisation

The combination of 400 nM forward and reverse primer and 150 nM probe combination
resulted in an amplification plot with a low Cr, efficient (steep) amplification slope, and low
primer/probe concentration.
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3.3. Analytical Validation

3.3.1. Efficiency

A ten-fold serial dilution of B. abortus (1078-10°) was prepared from a stock solution in PBS. Blood,
milk, and tissue sample matrices were spiked with various dilutions of Brucella abortus. Amplification
of the DNA was linear for positive results within the range tested, i.e., Logjg —0.15 to Logjg 4.55
bacteria/reaction (blood and milk) and Logio —1.15 to Logi 4.85 bacteria/reaction (tissue) (Figure 2).
This was equivalent to Logg 2.20 to Logjg 7.20 bacteria/mL blood or milk, and Log;o 1.20 to Logj
7.20 bacteria/mL digested tissue. The efficiency of the PCR assay was 105% in tissues, 99% in blood,
and 93% in milk.

40

Milk
y =-3.4869x + 40.646
R?=0.9814

35 ‘&
~

3 e
~
< 30 Tissue RN
~
E y =-3.2011x + 34.153 ©\
- R2=0.9975
Q 75
O
5 ~ . Blood
0.  y=-3.34x+39.98
~
20 SO R R?2=0.99
]
15
-2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0

Log bacteria/reaction

Figure 2. Standard curves of a genus-specific 165-23S rDNA internal transcribed spacer Brucella
spp- PCR assay using different matrices [i.e., blood (red circles), milk (green triangles), and tissue
(blue diamonds)]. Each dilution was run in triplicate. The equation of the regression line (red line
for blood, green dash for milk and blue dash for tissue) is indicated, as well as the coefficient of
determination (R?). One bacterium contains three copies of the 165-23S rDNA internal transcribed
spacer gene.

3.3.2. Analytical Sensitivity

The analytical sensitivity was determined by preparing two-fold serial dilutions from Logjo 4.20 to
Log1o 1.49 bacteria/reaction (blood and milk) and Logjg —0.15 to Logyg —2.85 bacteria/reaction (tissue).
The 95% LOD of the assay was 4.43 Brucella organisms/PCR reaction in blood, 15.18 in milk, and 0.49 in
tissues (Figure 3 and Table 4).
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Figure 3. The 95% limit of detection (dotted lines) of a genus-specific 16S-23S rDNA internal transcribed
spacer Brucella spp. PCR for tissue (diamond), blood (circle), and milk (triangle). One bacterium
contains three copies of the 165-235 rDNA internal transcribed spacer gene.

Table 4. The 95% limit of detection of a genus-specific 165-23S rDNA internal transcribed spacer (ITS)
Brucella spp. PCR determined by probit analysis. CI—confidence interval. One bacterium is equivalent
to three genome copies.

Bacteria/PCR ~ Genome Copies/PCR Log Bacteria/PCR Lower

Sample Reaction Reaction Reaction 95% CI Upper 95% CI
Blood 443 13.30 0.65 0.48 0.89
Milk 15.18 45.54 1.18 0.97 1.49
Tissue 0.49 1.45 -0.31 -0.50 -0.05

3.3.3. Analytical Specificity

The developed ITS qPCR assay specifically amplified DNA from all Brucella spp. (Brucella abortus
bv. 1,2 and Brucella melitensis) and no amplification was recorded from other closely related bacterial spp.
(Ochrobactrum anthropi, Ochrobactrum intermedium, Escherichia coli, Streptococcus agalactiae, Salmonella
typhimurium, Pasteurella multocida, Enterococcus faecalis, Pseudomonas aeruginosa, Chlamydia abortus).

3.3.4. Repeatability

The standard deviation of the inter-run and intra-run reproducibility was in the range of 0.1 to 1.7.
The coefficient of variation (CV) ranged from 1.7% to 4.7% (Table 5).
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Table 5. Inter- and intra-assay reproducibility for the detection of Brucella spp., SD—standard deviation,

Cr—-cycle threshold, CV—coefficient of variation.

Log bacteria/PCR

Inter-run

Intra-run

Total Mean

Sample Reaction SD SD Cr Total SD  CV (%)
Blood 1.25 0.13 0.56 31.35 0.56 1.77
Blood 0.95 0.35 0.81 32.79 0.88 2.68
Blood 0.65 0.32 0.8 33.91 0.82 2.42
Blood 0.35 0.25 0.92 35.07 0.94 2.68
Blood 0.04 0.8 0.87 36.06 1.13 3.14
Blood —-0.26 0.58 0.94 36.29 1.04 2.86
Blood —-0.56 0.41 1.19 36.71 1.17 3.18
Milk 1.85 0.32 0.81 31.00 0.82 2.65
Milk 1.55 0.31 0.82 32.74 0.80 2.45
Milk 1.25 0.43 1.22 33.73 1.37 4.07
Milk 0.95 0.46 1.01 34.23 1.14 3.34
Milk 0.65 0.32 0.90 35.41 1.06 2.98
Milk 0.35 0.40 0.84 36.03 0.91 2.51
Milk 0.04 0.29 0.60 36.76 0.54 1.46
Tissue —-0.15 0.27 1.74 34.87 1.61 4.61
Tissue —-0.45 0.52 1.32 35.78 1.30 3.62
Tissue -0.75 0.43 1.47 34.67 1.44 4.16
Tissue -1.05 1.05 0.00 36.16 1.51 417

3.4. Diagnostic Performance on Field Samples

Fifty-six samples were tested by bacterial culture, BSCP and ITS qPCR (Table 6). The prevalence
of brucellosis in aborted tissues was 33% (19/56). A cut-off Cp-value of 38 (45% LOD) was used to
categorise samples as negative or positive for the BSCP and ITS assays (Table 7). The cut-off Ct value
was calculated using the equation: y = —3.2011x + 34.153, where x is the 95% confidence limit of a
probability of 50% (0.22). The difference in Ct (ACt) observed between ITS and BCSP31 was between
7.10 and 3.24. The ITS qPCR assay produced lower Ct-values than the BCSP31 qPCR assay.

Table 6. Comparison of bacterial culture, BCSP31 and ITS qPCR assays for the diagnosis of Brucella
spp. from foetal abomasal fluid and foetal tissue samples. Cut-off values of + < cycle threshold [36] =

38.00 > — were used to categorise positive (+) and negative (—) samples for both the BCSP31 and ITS
(45% limit of detection (LOD)) qPCR assays. ACt = Ct (ITS) — Ct (BCSP31).

Sample Name Sample Type Culture BCSP ITS ACt
S0713/19 Foetal abomasal fluid + +(20.02)  +(16.78) 3.24
B1644-19_S5151-19 Foetal abomasal fluid + +(20.60)  +(17.25) 3.35
B705/19_S91b/19 Foetal abomasal fluid + +(21.53) +(18.16) 3.37
B1988-18 Foetal abomasal fluid + +(26.21)  +(22.40) 3.81
B1631_18 Foetal abomasal fluid - - +(37.95)
B1756/19_52327/19 Foetal abomasal fluid - - —(39.89)
5699/18 Foetal abomasal fluid - - -
7683/18 Foetal abomasal fluid - - -
B1167_19 Foetal abomasal fluid - - -
B1377/18 Foetal abomasal fluid - - -
B1431/19 Foetal abomasal fluid - - -
B1499_18 Foetal abomasal fluid - - -
B1554/19 Foetal abomasal fluid - - -
B1568_19 Foetal abomasal fluid - - -
B1588_19 Foetal abomasal fluid - - -

B1593/19_B632/18
B1800/18_5290/18
B1803/19_5238/19
B2063/19_52718/19

Foetal abomasal fluid
Foetal abomasal fluid
Foetal abomasal fluid
Foetal abomasal fluid
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Sample Name Sample Type Culture BCSP ITS ACt
B618/18_B661/18 Foetal abomasal fluid - - -
B646/19_5865/19 Foetal abomasal fluid - - -
B647/19_5865/19 Foetal abomasal fluid - -

B7482/19 Foetal abomasal fluid - - -

S3855_18 Foetal abomasal fluid - - -
B1644/19/52151/19 Aborted foetal tissue + +(27.34)  +(20.24) 7.10
B1857/19_52461/19 Aborted foetal tissue (bovine lung) + +(27.83)  +(21.65) 6.18

B706/19 Aborted foetal tissue + +(28.76)  +(21.90) 6.86
B705/19/591b/19 Aborted foetal tissue + +(29.56)  +(23.67) 5.89
B1857/19_S2461/19 Aborted foetal tissue (bovine liver) + +(36.23)  +(31.02) 5.21

B1569_19_RB Aborted foetal tissue + —(39.58) +(35.44) 4.14

B1569_19_LN Aborted foetal tissue + - +(37.19)

B1144_17 Aborted foetal tissue - +(36.51)  +(31.90) 4.61
B1860/19_52445/19 Aborted foetal tissue (bovine lung) - - +(29.26)
B2063/19_S2718/19 Aborted foetal tissue (bovine liver) - - +(34.92)

B215/18_5504/18 Aborted foetal tissue (ovine liver) - +(35.68)
B2063/19_5S2718/19 Aborted foetal tissue (bovine lung) - - +(36.80)
B1756/19_52327/19 Aborted foetal tissue (caprine placenta) - - +(37.59)
B2033/19_S2672/19 Aborted foetal tissue (ovine lung) - - +(37.92)
B2033/19_52672/19 Aborted foetal tissue (ovine placenta) - - —(38.08)
B1010/19_S1309/19 Aborted foetal tissue (ovine lung) - - —(38.12)
B1010/19_51309/19 Aborted foetal tissue (ovine placenta) - - —(38.69)
B1488/18_B1434/18 Aborted foetal tissue (ovine placenta) - - —(39.24)
B1010/19_51309/19 Aborted foetal tissue (ovine liver) - - —(39.79)

B1593/18_B632/18

B1702_19_52207_19
B1702_19_52267_19

B1800/18_5290/18
B1800/18_5290/18
B2033/19_52672/19
B215/18_5504/18
B540/18_5631/19
B540/19_5631/19
B647/19_58651/19
B771/18_51322/18
B856/18_51430/18
B856/18_51430/18

Aborted foetal tissue (ovine lung)
Aborted foetal tissue
Aborted foetal tissue

Aborted foetal tissue (ovine lung)

Aborted foetal tissue (ovine placenta)
Aborted foetal tissue (ovine liver)
Aborted foetal tissue (ovine lung)

Aborted foetal tissue (caprine liver)
Aborted foetal tissue (caprine lung)
Aborted foetal tissue (ovine placenta)
Aborted foetal tissue (caprine placenta)
Aborted foetal tissue (caprine lung)
Aborted foetal tissue (caprine liver)

Table 7. Fifty-six aborted foetal samples submitted to DVTD for Brucella spp. testing and classified
according to test results. BSCP31—PCR assay [16], Culture—bacterial blood agar culture, ITS—internal
transcribed spaced PCR (this study). The header refers to the results for culture and the BSCP31 assay.

Culture+ Culture+ Culture- Culture-

BSCP31+ BSCP31- BSCP31+ BSCP31-
ITS+ 9 2 1 7
ITS- 0 0 0 37

A Bayesian latent class model was used to estimate the diagnostic sensitivity and specificity of the
ITS assay as 87% and 95%, respectively. Compared to the BCSP31 assay, these values were 92% and
89% and for bacterial culture, these values were 47% and 55%, respectively (Table 8).
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Table 8. Estimates of the diagnostic sensitivity and specificity of the PCR assay.

Median 95% Probability Interval
Sensitivity of the ITS-PCR 0.868 0.701-0.963
Specificity of the ITS-PCR 0.949 0.800-0.996
Sensitivity of the BCSP31-PCR 0.917 0.700-0.993
Specificity of the BCSP31-PCR 0.886 0.701-0.977
Sensitivity of bacterial isolation 0.469 0.102-0.868
Specificity of bacterial isolation 0.549 0.150-0.903

4. Discussion

We have described the development and analytical validation of a genus-specific TaqMan® MGB
qPCR assay to detect Brucella species targeting the 165-235 rDNA ITS region. Keid et al. [22] developed
a conventional ITS PCR to detect Brucella in various samples, including whole blood, serum, semen,
and vaginal swabs, but this study was carried out exclusively in dogs. Real-time PCR has an advantage
over conventional PCR because it is more sensitive and is a quicker assay to perform. Kattar et al. [21]
developed an ITS qPCR assay to detect Brucella in humans; however, the performance of the ITS qPCR
assay in detecting Brucella in animal specimens was not known. This study filled the gap by adding the
advantage of detecting Brucella species in easily accessible samples (milk, blood, and tissues) for early
detection, which is a more sensitive qPCR ITS assay as compared to Kattar et al. (2007), and lastly,
this assay has been optimised in animal samples.

Prior to design of the assay, an in silico analysis was carried out to determine conserved region
of the 165-23S rDNA ITS region of all Brucella species as well as closely related bacteria, using the
BLAST® analysis on GenBank.

The BLAST® tool showed in silico specificity of the assay. In the laboratory, specificity was
determined by testing Brucella species against a panel of closely related bacteria. The developed ITS
PCR assay showed good specificity by amplifying DNA from all Brucella species and not amplifying
closely related bacterial species, such as Ochrobactrum anthropi and O. intermedium. Our results were
in agreement with Keid et al. [22]; their ITS-PCR was specific, since there was no amplification
of O. anthropi DNA; however, this was a conventional ITS PCR. The same result was obtained by
Kattar et al. [21], who used hybridisation probes specific to the ribosomal 165-23S ITS region, omp31
and omp25. All three assays exhibited an analytical sensitivity and specificity of 100%.

The developed ITS assay efficiency was 99% in blood, 93% in milk, and 105% in tissues. An efficiency
exceeding 100% was recorded in tissues. This may be a result of the digestion method used to purify
DNA from tissues, which differed from the method used for liquid samples by an additional incubation
step of the tissue sample in proteinase kinase before purification of the nucleic acid. The digestion of
tissue and Brucella, a difficult organism to lyse, with PK solution enhances lysing of the bacteria [37].
This may have caused the higher efficiency value in tissues compared to blood and milk.

The 95% LOD of the developed ITS-PCR assay was 4.43, 15.18, and 0.49 Brucella organisms/PCR
reaction inblood, milk, and tissues respectively of B. abortus bv. 1 (B01988-18 strain), which demonstrated
the sensitivity of the assay. This is of diagnostic importance, because latent asymptomatic animals serve
as a source of infection to other animals (maintaining the disease), as well as humans [12]. In humans,
brucellosis can progress to sub-clinical or chronic stages if not detected early and treated promptly [38].

The increased sensitivity of the assay in tissue samples may be a result of the different nucleic
acid purification protocol used for tissue, compared to liquid samples. The tissue protocol included an
additional proteinase kinase digestion step, which may have increased the intra-cellular release of
the bacteria, allowing for the more sensitive detection of Brucella organisms. Investigation into the
addition of a digestion step for liquid samples when purifying nucleic acid, to increase the sensitivity
of detection of Brucella organisms is warranted.

The standard deviation of the inter-run and intra-run reproducibility was in the range of 0.1 to 1.7.
The CV ranged from 1.7% to 4.7%. Minimal variation in results was demonstrated.
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A blind test was carried out on 56 samples that were obtained from the bacteriology laboratory
(DVTD, UP), to determine this assay’s potential as a screening tool in an abortion panel. Nucleic acid
was purified and amplified by ITS and BCSP31 qPCR assays. Then, test results were compared to
culture results. Samples that were positive on ITS but negative on both BCSP31 and culture were
retested by bacterial culture. It was interesting to note that when these samples were re-cultured, there
was growth of Brucella colonies, which were initially negative on culture. This demonstrated that
Brucella cases may be “missed” with traditional diagnostic techniques. It also confirms that brucellosis
is under-reported in the country, since bacterial culture isolation is the “gold standard” of identification.
The initial negative results obtained from culture could be as a result of the use of selective media.
Farrell’s selective media is used mostly for the isolation of the smooth Brucella, and this media inhibits
the growth of B. ovis as well as some B. melitensis and B. abortus strains [39]. It may be postulated
that these tissue samples could be infected with any of these three Brucella species and supports the
assertion that the developed ITS assay can detect any species of Brucella.

We compared the diagnostic sensitivity and specificity of the ITS and BCSP31 qPCR assays in
aborted tissue samples. The two assays were performed on the same PCR platform to provide a direct
comparison between the two assays, but the PCR platform used differed from the platform published
for the BCSP31 assay. To the best of our knowledge, there is no publication on the validation of an ITS
gPCR assay to detect Brucella spp. in aborted tissue samples. Out of the 56 samples tested, 9 were
positive with all three tests, 37 were negative with all tests, 7 were negative with both bacterial culture
and the BCSP31 assay but positive on the ITS assay: this could be a result of small amounts of target
DNA in these samples. One sample was positive with both the ITS and BCSP31 assays but negative on
bacterial culture. This may indicate the presence of dead organisms in this tissue sample. Two samples
were positive with both bacterial culture and the ITS assay but negative with the BCSP31 assay. This
could be explained because of the low number of bacteria in this sample. The Ct values of the ITS-PCR
for these samples were 37.19 and 36.42, which indicated that the ITS assay could detect smaller amounts
of DNA in a sample [22] compared to the BCSP31. It is worth noting that BCSP31 is highly conserved
in all Brucella species and biovars, except for Brucella ovis [40]. It may be that this sample could be
Brucella ovis and supports the assertion that the developed ITS assay can detect any species of Brucella.

The ITS qPCR assay produced lower Cr values than the BCSP31 assay, suggesting that the ITS
assay is more sensitive than the BCSP31 assay. The difference in Ct values observed between these
assays could be a result of the DNA copy number in these gene targets. The BCSP31 gene, which
encodes for a 31-kDa B. abortus antigen, is present as a single copy, whereas the 165-235rDNA ITS
region exists as three copies [21], and it is likely that a gene target with multiple copy numbers is more
sensitive than a single copy gene.

The difference in Ct (ACt) observed between the ITS and BCSP31 assays was between 7.10 in
aborted foetal tissues and 3.24 in abomasal fluid. This result agrees with those of Katter et al. [21],
who found out that the Ct values were three cycles lower for ITS-PCR in tissues than that of blood.
This indicated a higher bacterial load in tissues and the possible use of these assays for diagnosing
the disease.

The diagnostic sensitivity and specificity of the ITS and BSCP31-qPCR was 87%/95% and 92%/89%
respectively, and for culture, it was 47% and 55% respectively, which indicated that PCR is more
sensitive than culture. Our ITS assay showed a greater specificity of 95% than the BCSP31 assay,
with a specificity of 89%. In contrast, Katter et al. [21] recorded the sensitivity and specificity of an
ITS qPCR assay as 66.7% and 99.7% respectively, compared to culture with 77% and 100% for whole
blood and paraffin-embedded tissue. Keid et al. [22] standardised and evaluated an ITS PCR on
whole blood of naturally infected dogs for the detection of Brucella species: dogs were assigned to
infected and non-infected groups based on culture and rapid slide agglutination tests, and a sensitivity
and specificity of 100% was reported. The disparity in diagnostic sensitivity and specificity of PCR
from various studies could be due to the use of different protocols for DNA extraction, amplification,
different target genes and the choice of reference test [22,41].
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Interestingly, the ITS assay performance, when statistically compared to BCSP31 in our study,
does not reflect the theory of “an increased sensitivity corresponding to a multiple rDNA copy number”.
This could be as a result of the prior values used in determining the sensitivity of the ITS assay in the
Bayesian statistical model. The priors were obtained from the prevalence, sensitivity, and specificity
of the results from published literature. There is lack of information available for studies carried
out on the detection of Brucella in aborted foetal tissues using the BCSP31 gene target by qPCR.
Hence, priors for the BCSP31 assay was obtained from Richtzenhain et al. [32], which is a multiplex
conventional PCR. This might have contributed to the difference in sensitivity in our result. According
to Ling et al., non-identifiable latent class models are known to be greatly influenced by the subjective
prior information used [42].

In addition to the BCSP31 assay, an insertion sequence 711 (IS711)-based real-time PCR has
been used to detect Brucella spp. in blood and tissue samples in wild boars [43]. The advantages
of this assay are that IS711 is present in multiple copies in the Brucella genome and represents a
stable genetic element with regard to the number and position in the genomes of various Brucella
species [8,44]. Most species contain at least one copy of the IS element at a unique chromosomal
location [45]. The AMOS-PCR is a locus-specific multiplexing assay to differentiate Brucella species
and is based on IS711 [46].

Loop-mediated isothermal amplification (LAMP) is one of the most widely used isothermal
amplification assays used for the detection of several bacterial pathogens including Brucella sp. in
clinical samples [47-50]. Since LAMP requires multiple primers, it involves rigorous optimisation and
increases the chance of leftover contamination, giving false-positive results in many instances [51].
The LAMP technique is simple because the whole process of amplification and detection is done in a
single step in which the reaction components are subjected to isothermal conditions [52]. This technique
can be used on the field. It also has the advantage of working at constant temperature, results can be
viewed directly without post-amplification protocols [53].

The prevalence of brucellosis in aborted foetal tissues was 33% (19/56). This shows that prevalence
has increased from initial diagnostic reports. Kolo et al. [54] reported a prevalence of 12.5% (25/200)
from screened cattle tissues by conventional ITS-PCR; however, this was conducted on abattoir samples
from apparently healthy animals. In a study carried out in Egypt, a total of 47 aborted foetuses with
related placenta were examined. Brucella spp. DNA was detected in 25.5% (12/47)) of tissue samples
by conventional PCR [55].

About 41.5% of the nation’s herds were tested between 1977 and 1978. A prevalence of 6.6% was
recorded. Northeastern parts of Kwa-Zulu-Natal [56] reported a prevalence of 1.45-15.6%.

Another issue of concern is that because the current bovine brucellosis testing scheme is compulsory
only for high-risk herds and voluntary for all other herds and livestock owners [57], the status of
numerous herds that were not classified as high-risk remains unknown [57]. This leads to the assumption
that the prevalence of the disease in the country is higher than previously reported [58]. There is
minimal information on brucellosis in small ruminants, pigs, and wildlife [10].

The presence of Brucella spp. in livestock is a major risk to public health, because livestock and
animal products are the only source of infections in humans [59].

5. Conclusions

The diagnosis of brucellosis mainly relies on serological and bacteriological techniques. These
methods reach only suitable levels of sensitivity at a late phase of the disease when clinical signs are
already apparent. Therefore, early and correct diagnosis of the disease by our assay aids in the control
of the disease in South Africa. The developed assay is a valuable tool in the early detection of the
Brucella pathogen.

Author Contributions: R.N.: Methodology, Validation, Investigation, Data curation, Writing—Original draft
preparation, Visualisation, Project administration. A.H.: Validation, Writing—Review and Editing, Supervision.
A.J.: Resources. M.Q.: Conceptualisation, Software, Validation, Formal analysis, Resources, Writing—Review



Vet. Sci. 2020, 7,175 150f18

and editing, Supervision, Project administration, Funding acquisition. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Belgian Directorate General for Development Co-operation Framework
Agreement (FA4 DGD/ITM 2017-2021) (Grant No. NRF: CSRP170522231749) awarded to the Department of
Veterinary Tropical Diseases, as well as Red Meat Research and Development, South Africa (Grant No. VET2018,0023).

Acknowledgments: The authors acknowledge funding support from the Belgian Directorate General for
Development Co-operation Framework Agreement (FA4 DGD/ITM 2017-2021) awarded to the Department
of Veterinary Tropical Diseases, as well as Red Meat Research and Development, South Africa.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

Corbel, M.J. Brucellosis: An overview. Emerg. Infect. Dis. 1997, 3, 213-221. [CrossRef] [PubMed]
Alton, G.G.; Forsyth, J.R.L. Brucella. In Medical Microbiology; Baron, S., Ed.; University of Texas Medical
Branch at Galveston: Galveston, TX, USA, 1996; pp. 1-16.

3. Whatmore, A.M. Current understanding of the genetic diversity of Brucella, an expanding genus of zoonotic
pathogens. Infect. Genet. Evol. 2009, 9, 1168-1184. [CrossRef] [PubMed]

4. Foster, G.; Osterman, B.S.; Godfroid, J.; Jacques, I.; Cloeckaert, A. Brucella ceti sp. nov. and Brucella pinnipedialis
sp. nov. for Brucella strains with cetaceans and seals as their preferred hosts. Int. J. Syst. Evol. Microbiol.
2007, 57, 2688-2693. [CrossRef]

5. Scholz, H.C.; Nockler, K.; Gollner, C.; Bahn, P; Vergnaud, G.; Tomaso, H.; Al Dahouk, S.; Kampfer, P;
Cloeckaert, A.; Maquart, M.; et al. Brucella inopinata sp. nov., isolated from a breast implant infection. Int. J.
Syst. Evol. Microbiol. 2010, 60, 801-808. [CrossRef] [PubMed]

6. Scholz, H.C,; Revilla-Fernandez, S.; Dahouk, S.A.; Hammerl, ].A.; Zygmunt, M.S.; Cloeckaert, A.; Koylass, M.;
Whatmore, A.M.; Blom, J.; Vergnaud, G.; et al. Brucella vulpis sp. nov., isolated from mandibular lymph
nodes of red foxes (Vulpes vulpes). Int. |. Syst. Evol. Microbiol. 2016, 66, 2090-2098. [CrossRef] [PubMed]

7. Whatmore, A.M.; Davison, N.; Cloeckaert, A.; Al Dahouk, S.; Zygmunt, M.S.; Brew, S.D.; Perrett, L.L.;
Koylass, M.S.; Vergnaud, G.; Quance, C.; et al. Brucella papionis sp. nov., isolated from baboons (Papio spp.).
Int. J. Syst. Evol. Microbiol. 2014, 64, 4120-4128. [CrossRef] [PubMed]

8. Moreno, E.; Cloeckaert, A.; Moriyon, 1. Brucella evolution and taxonomy. Vet. Microbiol. 2002, 90, 209-227.
[CrossRef]

9. Mancilla, M. Smooth to Rough Dissociation in Brucella: The Missing Link to Virulence. Front. Cell. Infect.
Microbiol. 2016, 5, 98. [CrossRef]

10. Ducrotoy, M.; Bertu, W.J.; Matope, G.; Cadmus, S.; Conde-Alvarez, R.; Gusi, A.M.; Welburn, S.; Ocholi, R.;
Blasco, J.M.; Moriyon, I. Brucellosis in Sub-Saharan Africa: Current challenges for management, diagnosis
and control. Acta Trop. 2017, 165, 179-193. [CrossRef]

11.  Moreno, E. Retrospective and prospective perspectives on zoonotic brucellosis. Front. Microbiol. 2014, 5, 213.
[CrossRef]

12.  Megid, J.; Mathias, L.; Robles, C. Clinical Manifestations of Brucellosis in Domestic Animals and Humans.
Open Vet. Sci. |. 2010, 4, 119-126. [CrossRef]

13. Plant, ] W,; Claxton, P.D.; Jakovljevic, D.; de Saram, W. Brucella abortus infection in the bull. Aust. Vet. J. 1976,
52,17-20. [CrossRef] [PubMed]

14. Samartino, L.E.; Enright, EM. Brucella abortus differs in the multiplication within bovine chorioallantoic
membrane explants from early and late gestation. Comp. Immunol. Microbiol. Infect. Dis. 1996, 19, 55-63.
[CrossRef]

15.  Godfroid, J.; Nielsen, K.; Saegerman, C. Diagnosis of brucellosis in livestock and wildlife. Croat. Med. J. 2010,
51,296-305. [CrossRef]

16. Probert, W.S.; Schrader, K.N.; Khuong, N.Y.; Bystrom, S.L.; Graves, M.H. Real-Time Multiplex PCR Assay for
Detection of Brucella spp., B. abortus, and B. melitensis. ]. Clin. Microbiol. 2004, 42, 1290-1293. [CrossRef]

17.  Navarro, E.; Casao, M.A; Solera, J. Diagnosis of human brucellosis using PCR. Expert Rev. Mol. Diagn. 2004,
4,115-123. [CrossRef]


http://dx.doi.org/10.3201/eid0302.970219
http://www.ncbi.nlm.nih.gov/pubmed/9204307
http://dx.doi.org/10.1016/j.meegid.2009.07.001
http://www.ncbi.nlm.nih.gov/pubmed/19628055
http://dx.doi.org/10.1099/ijs.0.65269-0
http://dx.doi.org/10.1099/ijs.0.011148-0
http://www.ncbi.nlm.nih.gov/pubmed/19661515
http://dx.doi.org/10.1099/ijsem.0.000998
http://www.ncbi.nlm.nih.gov/pubmed/26928956
http://dx.doi.org/10.1099/ijs.0.065482-0
http://www.ncbi.nlm.nih.gov/pubmed/25242540
http://dx.doi.org/10.1016/S0378-1135(02)00210-9
http://dx.doi.org/10.3389/fcimb.2015.00098
http://dx.doi.org/10.1016/j.actatropica.2015.10.023
http://dx.doi.org/10.3389/fmicb.2014.00213
http://dx.doi.org/10.2174/1874318801004010119
http://dx.doi.org/10.1111/j.1751-0813.1976.tb05363.x
http://www.ncbi.nlm.nih.gov/pubmed/817703
http://dx.doi.org/10.1016/0147-9571(95)00018-6
http://dx.doi.org/10.3325/cmj.2010.51.296
http://dx.doi.org/10.1128/JCM.42.3.1290-1293.2004
http://dx.doi.org/10.1586/14737159.4.1.115

Vet. Sci. 2020, 7,175 16 of 18

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Romero, C.; Gamazo, C.; Pardo, M.; Lopez-Goni, I. Specific detection of Brucella DNA by PCR.]. Clin. Microbiol.
1995, 33, 615-617. [CrossRef]

Vizcaino, N.; Cloeckaert, A.; Verger, ].-M.; Grayon, M.; Fernandez-Lago, L. DNA polymorphism in the genus
Brucella. Microbes Infect. 2000, 2, 1089-1100. [CrossRef]

Hini¢, V,; Brodard, I; Thomann, A.; Cvetni¢, Z.; Makaya, P.V,; Frey, J.; Abril, C. Novel identification and
differentiation of Brucella melitensis, B. abortus, B. suis, B. ovis, B. canis, and B. neotomae suitable for both
conventional and real-time PCR systems. J. Microbiol. Methods 2008, 75, 375-378. [CrossRef] [PubMed]
Kattar, M.M.; Zalloua, PA.; Araj, G.F; Samaha-Kfoury, J.; Shbaklo, H.; Kanj, S.S.; Khalife, S.; Deeb, M.
Development and evaluation of real-time polymerase chain reaction assays on whole blood and
paraffin-embedded tissues for rapid diagnosis of human brucellosis. Diagn. Microbiol. Infect. Dis. 2007, 59,
23-32. [CrossRef]

Keid, L.B.; Soares, R.M.; Vieira, N.R.; Megid, J.; Salgado, V.R.; Vasconcellos, S.A.; da Costa, M.; Gregori, F.;
Richtzenhain, L.J. Diagnosis of canine brucellosis: Comparison between serological and microbiological tests
and a PCR based on primers to 165-23S rDNA interspacer. Vet. Res. Commun. 2007, 31, 951-965. [CrossRef]
Bricker, B.J. Characterization of the three ribosomal RNA operons rrnA, rrnB, and rrnC, from Brucella melitensis.
Gene 2000, 255, 117-126. [CrossRef]

National Center for Biotechnology Information. 2020. Available online: https://www.ncbi.nlm.nih.gov/
(accessed on 25 July 2020).

Altschul, S.F; Gish, W.; Miller, W.; Myers, EW,; Lipman, D.]J. Basic local alignment search tool. ]. Mol. Biol.
1990, 215, 403-410. [CrossRef]

Katoh, K.; Misawa, K.; Kuma, K.; Miyata, T. MAFFT: A novel method for rapid multiple sequence alignment
based on fast Fourier transform. Nucleic Acids Res. 2002, 30, 3059-3066. [CrossRef]

Xia, X.; Xie, Z.H. DAMBE: Software Package for Data Analysis in Molecular Biology and Evolution. J. Hered.
2001, 92, 371-373. [CrossRef]

Alzohairy, A. BioEdit: An important software for molecular biology. GERF Bull. Biosci. 2011, 2, 60-61.

OIE. Principles and methods of validation of diagnostic assays for infectious diseases. In Manual of Diagnostic
Tests for Aquatic Animals; OIE: Paris, French, 2019. Available online: https://www.oie.int/fileadmin/Home/eng/
Health_standards/aahm/current/chapitre_validation_diagnostics_assays.pdf (accessed on 30 January 2020).
Gupta, V.K.; Shivasharanappa, N.; Kumar, V.; Kumar, A. Diagnostic evaluation of serological assays and
different gene based PCR for detection of Brucella melitensis in goat. Small Rumin. Res. 2014, 117, 94-102.
[CrossRef]

Branscum, A.J.; Gardner, .A.; Johnson, W.O. Estimation of diagnostic-test sensitivity and specificity through
Bayesian modeling. Prev. Vet. Med. 2005, 68, 145-163. [CrossRef]

Richtzenhain, L.J.; Cortez, A.; Heinemann, M.B.; Soares, R.M.; Sakamoto, S.M.; Vasconcellos, S.A.; Higa, Z.M.;
Scarcelli, E.; Genovez, M.E. A multiplex PCR for the detection of Brucella spp. and Leptospira spp. DNA from
aborted bovine fetuses. Vet. Microbiol. 2002, 87, 139-147. [CrossRef]

Giiler, L.; Kadri, G.; Umran, O. Comparison of polymerase chain reaction and bacteriological culture for the
diagnosis of sheep brucellosis using aborted fetus samples. Vet. Microbiol. 2003, 93, 53—61. [CrossRef]
Gelfand, A.E.; Smith, A.F. Sampling-based approaches to calculating marginal densities. J. Am. Stat. Assoc.
1990, 85, 398—409. [CrossRef]

Lunn, D.; Spiegelhalter, D.; Thomas, A.; Best, N. The BUGS project: Evolution, critique and future directions.
Stat. Med. 2009, 28, 3049-3067. [CrossRef]

Delpino, M.V.; Fossati, C.A.; Baldi, P.C. Proinflammatory response of human osteoblastic cell lines and
osteoblast-monocyte interaction upon infection with Brucella spp. Infect. Immun. 2009, 77,984-995. [CrossRef]
Romero, C.; Lopez-Gorii, I. Improved method for purification of bacterial DNA from bovine milk for detection
of Brucella spp. by PCR. Appl. Environ. Microbiol. 1999, 65, 3735. [CrossRef]

Robinson, A. Guidelines for Coordinated Human and Animal Brucellosis Surveillance; Animal Production and
Health Division FAO Agriculture Department: Rome, Italy, 2003; Available online: http://www.fao.org/3/a-
y4723e.pdf (accessed on 2 February 2020).

De Miguel, M.].; Marin, C.M.; Mufioz, PM.; Dieste, L.; Grill, M.].; Blasco, ].M. Development of a selective
culture medium for primary isolation of the main Brucella species. J. Clin. Microbiol. 2011, 49, 1458-1463.
[CrossRef]


http://dx.doi.org/10.1128/JCM.33.3.615-617.1995
http://dx.doi.org/10.1016/S1286-4579(00)01263-6
http://dx.doi.org/10.1016/j.mimet.2008.07.002
http://www.ncbi.nlm.nih.gov/pubmed/18675856
http://dx.doi.org/10.1016/j.diagmicrobio.2007.04.002
http://dx.doi.org/10.1007/s11259-006-0109-6
http://dx.doi.org/10.1016/S0378-1119(00)00273-0
https://www.ncbi.nlm.nih.gov/
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1093/nar/gkf436
http://dx.doi.org/10.1093/jhered/92.4.371
https://www.oie.int/fileadmin/Home/eng/Health_standards/aahm/current/chapitre_validation_diagnostics_assays.pdf
https://www.oie.int/fileadmin/Home/eng/Health_standards/aahm/current/chapitre_validation_diagnostics_assays.pdf
http://dx.doi.org/10.1016/j.smallrumres.2013.11.022
http://dx.doi.org/10.1016/j.prevetmed.2004.12.005
http://dx.doi.org/10.1016/S0378-1135(02)00049-4
http://dx.doi.org/10.1016/S0378-1135(02)00442-X
http://dx.doi.org/10.1080/01621459.1990.10476213
http://dx.doi.org/10.1002/sim.3680
http://dx.doi.org/10.1128/IAI.01259-08
http://dx.doi.org/10.1128/AEM.65.8.3735-3737.1999
http://www.fao.org/3/a-y4723e.pdf
http://www.fao.org/3/a-y4723e.pdf
http://dx.doi.org/10.1128/JCM.02301-10

Vet. Sci. 2020, 7,175 17 of 18

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Bricker, B.J.; Tabatabai, L.B.; Deyoe, B.L.; Mayfield, J.E. Conservation of antigenicity in a 31-kDa Brucella
protein. Vet. Microbiol. 1988, 18, 313-325. [CrossRef]

Newby, D.; Hadfield, T.; Roberto, F. Real-Time PCR Detection of Brucella abortus: A Comparative Study
of SYBR Green I, 5’-Exonuclease, and Hybridization Probe Assays. Appl. Environ. Microbiol. 2003, 69,
4753-4759. [CrossRef]

Ling, D.L; Pai, M.; Schiller, I.; Dendukuri, N. A Bayesian framework for estimating the incremental value of a
diagnostic test in the absence of a gold standard. BMC Med Res. Methodol. 2014, 14, 67. [CrossRef]

Hinic, V.; Brodard, I.; Thomann, A.; Holub, M.; Miserez, R.; Abril, C. IS711-based real-time PCR assay as a
tool for detection of Brucella spp. in wild boars and comparison with bacterial isolation and serology. BMC
Vet. Res. 2009, 5, 22. [CrossRef]

Vemulapalli, R.; McQuiston, J.R.; Schurig, G.G.; Sriranganathan, N.; Halling, S.M.; Boyle, S.M. Identification
of an IS711 Element Interrupting the wboA Gene of Brucella abortus Vaccine Strain RB51 and a PCR Assay To
Distinguish Strain RB51 from Other Brucella Species and Strains. Clin. Diagn. Lab. Immunol. 1999, 6, 760-764.
[CrossRef]

Bricker, B.J.; Halling, S.M. Differentiation of Brucella abortus bv. 1, 2, and 4, Brucella melitensis, Brucella ovis,
and Brucella suis bv. 1 by PCR. J. Clin. Microbiol. 1994, 32, 2660-2666. [CrossRef] [PubMed]

Bricker, B.J. PCR as a diagnostic tool for brucellosis. Vet. Microbiol. 2002, 90, 435-446. [CrossRef]

Karthik, K.; Rathore, R.; Thomas, P.; Viswas, K.N.; Agarwal, R.K,; Rekha, V.; Jagapur, R.V.; Dhama, K. Rapid
and visual loop mediated isothermal amplification (LAMP) test for the detection of Brucella spp. and its
applicability in epidemiology of bovine brucellosis. Vet. Arh. 2016, 86, 35-47.

Prusty, B.R.; Chaudhuri, P; Chaturvedi, V.; Saini, M.; Mishra, B.; Gupta, P.K. Visual detection of Brucella spp.
in spiked bovine semen using loop-mediated isothermal amplification (LAMP) assay. Indian . Microbiol.
2016, 56, 142-147. [CrossRef]

Song, L.; Li, J.; Hou, S.; Li, X.; Chen, S. Establishment of loop-mediated isothermal amplification (LAMP) for
rapid detection of Brucella spp. and application to milk and blood samples. J. Microbiol. Methods 2012, 90,
292-297. [CrossRef]

Ohtsuki, R.; Kawamoto, K.; Kato, Y.; Shah, M.M.; Ezaki, T.; Makino, S.I. Rapid detection of Brucella spp. by
the loop-mediated isothermal amplification method. J. Appl. Microbiol. 2008, 104, 1815-1823. [CrossRef]
Kaewphinit, T.; Arunrut, N.; Kiatpathomchai, W.; Santiwatanakul, S.; Jaratsing, P.; Chansiri, K. Detection of
Mycobacterium tuberculosis by using loop-mediated isothermal amplification combined with a lateral flow
dipstick in clinical samples. Biomed. Res. Int. 2013, 2013, 926230. [CrossRef]

Nagamine, K.; Hase, T.; Notomi, T. Accelerated reaction by loop-mediated isothermal amplification using
loop primers. Mol. Cell. Probes 2002, 16, 223-229. [CrossRef]

Karthik, K.; Rathore, R.; Thomas, P.; Remesh, A.; Nagaleekar, V.; Agarwal, R.; Manjunathachar, H.V,;
Dhama, K. Loop-mediated isothermal amplification (LAMP) test for specific and rapid detection of Brucella
abortus in cattle. Vet. Q. 2014, 34, 174-179. [CrossRef] [PubMed]

Kolo, F.B.; Adesiyun, A.A.; Fasina, F.O.; Katsande, C.T.; Dogonyaro, B.B.; Potts, A.; Matle, I.; Gelaw, A.K;
van Heerden, H. Seroprevalence and characterization of Brucella species in cattle slaughtered at Gauteng
abattoirs, South Africa. Vet. Med. Sci. 2019, 5, 545-555. [CrossRef]

Hussein, A.; Mohamed, R.H.; Abdel-Ra’ouf, M.; Abu-Elnag, E.; Mohamed, S.; Hussein, E.; Wehrend, A.
Diagnosis of Brucellosis in recently aborted ewes using serological tests and polymerase chain reaction.
J. Appl. Sci. 2019, 19, 77-81. [CrossRef]

Hesterberg, U.W.; Bagnall, R.; Perrett, K.; Bosch, B.; Horner, R.; Gummow, B. A serological prevalence survey
of Brucella abortus in cattle of rural communities in the province of KwaZulu-natal, South Africa. J. S. Afr.
Vet. Assoc. 2008, 79, 15-18. [CrossRef]

Department of Agiculture and Forestry & Fisheries. Discussion Paper on the Review of Bovine Brucellosis
Control in South Africa. 2017. Available online: https://www.daff.gov.za/vetweb/pamphlets&Information/
Policy/Discussion%20paper%200n%?20the%20review %200f%20bovine%20brucellosis%20control_Final%
2005052017.pdf (accessed on 30 January 2020).


http://dx.doi.org/10.1016/0378-1135(88)90096-X
http://dx.doi.org/10.1128/AEM.69.8.4753-4759.2003
http://dx.doi.org/10.1186/1471-2288-14-67
http://dx.doi.org/10.1186/1746-6148-5-22
http://dx.doi.org/10.1128/CDLI.6.5.760-764.1999
http://dx.doi.org/10.1128/JCM.32.11.2660-2666.1994
http://www.ncbi.nlm.nih.gov/pubmed/7852552
http://dx.doi.org/10.1016/S0378-1135(02)00228-6
http://dx.doi.org/10.1007/s12088-015-0563-3
http://dx.doi.org/10.1016/j.mimet.2012.05.024
http://dx.doi.org/10.1111/j.1365-2672.2008.03732.x
http://dx.doi.org/10.1155/2013/926230
http://dx.doi.org/10.1006/mcpr.2002.0415
http://dx.doi.org/10.1080/01652176.2014.966172
http://www.ncbi.nlm.nih.gov/pubmed/25220872
http://dx.doi.org/10.1002/vms3.190
http://dx.doi.org/10.3923/jas.2019.77.81
http://dx.doi.org/10.4102/jsava.v79i1.234
https://www.daff.gov.za/vetweb/pamphlets&Information/Policy/Discussion%20paper%20on%20the%20review%20of%20bovine%20brucellosis%20control_Final%2005052017.pdf
https://www.daff.gov.za/vetweb/pamphlets&Information/Policy/Discussion%20paper%20on%20the%20review%20of%20bovine%20brucellosis%20control_Final%2005052017.pdf
https://www.daff.gov.za/vetweb/pamphlets&Information/Policy/Discussion%20paper%20on%20the%20review%20of%20bovine%20brucellosis%20control_Final%2005052017.pdf

Vet. Sci. 2020, 7,175 18 of 18

58. Western Cape Government. Bovine Brucellosis: What is Going On? 2016. Available online: http://www.
elsenburg.com/vetepi/epireport_pdf/2016Bundle.pdf (accessed on 30 January 2020).

59. Marcotty, T.; Matthys, F.; Godfroid, J.; Rigouts, L.; Ameni, G.; Gey van Pittius, N.; Kazwala, R.; Muma, J;
van Helden, P.; Walravens, K,; et al. Zoonotic tuberculosis and brucellosis in Africa: Neglected zoonoses or
minor public-health issues? The outcomes of a multi-disciplinary workshop. Ann. Trop. Med. Parasitol. 2009,
103, 401-411. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://www.elsenburg.com/vetepi/epireport_pdf/2016Bundle.pdf
http://www.elsenburg.com/vetepi/epireport_pdf/2016Bundle.pdf
http://dx.doi.org/10.1179/136485909X451771
http://www.ncbi.nlm.nih.gov/pubmed/19583911
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Assay Design 
	Control Samples 
	Nucleic Acid Purification 
	Real-Time PCR 
	Assay Optimisation 
	Analytical Validation 
	Efficiency 
	Analytical Sensitivity 
	Analytical Specificity 
	Repeatability 

	Diagnostic Performance on Field Samples 
	Sample Preparation 
	Real-Time PCR 
	Diagnostic Sensitivity and Specificity Statistical Analysis 

	Ethics Statement 

	Results 
	Assay Design 
	Assay Optimisation 
	Analytical Validation 
	Efficiency 
	Analytical Sensitivity 
	Analytical Specificity 
	Repeatability 

	Diagnostic Performance on Field Samples 

	Discussion 
	Conclusions 
	References

