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ABSTRACT

Brucellosis is a zoonotic disease threatening livestock productivity and human health,
especially in low-income regions. Brucella-induced infections present significant treatment
challenges due to the limited intracellular penetration of antibiotics, leading to prolonged
treatment durations and elevated risks of treatment failure and relapse. The emergence of
antibiotic resistance further exacerbates these challenges, presenting an impending public
health threat. This study aims to analyze the global prevalence of antibiotic resistant Brucella
strains in humans in order to manage and control antimicrobial resistance. A meta-analysis
was performed to assess the prevalence of antibiotic resistant Brucella strains. Peer-reviewed
research publications were gathered from the 14" August, 2023 to 121" September, 2023,
through a literature search utilizing the following keywords(("Brucella™) AND "Antibiotic
susceptibility,” OR "Antibiotic resistance,” OR "Antibiotic sensitivity," OR "Antibiotic
activity” OR "Antimicrobial susceptibility” OR "Antimicrobial resistance " OR
"Antimicrobial sensitivity " OR "Antimicrobial activity" "Antibacterial susceptibility" OR "
Antibacterial resistance " OR "Antibacterial sensitivity” OR " Antibacterial activity” OR "
Antimicrobial Susceptibility Testing” OR "Microbial Sensitivity" OR "Microbial resistance”
OR "Antibiogram™) in databases such as PubMed, Google Scholar, and Science-Direct. The
study examined online research articles published from 2008 to 2022, specifically
concentrating on English studies. A total of 19 eligible studies representing 10 countries and
1, 798 samples were included. Brucella melitensis was isolated in all the studies, with two
other Brucella species found in two studies; Brucella abortus in Turkey and Brucella suis in
Malaysia. The global pooled prevalence of antibiotic-resistant bacteria was 9% (95% CI: 6-
13%). Brucella strains showed the highest antibiotic resistance to macrolides at a prevalence
of 58% (95% CI: 0-100%) followed by ansamycins at 35% (95% CI: 17-56%), then beta-
lactams at 7% (95% CI: 0-26%), sulfonamides at 4% (95% CI: 0-19%), aminoglycosides at
1% (0- 1%), and fluoroquinolones, tetracyclines, and cephalosporin at 0% (95% CI: 0-1%).
The study observed significant bacterial resistance to macrolides and ansamycins specifically,
azithromycin and rifampicin, suggesting the need for an alternate treatment considering that
the combination of rifampicin with doxycycline is the recommended treatment of human
brucellosis. The study also indicates moderate resistance to sulfonamides and beta-lactams
whereas tetracyclines, cephalosporin, fluoroguinolones, and aminoglycosides remain

extremely effective.
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CHAPTER ONE
1. INTRODUCTION
1.1 Background

Brucellosis is a zoonotic disease that poses a significant threat to both human health and
livestock productivity worldwide (Lokamar et al. 2022). The estimated global loss according
to (Singh et al., 2015) is US $3.4 billion (with a range of US $2.8 to 4.2 billion) annually.
Pérez-Sancho et al., (2015) reported a prevalence of nearly 500,000 new cases occur annually.
However, O’Callaghan, (2020) believes that the commonly reported figure of 500,000 new
human cases each year maybe a vast underestimation. This is because many affected countries
lack the infrastructure for accurate diagnosis, and brucellosis symptoms are non-specific
(O’Callaghan 2020).

Brucellosis is a significant foodborne disease affecting people globally (Fritz, Nguyen, and
Vugia 2021a). The World Health Organization (WHO) estimates that contaminated food is
responsible for 0.83 million cases of brucellosis worldwide, leading to 333,000 chronic
infections and 83,300 cases of orchitis (WHO, 2015). In Africa, the estimated disease burden
varies widely from <0.9 to >8.43 per 100 000 populations (Frean et al. 2016). However, the
disease burden varies greatly across different regions. In East Africa, the prevalence of human
brucellosis ranges from 0% to 35.8% (Djangwani et al. 2021), while in the sub-Saharan region,
it ranges from 5% to 55% (Lokamar et al. 2022). Unfortunately, the lack of awareness,
resources, and facilities for controlling the disease has led to over 250 outbreaks reported each

year since 2003 (Ducrotoy et al., 2017).

Despite implementing animal vaccination, Zambia is still facing challenges in controlling and
preventing the spread of brucellosis (Mwinyi et al., 2016). The prevalence rate of brucellosis
is high in cattle herds, ranging from 21% to 58% (Mfune et al., 2021), and in humans, ranges
from 5.08% to 20.3% in the last decade (Muma et al., 2013; Lysholm, Fischer, et al., 2022).
Financial constraints, lack of information on disease risks, and inadequate hygiene at
slaughterhouses and smallholder markets contribute to brucellosis in Zambia (Lysholm,
Fischer, et al., 2022).

Currently, there is limited treatment for animal brucellosis, and infected animals must be culled
(Khan and Zahoor 2018) . Although, preventive measures for humans exist, there is no human

Brucella vaccine (Heidary et al. 2022a). Animal vaccination campaigns show potential, but



drawbacks like abortion induction and bacterial shedding, leading to human transmission

impede efforts to eradicate brucellosis (O’Callaghan 2020).

Additionally, apart from the inadequate treatment availability of brucellosis, is the emergence
of antimicrobial resistant Brucella strains leading to treatment failures (Elbehiry et al. 2022a).
Antibiotic overuse contributes to the development of antibiotic resistance, with Brucella strains
becoming resistant, and the incidence of antibiotic resistance continues to increase annually,
especially in the Middle East and North Africa (Ma et al. 2023). A recent systematic review
by (Wareth et al., 2022a) revealed that both human and animal Brucella isolates (B. melitensis
and B. abortus) have developed resistance to several antibiotics. The most prevalent antibiotics
recorded were rifampicin, streptomycin, trimethoprim/sulfamethoxazole, azithromycin, and

ceftriaxone.

Antibiotic resistance can be innate or acquired, resulting from microorganisms adapting to
changing environmental conditions or a sudden selective pressure from antimicrobial treatment
(Palma, Tilocca, and Roncada 2020). Brucella species have no evidence of plasmids or other
means of horizontal gene transfer (Suarez-Esquivel et al. 2020), antimicrobial resistance occurs
exclusively due to spontaneous mutations in the genome (Pereira et al. 2023). Nucleotide
variations in the housekeeping gene rpoB are reliable markers for distinguishing lineages and
biovars, and mutations in rpoB can confer resistance to rifampin resistance (Brangsch et al.
2023). In vitro, induction of fluoroquinolone resistance in Brucella strains has been observed
through overexpression of efflux pumps and mutations in gyrA (D. J. Trott, Abraham, and
Adler 2018).

There has been no research conducted to assess the worldwide occurrence of antimicrobial
resistance in Brucella strains against medically significant drugs. The study aims to offer a
thorough analysis of the resistance patterns of Brucella strains to antibiotics in humans.

1.2 Problem Statement

Brucellosis is a significant global threat to human health and livestock productivity (Franc et
al. 2018). The disease is both an occupational and a food-borne disease (Fritz, Nguyen, and
Vugia 2021b). According to WHO, there are approximately 0.83 million cases of brucellosis
worldwide caused by consuming contaminated food. Additionally, individuals who work with



animals, in laboratories, or in abattoirs have a significantly higher risk of contracting Brucella
species, which is 3.47 times greater than the general population (Pereira et al., 2020). In Africa,
brucellosis is prevalent in both animals and humans, with over 250 outbreaks reported annually
since 2003 (Ducrotoy et al., 2017).

Controlling and preventing the spread of brucellosis poses significant challenges for Zambia
(Mfune et al. 2021). The prevalence rate in humans has increased tremendously from 5.03%
in 2008 (Muma et al. 2008) to a current estimation of 20.3% (Mubanga et al. 2021).

Antibiotic-resistant Brucella strains are becoming prevalent, leading to treatment failures and
disease relapse of (0% to 32%) in children aged between 7 months and 14 years (Bosilkovski
et al., 2015). Antibiotic resistance has been reported in various studies to commonly used
antimicrobial drugs like trimethoprim/sulfamethoxazole and rifampicin (Ebani et al. 2023). In
China, 100% of Brucella isolates were resistant to azithromycin, while 62.1%, 58.6%, and
62.1% of isolates in Egypt were resistant to ciprofloxacin, rifampicin, and imipenem,
respectively (Ma et al. 2023). Drug resistance in brucellosis treatment is a significant issue in
low-income developing countries where tuberculosis is endemic, raising concerns about long-

term tuberculosis medication resistance (Gliltekin et al. 2021a).

Amidst the growing concern of antibiotic resistant Brucella strains, the study’s aim is to
provide detailed prevalence data on antibiotic-resistant Brucella strains, and identify less
effective antibiotics which is essential for developing new treatment strategies and guidelines.
The study's results will aid in implementing public health interventions and policies to control
brucellosis, particularly in resource-limited settings, prioritizing effective antibiotics and

refraining from resistant antibiotics.

1.3 Significance of the Study
Brucellosis is a disease that is neglected on a global scale, contributing to increase in
misdiagnosis and a limited understanding to its true disease impact (Moreno et al. 2022).
With the rise of antibiotic resistance, it is crucial to determine the most effective antibiotics
and the prevalence of antibiotic resistance in order to raise awareness and urgency in
eradicating the disease. Infections caused by multidrug-resistant bacterial strains are among
the main factors influencing morbidity and mortality (Prestinaci et al. 2015). This study aims
to address this gap by investigating the prevalence of antibiotic resistant Brucella strains. By
consolidating all relevant data on this matter, the study will enhance its statistical reliability

and allow for broader application of the results. The discoveries from this research will aid in



the advancement of more effective treatment strategies for individuals who have been
diagnosed with or are suspected of having brucellosis. This, in turn, will help mitigate the

threat of outbreaks caused by multi-drug resistant strains or Brucella epidemics.

1.4 Research Questions

a. What is the prevalence of antibiotic resistant Brucella strains?
b. What are the most effective antibiotics against Brucella strains?

1.5 General Objective

e The objective of this meta-analysis is to evaluate of the resistance patterns of Brucella

strains to antibiotics in humans.

1.6 Specific Objectives
a. To determine the prevalence of antibiotic resistant Brucella strains.

b. To evaluate the most effective antibiotics against Brucella strains



CHAPTER TWO
2. LITERATURE REVIEW

Brucellosis is a worldwide threat to both livestock productivity and human health (Franc et al.
2018), as it is a neglected zoonotic disease that can be transmitted naturally between animals
and humans. Neglected tropical diseases are another type of disease that affects people mainly
living in low-income regions of tropical and subtropical areas (Williams and Kovarik 2021).
These diseases are termed "neglected” as they receive little attention despite their high
prevalence and impact on poor and marginalized populations(WHO 2015).

The economic burden that brucellosis places specifically on low-income countries has attracted
worldwide attention as one of the world's leading neglected zoonotic diseases of economic
importance (Franc et al. 2018). According to (Singh et al., 2015), brucellosis results in a
median loss of US $3.4 billion (with a range of US $2.8 to 4.2 billion), with 95.6% of the total
losses attributed to the disease in cattle and buffalo. Per animal, the disease leads to a loss of
US $6.8 for cattle, US $18.2 for buffalo, US $0.7 for sheep, US $0.5 for goats, and US $0.6
for pigs.

2.1 Etiology of Brucellosis

The genus Brucella resides within the family Brucellaceae
with Mycoplana and Ochrobactrum, of the order Rhizobiales in the class Alphaproteobacteria
of the phylum Proteobacteria (Ficht 2010). Brucella and Ochrobactrum are part of the
Rhizobiales order within Brucellaceae family (Leclercq, Cloeckaert, and Zygmunt 2020). One
of the most significant distinctive features of Brucella organisms is the smaller genome sizes
(3.1-3.4 Mb) as compared with their closest Ochrobactrum relatives (4.7-8.3 Mb), a
phenomenon linked to their different lifestyles. (Moreno et al. 2022).

Brucella are very small (0.5-0.7 um x 0.6-1.5 um), faintly stained gram-negative coccoid
rods, with a microscopic appearance of ‘fine sand’ (Liu 2014). They are intracellular pathogens
that survive and multiply in macrophages during infection, adapting to acidic conditions
(Glowacka et al. 2018). Brucella species can be classified into two phenotypic types based on
the structure of their lipopolysaccharide (LPS), which is the main component of the outer
membrane of gram-negative bacteria. These types are referred to as “"smooth” (S-type) and

"rough™ (R-type) (Kurmanov et al. 2022).



There are several types of Brucella bacteria that infect different hosts. B. abortus mainly infects
cattle, B. melitensis preferentially infects sheep and goats, B. suis mostly infects pigs, B. canis
affects dogs, B. ovis affects sheep, B. neotomae infects the desert wood rat, B. microti affects
the common vole, B. ceti infects cetaceans, B. pinnipedialis infects seals, and B. inopinata was
isolated from a human breast implant infection. In addition to these, B. papionis and B. vulpis
were recently obtained from the baboon (Papio spp.) and red fox (Vulpes vulpes), respectively
(De Massis et al. 2019). Additionally, there are several Brucella isolates that have been found
in rodents, frogs, reptiles, fish, and bats, but have not yet been formally described in terms of
their taxonomy (About et al. 2023).

2.1.1 Etiology of Brucellosis in Humans

In humans, the main cause of brucellosis is mostly attributed to four distinct species of
Brucella: B. melitensis, B. suis, B. abortus, and B. canis (Pal et al. 2020). B. melitensis is the
most potent species causing brucellosis in humans, followed by B. suis, while, B. abortus is the
mildest form of the disease (Jin et al. 2023). Although human infection with B. abortus can be
moderate, it is the most important zoonotic agent after B. melitensis and it can also lead to
persistent and difficult-to-treat illness (Mirnejad et al. 2017a). A study conducted in
Bangladesh identified B. abortus as the primary cause of brucellosis in occupationally exposed
individuals. The study did not find any cases of B. melitensis and suggested that additional
research should be conducted to investigate the presence of Brucella melitensis in Bangladesh
(Rahman et al. 2017).

B. melitensis, B. suis, and B. abortus are divided into subtypes or biovars. Although B.
melitensis is more infectious and causes disease in humans compared to B. abortus, there are
no significant differences in disease presentation and severity (Osman et al. 2015). B. abortus
has been classified into biovars 1, 2, 3, 4, 5, 6, 7, and 9, B. melitensis has biovars 1, 2, and 3,
and B. suis biovars 1, 2, 3, 4, and 5 (Mathew et al. 2015). B. melitensis, the most pathogenic
species among Brucella species, causes the most human infections, with all three biovars (bv1,
bv2, bv3) being pathogenic to humans (Zange and Scholz 2023). B. suis biovars have varying
zoonotic potential, with biovars 1, 3, and 4 being more pathogenic than B. abortus but less than
B. melitensis. Other B. suis biovars have limited potential to infect humans (El-Sayed and Awad
2018).



2.1.2 Etiology of Brucellosis in Animals

The most important recognized Brucella species listed in descending order of pathogenicity
are B. melitensis, B. suis, and B. abortus (Rowe 2014). The species B. melitensis biovars 1-3
have been observed in sheep and goats, B. abortus biovars 1-6 and 9 in cattle, and B. suis
biovars 1-3 are known to infect pigs, while B. suis biovar 4 and 5 are more frequently
associated with infection in reindeer and small rodents (Khan and Zahoor 2018). Nevertheless,
B. melitensis biovar 1 is the predominant pathogen responsible for infection in sheep and goats
(Akar and Erganis 2022), and B. abortus biovar 1 is the main culprit behind cattle brucellosis,
accounting for 41 out of the reported 45 strains contrasting to the prevalence of biovar 3, as
highlighted by (Bertu et al. 2015). Porcine brucellosis is caused by B. suis biovars 1, 2, or 3,
with biovar 2 having a distinct host range, limited distribution, and pathology (Coelho, Diez,
and Coelho 2015).

It is worth mentioning that Brucella species have a preference for specific animal species as
hosts, however, they can infect other hosts, except for B. ovis (EI-Sayed and Awad 2018). Cross
infection can occur due to mixed husbandry systems, although at relatively low and controlled
infection rates (Matle et al. 2021). A systematic review on brucellosis in Africa reported B.
abortus, B. melitensis, B. inopinata and B. suis as the observed Brucella species in wildlife
(Simpson et al. 2021a). Wildlife species such as bison and elk have been confirmed to be
important reservoirs of B. abortus (Yang et al. 2019). Brucella infections that are recognized
as sustainable in wildlife are B. abortus in buffalo and bison, B. suis biovar 2 in wild boar and
European hare, B. suis biovar 4 in reindeer, B. ceti in cetaceans, B. microti in voles and red fox

(Gonzélez-Espinoza et al. 2021).

2.2 Epidemiology of Brucellosis
Brucellosis, also known as “undulant fever”, “Mediterrancan fever”, “Malta fever”, “Gibraltar
fever”, “thousand face disease”, “raging fever” or “melitococci disease” (Mirnejad et al. 2017b)
is a reportable zoonotic disease and re-emerging in some countries. The WHO reported in
(2020) that brucellosis is typically contracted by humans through direct contact with infected
animals, ingestion of contaminated animal products, or inhalation of airborne agents. Of which,
the majority of cases are caused by consuming unpasteurized milk or cheese from infected
goats or sheep. Therefore, incidence of the disease in humans relates to the frequency of
brucellosis in the local livestock population (Holt et al. 2021). In addition, Brucella species are

highly infectious through the aerosol route, making them a potential agent of biological



weapons and bioterrorism (Lai et al. 2017). Unfortunately, in many parts of the world, the non-
specific clinical signs of the disease often lead to misdiagnosis as malaria or typhoid (Zerfu et

al. 2018), resulting in significant under-reporting.

The geographical distribution of animal brucellosis is constantly evolving, with new foci
emerging in infected areas or re-emerging in previously free areas, potentially leading to new
cases (De Massis et al. 2019). For insistence, Canada has effectively eliminated bovine
brucellosis; however, B. abortus still persists in wild bison herds in certain regions (Corbel
2020). Brucella species are found in higher concentrations within the uterus of pregnant
animals, and aborted fetuses, placental membranes and uterine discharges act as the main
source of infection (Khurana et al. 2021). Brucella species can thrive in various environmental
conditions, including climatic irregularities, temperature changes, and humidity, providing the
necessary conditions for their long-term survival (Faramarzi et al. 2019). Animals can contract
the infection through ingestion, contact with contaminated feed and water, inhalation, and

natural or artificial insemination from one herd to another (Sharma et al. 2024).
2.2.1 Transmission of Brucellosis

In humans, brucellosis almost always originates from an animal reservoir (J Godfroid et al.
2013). Human-to-human transmission of brucellosis is rare (CDC 2019) but not impossible. A
systematic study conducted by (Tuon et al., 2017) described human-to-human transmission
occurring through the trans placental route, breastfeeding, sexual intercourse, and tissue such
as blood and bone marrow. A few cases described in literature such as the transplantation of
solid organs could be difficult to differentiate between interhuman and environmental

transmissions because family members share the same endemic area (Tuon et al., 2017).

In animals, Brucella transmission occurs through ingestion of contaminated feeds and water,
inhalation of aerosolized bacteria, mating, and direct contact with infected placenta and uterine
discharges (Efrem et al. 2023). Animal infection occurs during communal herding and grazing,
the addition of infected animals to a herd, transhumance movement and mixing at livestock
markets (Oyetola et al. 2021).

2.2.2 Pathogenesis of Brucellosis
Brucella species cause brucellosis through their unique ability to penetrate and persist within
host cells, and bypassing immune defenses, leading to chronic infections (Qureshi et al.
2023). The bacterium infects the host through four crucial steps: adherence, internalization,

intracellular growth, and dissemination within the host (Dadar et al. 2021). Brucella enters
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the host, moves across the mucosal epithelium layer, is endocytosed by macrophages and
dendritic cells, survives and replicates inside professional phagocytic cells, modulates host
immune response, and disseminates to preferred tissues (De Figueiredo et al. 2015). Brucella
strains bind to epithelial cell surface receptors containing sialic acid and sulfated residues
(Castafieda-Roldéan et al. 2004). The binding process activates small guanosine triphosphate
(GTPases), triggering a signaling cascade that rearranges the actin cytoskeleton, enhancing
invasion and entry (Rossetti, Drake, and Adams 2012). They move across the epithelium by
subverting the mucosal epithelial barrier function (Rossetti et al. 2013). once translocated
through the epithelium Brucella, are engulfed by mucosal phagocytic cells, with less than
10% survive. They delay immune system recognition by modifying or cloaking their
pathogen-associated molecular patterns (De Figueiredo et al. 2015). Then Brucella, reside in
a specific vacuole within mononuclear phagocytic cells, modify intracellular trafficking, and
transform the vacuole into a replicative compartment (Kohler et al. 2002). Infected
mononuclear phagocytic cells undergo extensive transcriptional changes during the
adaptation stage, returning to normal after 12 hours (Billard, Dornand, and Gross 2007).
However, Brucella uses strategies like inhibiting apoptosis, preventing dendritic cell
maturation, reducing antigen presentation, and activating naive T cells to establish and
maintain chronic infection (De Figueiredo et al. 2015).

Dendritic cells are antigen-presenting cells that can be a safe haven for Brucella growth, as
they can inhibit antigen processing and presentation, bypassing the host immune response
(Huy et al. 2022). Brucella can infect other cells such as neutrophils, lymphocytes, and
erythrocytes, but they lack efficient intracellular replication due to their role in bacterial
dispersion (Gonzéalez-Espinoza et al. 2021). Furthermore, Brucella can cause abortion by
infecting animal placenta, particularly in trophoblasts where erythritol is produced, and its

virulence factor is its ability to replicate (Huy et al. 2022).



2.2.3 Brucellosis in Humans

Brucellosis infections are caused by direct or indirect contact with infected animals or animal
materials, and is linked to disease prevalence, socioeconomic status, eating habits, poor
hygiene, and consumption of contaminated unpasteurized milk and meat (Adesokan, Alabi,
and Ogundipe 2016).

It is a sub-acute or chronic disease with nonspecific clinical manifestations, presenting
classically as an influenza-like syndrome (About et al. 2023). Of the twelve Brucella species,
Brucella melitensis is the most prevalent cause of human brucellosis (Hashim et al. 2014).
Brucella can cause common signs and symptoms such as fever, asthenia, myalgia, arthralgia,
sweats, lymphadenopathy, hepatomegaly, and splenomegaly of which osteoarticular
manifestations are the most common forms of localized disease (Alhabbab 2018). It can also
cause neuro-brucellosis which has a prevalence that ranges from 5% to 7% and the reported
frequency of liver involvement such as granulomas, inflammatory infiltrations, and

parenchymal necroses ranges from 5% to 52% (Baldi and Giambartolomei 2013).

Antimicrobial resistance (AMR) is a global public health issue with a projected 10 million
deaths per year by 2050 (Tang, Millar, and Moore 2023). It's primarily caused by overuse and
misuse of antibiotics in clinical treatment, agriculture, animal healthcare, and the food system
(Llor and Bjerrum 2014). Misuse and overuse of antibiotics lead to the selection of resistant
strains, with an estimated 50% of prescriptions being deemed inappropriate (Samreen et al.
2021). Antibiotics in animal husbandry are a major contributor to antibiotic resistant as
antibiotic resistant genes can cross species barriers and enter human food sources, introducing
new resistant bacterial strains (Harris et al. 2023). Non-prescription antibiotic use is still
common, accounting for 19% of total consumption and even up to 100% in some cases (Sohail
et al. 2016). Hospitals are hotspots for horizontal gene transfer, facilitating the transfer of
antibiotic resistance determinants and virulence factors between species, contributing to the
acquisition, maintenance, and spread of antibiotic resistant genes within bacterial communities
(Samreen et al. 2021).

2.2.4 Brucellosis in Animals

The negative impact of brucellosis is not limited to livestock, as it also affects wildlife. In fact,

(Wiethoelter et al. 2015) identified brucellosis as one of the top 10 diseases at the wildlife-
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livestock interface. Brucella melitensis, primarily common in goats and sheep, B. abortus,
affects cattle, and B. suis, in swine, these are the most prevalent Brucella species that impact
livestock (De Massis et al. 2019). These species can be transmitted between animals both
vertically and horizontally, leading to abortion and infertility in their primary natural hosts
(Plumb, Olsen, and Buttke 2013). Moreover, Brucella species can cross-infect not only their
preferred hosts but also other domestic and wild animal species (Moreno 2021). As a result,
these species can act as reservoirs for the disease for other animal species and humans (Diaz
Aparicio 2013).

Notably, not all instances of Brucella infections in wildlife are caused by spillovers from
livestock (Gonzélez-Espinoza et al. 2021). For instance, (Jacques Godfroid 2018) reported that,
B. abortus in buffalo and bison, as well as B. melitensis in Alpine ibex, are examples of
infections that can occur in wildlife independent of livestock. In areas where livestock farming
is scarce, such as the Arctic, B. suis biovar 4 infections have been observed in reindeer and
caribou, while B. ceti and B. pinnipedialis infections have been primarily detected in different
cetacean and seal species. There have been a few reports of human infections resulting from B.
suis biovar 4 in Russia, Canada, and Alaska, and less than five cases of natural B. pinnipedialis
infections in humans (Jacques Godfroid 2018). Anthropogenic ecological changes have led to
a significant increase in the wildlife-livestock-human interface (Jones et al. 2013), resulting in

emerging and re-emerging Brucella infections or diseases.

Antimicrobial resistance (AMR) is a growing issue affecting food animals due to antibiotic and
antimicrobial use, inadequate local sanitation, pollution, and nonuse factors (Graham et al.
2019). Veterinary medicines are used as prophylactic agents, feed additives, and growth
promoters, leading to the selection of mutations that confer antibiotic resistance (Samreen et
al. 2021). A study on Vietnamese chicken farms found that 84% of antibiotics were used for
prophylaxis, 12% for disease management, and 3.8% for combined use (Carrique-Mas et al.
2015). Poor regulation of antibiotic access, including access without prescription, poor
awareness, inappropriate use, and inappropriate prescribing, in poultry contributes to the spread
of antibiotic resistance (Mudenda et al. 2023). Biocides used in veterinary settings at sublethal
concentrations can lead to the selection of mutations causing antibiotic resistance, similar to

the selection of antibiotic resistance genes at low antibiotic concentrations (Singer et al. 2016).
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2.3 Global Prevalence of Brucellosis

Human brucellosis, a foodborne disease caused by Brucella species, affects a significant
number of people worldwide. According to (Pérez-Sancho et al. 2015), nearly 500,000 new
cases are reported annually; however, underreporting and misdiagnosis result in a vast
underestimate of its true prevalence. Every person, regardless of age or sex, is at risk of
contamination through food. (Dadar et al. 2020) found a higher prevalence of Brucella species
in raw milk (17%) than in cheese (7%), while (Dadar et al. 2022) reported a prevalence of
6.83% in male and 9.64% in female camels. In swine, the prevalence of Brucella species is
2.1%, with a higher infection rate in Europe (17.4%) (Gong et al. 2021). The WHO estimates
that there are 0.83 million brucellosis cases worldwide resulting from the consumption of
contaminated food, including 333,000 chronic infections and 83,300 cases of orchitis (WHO
2015).

In brucellosis patients, the prevalence of developing osteoarticular disease varies from 27% in
low-risk regions to 36% in high-risk regions (Adetunji et al. 2019). The global prevalence of
brucellosis is 14%, which is further compounded by the additional occupational risk faced by
livestock-related personnel, with North America and Africa reporting the highest prevalence
rates (Mia, Hasan, and Pory 2022). Despite this, several countries have taken measures to
reduce the incidence and prevalence of brucellosis. For instance, within the EU/EEA, 26
Member States actively monitor brucellosis, while 20 countries have comprehensive
surveillance systems that analyze both laboratory and epidemiological data (European Centre
for Disease Prevention and Control 2022). As a result, the European Centre for Disease
Prevention and Control (2022) reported a steady decrease in brucellosis cases from 2016 to
2020.

According to the (CDC 2012), Canada and Japan have successfully eradicated brucellosis by
implementing expensive and lengthy programs that involved animal vaccination and culling of
infected animals at later stages (O’Callaghan 2020). Countries such as Kenya reporting (203.07
cases per 100 000), Yemen (89.96), Syria (47.26), Greece (42.96) and Eritrea (21.82), have
made improvements in their high incidence rates since 2006 (Wang and Jiang 2020). However,
increased international trade, migration, tourism and lack of awareness threaten the prevention
efforts to curb the prevalence of brucellosis and contribute to the emergence of new hotspots,
especially in Africa and the Middle East (Wang and Jiang 2020).
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2.4 Prevalence of Brucellosis in Africa
Brucellosis is a widespread zoonotic disease in Africa (Bamaiyi 2016), with a prevalence of
8% in livestock (Suresh et al. 2022). In Sub-Saharan Africa, the prevalence of animal
brucellosis ranges from 10.2% to 25.7% (Mehari, Zerfu, and Desta 2021), while in the East
Africa Center, cattle, goats, and sheep had a prevalence rate of 0.0% to 20.0%, 0.0% to 13.8%,
and humans ranged mostly from 0.0% to 35.8% (Djangwani et al. 2021).

Africa lacks adequate information on the prevalence of brucellosis in both humans and animals,
making it difficult to accurately assess the extent of the disease burden (Govindasamy 2020).
The lack of facilities, budget, and low prevalence data has led to the absence of strategies to
control brucellosis at regional levels in Africa (Racloz et al. 2013). However, the available data
suggests that Africa has one of the highest rates of brucellosis in the world. For instance,
Kenya's incidence rate is 203.07 cases per 100,000 individuals (Wang and Jiang, 2020),
Ethiopia's pooled seroprevalence is 3.0% (Tesfaye et al. 2021), and Uganda has a national
prevalence rate of 10% in cattle and 5.5% in cattle keepers (Baruho 2022). Additionally, a
meta-analysis conducted by Pereira et al., (2020) found that individuals who work with
animals, in laboratories, or in abattoirs have a 3.47 times higher risk of contracting Brucella
species compared to those who do not have any exposure to possible sources of infection. In
Tanzania, 6.1% of febrile human illnesses requiring outpatient hospital care are caused by

Brucella species (Bodenham et al. 2020).

While several countries in southern Africa have implemented measures such as surveillance,
movement control, and stamping out or vaccinations for bovine brucellosis, only South
Africa has made sustained efforts to control and eradicate the disease (Ducrotoy et al. 2017).
Control and eradication programs for animal brucellosis are common in developed countries,
but resources are often not allocated to such programs in developing countries (Bamaiyi
2016).

In addition to resources, lack of awareness is a major problem in Africa with regards to
brucellosis. The pooled awareness level of the zoonotic nature of brucellosis in the African
population is only 17.8%, with higher awareness among livestock owners (15.4%) compared
to dairy farmers and abattoir workers (2.6%) (Zhang et al. 2010). A study conducted in
Rwanda showed that 57.5% of respondents were unaware of brucellosis as a disease and
82.5% did not remove brucellosis seropositive animals from the herd (Ndazigaruye et al.,
2018). As a result of these challenges, brucellosis has not been eradicated, and the situation is
worsening with over 250 outbreaks per year reported since 2003 (Ducrotoy et al. 2017).
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2.5 Prevalence of Brucellosis in Zambia
There is a limited number of research in Zambia discussing the prevalence of brucellosis
(Muma et al. 2007). Many of the research papers published from 2000 onwards focus on
seroprevalence instead. Therefore, because of the lack of data on prevalence, this study will

highlight on the seroprevalence of brucellosis in Zambia.

Around 80% of Zambia's national livestock belongs to the traditional sector, with Brucella
seroprevalence in cattle herds ranging from 21% to 58% and small ruminants (sheep and
goats) ranging from 0% to 1.65% (Muma et al. 2013). The prevalence of Brucella
seroprevalence in Southern and Western Provinces of Zambia has remained stable over the
past decade at 21.14% (Mfune et al. 2021). Meanwhile, in humans, the seroprevalence has
increased from 5.08% to around 20.3% in the last decade (Mubanga et al. 2021).

Although Zambia has implemented animal vaccination against brucellosis, the program is not
free and limited financial resources hinder control and prevention efforts, according to
(Mwinyi et al. 2016). Moreover, there are no current national control programs or vaccination
campaigns for goat diseases in Zambia, as reported by (Lysholm, Lindahl, et al. 2022). The
continuous circulation of Brucella species in the country is attributed to suboptimal
procedures and hygiene at slaughterhouses and smallholder markets, as well as the lack of

information on disease risks (Lysholm, Fischer, et al. 2022).

Apart from the already high risk of brucellosis from livestock, Zambians are facing an
additional threat from wildlife. The disease has taken hold in the Kafue lechwe antelope
(Kobus leche kafuensis), with a prevalence of 43%, even in the absence of contact with
livestock (Simpson et al. 2021b).

2.6 Treatment, Prevention, and Control of Brucellosis in Humans
According to (Dadar et al. 2021), controlling and preventing brucellosis in livestock could
decrease the incidence of human brucellosis. Unfortunately, treatment of animal brucellosis is
not feasible, and all infected animals must be culled (Wareth et al. 2022a). To prevent the
spread of the disease, measures such as consuming pasteurized milk, handling meat, animal
carcasses, and internal organs correctly, and disposing of afterbirths properly are recommended
for agricultural and livestock personnel (WHO 2020).
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2.6.1 Control and Treatment of Brucellosis in Humans

In settings with limited resources, following the traditional treatment for brucellosis
(aminoglycosides plus doxycycline) can be difficult because of the potential for hepatitis and
HIV transmission through syringes (Ducrotoy et al. 2017). Human brucellosis treatment
usually requires a course of oral combination antimicrobial medication lasting at least 6 weeks,
with doxycycline and rifampin being frequently prescribed (Villate et al. 2020). It is
recommended to use combination therapies to lower relapse rates (Ranjbar et al. 2020). When
comparing doxycycline and rifampin combinations with co-trimoxazole, relapse rates varied,
with higher relapse rates of 1.96 observed with co-trimoxazole plus rifampin compared to co-
trimoxazole with doxycycline (Khurana et al. 2021). Unfortunately, no human Brucella
vaccine is currently available (Darbandi et al. 2022) and because of efficacy and safety
concerns on the currently available Brucella vaccines (Dorneles, Sriranganathan, and Lage
2015).

2.6.2 Control and Treatment of Brucellosis in Animals
Antibiotic treatment of brucellosis in domestic animals is often unsuccessful owing to
intracellular survival of Brucella and its adaptability in macrophages (Khurana et al.
2021). In livestock, treatment of brucellosis is not attempted because all positive cases are
slaughtered (Wareth et al. 2021).Test-and-slaughter policies are the most effective (Bahmani
and Bahmani 2022), but in endemic developing countries they can contribute to the spread of
infection when identified seropositive animals are sold instead of slaughtered (Rubach,
Halliday et al., 2013). Vaccination campaigns including Brucella melitensis Rev. 1 and
Brucella abortus S19 have been successful in controlling brucellosis worldwide (Heidary et
al. 2022b). However, none of the available vaccines are perfect and can cause abortion in
animals, leading to the transmission of brucellosis to humans (O’Callaghan 2020).

2.7 Recurrence and Antibiotic Resistance of Brucellosis

The diagnosis of brucellosis is a complex task that necessitates a high level of suspicion,
clinical and laboratory evidence (Shenoy, Jaiswal, and Vinod 2016). Due to variable clinical
symptoms, microbiological laboratory is crucial for identifying and managing human cases
using direct diagnosis by culture, indirect diagnosis by serological tests, and rapid diagnosis

by molecular polymerase chain reaction -based methods (Di Bonaventura et al. 2021). The
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isolation of Brucella species is considered as the gold standard technique for the diagnosis of
brucellosis (Etemadi et al. 2019). Isolation from body fluids, exudates, blood, and tissues is
100% test-specific and absolute evidence for infection, but detection of cultures decreases
with chronic infection (Legesse et al. 2023). The risk of laboratory infection varies from 40%
to 100%, influenced by factors like laboratory accidents and aerosolization during routine
identification activities (K. Singh 2009).

Serological diagnostics for brucellosis use an indirect approach, examining a patient's
immune response for antibodies indicating prior exposure or contact with the Brucella
pathogen, such as immumoglobin M and immunoglobin G, which provides evidence of
previous or ongoing infection (Qureshi et al. 2023). Molecular techniques such as polymerase
chain reaction is a widely used method to detect brucellosis in serum and blood specimens,

with a sensitivity ranging from 50 to 100% (Legesse et al. 2023).

Antibiotic susceptibility is the minimum concentration needed to inhibit bacteria or fungi
growth (Syal et al. 2017). Brucella species are susceptible to various antibiotics, including
doxycycline, rifampicin, streptomycin, gentamicin, and trimethoprim-sulfamethoxazole
(Gtowacka et al., 2018; Giiltekin et al., 2021). Treatment typically involves dual-antibiotic
therapy, varying based on the severity of the infection (WHO, 2020).

The rise in antibiotic-resistant Brucella strains has resulted in treatment failures and the
reappearance of the disease. A study in Malaysia collected Brucella isolates from 2010 to
2011 and found that all 41 isolates were susceptible to the tested antimicrobial drugs except
for rifampicin (Hashim et al. 2014). An examination of 87 isolates of B. melitensis in Turkey
revealed that all isolates were sensitive to doxycycline and streptomycin, with intermediate
susceptibility to rifampicin (Gultekin et al. 2021b). A study conducted by (Arapovic et al.
2022) in 2022 in Bosnia and Herzegovina found a significant resistance rate of B. melitensis
to azithromycin. A systematic review conducted in Middle Eastern and North African
countries on Brucella isolates (B. melitensis, B. abortus, and B. ovis) from animal and human
samples revealed resistance to rifampicin, streptomycin, trimethoprim/sulfamethoxazole,
azithromycin, and ceftriaxone (Wareth et al. 2022b). Research on antibiotic resistance of
Brucella strains in Zambia is insufficient. Several studies have documented antibiotic
resistance in different bacterial species, but there is currently no research available on
antimicrobial resistance specifically in Brucella species. The existing studies on brucellosis

document the seroprevalence.
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Brucellosis is known for recurrence, therapeutic failure, and chronicity despite the
recommended treatment options by the WHO(Nematollahi et al. 2017). The disease can
recur, and in 5 to 15% of cases, recurrence occurs despite treatment (Keramat et al. 2021).
The relapse rate of Brucellosis is substantial, affecting 5-30% of individuals (Abd elbaser and
Mohammed 2018). One study in the United Arab Emirates found a relapse rate of 10% (Al
Nokhatha et al. 2021), while another study showed relapse rates ranging from 0% to 32% in
children aged 7 months to 14 years (Bosilkovski et al. 2015). The doxycycline-streptomycin
combination has shown the most effective treatment response and the lowest relapse rate of

approximately 5-7% (Majzoobi et al. 2018).
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CHAPTER THREE

3. MATERIALS AND METHODS
3.1 Study Design
This meta-analysis evaluates the prevalence of antibiotic resistant Brucella strains,
following the Preferred Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA) framework. The protocol was registered with PROSPERO under the ID
CRD42023448388 and a thorough literature search was conducted using databases like
PubMed, Google Scholar, and Science-Direct.

3.2 Study Frame

This study involved the analysis of various research articles on the antibiotic resistance of

Brucella species.

3.2.1 Inclusion Criteria
Research articles inclusive of laboratory based cross-sectional studies published online
between 2008 and 2022, utilizing cultural and/or molecular techniques to determine the
antibiotic susceptibility of Brucella strains in humans. The studies were in English, with

completed prevalence data and the full text-version was available online.

3.2.2 Exclusion Criteria

Research articles that did not meet the above inclusion criteria were excluded.

3.2.3 Search Strategy
A systematic search was performed for studies published from the 1st January, 2008 to
the 31st December, 2022 in Google Scholar, PubMed, and ScienceDirect databases using
a set of keywords. The keywords used were: (("Brucella™) AND "Antibiotic
susceptibility,” OR "Antibiotic resistance,” OR "Antibiotic sensitivity," OR "Antibiotic
activity" OR "Antimicrobial susceptibility" OR "Antimicrobial resistance " OR
"Antimicrobial sensitivity " OR "Antimicrobial activity" "Antibacterial susceptibility"
OR " Antibacterial resistance " OR "Antibacterial sensitivity” OR ™ Antibacterial
activity" OR " Antimicrobial Susceptibility Testing” OR "Microbial Sensitivity" OR

"Microbial resistance” OR "Antibiogram').
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a) PubMed Search Strategy
The advanced search was used for each individual keyword combined with AND
Brucella. The following were the selected settings:
1. Query- ALL FIELDS.
2. Year- Custom Range; 01 January 2008 to 31 December 2022.
Date searched: 14" August, 2023.
b) GoogleScholar Search Strategy
The advanced search was used for each individual keyword AND Brucella. The
following were the selected settings:
1. Filter- All in title or Title.
2. Year- Custom Range; 2008-2022
Date searched: 23" August, 2023.
c) ScienceDirect Search Strategy
The advanced search was used for each individual keyword combined with AND
Brucella. The following were the selected filter settings:
1. Year- 2008-2020
2. Article Type- Research Articles
3. Subject Area- Immunology and Microbiology.
Date searched: 12" September, 2023.

3.2.4 Selection Process
The retrieved articles were saved onto an Excel® spreadsheet, and duplicates were
removed. Subsequently, the articles were then subjected to title-based screening to
eliminate unrelated studies. Following this, abstract and full-text screening in accordance
with the inclusion criteria was done, which led to the exclusion of research articles that

did not meet the specified requirements. Figure 4.1 summarizes the selection of articles.

Eligible studies were subjected to a quality assessment that contained eleven modified
questions (Munn et al. 2014) (Additional file 1) and only studies that scored at least 80%
(9 out of 11) were included in the analysis (Twohig-Bennett and Jones 2018). The score

system used was 1 for “yes” and 0 for “no” (Supplementary Tablel).

3.2.5 Data Extraction
Specific information was extracted from the selected articles, which included first author,

year of publication, country of study, origin of sample (human only), study design,
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sampling technique, sample duration (fresh or archived samples), type of sample,
Brucella species isolated, sample size, total number of positive Brucella, total number of
Brucella isolates tested, class of antibiotic, specific antibiotic, type of antibiotic
susceptibility test, and proportion or total number of Brucella isolates susceptible,

intermediate or resistant.

3.2.6 Study Risk of Bias Assessment
The Doi plot was utilized to investigate publication bias. Publication bias describes
the increase in the likelihood of publishing significant positive results, leading to skewed
meta-analysis results, and potentially over or underestimating an effect (Woodyard et al.

2024). It can affect the validity and generalization of conclusions (Lin and Chu 2018).

The Doi plot was analyzed using the Luis-Kanamori (LFK) index, which is used to
distinguish between simulated publication bias asymmetry and chance or no asymmetry
(Furuya-Kanamori, Barendregt, and Doi 2018). An LFK index with scores of +1,

between +1 and £2, or £2 indicates "no asymmetry,” "minor asymmetry,” and "major

asymmetry," respectively (Chen et al. 2022).

The Cochrane’s Q which is equivalent to the P-value of a Chi-Square statistic
(Kulinskaya and Dollinger 2015) and 12 statistic were used to determine heterogeneity in
the analysis. According to the Cochrane Handbook for Systematic Reviews of

Interventions (Chandler, 2022), the interpretation of the 12 statistic is as follows;

e 0% to 40%: might not be important
e 30% to 60%: may represent moderate heterogeneity
e 50% to 90%: may represent substantial heterogeneity

e 75% to 100%: considerable heterogeneity

3.2.7 Effect Measure
The effect measure used in this study was the prevalence rate of the total number of

resistant Brucella isolates and the sample size.

3.3 Data Analysis
Avrticles that satisfied the requirements of the screening and quality assessment criteria were
transferred to a separate Excel® sheet for subsequent data extraction. Utilizing MetaXL

version 5.3, a quantitative meta-analysis was conducted using the quality effect model.
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Relevant details such as the article reference (first author and publication year), sample size,
proportion of resistant Brucella isolates, and quality assessment scores were compiled into a

table within a separate Excel® workbook.

The quality effect model was used to calculate the global pooled prevalence of antibiotic-
resistant Brucella strains, as well as the Cochran's Q and 12 statistics. The analysis yielded a
Cochran’s Q value of 74.29 and an 12 of 76% (Table 4.2). Given that Cochran’s Q is
analogous to the P-value of the Chi-square statistic (with a standard threshold of P=0.05), and
an 12 between 75% and 100% (Chandler, 2022) indicates considerable heterogeneity, the

results indicated significant heterogeneity beyond chance alone.

To explore this heterogeneity, a subgroup analysis (Table 4.2) was conducted by grouping
research articles based on their respective locations (countries). Interestingly, the subgroup
analysis revealed insignificant heterogeneity, suggesting that the observed variation in the

overall analysis could be attributed to geographical differences.

3.4 Ethical Considerations
No human or animal subjects was required to conduct this study, as it was a meta-analysis.

Therefore, ethical approval was not required.
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4.1 Study Characteristics

CHAPTER FOUR

4. RESULTS

The meta-analysis included 19 studies (Figure 4.1), of which the countries; Bosnia and

Herzegovina, China, Egypt, Iran, Kazakhstan, Malaysia, Mongolia, Peru, Qatar, and Turkey

were represented. Turkey had six studies which was the highest, followed by Iran and China

with three studies each, while the rest had only one article each.

PRISMA FLOW CHART

a PubMed Articles Science Direct Articles Google Scholar Articles
£ N=350 N=1335 N=55
Eg | | |
: 7
= Total Records Identified
N=1749
]
v
Records after Removing Duplicates R Excluded Duplicates
N=062 " N=787
B
a Records Excluded After Abstract Screening
: (N=916)
g v Reasons:
. + Studies not related to antimicrobial
R Sl | susceptibility of testing Brucella Species N=880
"|#  Studies not published in English N=10
+ Studies published before January 2008 or after
December 2022 N=5
+ Prevalence studies reviews case studies or case
reports N=21
Records Excluded After Full text Screening (N=27)
Reasons:
v «  Studies with animal samples or both human and
Records after full text Screening .| animal samples N=17
N=19 "|®  Studies scoring below quality assessment criteria
T N=3
] ' + Broken link N=1
= Studies included in Meta-Analysis * Incomplete statistics N=6
N=19

Figure 4.1 Preferred Items for Systematic Reviews and Meta-Analysis (PRISMA) Flow Chart

Across the 19 studies, a total of 24 antibiotics were documented, representing 10 antibiotic

classes. Table 4.1 summarizes the distribution of antibiotics.
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Table 4.1 Distribution of Antibiotics

Number of
o Number of . L )
Antibiotic Classes _ Specific Antibiotics studies
studies (Class) o
(Antibiotics)
Streptomycin 14
Aminoglycosides 17 Gentamicin 11
Amikacin 2
Ansamycin 19 Rifampicin 19
Ampicillin 2
Ceftazidime-avibactam 1
Beta-Lactams 3 o
Ampicillin-sulbactam 1
Amoxicillin Clavulanic acid 1
Cephalosporin 5 Ceftriaxone 5
Chloramphenicol 1 Chloramphenicol 1
Ciprofloxacin 13
Moxifloxacin 4
_ Levofloxacin 3
Fluoroquinolones 13 _
Norfloxacin 1
Ofloxacin 2
Sparfloxacin 1
_ Clarithromycin 6
Macrolides 6 _ _
Azithromycin 1
Cotrimoxazole 3
Sulfonamides 14 Trimethoprim- 1
Sulfamethoxazole
Doxycycline 16
Tetracyclines 16 Tetracycline 8
Minocycline 1
Tigecycline 1 Tigecycline 1
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In all the 19 studies, B. melitensis was identified as the most isolated species. In two studies,
other Brucella species were found in addition to B. melitensis. One Turkish study isolated
two B. abortus strains (Parlak et al., 2013), while another study in Malaysia identified a
single strain of B. suis (Hashim et al. 2014).

Three distinct antibiotic susceptibility approaches were utilized. Four out of the 19 studies
utilized the broth micro dilution method (Jiang et al., 2010a; Kaya, O. et al. 2012; Rohaidah
Hashim et al., 2014; Arapovic et al., 2022). Of the four, a study conducted in Bosnia and
Herzegovina employed three different types of media for the broth micro dilution: Brucella
broth, Cation-Adjusted Mueller—Hinton Broth with 4% lysed Horse Blood, and Cation-
Adjusted Mueller—Hinton Broth with 5% defibrinated sheep blood (Arapovi¢ et al. 2022).
While disk diffusion was equally utilized by only a single study (Alamian et al. 2019), the
other 14 studies employed the E-test gradient approach.

4.2 Meta-Analysis Results

Table 4.2 Pooled Prevalence of Resistant Brucella Isolates

Pooled
Total | Prevalence
Number of [Sample| Resistant 95% | 95% |Cochran's
Studies Size Isolates LCL | HCL Q 12
19] 1798 0.09| 0.06/ 0.13 74.29| 76.00
Subgroup Analysis by Countries
Prevalence of
Number of [Sample| Resistant 95% | 95% |Cochran's Brucella
Countries |  Studies Size Isolates LCL | HCL Q 12 Species Reference
Bosnia and
Herzegovin
a 1 108 0.21 0.14 | 0.30 B. melitensis  |Arapovi¢, J. et al . (2022)
Xu, X. L. et al. (2013), Jiang,
China H. et al.(2010), Yuan H. T. et
3 75 0.20 0.11 0.31 2.37 16% |B. melitensis |al. (2020)
Torkaman Asadi, F. et al.
(2017),
Iran 3 165 0.04 0.02 | 0.08 0.6 0% |B. melitensis |Alamian, S. et al.(2019),
Kazakhstan 1 329 0.13 0.10 | 0.17 0.05 0% |B. melitensis |Shevtsov, A. et al. (2017)
Eygpt 1 355 0.09 0.06 | 0.13 B. melitensis  [Abdel-Maksoud, M. et al. (2012)
B. melitensis,
Malaysia 1 41 0.12 0.04 | 0.24 B. suis Hashim, R. et al. (2014)
Mongolia 1 85 0.05 0.01 | 0.10 B. melitensis  |Liu, Z. et al. (2018).
Peru 1 48 0.00 0.00 | 0.04 B. melitensis  |Maves, R. C. etal. (2011).
Qatar 1 231 0.07 0.04 | 011 B. melitensis  |Deshmukh, A. et al. (2015).
Sayan, M. et al. (2008), Sayan,
M. et al. (2012), Kaya O. et al.
(2012), Etiz P. et al. (2015),
B. melitensis, |Gultekin, E. et al (2011),
Turkey 6 361 0.06 0.06 | 0.13 18.86 | 73% |B. abortus Parlak, M. et al. (2013)

The analysis in Table 4.2 showed the global prevalence of antibiotic resistant Brucella strains
to be 9% (95% CL: 6- 13%), with an estimated 12 of 76%. A subgroup analysis based on
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countries revealed insignificant heterogeneity, suggesting that the variation could be
attributed to geographical differences (see Additional file 2 for forest plot). The observed
prevalence of antibiotic resistance in individual countries was: Bosnia and Herzegovina 21%
(95% CL: 14-30%), China 20% (95% CL: 11-31%), Egypt 9% (95% CL: 7-11%), Iran 4%
(95%CL.: 2-7%), Kazakhstan 13% (95%CL.: 10-17%), Malaysia 12% (95%CL.: 4-24%),
Mongolia 5% (95% CL.: 1-10%), Peru 0% (95%CL.: 0-4%), Qatar 7% (95%CL.: 4-11%), and
Turkey 6% (95%CL: 6-12%).

4.2.1 Antibiotic Resistance Results
Table 4.3 Antibiotic Performance against Brucella Strains
Prevalence of
Number | Sample Resistant 95% | 95% | Cochran's
Antibiotic Class | of Studies | Size Isolates LCL |HCL | Q 12
Aminoglycosides 17 1,683 0.01 0| 0.01 18.07 | 11%
Ansamycins 19 1,798 0.35| 0.17| 0.56 711.32 | 97%
Beta-Lactam 3 129 0.07 0| 0.26 19.6 | 90%
Cephalosporins 6 636 0 0| 0.01 1.17 | 0%
Fluoroquinolones 13 1,232 0 0| 0.01 385 | 0%
Macrolides 6 333 0.58 0 1 425.07 | 99%
Sulfonamides 14 1,233 0.04 0| 0.19 622.24 | 98%
Tetracyclines 16 1,663 0 0 0 2.66 | 0%

Table 4.3 shows Brucella strains' antibiotic performance, with Macrolides having the highest
resistance prevalence at 58% (95% CI. 0-100%) followed by ansamycins at 35% (95% ClI:
17-56%), then beta-lactams at 7% (95% CI: 0-26%), sulfonamides at 4% (95% CI: 0-19%),
aminoglycosides at 1% (0-1%), and fluoroquinolones, tetracycline, cephalosporin at 0%
(95% CI: 01%) resistance.

4.2.2 Publication Bias Results

The study used a Doi plot to assess publication bias, revealing a Luis-Kanamori (LFK) index
of 0.03 (Additional File 3) , indicating no publication bias, according to (Chen et al. 2022).

In the absence of asymmetry, it would be expected that a perpendicular line to the X-axis
from the tip of the Doi plot would divide the plot into two regions with similar areas (Furuya-
Kanamori and Doi 2021). Indicating that the studies are equally distributed and not skewed to

one specific area of interest.
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CHAPTER FIVE

5. DISCUSSION
This study was done to determine the prevalence of antibiotic resistant Brucella strains and to
evaluate the most effective antibiotics against Brucella. The study included 20 research
articles representing the countries; Bosnia and Herzegovina, China, Egypt, Iran, Qatar, Peru,

Mongolia, Malaysia, Turkey and Kazakhstan.

5.1 Antibiotic resistance
The study analyzed the resistance to macrolides (Additional file 4), specifically azithromycin
and clarithromycin, in six studies. Azithromycin was found in all six studies, while
clarithromycin was only recorded in one. The resistance rates ranged from 46% (Bayram et
al. 2011), to 100% (Yuan et al. 2020; Jiang et al. 2010a) with only two studies reporting
antibiotic susceptibility to azithromycin. Azithromycin's pharmacokinetic profile shows high
concentrations in cells and tissues, but its activity against Brucella species is 6- to 8-fold
lower at pH 5.0 compared to pH 7.0 (Solera et al. 2001). Considering that Brucella species
grow and replicate in the phagolysosomes of macrophages, where the pH is 5.0 (Solera et al.
2001; Celli et al. 2003).

Brucella are still vulnerable to doxycycline and rifampicin, which are the most frequently
used therapies for brucellosis in humans (D. Trott et al. 2018). Most primary studies on
brucellosis susceptibility to antibiotics, show resistance to rifampicin (Additional file 5). In a
recent study conducted in China, B. melitensis exhibited notable levels of antibiotic
resistance, with 24.6% resistant to rifampin, 86.9% to azithromycin, 65.6% to cefepime,
27.9% to cefoperazone/sulbactam, 3.3% to cefotaxime, and 1.6% to
meperidine/sulfamethoxazole (Ma et al. 2023). A comprehensive analysis comparing
treatment failure rates between doxycycline plus rifampicin and doxycycline plus
streptomycin concluded that the doxycycline plus rifampicin regimen was less effective, with
arisk ratio (RR) of 1.91 and a recurrence rate of 2.39 (95% CI 1.17 to 4.86) ('Yousefi-
Nooraie et al. 2012). A study in Kazakhstan suggested that the resistance in rifampicin
Brucella develops in conjunction to a rise in multidrug-resistant tuberculosis (Shevtsov et al.
2017)

This study comprised of 15 studies that conducted antibiotic susceptibility testing on Brucella
strains with sulfonamides (Additional file 6). Out of them, two studies documented the

presence of resistance. A study conducted in China discovered that all tested strains were
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resistant to trimethoprim-sulfamethoxazole (Xu et al. 2013). Similarly, a separate study
conducted in Bosnia and Herzegovina reported that 84.3% of Brucella isolates exhibited
resistance to trimethoprim-sulfamethoxazole when tested using micro dilution: Brucella
Broth (Arapovic et al. 2022). Although several studies have found minimal or no resistance to
sulfonamides, a few investigations have also reported resistance to sulfonamides (Xu et al.
2013; Arapovi¢ et al. 2022). A recent study conducted in Saudi Arabia revealed a resistance
rate of 36.36% to trimethoprim-sulfamethoxazole (Elbehiry et al. 2022b). Furthermore,
(Arapovi¢ et al. 2022) concluded that test isolates for susceptibility to trimethoprim-
sulfamethoxazole and other sulfonamide drugs should be done using medium with low or no
thymine and thymidine. Thymine and thymidine weaken the drugs' efficacy, making
susceptible bacteria appear resistant. Therefore, more investigation into the antibiotic

resistance of Brucella strains to sulfonamides is necessary.

Beta-lactams were examined in four investigations, with two demonstrating resistance and
two showing complete antibiotic susceptibilities (Additional file 7). Although cephalosporin
and beta-lactam showed little or no resistance, they are less efficient in vivo, resulting in
brucellosis relapses not because of antimicrobial resistance of Brucella strains but due the

bacteria's capacity to live in host cells away from antibiotics (Torkaman Asadi et al. 2017).

Tetracycline, fluoroquinolones, and cephalosporin exhibited 0% resistance (Additional file 8,
9 and 10), with the exception of aminoglycosides (Additional file 11). Two studies
documented resistance to streptomycin and gentamycin, one from Egypt (Abdel-Maksoud et
al. 2012) and the other Kazakhstan (Shevtsov et al. 2017) respectively. Gentamicin has broad
antibacterial activity but low intracellular levels, making it less effective for brucellosis
treatment. However, it is more active than streptomycin and has shown greater efficacy in
combined treatment regimens (M. Alavi and Nokhodchi 2023). On the other hand,
ceftriaxone, an antibiotic active against B. melitensis, has no specific clinical
recommendations due to current treatment based on small case series and anecdotal reports,
but positive outcomes have been reported with mild adverse reactions (Fatani et al. 2019).
Quinolones alone in brucellosis treatment are considered cautious due to bacterial resistance
risk, and further trial work is needed to determine their effect (S. M. Alavi and Alavi 2013).

5.2 Prevalence of Antibiotic Resistance per Country
The study revealed a 21% antibiotic resistance rate to brucellosis in China, which could be
attributed to an increase in incidence from 63.7% in 2016 to 65.9% in 2019 (Tao et al. 2021).
The incidence of brucellosis has not yet been effectively suppressed and the resistance
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of Brucella to common antibiotics is increasing every year (Ma et al. 2023). Xi'an, the largest
city in Northwest China, has seen a 20-fold increase in brucellosis incidence over the past
decade, despite being a traditional non-epidemic region (Zhao et al. 2022) The spread of
brucellosis in China is linked to animal farming practices and antibiotic resistance (Lai et al.
2017).

In this study, Turkey has one of the lowest resistance rates of 6% to brucellosis, despite
having the most representation. Brucellosis is an endemic in Turkey due to under-diagnosis
and under-reporting of the disease (Yumuk and O’Callaghan 2012). However, Turkey has
experienced a decrease in brucellosis prevalence due to animal disease control programs,
vaccination campaigns and a new national brucellosis control project that was initiated in
Turkey in 2009, following European Community Council directives (Gul et al. 2014).
Turkey's rich economy, advanced healthcare system, and top universities provide ample
opportunities for comprehensive research on human brucellosis physiology and immune
pathology (Yumuk and O’Callaghan 2012). Additionally, Iran also had a low antibiotic
resistance rate of 4%. This low resistance mirrors findings from a systematic study on drug-
resistant Brucella in Iran conducted by Khademi et al. in 2018 (Khademi et al. 2018).

The prevalence of antibiotic resistance in countries like Bosnia and Herzegovina,
Kazakhstan, Malaysia, Egypt, Qatar, Mongolia, and Peru may be inaccurately estimated
based on a single primary study recorded for each country. This could lead to significant
overestimation or underestimation, particularly for Bosnia and Herzegovina at 21% and Peru
at 0%.

5.3 Limitations and Challenges
Underreporting of brucellosis is a significant issue in accurately assessing the true global
prevalence of antibiotic resistance of the disease. The underreporting of brucellosis can be
attributed to several key factors. The livestock value chain encounters difficulties in
comprehending brucellosis due to insufficient knowledge, limited diagnostic capabilities,
challenges with diagnostic tests, and uneven distribution of surveillance studies (Mengele et
al. 2023). The primary reason for the underreporting of brucellosis is the presence of
nonspecific signs and symptoms, which often result in misdiagnosis (Facciola et al. 2018).

Antibiotic categories like tigecycline and chloramphenicol were only featured in one study

each. Therefore, a meta-analysis was not possible for these antibiotic classes due to the
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limited number of study records available to calculate the total antibiotic resistance

prevalence.

Antimicrobial susceptibility testing for Brucella species is hardly performed because of the
high infectiousness and hazardous nature of the bacteria (Arapovic et al., 2022). As a result of
this factor, there is a scarcity of research that specifically examines the antibiotic resistance of
Brucella, particularly in underdeveloped nations where there is lack of adequate laboratory
facilities that can safely handle hazardous bacteria. In addition, brucellosis is a neglected
disease, and the research on its antibiotic resistance patterns is not given priority in most
countries. The scarcity of research conducted on the antimicrobial resistance of Brucella
pathogens, was the primary restriction of the study. Another limitation encountered in this
study was lack of completed statistics in the some of the available studies on the antibiotic

resistance of Brucella pathogens.
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CHAPTER SIX

6. CONCLUSION AND RECOMMENDATIONS
6.1 Conclusion
In conclusion, the study highlights the increasing prevalence of antibiotic resistant Brucella
strains. The results show significant resistance to macrolides, ansamycins, and sulfonamides,
while tetracycline and aminoglycosides remain the most effective antibiotics. Brucella strains
showed little or no resistance to fluoroquinolones and cephalosporins but very little research

has been done clinically to explore their efficacy in the treatment of brucellosis.

6.2 Recommendations
In view of the finding in this study, it is recommended that an alternative to rifampicin be
considered as a primary antibiotic for treating brucellosis, given the potential risk of multi-
drug resistance that could extend to other diseases, such as tuberculosis, which also rely on
this drug. Tetracyclines and aminoglycosides are suggested as viable alternatives, due to their

continued effectiveness against Brucella strains.

Further research is needed to investigate the antibiotic resistance of Brucella on a worldwide
scale and within individual countries. Most importantly, implementing more advanced
surveillance systems, enhancing diagnostic skills, increased international collaboration and
implementing comprehensive public health control programs will help curb the rising

prevalence of antibiotic resistant Brucella strains.
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1. Experimental studies with techniques used to determine antibiotic susceptibility should be

either cultural or molecular techniques.

2. The specific Brucella strain isolated and tested should be clearly stated
3. The samples collected should be human samples and clearly stated.

4. The location of sample collection and study should be stated.

5. The specific antibiotics and their respective concentrations used in the study should be

clearly stated.

6. Number or proportion of isolates susceptible or resistant to a specific antibiotic should be

clearly stated.
7. The sample size should be clearly stated.
8. The sample type collected should be stated.

9. How the samples were collected, prepared or stored, and duration of incubation and

interpretation of results during analysis should be stated.
10. The sample collection method should be stated.

11. Does the study have complete prevalence data?
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Supplementary Table 1: Quality Assessment Criteria Results

References Q. [Q. Q. Q. |Q. Q. 1Q.1Q. Q. |Q. Q. | Score
1 2 |3 |4 |5 |6 |7 |8 |9 10 |11

Torkaman Asadi, F.etal. |1 1 /1 |1 (1 (1 |1 |1 |1 0 1 10
(2017)

Shevtsov, A. etal. (2017) |1 1 ]/1 |1 1 |1 |1 |1 |1 0 1 10
Xu, X.L. et al. (2013) 1 1 ]/1 |1 1 |1 |1 |1 |1 0 1 10
Arapovic, J. et al. (2022) 1 1 ]/1 |1 1 |1 |1 |1 |1 0 1 10
Jiang, H. et al. (2010) 1 1 ]/1 |1 1 |1 |1 |1 |1 0 1 10
Alamian, S. et al. (2019) 1 1 /1 (1 1 |1 |1 |1 |1 0 1 10
Yuan, H. et al. (2020) 1 1 ]/1 |1 1 |1 |1 |1 |1 1 1 11
Gultekin, E. et al. (2021) 1 1 /1 |1 1 |1 |1 |1 |1 0 1 10
Parlak, M. et al. (2013) 1 1 ]/1 |1 1 |1 |1 |1 |1 0 1 10
Abdel-Maksoud, M. etal. |1 1 /1 |1 (1 (1 |1 |1 |1 0 1 10
(2012)

Liu, Z. guo et al. (2018) 1 1 ]/1 |1 1 |1 |1 |1 |1 0 1 10
Razzaghi, R. et al. (2016) |1 1 ]/1 |1 1 |1 |1 |1 |1 0 1 10
Sayan, M. et al. (2008) 1 1 ]/1 |1 1 |1 |1 |1 |1 0 1 10
Maves, R.C. etal. (2011) |1 1 ]/1 |1 1 |1 |1 |1 |1 0 1 10
Deshmukh, A. et al. (2015) | 1 1 ]/1 |1 1 |1 |1 |1 |1 0 1 10
Kaya, P. et al. (2012) 1 1 ]/1 |1 1 |1 |1 |1 |1 0 1 10
Hashim, R. et al. (2014) 1 1 ]/1 |1 1 |1 |1 |1 |1 0 1 10
Etiz, P. et al. (2015) 1 1 ]/1 |1 1 |1 |1 |1 |1 0 1 10
Sayan, M. et al. (2012) 1 1 ]/1 |1 1 |1 |1 |1 |1 0 1 10

*Q. stands for Quality Assessment. Check the quality assessment checklist above.
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Additional File 2: Subgroup Analysis by Countries-Forest plot
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Additional File 3: Doi Plot
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Additional File 4: Brucella Resistance to Macrolides-Forest Plot
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Additional File 5: Brucella Resistance to Ansamycin Forest Plot
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Additional File 6: Brucella Resistance to Sulfonamides-Forest Plot
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Additional File 7: Brucella Resistance to Beta-Lactam-Forest Plot

Beta-Lactam Resistance
Study

Xu, X.L.etal. (2013) | #——+—
Alamian, S. et al. (2019) =

Etiz, P. et al. (2015) | l—

Overall |~ ———
Q=19.60, p=0.00, 12=90%

0 005 01 015 02 025 03
Prevalence

Additional File 8: Brucella Resistance to Tetracycline- Forest Plot
Study ’

Torkaman Asadi, F. et al. (2017)
Shevtsov, A. et al. (2017)

Arapovill, J. et al. (2022)

Jiang, H. et al. (2010)

Alamian, S. et al. (2019)

Yuan, H. et al. (2020)
Gultekin, E. et al. (2021)
Parlak, M. et al. (2013)
Abdel-Maksoud, M. et al. (2012)
Liu, Z. guo et al. (2018)
Maves, R.C. et al. (2011)
Deshmukh, A. et al. (2015)
Kaya, O. et al. (2012)
Hashim, R. et al. (2014)
Etiz, P. et al. (2015)
Razzaghi, R. et al. (2016)

NEEEEEER
\

Overall
Q=2.66, p=1.00, 12=0%

.

Prevalence

59

Prev (95% CI)

0.00 ( 0.00, 0.09)
0.20 ( 0.11, 0.31)
0.00 ( 0.00, 0.03)

0.07 ( 0.00, 0.26)

Prev (95% CI)
0.00 ( 0.00, 0.03)
0.00 ( 0.00, 0.01)

0.00 ( ooo 0.02)
0.00 ( 0.00, 0.05)
0.00 ( 0.00, 0.03)
0.00 ( 0.00, 0.07)
0.00 ( 0.00, 0.02)
0.00 ( ooo 0.02)
0.00 ( 0.00, 0.00)
0.00 ( 0.00, 0.02)
0.00 ( 0.00, 0.04)
0.00 ( 0.00, 0.01)
0.00 ( 0.00, 0.05)
0.00 ( 0.00, 0.04)
0.00 ( 0.00, 0.03)

0.00 ( 0.00, 0.04)
0.00 ( 0.00, 0.00)



Additional File 9: Brucella Resistance to Fluoroquinolones- Forest Plot
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Additional File 11: Brucella Resistance to Aminoglycosides-Forest Plot
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