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ABSTRACT

Background: Brucellosis is a zoonotic disease caused by Brucella spp., affecting various animals and humans, leading
to significant economic and public health impacts. Traditional diagnostic methods, mainly serological, often fail to detect
seronegative carriers, which continue to spread the infection.

Objective: This review aims to highlight advancements in molecular diagnostics that address these limitations.

Methods: A systematic search of PubMed, Web of Science and Scopus was conducted, focusing on studies using seronegative, PCR,
gPCR and biosensor-based techniques. Data extraction and meta-analyses were performed, evaluating pooled detection rates and
heterogeneity.

Results: Through analysis of existing studies, we review key molecular techniques, including PCR, LAMP and biosensor-based
assays, which offer high sensitivity and specificity by detecting bacterial DNA directly, thus overcoming the challenges of antibody-
based tests. Meta-analysis of detection rates across different studies showed significant variability, with rates ranging from 0.96% to
100%, highlighting differences in sample types, animal species and regions. The pooled detection proportion from random-effects
models was 35.08%, indicating that many seronegative animals still carry Brucella spp. A forest plot analysis further confirmed
heterogeneity in detection, underlining the importance of using molecular diagnostics alongside serological tests to identify hidden
carriers.

Conclusion: Innovations like nanoparticle-enhanced biosensors and CRISPR-Cas systems show promise for rapid, on-site
diagnostics. The findings suggest that integrating molecular methods with traditional serology can improve surveillance and
disease management. Future research should focus on developing portable, field-ready diagnostic devices and standardised
protocols, along with exploring novel biomarkers to detect latent infections. A collaborative One Health approach, involving
veterinary, public health and environmental sectors, is essential for comprehensive disease control and eradication efforts.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
© 2025 The Author(s). Veterinary Medicine and Science published by John Wiley & Sons Ltd.

Veterinary Medicine and Science, 2025; 11:¢70200 10f18
https://doi.org/10.1002/vms3.70200


https://doi.org/10.1002/vms3.70200
https://orcid.org/0000-0003-4198-9452
https://orcid.org/0000-0001-8297-3276
mailto:sadequl@tch.hstu.ac.bd
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/vms3.70200

1 | Introduction

Brucellosis is a significant zoonotic disease caused by bacteria
of the genus Brucella, which includes 10 distinct species known
for their host specificity. These species primarily infect domestic
animals such as Brucella melitensis (goats), Brucella abortus
(cattle), Brucella suis (swine) and Brucella ovis (sheep). Other
species affect specific animals, including Brucella canis (dogs),
Brucella neotomae (desert mice), Brucella cetacea (cetaceans),
Brucella pinnipedia (seals), Brucella microti (voles) and Brucella
inopinata (unknown host) (O’Callaghan and Whatmore 2011;
Montagnaro et al. 2020). Humans contract the disease through
direct contact with infected animals or their tissues, particularly
reproductive organs, or by consuming contaminated animal
products such as unpasteurized milk and cheese (Islam et al.
2023). With an estimated 500,000 new cases of human brucellosis
reported annually worldwide (Zange and Scholz 2023), it is
one of the most common zoonotic diseases, causing a range of
symptoms, including fever, joint pain, fatigue, and more serious
complications like arthritis and endocarditis (Islam et al. 2019;
Pereira et al. 2020).

The primary transmission route to humans is occupational
exposure, placing those who work closely with livestock-such
as veterinarians, farmers, and slaughterhouse workers-at height-
ened risk. In many parts of the world, particularly in regions
where livestock management practices and public health infras-
tructure are limited, brucellosis remains a serious public health
issue (Islam et al. 2023). In livestock, brucellosis has significant
economic impacts due to its effect on reproduction. The infection
causes abortions, infertility, and reduced milk production (El-
Diasty et al. 2018). The disease is endemic in parts of Africa,
the Middle East, Central Asia and Latin America, where animal
brucellosis is an ongoing problem for both agriculture and public
health (Rossetti, Arenas-Gamboa, and Maurizio 2017).

Brucellosis in animals often leads to chronic infections, which
are either asymptomatic or subclinical, especially in wildlife
and livestock. However, when clinical signs are present, they
predominantly involve reproductive losses, which lead to reduced
herd sizes and decreased agricultural productivity. In addition,
brucellosis can hinder the international trade of livestock and
dairy products due to stringent disease control measures required
by importing countries (Godfroid 2017). The control of brucellosis
depends largely on early detection and vaccination. However,
there is no effective vaccine for human use, and animal vacci-
nation programmes, where they exist are often inconsistent or
inadequately implemented (Huang et al. 2024).

The diagnosis of brucellosis in animals traditionally relies on
serological techniques, including the Rose Bengal Plate Test
(RBPT), complement fixation tests (CFTs) and enzyme-linked
immunosorbent assays (ELISA) (Legesse et al. 2023). These
methods detect antibodies produced in response to Brucella
infection and have been widely used in surveillance and control
programmes. However, these tests have significant limitations,
particularly in detecting chronic infections, as antibody levels
decline over time. During the chronic phase, antibody titres may
drop to levels too low to be detected by serological methods
(Islam et al. 2018). Moreover, Brucella bacteria can evade the host

immune system by residing inside host cells, further complicating
diagnosis as infected animals may not produce sufficient anti-
bodies to trigger positive results in serological tests (Milgroom
2023).

This limitation in serological testing becomes particularly prob-
lematic when dealing with seronegative carriers—animals that
do not exhibit detectable antibody levels yet are still infected with
Brucella. These animals can continue to harbour the bacteria and
spread the infection to other animals or humans, posing a serious
challenge to control programmes (Freire et al. 2024). The presence
of such seronegative carriers in livestock herds allows the disease
to persist within populations, perpetuating the cycle of infection.

A study conducted in the Sistan-Baluchistan province of Iran
illustrates the challenges posed by seronegative carriers. The
study aimed to detect Brucella in blood and lymph node sam-
ples collected from slaughtered male camels. While traditional
serological methods like RBPT and the serum agglutination test
(SAT) were used, a significant portion of infected animals were
not detected. Out of 2854 camel blood samples, only a small
percentage tested positive with serological methods. However,
PCR testing on lymph node samples from seronegative animals
revealed that 6.6% of these animals were infected with Bru-
cella (Dadar and Alamian 2020). This finding highlights the
inadequacy of relying solely on serological tests for brucellosis
diagnosis, particularly when dealing with seronegative carriers.
A similar issue has been observed in bovine brucellosis. Some
studies indicate that seronegative animals can still be infected
with Brucella spp., as PCR analysis has detected Brucella DNA in
animals that tested negative on serological tests. These seronega-
tive animals may be in the early stages of infection or may have a
low bacterial load, which makes them undetectable by traditional
serological methods (Batrinou et al. 2022). This reinforces the
need for molecular diagnostic methods, such as polymerase
chain reaction (PCR), to complement serological testing in
identifying infected animals and preventing further spread of the
disease.

Molecular diagnostic methods, particularly PCR, have become
increasingly important in the detection of Brucella spp. PCR
is a highly sensitive technique that can detect bacterial DNA
in various animal samples, including blood, milk and tissues
(Legesse et al. 2023). Unlike serological tests, PCR does not
depend on the host’s immune response but directly identifies
Brucella DNA, making it a valuable tool for detecting infections
in seronegative animals. PCR assays targeting the IS7II gene,
which is unique to the Brucella genus, have proven particularly
effective in identifying infections where serological tests fail
(Ntivuguruzwa et al. 2022). One study involving wild boars
demonstrated that IS711-based PCR could detect Brucella DNA
in animals where bacterial isolation methods had failed and
serological tests yielded negative results (Hini¢ et al. 2009).
One major advantage of molecular methods like PCR is their
versatility in detecting Brucella in various sample types, such
as blood, milk, tissues and semen, making them indispensable
for use in endemic regions. Given the limitations of serological
tests, integrating molecular diagnostics into routine surveillance
protocols is crucial for improving detection rates, particularly in
regions where brucellosis remains endemic (Loubet et al. 2024).
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Recent advancements in brucellosis diagnosis have focused
on more sensitive and rapid diagnostic technologies. Magnetic
nanoparticle (MNP)-based DNA biosensors are one such promis-
ing tool. These biosensors, when combined with frequency mix-
ing magnetic detection (FMMD), enable the selective detection
of Brucella DNA by hybridising with target DNA sequences. This
method allows for the rapid detection of low levels of bacterial
DNA, with a detection time of approximately 10 min, even in
field settings. Such technologies show promise for point-of-care
(POC) diagnostics (Abuawad et al. 2023). Another innovative
approach involves immuno-surface plasmon resonance (SPR)
biosensors, which provide a portable, low-cost detection method
with a detection limit as low as 2.8 bacteria/mL, without the
need for DNA amplification or complex laboratory equipment
(Pasquardini, Cennamo et al. 2023a).

This review addresses the critical gap in brucellosis diagnostics
by emphasising the need for molecular detection of Brucella
spp. in seronegative animals. Traditional serological methods,
although widely used, often miss infections in animals without
detectable antibodies, leading to underreporting and continued
transmission. By reviewing various studies and pooling data
through meta-analysis, this review provides compelling evidence
in favour of molecular techniques, particularly PCR-based meth-
ods, to detect Brucella in seronegative animals. This shift is
especially crucial in regions where the disease is endemic, and
the reliance on serological methods alone has contributed to
the persistence of the disease. The findings of this review also
underline the broader economic and public health benefits of
integrating molecular diagnostics into regular surveillance and
disease control programmes.

2 | Materials and Methods

This review aimed to assess advancements in molecular detection
methods for Brucella spp. in animals and biological samples,
with a focus on seronegative animals. A systematic approach was
applied, focusing on studies from diverse regions and covering
various molecular techniques such as PCR, quantitative PCR
(qPCR), loop-mediated isothermal amplification (LAMP), and
biosensor-based assays. A comprehensive literature search was
performed using scientific databases such as PubMed, Web of
Science and Scopus, with the search completed in August 2024.
Keywords such as ‘Brucella detection’, ‘seronegative animals’,
‘molecular diagnostics’ and ‘PCR’ were utilised. Studies included
in the review were limited to those focusing on seronegative
animal cases, where molecular diagnostics were employed to
detect Brucella spp. Only articles in English were included.
Data extraction was carried out by two independent reviewers,
who identified key characteristics from each study, including
the sample type (blood, milk, tissues, etc.), detection method,
geographical region, and the reported detection rate of Brucella in
seronegative animals. Any discrepancies in data extraction were
resolved through consensus or by consulting a third reviewer.

Meta-analyses were performed to assess pooled detection rates
across different sample types and regions using random-effects
models, accounting for variability across studies. Forest plots
were generated to visualise the heterogeneity in detection rates.

Heterogeneity was assessed using I? statistics, and publication
bias was evaluated with Egger’s and Begg’s tests.

The review analysed various molecular techniques, with PCR,
LAMP and qPCR being the most frequently used. Studies
using advanced biosensor-based detection methods, such as
nanoparticle-enhanced assays and CRISPR-Cas systems, were
also included. Each diagnostic technique was evaluated based
on sensitivity, specificity and ability to detect Brucella spp. in
seronegative animals. The statistical analyses were performed
using MedCalc statistical software version 23.0.5 to ensure the
accuracy of the information presented. Pooled detection propor-
tions were calculated, and 95% confidence intervals (CIs) were
reported for each study. Since this is a review study based on
previously published data, ethical approval was not required. All
data used were from publicly available studies.

3 | Tradition Brucella Detection Methods

Serological methods for detecting Brucella spp. in animals
and animal products include a variety of tests, each with its
own advantages and limitations. Some of the common tests
used for Brucella detection are the standard tube agglutination
test (STAT), RBPT, 2-mercaptoethanol test (MET), rivanol test,
milk ring test (MRT), CFT, radioimmunoassay (RIA), indirect
ELISA (iELISA), competitive enzyme immunoassay (CELISA)
and fluorescence polarisation assay (FPA). While these tests are
widely used, not all of them are ideal for every scenario, and
they come with various challenges. STAT is a commonly used
serological test to detect antibodies in animals, but it suffers from
several drawbacks. The test often produces cross-reactivity with
antibodies from other bacteria, such as Yersinia enterocolitica or
Escherichia coli, leading to false-positive results (Islam et al. 2018).
In addition, it is not very sensitive during the early stages of
infection or in chronic cases, which can result in false negatives.
STAT is also unable to distinguish between antibodies generated
by natural infection and those produced due to vaccination. RBPT
is a rapid screening test used to detect Brucella antibodies. While
it is easy to use and cost-effective, its main limitation is its
relatively low specificity. The test can cross-react with antibodies
produced by infections with other bacteria, such as Francisella
tularensis and Salmonella spp., resulting in false positives. In
addition, the RBPT can yield false negatives, particularly in
animals with low antibody titres or in the early stages of infection
(Legesse et al. 2023).The MET is used to differentiate between
IgM and IgG antibodies, with the former indicating recent
infection. While this test can help identify active infections, it
is complex to perform and interpret. False positives can occur
due to non-specific antibody binding, and false negatives can
happen in chronically infected animals where IgM levels have
declined. Like other agglutination-based tests, the MET cannot
distinguish between infection-induced antibodies and vaccine-
induced ones (Freire et al. 2024).The rivanol test is designed to
reduce non-specific reactions by precipitating out non-Brucella-
specific antibodies. While this increases specificity, the test is
labour-intensive and time-consuming, making it less practical
for large-scale testing. In addition, rivanol can affect antibody-
antigen reactions, leading to occasional false negatives. Like
many other serological tests, it also cannot differentiate between
antibodies from infection and vaccination (Delano, Mischler,
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and Underwood 2002).The MRT is a screening test for detecting
Brucella antibodies in milk. While it is useful for monitoring dairy
herds, the test is less reliable in individual animals, particularly
when milk composition or fat content varies significantly. False
positives can occur due to non-specific binding in high-fat milk
or poor sample handling, and false negatives can arise in animals
with low antibody titres (Islam et al. 2023). In addition, MRT
is not suitable for detecting Brucella in milk products such
as cheese or yoghurt. CFT is highly specific and often used
as a confirmatory test. However, it requires a well-maintained
laboratory setup and is technically demanding. In addition, CFT
is prone to interference from factors like poor sample quality
and the presence of complement-inhibiting substances, which
can lead to false negatives. Like other serological tests, CFT also
struggles with distinguishing between antibodies from natural
infection and those from vaccination (Legesse et al. 2023). RIA
is a sensitive test that uses radioactively labelled antigens to
detect antibodies against Brucella. Despite its high sensitivity, the
use of radioactive materials makes it expensive and difficult to
implement, especially in resource-limited settings. The handling
and disposal of radioactive waste require specialised facilities and
trained personnel, limiting its practical application. Furthermore,
the test’s high sensitivity may result in false positives, espe-
cially when cross-reacting antibodies are present (World Health
Organization [WHO] 2006). iELISA is widely used for detecting
Brucella antibodies due to its high sensitivity and ability to process
large numbers of samples simultaneously. However, iELISA can
also suffer from cross-reactivity with other bacteria, leading to
false positives. While it is more sensitive than agglutination
tests, it may still produce false negatives in animals with low
antibody levels or in early infection. The iELISA is also unable to
differentiate between vaccinated and naturally infected animals
(Godfroidet al. 2013). cELISA is a modification of iELISA that
improves specificity by reducing cross-reactivity. It is particularly
useful in distinguishing between antibodies from vaccinated and
naturally infected animals. Despite these advantages, cELISA
is technically more complex and requires specialised reagents,
which can be costly and difficult to obtain in certain regions. In
addition, it can still yield false negatives in cases of low antibody
titres or chronic infection (WHO 2006). FPA is a sensitive and
specific test that measures the rotation of fluorescent-labelled
antigens in the presence of antibodies (Montagnaro et al. 2008).
While FPA has high specificity and is less prone to cross-reactivity
than some other tests, it requires specialised equipment and
technical expertise, limiting its availability in certain regions.
Like other serological tests, FPA cannot distinguish between
antibodies from infection and vaccination, which can complicate
the interpretation of the results (Suo et al. 2021). Serological
methods for Brucella detection have several limitations. They
detect antibodies but cannot distinguish between active and past
infections, leading to potential misinterpretation, especially in
animals that have cleared the infection but still test positive.
This can result in unnecessary culling or control measures,
even though the animals are no longer infectious. In addition,
immunosuppression in animals due to factors like stress, mal-
nutrition or disease can weaken the immune response, causing
false-negative results in serological tests. This is a significant
concern in livestock under intensive farming conditions, where
overcrowding and poor nutrition compromise immune function.
Moreover, serological methods are not suitable for detecting
Brucella in animal products like milk, cheese or meat. Tests

such as the MRT can identify antibodies in milk; however, they
are less dependable than blood tests and may be influenced by
factors such as the fat content in milk or incorrect handling.
As a result, they are not adequate for detecting contamination
in animal products(WHO 2006). The sensitivity and specificity
of serological tests for Brucella detection can vary significantly
between animal species. For example, the Rose Bengal test (RBT)
is highly sensitive in cattle but less reliable in small ruminants
like sheep and goats. Similarly, the CFT, commonly used in
cattle, may have lower specificity in wildlife and certain small
ruminants. The SAT, while effective in cattle, can produce false
positives due to cross-reactivity with other bacteria, particularly
in goats and sheep. ELISA typically shows high sensitivity
and specificity in cattle but may have reduced accuracy in
wildlife and non-domestic species. This variability necessitates
species-specific considerations for diagnosing brucellosis, as tests
designed for one species may yield inconsistent results in others.
In wildlife, which can serve as reservoirs for Brucella, developing
specific serological tests is challenging due to species diversity
and difficulty in obtaining large sample sizes for validation.
In addition, the antibody response to Brucella infection can
vary depending on the animal species, the Brucella strain, and
the disease stage. For instance, cattle infected with B. abortus
may develop a strong immune response, while goats infected
with B. melitensis may show more variable antibody levels.
Furthermore, serological tests may be more suited to detecting
certain antibodies (e.g., IgM in acute infections or IgG in chronic
cases), leading to inconsistent results based on the infection stage
(WHO 2006).

4 | Key Findings

4.1 | Variability and Heterogeneity in Brucella
Detection Rates: A Meta-Analysis of Seronegative
Animal

Table 1 highlights significant variability in the detection rates of
Brucella spp. from seronegative animals across different animal
species, sample types and geographical regions using methods
like PCR, qPCR and biochemical tests. High detection rates were
observed in certain species, such as camels in Sudan (100% in
blood samples), pigs in Kenya (100% in blood samples) and dogs
in Brazil (100% in blood samples), indicating a high positivity for
Brucella in these animals. In contrast, cow milk samples generally
showed lower detection rates, with the highest detection rate
in Tajikistan (8.3%) and the lowest in Iran (2.09%). Species-
specific differences were also noted, with rams (semen, 66.66%),
bulls (semen, 68%), and cows (liver, spleen and lymph nodes,
76.6%) exhibiting relatively high detection rates, especially in
reproductive organs and tissues. The sample type significantly
impacted detection rates, as uterine discharge in goats (40%)
and cows (27.27%) yielded higher positivity compared to vaginal
exudates and milk, which had much lower rates (0.18% in goats,
0.96% in cows).

The forest plot (Figure 1) illustrates the detection rates of Bru-
cella spp. across various studies, animal species and detection
methods. The individual study proportions vary widely, ranging
from as low as approximately 0.02 (Herrera et al. 2011) to 1.0
(Gwida et al. 2011; Schiavo et al. 2024; Akoko et al. 2020),
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TABLE 1 | Molecular and biochemical detection rates of Brucella spp. in seronegative animals and biological samples across various regions.
Number of
positive
sample by
PCR/culture/
Type of Country/ Detection Seronegative  biochemical Detection
Species sample region method sample size test rate (%) References
Cow Milk South Biochemical 446 22 4.93 Rickard (1965)
Taranaki
(New
Zealand)
Cow Milk, vaginal ~ New South  Biochemical 944 42 44 Mylrea (1972)
mucus Wales,
Australia
Ram Semen Eastern Biochemical 9 6 66.66 Bulgin (1990)
Anglia
Cow Milk Iran Biochemical 5686 119 2.09 Zowghi, Ebadi,
and Mohseni
(1990)
Sheep Blood, Turkey PCR 234 6 2.56 Ilhan et al.
lymphoid (2008)
tissue
Wwild Tissues from  Switzerland PCR 144 16 1.1 Hini¢ et al.
boars reproductive (2009)
organs, lungs
and spleen
Camel Blood Sudan qPCR 118 118 100 Gwida et al.
(2011)
Goat Vaginal Mexico PCR 18 1 0.18 Herrera et al.
exudate (2011)
Bull Semen Brazil PCR 88 27 30.68% Junqueira
Junior et al.
(2012)
Cow Vaginal Pichucalco, PCR 209 2 0.96 Arellano-
exudate Chiapas Reynoso et al.
(Mexico) (2013)
Bull Semen Brazil PCR 100 63 63 Lourencetti
et al. (2017)
Cow Milk Tajikistan gPCR 552 46 8.3 Lindahl-Rajala
et al. (2017)
Cow Placenta, Egypt PCR 21 4 19.04 Wareth et al.
stomach (2016)
content from
aborted
foetus
Cow Milk Bangladesh PCR 342 6 1.75 Islam et al.
(2018)
Cow Milk Batna, PCR 65 2 3.08 Sabrina et al.
Algeria (2018)
Cow Uterine Egypt PCR 1 3 27.27 El-Diasty et al.
discharge (2018)
Goat Uterine Egypt PCR 5 2 40 El-Diasty et al.
discharge (2018)
(Continues)
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TABLE 1 | (Continued)
Number of
positive
sample by
PCR/culture/
Type of Country/ Detection Seronegative  biochemical Detection
Species sample region method sample size test rate (%) References
Cow Liver, spleen,  South Africa PCR 25 1 44 Kolo et al.
lymphnode (2019)
Pig Blood Kenya gPCR 2 2 100 Akoko et al.
(2020)
Camel Lymphnodes Iran PCR 30 2 6.6 Dadar and
Alamian (2020)
Cow Vaginal Rwanda PCR 27 4 14.81 Ntivuguruzwa
swab, milk et al. (2022)
Cow Blood, milk Greece PCR 2 2 100 Batrinou et al.
(2022)
Cow Milk Iran and PCR 2 2 100 Abnaroodheleh
Tehran et al. (2023)
Dog Blood Brazil PCR 250 250 100 Schiavo et al.
(2024)
Cow Spleen, liver,  South Africa PCR 41 31 76.6 Mazwi et al.
lymphnode (2024)
Sheep Spleen, liver,  South Africa PCR 15 13 86.7 Mazwi et al.
lymphnode (2024)
Pig Spleen, liver,  South Africa PCR 2 2 100 Mazwi et al.
lymphnode (2024)

indicating significant heterogeneity in Brucella detection rates.
Several studies, such as Lourencetti et al. (2017) and Mazwi
et al. (2024), report detection rates approaching 0.7 or higher,
suggesting high positivity in their respective sample populations.
The CIs of some studies, such as Junqueira Junior et al. (2012)
and Kolo et al. (2019), are relatively wide, indicating variability
or smaller sample sizes, while other studies, like those by Gwida
et al. (2011) and Schiavo et al. (2024), display narrower ClIs,
reflecting higher precision in detection estimates. The overall
effect, represented by the diamond at the bottom, suggests a
pooled detection proportion that lies around 0.2, indicating a
significant proportion of seronegative animals tested positive for
Brucella spp. using advanced molecular and bacterial detection
methods. The broad range of detection rates across studies
highlights the importance of study design, animal species, sample
types and geographic region in influencing Brucella detection
outcomes.

The meta-analysis of Brucella detection rates in seronegative
animals and biological samples shows a wide range of detection
proportions across different studies, with individual rates ranging
from as low as 0.957% (Arellano-Reynoso et al. 2013) to 100%
(Gwida et al. 2011; Schiavo et al. 2024). In this meta-analysis, data
from 27 studies were pooled to assess the proportion of positive
cases detected by various methods (PCR, biochemical tests) in a
wide range of sample sizes. The total sample size across all studies
was 9388, with an overall fixed-effect estimate of the proportion of
positive cases being 6.03% (95% CI: 5.56%-6.53%). However, when

using a random-effects model, the overall proportion increased to
35.08% (95% CI: 21.77%-49.68%) (Table 2).

The studies included varied widely in their sample sizes and
proportions, as seen in studies like Zowghi, Ebadi, and Mohseni
(1990) with a large sample size of 5686 and a lower detection rate
of 2.09%, compared to smaller studies like Schiavo et al. (2024)
with 250 cases and a 100% detection rate. This heterogeneity
is further supported by the heterogeneity test (Q = 3266.20,
p < 0.0001), with an I? value of 99.20%, indicating very high
variability between the studies that is not due to chance (Table 3).
The observed heterogeneity in the meta-analysis of Brucella spp.
detection in seronegative animals underscores the need for a
more in-depth exploration of the factors contributing to this
variability. One significant source of heterogeneity is sample
handling and processing. Variations in how biological samples
are collected, stored and processed across studies can influence
detection rates, particularly when bacterial degradation occurs
due to suboptimal storage conditions or delayed processing.
Standardising sample handling protocols, such as maintaining
consistent refrigeration or freezing times, would help mitigate
this issue (Millwood and Walters 2020). In addition, regional
variations in livestock management practices, environmental
factors, and the prevalence of Brucella species may account
for discrepancies in detection outcomes. Studies conducted in
regions with stricter biosecurity measures tend to report lower
detection rates compared to areas with less rigorous management,
and endemic regions may see more subclinical cases, further
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Forest plot of detection rates of Brucella spp. across different studies and sample types. The plot displays proportions of seronegative

animals testing positive for Brucella spp. using various detection methods (PCR, qPCR, biochemical tests) across multiple studies from different countries.
The horizontal lines represent the 95% confidence intervals for the detection rate in each study, and the squares indicate the point estimates. The size of
the squares reflects the weight of each study in the meta-analysis, while the diamond at the bottom represents the overall effect estimate (total random

effects).

complicating diagnostics (Mwatondo et al. 2023). Furthermore,
differences in diagnostic methods contribute significantly to the
heterogeneity observed. Molecular techniques, such as PCR and
qPCR, offer greater sensitivity in detecting Brucella in seroneg-
ative animals, while traditional serological methods often fail
to identify infections in latent or chronic stages. Variability in
molecular assay design, such as the choice of specific molecular
markers, may also lead to inconsistent detection across studies
(Scholzet al. 2023). Species-specific differences also play a role,
as detection rates vary widely among different animal species,
with some, such as camels and pigs, showing higher rates of
positivity compared to cows or goats. These variations suggest
that diagnostic approaches may need to be tailored to the specific
biology of each species. Moreover, the type of biological sample
used for testing, such as reproductive tissues versus milk or blood,
significantly impacts detection success, with tissues from repro-
ductive organs generally yielding higher detection rates (Mengele
et al. 2023). Addressing these factors through standardisation
of protocols, regional adjustments and species-specific strategies
could reduce variability and enhance the consistency of Brucella
detection across studies, ultimately strengthening the reliability
of brucellosis surveillance and control efforts.

Egger’s test for publication bias showed a significant intercept
(6.99, 95% CI: 1.93-12.06, p = 0.0088), indicating potential bias
in smaller studies. In contrast, Begg’s test was not significant
(Kendall’s tau = 0.2464, p = 0.0714), suggesting no strong evidence
of publication bias (Table 4). While both Begg’s and Egger’s
tests assess publication bias, they differ in sensitivity. Begg’s test,
based on rank correlation, is less sensitive, particularly in smaller
studies, so a non-significant result does not completely rule out
bias. Egger’s test, using regression analysis, is more sensitive
and better at detecting subtle biases, especially in small studies.
The significant result from Egger’s test suggests potential bias,
despite the non-significant Begg’s test, likely due to Egger’s higher
sensitivity. Thus, Egger’s test identified bias that Begg’s test might
have missed.

4.2 | Diagnostic Challenges in Low-Resource
Settings

In low-resource settings, traditional serological methods fre-
quently fail to detect Brucella in seronegative animals, leaving
latent infections undiagnosed. Molecular diagnostics such as
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TABLE 2 | Meta-analysis proportion for the detection rates of Brucella spp. in seronegative animals and biological samples through molecular or

biochemical test.

Weight (%)

Study Sample size Proportion (%) 95% CI Fixed Random
Rickard (1965) 446 4.933 3.117-7.373 4.75 4.08
Mylrea (1972) 944 4.449 3.225-5.967 10.04 4.09
Bulgin (1990) 9 66.667 29.930-92.515 0.11 3.48
Zowghi, Ebadi, and Mohseni (1990) 5686 2.093 1.737-2.499 60.40 4.10
Ilhan et al. (2008) 234 2.564 0.947-5.497 2.50 4.07
Hini¢ et al. (2009) 144 11.111 6.486-17.416 1.54 4.05
Gwida et al. (2011) 118 100.000 96.922-100.000 1.26 4.04
Herrera et al. (2011) 18 5.556 0.141-27.294 0.20 3.75
Junqueira Junior et al. (2012) 88 30.682 21.288-41.420 0.95 4.02
Arellano-Reynoso et al. (2013) 209 0.957 0.116-3.414 2.23 4.07
Wareth et al. (2016) 21 19.048 5.446-41.907 0.23 3.79
Lourencetti et al. (2017) 100 68.000 57.923-76.978 1.07 4.03
Lindahl-Rajala et al. (2017) 552 8.333 6.165-10.959 5.87 4.09
Islam et al. (2018) 342 1.754 0.646-3.779 3.64 4.08
Sabrina et al. (2018) 65 3.077 0.375-10.677 0.70 3.99
El-Diasty et al. (2018) 1 27.273 6.022-60.974 0.13 3.57
El-Diasty et al. (2018) 5 40.000 5.274-85.337 0.064 3.16
Kolo et al. (2019) 25 44.000 24.402-65.072 0.28 3.84
Akoko et al. (2020) 2 100.000 15.811-100.000 0.032 2.57
Dadar and Alamian (2020) 30 6.667 0.818-22.074 0.33 3.88
Ntivuguruzwa et al. (2022) 27 14.815 4.189-33.731 0.30 3.85
Batrinou et al. (2022) 2 100.000 15.811-100.000 0.032 2.57
Abnaroodheleh et al. (2023) 2 100.000 15.811-100.000 0.032 2.57
Schiavo et al. (2024) 250 100.000 98.535-100.000 2.67 4.07
Mazwi et al. (2024) 41 75.610 59.695-87.637 0.45 3.93
Mazwi et al. (2024) 15 86.667 59.540-98.342 0.17 3.69
Mazwi et al. (2024) 2 100.000 15.811-100.000 0.032 2.57
Total (fixed effects) 9388 6.033 5.560-6.533 100.00 100.00
Total (random effects) 9388 35.075 21.771-49.684 100.00 100.00

TABLE 3 | Test for heterogeneity for the detection rates of Brucella
Spp.

Q 3266.2005
DF 26
Significance level p <0.0001
P (inconsistency) 99.20%
95% CI for I? 99.09-99.30

PCR, real-time PCR (qPCR) and ITS-PCR have emerged as critical
tools to uncover these hidden infections. For instance, in Egypt,
El-Diasty et al. (2018) found that B. melitensis and B. abortus
were present in uterine discharge samples from cows that had

TABLE 4 | Publication bias test for the detection rates of Brucella spp.

Egger’s test
Intercept 6.9904
95% CI 1.9250-12.0558
Significance level p =0.0088
Begg’s test
Kendall’s tau 0.2464
Significance level p=0.0714

tested seronegative, proving that serological methods alone are
insufficient. Similarly, Dadar and Alamian (2020) showed that
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6.6% of lymph node samples from seronegative camels in Iran
tested positive for Brucella via PCR.

Studies in Bangladesh (Islam et al. 2018) revealed that 1.75% of
seronegative cow milk samples were positive for Brucella DNA,
and in Tajikistan, Lindahl-Rajala et al. (2017) found 8.3% positivity
in cow milk samples using qPCR. These examples highlight
the importance of molecular diagnostics in low-resource settings
where traditional serology often underestimates infection rates.
In regions like South Africa, Kolo et al. (2019) used PCR to detect
Brucella in 44% of cow samples from the spleen, liver and lymph
nodes that were seronegative by traditional methods.

Molecular techniques like qPCR have also proven their utility
in other resource-limited regions. For example, Gwida et al.
(2011) found a 100% detection rate in seronegative camel blood
samples from Sudan using qPCR, emphasising the technique’s
critical role in such environments. This illustrates the necessity
of implementing advanced molecular diagnostics in low-resource
settings to improve detection accuracy and prevent the silent
spread of brucellosis among livestock.

4.3 | Wildlife as Reservoirs vs. Livestock
Transmission

Wildlife can act as reservoirs for Brucella, complicating efforts
to control its spread in livestock. A study by Hini¢ et al. (2009)
in Switzerland detected Brucella DNA in 11.1% of wild boar
tissue samples, suggesting that wildlife can harbour the pathogen
without obvious symptoms. However, while this demonstrates
wildlife as a potential reservoir, evidence of direct spillover
from wildlife to livestock remains limited. For example, Mazwi
et al. (2024) found Brucella in 86.7% of spleen, liver and lymph
node samples from sheep and 75.6% of samples from cows in
South Africa, but these animals were seronegative, indicating
subclinical infection. This study focuses on livestock infection but
does not provide direct evidence of transmission from wildlife,
making it insufficient for demonstrating spillover dynamics. In
North America, Herrera et al. (2011) detected Brucella DNA in
0.18% of vaginal exudate samples from seronegative goats in Mex-
ico, further highlighting the challenge of detecting undiagnosed
infections in livestock. Lourencetti et al. (2017) in Brazil similarly
found that 68% of semen samples from seronegative bulls were
positive for Brucella, revealing the risk of silent infection in appar-
ently healthy livestock. These studies emphasize the need for
more robust livestock surveillance to identify undetected carriers,
though they do not address the potential for wildlife-to-livestock
transmission.

While Brucella has been detected in both wildlife and live-
stock, the connection between wildlife reservoirs and livestock
transmission remains unclear, particularly regarding spillover.
Wildlife-livestock interactions could theoretically increase the
risk of cross-species transmission in regions where both popu-
lations overlap, but direct evidence for this remains limited. For
example, in South Africa, Mazwi et al. (2024) found Brucella in
100% of pig tissue samples. However, they did not investigate or
report interactions between the sampled pigs and wildlife, leaving
the role of wildlife in transmission uncertain. Further studies
explicitly focusing on direct wildlife-to-livestock transmission are

needed to understand these dynamics. Without this evidence,
wildlife surveillance cannot yet be effectively integrated into
livestock disease management strategies. Comprehensive moni-
toring that includes both wildlife and livestock will be critical to
preventing the spread of Brucella, but current data do not support
a definitive wildlife-to-livestock transmission model.

4.4 | Regional Variability in Brucella Detection
The detection rates of Brucella vary significantly between regions,
largely due to differences in diagnostic capabilities, livestock
management practices and pathogen prevalence. Studies across
the globe have demonstrated this variability. For example, in
Turkey, Ilhan et al. (2008) found that 2.56% of blood and
lymphoid tissue samples from seronegative sheep tested positive
for Brucella using PCR, while Sabrina et al. (2018) reported a 3.08%
detection rate in cow milk samples from Algeria using the same
method.

A significant variation is also observed in Central and South
America. Arellano-Reynoso et al. (2013) detected Brucella DNA
in 0.96% of vaginal exudate samples from seronegative cows in
Mexico, highlighting low but consistent infection rates. Mean-
while, Junqueira Junior et al. (2012) found Brucella in 30.68%
of semen samples from seronegative bulls in Brazil, indicating
the presence of the disease in reproductive tissues that might
otherwise go unnoticed. In Iran, Zowghi, Ebadi, and Mohseni
(1990) showed a low detection rate of 2.09% in milk samples from
seronegative cows, while Abnaroodheleh et al. (2023) reported
100% positivity in the same country for a small sample size of
two cases. These findings emphasize how molecular diagnostics,
such as PCR, provide more accurate detection, even in regions
with lower overall infection rates.

The studies from Kenya (Akoko et al. 2020) detected Brucella in
100% of seronegative pig blood samples using qPCR, revealing
a high burden of the disease in this species. Similarly, Schiavo
et al. (2024) reported a 100% detection rate in seronegative dog
blood samples in Brazil, further showcasing the variability in
Brucella prevalence based on species and geography. The findings
from these diverse studies emphasize the need for region-specific
diagnostic protocols that incorporate molecular methods like
PCR to improve detection rates. Tailoring diagnostic approaches
based on local epidemiological data is essential to identify silent
carriers of Brucella, particularly in regions where traditional
serological methods are inadequate. In such areas, molecular
techniques are critical for accurate detection, ensuring that
Brucella transmission is effectively prevented.

5 | Molecular and Biosensor-Based Detection
Techniques for Brucella spp

Molecular detection techniques for Brucella spp. have evolved
significantly over the years, providing more accurate, rapid and
sensitive methods for diagnosing brucellosis in various animal
species and their biological samples. These techniques are cru-
cial for effective disease management and control, especially
in regions where brucellosis is endemic. Advanced molecular
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techniques enable rapid, accurate, and sensitive detection, even
in seronegative or subclinical cases.

PCR is one of the most widely used molecular techniques for
detecting Brucella spp. PCR amplifies specific DNA sequences,
making it possible to detect even small amounts of bacterial
DNA in samples. Various PCR methods, including conventional
PCR, qPCR and multiplex PCR, have been developed to iden-
tify Brucella spp. in different biological samples such as milk,
tissues, blood and discharge. Conventional PCR is often used
for its simplicity and cost-effectiveness, while qPCR offers the
advantage of quantifying the bacterial load in samples, providing
both diagnostic and epidemiological insights (Islam et al. 2023).
gPCR has become a gold standard for the rapid and sensitive
detection of Brucella spp. This technique uses fluorescent dyes or
probes to monitor the amplification process in real time, allowing
for the quantification of bacterial DNA. qPCR is highly specific
and can differentiate between various Brucella species, making
it an invaluable tool for both clinical diagnostics and research.
For instance, studies have shown that qPCR can detect Brucella
DNA in milk samples from infected cows, providing a non-
invasive method for monitoring dairy herds (Pelerito et al. 2021).
PCR and qPCR both techniques are both widely recognised for
their ability to detect low levels of Brucella DNA, even in cases
where the animal has not yet developed detectable antibodies.
However, PCR may be influenced by factors such as sample
quality, contamination and the presence of inhibitors, potentially
leading to false negatives.

Multiplex PCR is another advanced technique that allows the
simultaneous detection of multiple Brucella species in a single
reaction. This method uses multiple sets of primers, each specific
to a different Brucella species, enabling the identification of
co-infections and providing a comprehensive overview of the
infection status in a herd. Multiplex PCR has been successfully
used to detect Brucella spp. in various tissues and fluids, including
lymph nodes, spleen and foetal tissues, highlighting its versatility
and efficiency (Katsiolis et al. 2022).

Digital PCR (dPCR) is an emerging molecular technique that
offers high sensitivity and precision for the detection of Bru-
cella spp. dPCR partitions the DNA sample into thousands of
individual reactions, allowing for the absolute quantification of
target DNA molecules. This technique is particularly useful for
detecting low levels of Brucella DNA in complex samples, such as
blood or tissue biopsies. dPCR has been used to monitor Brucella
infections in wildlife populations, providing valuable data for
disease surveillance and management (Kurmanov et al. 2022).

LAMP is a relatively new molecular technique that offers several
advantages over traditional PCR methods. LAMP amplifies DNA
at a constant temperature, eliminating the need for thermal
cycling and making the process faster and more cost-effective.
This technique is highly sensitive and specific, capable of detect-
ing low levels of Brucella DNA in various samples. LAMP has
been used to detect Brucella spp. in milk, blood and tissue
samples, providing a rapid diagnostic tool that can be used in field
settings where laboratory facilities are limited (Ratushna et al.
2006).

Whole-genome sequencing (WGS) represents the gold standard
for molecular typing and phylogenetic analysis of Brucella spp.
Pelerito et al. (2021) discussed how WGS allows for the detailed
characterisation of Brucella strains, including the identification
of virulence factors, antibiotic resistance genes and phylogenetic
relationships. This method has been instrumental in tracing
outbreaks and understanding transmission pathways between
wildlife and livestock. WGS can replace traditional Multi-Locus
Variable Number Tandem Repeat Analysis (MLVA) by providing
comprehensive genetic data. For example, WGS has been used to
profile strains from various geographical regions and differentiate
between closely related species like B. melitensis, B. abortus and B.
suis.

Fluorescent in situ hybridisation (FISH) is a molecular technique
that uses fluorescent probes to detect-specific DNA sequences
within cells. FISH has been used to identify Brucella spp. in tissue
samples, providing a visual confirmation of the presence of the
bacteria in seronegative animals. This technique is particularly
useful for studying the localization and distribution of Brucella
within host tissues, offering insights into the pathogenesis of
the infection. FISH can be combined with other molecular
techniques, such as PCR, to enhance the sensitivity and specificity
of Brucella detection (Kurmanov et al. 2022).

Next-generation sequencing (NGS) technologies have revolu-
tionised the field of molecular diagnostics, providing high-
throughput and detailed analysis of Brucella genomes. NGS
allows for the simultaneous sequencing of multiple samples,
providing a comprehensive overview of the genetic diversity and
population structure of Brucella spp. This technique has been
used to identify novel genetic markers and virulence factors,
enhancing our understanding of Brucella pathogenesis and epi-
demiology. NGS can also be used to monitor the emergence of
antibiotic-resistant strains, providing valuable information for
the development of effective treatment strategies (Pelerito et al.
2021).

Microarray analysis is another advanced molecular technique
used for the detection and characterisation of Brucella spp.
Microarrays consist of a grid of DNA probes that can hybridise
with specific Brucella DNA sequences, allowing for the simulta-
neous detection of multiple genetic targets. This technique has
been used to identify genetic variations and mutations associated
with Brucella virulence and antibiotic resistance. Microarray
analysis provides a high-throughput and cost-effective method
for the comprehensive analysis of Brucella genomes, making it a
valuable tool for both research and diagnostics. This method can
detect low bacterial loads in seronegative animals (Ratushna et al.
2006).

Recent advancements in biosensor-based and molecular tech-
niques have significantly enhanced the detection of Brucella
spp., offering more sensitive, rapid, and specific diagnostic tools
compared to traditional methods. Various biosensor technologies
have been developed to facilitate the rapid and accurate detection
of Brucella spp. These methods are capable of detecting low bacte-
rial loads. Yet, they remain in the early stages of development, and
more validation is needed before widespread implementation.
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Lateral flow assays (LFA) have been enhanced using nanopar-
ticles to increase their sensitivity and specificity. Zhang et al.
(2023) described a rapid vertical flow technique (RVFT) that
utilises Prussian blue nanoparticles for the detection of Brucella
antibodies. This technique can detect Brucella in serum samples
within minutes, offering an advantage in rapid field diagnostics.

MNP biosensors, as developed by Abuawad et al. (2023), have
shown promise in detecting Brucella DNA through FMMD. This
portable technique allows for POC testing, which is particularly
useful in field conditions. MNPs enhance the sensitivity of the
assay, making it possible to detect even low concentrations of
bacterial DNA from various samples.

A more recent innovation is Multiple Cross Displacement Ampli-
fication (MCDA), which has been combined with nanoparticle-
based lateral flow biosensors (LFB) for efficient detection of
Brucella DNA. This method, as described by Li et al. (2019),
eliminates the need for thermal cycling equipment, enabling
quick, on-site detection within approximately 70 min. MCDA-
LFB is highly sensitive and specific, capable of detecting minimal
amounts of Brucella DNA across various biological samples,
including milk, blood, and tissues. The simplicity and rapid
results make this method ideal for use in remote or resource-
limited settings, allowing for reliable field diagnostics.

In addition to MCDA, various biosensor technologies have been
developed to facilitate rapid and accurate detection of Brucella
spp. SPR biosensors, as introduced by Pasquardini, Cennamo,
et al. (2023a), offer high sensitivity by detecting interactions
between antigens and antibodies on a sensor surface. These
biosensors have been successfully applied to detect B. abortus in
milk and tissue samples, highlighting their potential as POC tests
(POCT) for rapid on-site diagnostics. Similarly, electrochemical
biosensors, which measure electrical signals generated from
antigen-antibody interactions, have proven effective in detecting
Brucella with high specificity. For instance, electrodes modified
with nanomaterials such as cysteamine functionalized nanogold
have been utilised for accurate detection in milk samples (Li et al.
2019).

Optical biosensors, including those based on SPR and fluores-
cence, also provide a robust platform for Brucella detection.
These sensors utilise light to detect the presence of the bacteria,
achieving high sensitivity and specificity by monitoring antigen-
antibody binding. Pasquardini, Sola, et al. (2023) described
the use of plasmonic optical fibre probes functionalized with
antibodies for the sensitive detection of Brucella, demonstrating
the versatility of optical biosensors. In addition, piezoelectric
biosensors, which measure changes in mass on a sensor surface to
detect frequency variations, have been successfully used for real-
time monitoring of Brucella in biological fluids, offering another
approach to precise and rapid diagnostics (Li et al. 2019).

Microfluidics and lab-on-a-chip technologies have further
advanced the field of Brucella detection by integrating multiple
laboratory functions onto a single chip. These systems can handle
small sample volumes and perform complex analyses, combining
detection methods like PCR and immunoassays to deliver
comprehensive results quickly. Pasquardini, Cennamo, et al.
(2023a) emphasised that these compact devices are particularly

suited for POC diagnostics, as they streamline the diagnostic
process, making it faster and more efficient.

Nanotechnology has also played a critical role in enhancing
Brucella detection techniques. Gold nanoparticles (AuNPs), for
example, are known for their unique optical and electronic
properties, which can be exploited to improve diagnostic sensi-
tivity and specificity. AuNPs functionalized with antibodies or
DNA probes can specifically bind to Brucella antigens or DNA,
enhancing detection accuracy. These nanoparticles are often
used in conjunction with techniques like PCR and ELISA to
lower detection limits and provide more reliable results (Li et al.
2019). Similarly, quantum dots (QDs), which are semiconductor
nanoparticles with distinctive optical characteristics, have been
conjugated with antibodies or DNA probes to facilitate the
detection of Brucella in various samples. The high sensitivity
and multiplexing capabilities of QDs allow for the simultaneous
detection of multiple targets, enhancing diagnostic efficiency
(Pasquardini, Cennamo, et al. 2023a).

CRISPR technology has emerged as a powerful tool for the detec-
tion of Brucella, particularly in environments where pathogen
loads are low or where resource limitations prevent the use of
more conventional diagnostics. The CRISPR-Cas system offers
a high degree of specificity by targeting unique DNA sequences
of Brucella spp., ensuring that even small quantities of bacterial
DNA can be identified in complex samples, making it an ideal
solution for low-pathogen-load environments such as wildlife
surveillance or latent infections in livestock. In practical use,
CRISPR-Cas assays require minimal sample preparation and can
be adapted for field settings, which is especially beneficial in
resource-limited areas. The portability of CRISPR-based diag-
nostics, combined with their ability to rapidly produce results
without the need for extensive laboratory infrastructure, makes
them highly suitable for on-site testing in remote regions. For
example, the ability to detect Brucella at low pathogen loads
can prevent the spread of the disease in livestock by identifying
carriers that might otherwise remain undetected by traditional
serological or PCR-based methods. In regions with limited lab-
oratory access, the development of CRISPR diagnostic kits that
require minimal training and equipment represents a significant
advancement. These kits can offer high sensitivity comparable to
that of PCR, but with more streamlined procedures and lower
operational costs, making them an excellent choice for routine
surveillance and outbreak management in areas with constrained
resources. Furthermore, the rapid nature of CRISPR detection
allows for timely interventions, which is crucial for managing
brucellosis in high-risk populations (Pasquardini, Sola, et al.
2023).

Isothermal amplification techniques, such as LAMP, have also
gained popularity for the detection of Brucella spp. These methods
amplify DNA at a constant temperature, avoiding the need for
complex thermal cycling and significantly reducing detection
times. LAMP is highly sensitive and can be conducted in resource-
limited settings, providing an ideal solution for field diagnostics
where rapid and reliable results are essential (Li et al. 2019).

The integration of molecular and biosensor-based techniques has
greatly enhanced the detection of Brucella spp., making diag-
nostics faster, more sensitive, and more accessible, particularly
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in challenging environments. Methods like MCDA-LFB, SPR
biosensors, electrochemical and optical sensors and CRISPR-Cas
systems offer reliable alternatives to traditional diagnostics. Elec-
trochemical and optical sensors are designed to detect Brucella-
specific biomarkers via electrical or optical signals. They offer
the potential for rapid, real-time detection and are portable, but
they often lack the sensitivity needed for detecting low bacterial
loads in seronegative animals. CRISPR-Cas systems can identify
even low bacterial concentrations and are highly sensitive, with
the potential for rapid, on-site testing. However, they are still
in the experimental stage and require further validation before
widespread adoption.

Advanced molecular techniques are also crucial for monitoring
Brucella spp. in wildlife populations, which act as reservoirs for
the pathogen. Godfroid, Nielsen, and Saegerman (2010) discussed
how molecular diagnostics can identify Brucella infections in
species such as bison, elk and wild boar, which are often reservoirs
for spillover infections to livestock. Monitoring these popula-
tions is vital for controlling brucellosis in domestic animals, as
cross-species transmission poses a significant challenge.

Overall, the development of advanced molecular diagnostics has
significantly improved the detection of Brucella spp., addressing
many of the limitations associated with traditional serological
and culture-based methods. Techniques such as PCR, qPCR,
LAMP, WGS, FISH, ELISA, NGS, microarray analysis, dPCR
and biosensor-based assays enable rapid, accurate and sensi-
tive identification of Brucella from diverse biological samples,
including milk, blood, tissues and reproductive fluids. These
innovations are essential not only for diagnosing infections
in domestic livestock but also for monitoring and controlling
brucellosis in wildlife, which can serve as a persistent source of
infection. In addition, these molecular techniques are particularly
suitable for detecting Brucella spp. in seronegative animals, where
traditional methods may fail to identify the pathogen due to
low antibody levels or chronic, latent infections. Continued
research and refinement of these technologies will enhance our
ability to detect, manage, and ultimately reduce the prevalence of
brucellosis worldwide.

Each of these molecular techniques presents distinct advantages
in detecting Brucella in seronegative animals. However, chal-
lenges remain in standardising these methods, improving sensi-
tivity and ensuring their robustness across diverse environmental
conditions and sample types. Our meta-analysis highlights the
significant role that molecular diagnostics can play in detecting
Brucella in seronegative animals, which often serve as silent reser-
voirs of the disease. Despite their failure to generate detectable
antibody responses, these animals may still harbour the bacteria
in various tissues. The pooled detection proportion of 35.08% from
our meta-analysis underscores that a substantial proportion of
seronegative animals carry Brucella, and molecular methods offer
a means to detect these hidden carriers. Incorporating molecular
testing, such as PCR or LAMP, alongside traditional serology can
significantly improve diagnostic accuracy. Our findings suggest
that molecular diagnostics should be used as a complementary
tool in situations where serological tests yield negative results,
especially in regions with a high prevalence of Brucella. This
approach will help mitigate the risk of undiagnosed infections
spreading among both animal populations and humans. The

integration of molecular diagnostics with serological testing
can enhance Brucella surveillance systems, providing a more
comprehensive understanding of disease prevalence, especially in
seronegative carriers. Early detection through molecular methods
could also help implement more targeted control measures,
reducing the spread of the disease in livestock populations.
Furthermore, rapid molecular tests could be instrumental in
field-based diagnostics, enabling veterinarians and public health
officials to respond more effectively in regions where Brucella
remains endemic.

6 | Implications for Public Health, Disease
Control and Integration of Molecular Diagnostics
Within a One Health Approach

Brucellosis remains one of the most widespread zoonotic diseases
globally, posing significant public health risks, especially in
regions where the disease is endemic. The infection is primarily
transmitted to humans through direct contact with infected
animals or the consumption of contaminated animal products,
particularly unpasteurized dairy products (Godfroid, Nielsen, and
Saegerman 2010). One of the major challenges in controlling
brucellosis is the presence of seronegative animals that are
carriers of Brucella spp., as these animals often go undetected
using conventional serological tests. This hidden reservoir of
infection significantly increases the risk of zoonotic transmission,
particularly in areas with poor hygiene practices and high rates
of raw animal product consumption, where outbreaks can easily
occur (Islam et al. 2023).

In particular, the persistence of Brucella in a latent state in
seronegative animals complicates disease surveillance. These
animals, although infected, may not produce detectable levels
of antibodies, yet they continue to harbour and potentially
excrete the bacteria, especially in milk. Such situations pose a
serious public health threat, as human populations consuming
unpasteurized milk or dairy products from these animals are at
high risk of infection. The clinical manifestations of brucellosis
in humans include undulant fever, arthritis, endocarditis, and a
range of chronic conditions (Islam et al. 2018; Pappas et al. 2006).

One of the most concerning aspects of brucellosis control is
that traditional serological methods often fail to detect infections
in seronegative carriers. For example, B. abortus in cattle and
B. melitensis in goats can remain undetected by serological
screening, even though these animals may continue to excrete
the pathogen in milk, leading to contamination of dairy products
(Islam et al. 2023). The public health risk is thus exacerbated in
regions where the consumption of unpasteurized dairy products
is common, as is the case in many rural areas across Africa, Asia
and the Middle East (Godfroid, Nielsen, and Saegerman 2010).

In many parts of the world, brucellosis is underreported due
to a lack of diagnostic infrastructure and limited awareness.
This is especially true in low-resource settings, where traditional
diagnostic methods may not be sufficient to accurately detect Bru-
cella spp. in seronegative animals. To address these limitations,
molecular diagnostic techniques such as PCR, qPCR, LAMP
and biosensor-based assays have emerged as powerful tools.
These molecular methods have demonstrated high sensitivity and
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specificity in detecting Brucella DNA in various biological sam-
ples, including milk, blood and tissues (Pasquardini, Cennamo,
et al. 2023a; Pasquardini, Sola, et al. 2023). Unlike serological
tests, molecular diagnostics are capable of detecting low levels
of bacterial DNA, even in seronegative carriers, making them
essential for comprehensive brucellosis surveillance and control,
particularly in endemic regions where hygiene standards are
inadequate.

The ability to detect Brucella in seronegative animals through
molecular diagnostics offers a significant advantage in pre-
venting zoonotic transmission. Studies from countries such as
Bangladesh and Algeria have shown that Brucella spp. can
persist in milk from cows that test negative using serological
tests, yet still pose a risk for zoonotic transmission to humans
(Islam et al. 2023). This highlights the urgent need for molecular
diagnostics to be incorporated into routine brucellosis screening
programmes, particularly in regions where raw milk consump-
tion is prevalent. By incorporating PCR-based surveillance into
existing programmes, public health authorities can ensure that
contaminated dairy products do not enter the food chain, signif-
icantly reducing the risk of human infection. This preventative
measure is especially crucial in areas where public health infras-
tructure is weak, and where traditional surveillance methods are
insufficient to mitigate the spread of brucellosis.

From a One Health perspective, the integration of molecular
diagnostics into disease control programmes offers a holistic
approach that addresses the interconnected health of humans,
animals and the environment. Brucellosis affects multiple sectors,
including agriculture, public health and wildlife management.
Effective coordination between veterinary, public health and
environmental services is essential for comprehensive detec-
tion and management of brucellosis, particularly in high-risk
environments such as slaughterhouses, dairy farms and wildlife
reserves where cross-species transmission is more likely. PCR-
based surveillance of livestock and wildlife populations can help
close diagnostic gaps, prevent zoonotic outbreaks and ensure that
public health is safeguarded (Islam et al. 2023).

Occupational exposure to Brucella also poses significant public
health risks, particularly for farmers, veterinarians and abattoir
workers who work closely with infected animals. These individ-
uals are at high risk of contracting brucellosis through contact
with infected tissues, aborted foetuses or contaminated blood.
Studies have shown that Brucella can be transmitted through skin
cuts, inhalation of aerosolized particles and mucous membrane
contact, underscoring the need for early detection of infected ani-
mals to protect those in direct contact with livestock (Louisiana
Department of Health 2024). By identifying infected animals
before they show clinical symptoms, molecular diagnostics can
mitigate these risks and protect workers from exposure to Brucella

Spp.

In addition to its public health implications, brucellosis has
profound economic consequences, particularly for the agricul-
tural sector. The disease primarily affects reproductive health
in livestock, causing abortions, infertility and reduced milk
production, all of which lead to significant economic losses
(Wang et al. 2022). This burden is particularly heavy for small-
scale farmers in developing countries who rely on livestock for

their livelihoods. Undetected infections in seronegative animals
exacerbate these economic challenges, as infected but undiag-
nosed livestock continue to harbour Brucella, leading to silent
transmission cycles within herds and long-term productivity
losses (Godfroid, Nielsen, and Saegerman 2010).

The dairy industry, for example, is severely impacted by unde-
tected brucellosis infections. Infected animals often produce less
milk or no milk at all due to repeated abortions and chronic
infections, resulting in lost production. In addition to decreased
productivity, farmers face additional costs related to veterinary
care, the culling of infected animals and the implementation of
biosecurity measures to prevent further spread of the disease
(Islam et al. 2023). In regions where brucellosis is endemic,
the lack of effective diagnostic tools can lead to ongoing trans-
mission cycles that are difficult to eradicate, further straining
agricultural productivity and the economic stability of rural
communities.

The integration of molecular diagnostics into brucellosis control
programmes offers a practical solution to these economic chal-
lenges. By enabling early detection of Brucella in seronegative
animals, molecular methods can prevent the silent spread of the
infection, reducing the need for widespread culling and minimis-
ing reproductive losses. This approach has proven beneficial in
regions with intensive livestock farming, where a single unde-
tected outbreak can have catastrophic economic consequences.
For instance, the use of qPCR in Greece allowed for the early
identification of Brucella infections in cattle, leading to targeted
interventions that prevented mass culling and saved farmers from
significant financial losses (Katsiolis et al. 2022).

Furthermore, brucellosis outbreaks can have trade implications,
as countries with endemic brucellosis often face restrictions
on livestock exports. These trade barriers can be costly for
economies that depend on livestock exports as a major source
of revenue (Fang et al. 2023). Achieving ‘brucellosis-free’ sta-
tus, recognised by international trade bodies, requires stringent
control measures that include both vaccination and diagnostic
surveillance. Molecular diagnostics can support these efforts
by enabling more accurate and early detection of brucellosis,
ultimately helping countries achieve certification as brucellosis-
free. Countries such as the United States, Canada and several
European Union nations have successfully eradicated bovine
brucellosis through a combination of vaccination, test-and-
slaughter strategies and the use of advanced diagnostic meth-
ods. This achievement has not only improved animal health
and productivity but also opened up new trade opportunities,
significantly enhancing their global livestock markets (Blasco
et al. 2023).

In regions where brucellosis is endemic, controlling the disease
can lead to broader economic benefits by improving food security.
Healthy livestock herds produce more milk, meat and other
animal products, contributing to better food availability and
nutritional outcomes for local communities. Moreover, healthy
herds are more productive, leading to greater economic stability
for farmers. Molecular diagnostics play a key role in ensuring that
brucellosis is detected and managed early, thus supporting food
security initiatives and promoting sustainable agriculture (Mabe
et al. 2022).
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For successful integration of molecular diagnostics into exist-
ing diagnostic frameworks, especially in low-resource settings,
several practical steps must be implemented. Laboratories in
endemic regions need to be equipped with the necessary infras-
tructure to support molecular testing, including setting up
PCR and LAMP facilities. Alongside infrastructure development,
training programmes for local healthcare workers, veterinarians
and laboratory technicians are essential. These programmes
should focus on the use and interpretation of molecular diagnos-
tic tools, with an emphasis on hands-on experience in operating
portable devices such as LAMP and biosensor assays (Franc et al.
2018; Islam et al. 2023).

Collaboration with local and international health authorities is
another critical step. Partnerships between national veterinary
services, public health authorities and international organisa-
tions such as the WHO and the World Organisation for Animal
Health (OIE) will provide the technical expertise, funding, and
support needed to standardise molecular diagnostic protocols
across different regions. This collaboration will ensure that
diagnostic tools are validated and regulated for consistency and
reliability across various settings (Islam et al. 2023).

Cost-effective deployment of POC diagnostics is essential for
expanding access to molecular diagnostics in resource-limited
areas. Portable devices such as LAMP and biosensor-based assays
offer a practical solution for quick and accurate testing in remote
regions where laboratory infrastructure is limited. To ensure
their affordability and scalability, strategies must be implemented
to reduce reagent costs, improve device durability and use
locally available materials. Governments and NGOs should offer
subsidies or financial support to make these tools accessible
to small-scale farmers and rural clinics in endemic regions. In
addition, deploying these POC devices through mobile veterinary
units could extend their reach to remote areas, ensuring that
brucellosis is detected early and outbreaks are contained (Li et al.
2019).

Before global adoption, field validation and protocol stan-
dardisation must be conducted in diverse environments. Pilot
programmes in endemic regions will assess the performance
of molecular diagnostics alongside traditional methods. These
studies should identify the best combination of serological
and molecular tests, optimise sample collection procedures and
determine the most effective sample types. The results of these
validation studies will help develop standardised protocols that
ensure consistency across regions and species (Islam et al. 2023).

The integration of molecular diagnostics into national diagnostic
frameworks also depends on the development of regulatory
frameworks and quality control measures. International organ-
isations such as WHO and OIE, along with national regulatory
bodies, should establish guidelines for producing, validating
and distributing molecular diagnostic kits. These guidelines
will ensure that diagnostic tools meet required sensitivity and
specificity standards, making them suitable for widespread
use. Regular quality control assessments and certifications for
laboratories will maintain the accuracy and reliability of testing.

Ensuring sustainable funding and resource allocation is key to the
long-term success of integrating molecular diagnostics. Govern-

ments and international funding agencies must allocate resources
for continuous diagnostic availability and laboratory operations
in low-resource settings. Partnerships with private companies can
help scale up the production of affordable diagnostic tools, while
global health initiatives focused on zoonotic disease control can
provide additional financial support.

Finally, public awareness and education campaigns are essential
to support the integration of molecular diagnostics. Farmers,
livestock handlers and rural communities must be made aware
of the benefits of early brucellosis detection through molecular
tools. Educational campaigns should focus on promoting regular
testing, safe livestock practices, and disease control strategies
to prevent the spread of brucellosis. These awareness efforts
can be carried out through local media, extension services and
community-based organisations (Islam et al. 2023).

By following these practical steps, molecular diagnostic tools can
be successfully integrated into current diagnostic frameworks,
improving brucellosis detection, particularly in resource-limited
settings. This approach will strengthen global efforts to control
and eradicate brucellosis, reducing its public health and eco-
nomic impacts and ensuring that the disease no longer poses a
significant threat to the livelihoods and health of communities
worldwide.

7 | Advancements and Future Prospects in
Brucellosis Surveillance and Detection

As global efforts to control brucellosis intensify, the focus has
shifted towards incorporating new technologies and improving
the overall capacity of surveillance systems. The future of bru-
cellosis detection will depend on innovations that enhance both
detection accuracy and the speed at which outbreaks can be
identified and managed. Molecular diagnostics like PCR and
LAMP have already proven invaluable, but recent advances
in technology promise to further transform the landscape of
brucellosis surveillance and detection. Among the most exciting
advancements in molecular diagnostics is the development of
CRISPR-Cas-based systems, which are showing great promise in
detecting low levels of Brucella DNA with unprecedented speci-
ficity and sensitivity (Pasquardini, Sola, et al. 2023). The simplicity
of CRISPR-based diagnostics makes them an attractive option for
future field use, especially in low-resource settings where labora-
tory infrastructure is limited. In addition, nanoparticle-enhanced
diagnostic assays are emerging as another breakthrough technol-
ogy (Li et al. 2019; Abuawad et al. 2023). These assays leverage
nanoparticles to amplify the detection signal, allowing for the
identification of Brucella at much lower concentrations than
is possible with existing methods. This is especially critical in
detecting chronic or low-level infections in livestock and wildlife.
Research into these technologies is ongoing, and future studies
should aim to validate their effectiveness in field conditions to
ensure that they can be applied in endemic regions with high
prevalence rates of brucellosis.

A persistent challenge in brucellosis surveillance is the detection
of seronegative animals that act as hidden carriers of Brucella spp.
To overcome this, researchers are focusing on the identification of
novel molecular biomarkers that can indicate the presence of the
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pathogen, even in the absence of an antibody response. Advances
in high-throughput sequencing and genomic analysis are paving
the way for new biomarkers that could revolutionise diagnostics,
enabling the identification of infections that go undetected by
both traditional serological and current molecular techniques.
In the future, diagnostic assays based on these biomarkers
could be used to complement existing PCR or LAMP methods,
greatly enhancing the sensitivity and specificity of brucellosis
detection programmes. These innovations will not only improve
the identification of seronegative carriers but will also aid in the
detection of chronic or latent infections, which are notoriously
difficult to diagnose and manage.

The future of brucellosis control is not just about improving
diagnostics but also about building smarter, more integrated
surveillance systems. POC diagnostics, particularly those lever-
aging portable devices like LAMP and biosensor assays, will
play a key role in enhancing the reach of surveillance systems,
especially in remote and resource-limited areas. These devices,
which offer rapid, on-site testing, will be crucial in improving
the timeliness of outbreak detection and response. In addition,
integrating these diagnostic tools into larger data-sharing plat-
forms will be essential for real-time monitoring and coordinated
responses to brucellosis outbreaks. Mobile health technologies
and telemedicine platforms can enhance the capacity for rapid
data collection and dissemination, ensuring that public health
officials, veterinarians and epidemiologists have the information
they need to respond to outbreaks swiftly and effectively.

As brucellosis diagnostics continue to evolve, the need for
standardised diagnostic protocols will become more pressing.
Currently, diagnostic approaches vary widely across regions,
leading to inconsistencies in detection accuracy and outbreak
management. To address this, international organisations like the
WHO and OIE must collaborate with national health authorities
to develop and implement globally standardised diagnostic proto-
cols that integrate the latest molecular diagnostic advancements.

Moreover, the future of brucellosis surveillance will depend on
fostering collaboration between veterinary, public health, and
environmental sectors—a hallmark of the One Health approach.
By creating surveillance networks that link laboratories, public
health agencies and veterinary services, we can improve the
coordination of disease monitoring efforts, particularly at critical
points where livestock, wildlife and humans interact. These
integrated systems will be vital for identifying zoonotic trans-
mission risks and implementing preventive measures. Looking
ahead, the next frontier in brucellosis surveillance involves
expanding monitoring efforts beyond livestock and wildlife to
include environmental reservoirs. Emerging research suggests
that Brucella can persist in the environment, particularly in
soil and water sources, which may play a role in sustaining
the transmission cycle (Ma et al. 2024). The development of
environmental monitoring tools, combined with traditional vet-
erinary and public health surveillance systems, will provide a
more comprehensive understanding of the disease’s ecology and
transmission dynamics. Future research should focus on the
development of diagnostics that can detect Brucella in envi-
ronmental samples, allowing for a more proactive approach to
identifying potential outbreak sources before they impact animal
or human populations.

The adoption of advanced diagnostics and surveillance technolo-
gies will bring significant long-term benefits, both in terms of
public health and economic stability. By improving the speed
and accuracy of brucellosis detection, these tools will reduce
the frequency and severity of outbreaks, thereby decreasing the
overall burden of the disease on both human health and the agri-
cultural economy. Moreover, countries that achieve ‘brucellosis-
free’ certification through enhanced surveillance efforts will
be able to access new trade markets, boosting their economic
prospects. Pilot studies and field trials of new diagnostic tools
are essential to demonstrate their efficacy and cost-effectiveness
in real-world conditions. Governments and funding agencies
must prioritise investment in these technologies to ensure their
successful deployment, particularly in regions where brucellosis
remains a significant challenge.

8 | Conclusion

The integration of molecular diagnostics, particularly PCR,
LAMP and biosensor-based assays, into global brucellosis surveil-
lance programmes is essential for enhancing detection and
control efforts. Molecular techniques, especially in seronegative
cases where traditional serological methods are inadequate,
offer a critical advantage in identifying Brucella spp. Future
research should focus on refining portable diagnostic tools and
establishing standardised protocols for their widespread use,
especially in resource-limited regions. In addition, promoting
cross-sector collaboration between veterinary, public health, and
environmental sectors will strengthen surveillance efforts. By
adopting a One Health approach, we can improve early detection,
foster effective disease control and advance global efforts to
combat brucellosis.
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