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A B S T R A C T   

Brucellosis is a highly contagious and incapacitating disease of humans, livestock and wildlife species globally. 
Treatment of brucellosis in animals is not recommended, and in humans, combinations of antibiotics recom-
mended by the World Health Organization are used. However, sporadic antimicrobial-resistant (AMR) isolates 
and relapse cases have been reported from different endemic regions. In the current study, molecular charac-
terization and antibiotic susceptibility testing using the microdilution method for 35 B. abortus and B. melitensis 
strains isolated from humans, milk and animal were carried out. Additionally, Next-Generation-Sequencing 
(NGS) technology was applied to confirm Brucella at the species level and investigate AMR and pathogenicity- 
associated determinants. MALDI-TOF seemed to be a rapid and reliable tool for routine identification of 
brucellae to the genus level; however, DNA-based identification is indispensable for accurate species identifi-
cation. Brucella abortus strains were isolated from two human cases and a sheep. Such infections are uncommon 
in Egypt. Egyptian Brucella strains are still in-vitro susceptible to doxycycline, tetracyclines, gentamicin, cipro-
floxacin, levofloxacin, chloramphenicol, streptomycin, trimethoprim/sulfamethoxazole and tigecycline. Prob-
able (no CLSI/EUCAST breakpoints have been defined yet) in-vitro resistance to rifampicin and azithromycin was 
observed. WGS failed to determine classical AMR genes, and no difference in the distribution of virulence- 
associated genes in all isolates was found. Isolates of human and non-human origins were still susceptible to 
the majority of antibiotics used for treatment in humans. The absence of classical AMR genes in genomes of 
“resistant” Brucella strains may reflect a lack of information in databases, or resistance might not be encoded by 
single resistance genes. The One Health approach is necessary for tackling brucellosis. Continuous susceptibility 
testing, updating of breakpoints, assessing mutations that lead to resistance are needed.   

1. Introduction 

Brucellosis is a common infectious disease in animals causing sub-
stantial economic losses in the livestock industry and posing a serious 
threat to veterinary and public health worldwide [1]. Brucellae are 

debilitating bacteria that can infect a wide range of domesticated 
vertebrate animals, e.g. livestock and companion animals, wildlife, and 
marine mammal [1–3]. The disease is transmitted to humans mainly by 
consuming unpasteurized milk/dairy products or undercooked meat/ 
meat products and by direct contact with infected animal's discharges 
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[4]. Brucella (B.) can also be transmitted to people via skin abrasion, 
conjunctival inoculation and inhalation of contaminated aerosol [5]. 
Human-to-human transmission is rare. However, transmission via blood 
transfusion and bone marrow transplantation and transplacental trans-
mission from mother to fetus or via breastfeeding have been reported 
[6,7]. Laboratory-acquired infection is a well-documented infection 
route in the United States and Asia [8,9]. Clinical signs of brucellosis in 
humans are highly variable, non-specific, and the disease has similar or 
very close symptoms to some diseases that cause fever resulting in 
misdiagnosis and insufficient treatment. Dissemination of Brucella to the 
genitourinary system, joints, parenchymatous organs and bone may 
develop chronic brucellosis [10]. Numerous relapses following therapy 
were reported [11–15]. Still, it is unclear whether this is due to 
sequestration within infected sites, e.g. in reticuloendothelial cells and 
bone or the development of acquired or intrinsic resistance against 
antimicrobial compounds. Thus, prompt diagnosis and appropriate 
antimicrobial therapy are required to prevent the development of 
chronic debilitating illness. 

In Egypt, brucellosis is an endemic disease in animals and humans. 
B. melitensis remains the primary causative agent, with much higher 
infection rates in humans and animals compared to B. abortus [16,17]. In 
the livestock, treatment of brucellosis is not attempted because all 
positive cases are slaughtered, and carcasses are used for human con-
sumption after the disposal of the genital system and associated lymph 
nodes. Also, occupational brucellosis is on the rise among veterinarians, 
abattoir workers, and animal breeders [18]. Sporadic cases of AMR and 
disease relapse have also been reported from Egypt [19], and a rise in 
the number of isolates with an AMR phenotype became obvious. How-
ever, routine susceptibility testing of Brucella spp. is not practiced due to 
treatment ban in veterinary medicine, strict therapy regimes in human 
medicine and the risk of infection to laboratory personnel. Few studies 
have been carried out to investigate the antimicrobial resistance in 
brucellae worldwide. Only two studies were done in Egypt on strains 
collected from humans [16] and animals [20]. 

The One-Health approach is playing a significant role in under-
standing, preventing, control and tackling zoonoses. Therefore, the 
current study aimed to evaluate and characterize, at the molecular level, 
B. melitensis and B. abortus strains isolated from different reservoirs, e.g. 
humans, milk, and animals in Egypt, and antimicrobial susceptibility of 
strains against most of the antibiotics used to treat brucellosis in 
humans. 

2. Materials and method 

2.1. Brucella strains 

Thirty-five Brucella strains were isolated from humans (n = 12), milk 
samples (n = 19) and lymph nodes of seropositive animals (n = 4). 
Strains of human origin were obtained by lysis-concentration technique 
from blood samples of 12 persons suffering from fever of unknown 
origin (FUO) and non-specific clinical signs. Among them, eleven per-
sons had direct contact with animals, either at work (farmers, veteri-
narians and butchers) or those who kept farm animals inside their 
houses. One male patient had no history of contact with animals, and the 
infection source stays unknown. All cases were suspected cases from 
private clinics sent to the public fever hospital in Giza city to confirm 
diagnosis and treatment. Nineteen milk samples were collected from 
animals (18 from cattle and one from a goat) with a history of abortion. 
However, the milk of these animals was still used for human consump-
tion. Four lymph node samples were collected from seropositive animals 
during slaughter at the abattoir, two from sheep and two from cattle. All 
samples were collected between December 2018 and January 2020. 

The institutional review boards and the Animal Health Research 
Institute (AHRI) ethical committee in Giza approved the study and the 
ethical code [Ref. No. 165870] was obtained. The consent of the patients 
was sought. Written informed consent was obtained from all 

participants. 

2.2. Identification and biotyping of Brucella strains 

Genus identification was initially carried out using matrix-assisted 
laser desorption/ionization (MALDI-TOF-MS) as previously described 
[21]. Briefly, a single colony from a pure culture of each sample was 
suspended in 300 μL of HPLC grade water and was inactivated by 900 μL 
of absolute ethanol. Protein extraction was done as described before 
[22]. The inactivated bacterial pellet was centrifuged and air-dried and 
then reconstituted in 50 μL of 70% formic acid and 50 μL of acetonitrile. 
The sample was sonicated for 1 min on ice, centrifuged at 11290g for 5 
min at room temperature, and one μL of each supernatant was spotted 
onto the MALDI target plate. After air-dried, the plate overlaid with 1.0 
μL of saturated α-cyano-4-hydroxycinnamic acid matrix solution and the 
MALDI measurements were carried out (Bruker Daltonics, Bremen, 
Germany). MALDI log score values between 2.000 and 2.290 were 
considered a ‘secure genus identification and probable species identifi-
cation,’ and log score values equal to or greater than 2.300 were 
considered highly probable for species identification. 

Biotyping of Brucella isolates was carried out based on colony 
morphology, biochemical reactions (catalase, oxidase and urease), the 
requirement of CO2, H2S production, growth in the presence of thionin 
and fuchsine dyes, reaction with mono-specific anti-sera (A, M, R), 
agglutination with acriflavine and crystal-violet as described by Alton 
[23]. According to the manufacturer's instructions, genetic DNA was 
extracted from heat-inactivated biomasses using the High-Pure template 
preparation kit (Roche Applied Sciences, Mannheim, Germany). DNA 
content of samples was measured, and species diagnosis was molecu-
larly confirmed by Bruce-Ladder PCR [24]. 

2.3. Phenotyping characterization of Brucella strains 

Antimicrobial Susceptibility Testing (AST) was carried out to deter-
mine the susceptibility against 11 antimicrobial agents regularly used in 
treating brucellosis in humans. The minimum inhibitory concentration 
(MIC) was determined via the broth microdilution method (Micronaut, 
MERLIN Diagnostics GmbH, Bornheim-Hersel Germany) in case of 
chloramphenicol (CMP), ciprofloxacin (CIP), doxycycline (DOX), 
gentamicin (GEN), levofloxacin (LEV), rifampicin (RIF), streptomycin 
(STR), tetracycline (TET) and trimethoprim/sulfamethoxazole (T/S) 
according to the manufacturer's instructions. The interpretation of MIC 
values (μg/mL) for GEN, STR, DOX, TET and T/S was carried out ac-
cording to CLSI guidelines for potential bacterial agents of bioterrorism 
(CLSI M100-S20 table 21) [25]. As MIC breakpoints of CMP, CIP, LEV 
and RIF are not established yet, the MIC values were interpreted ac-
cording to the CLSI guidelines for the fastidious bacterium Haemophilus 
influenza. Tigecycline (TGC) and azithromycin (AZM) were tested by the 
disc diffusion method with 15 μg compound content (Oxoid Deutschland 
GmbH, Wesel, Germany) according to the manufacturer's instructions. 
Strains with an inhibition zone ≤15 mm or a single colony's growth 
within the inhibition zone were considered resistant. 

2.4. Whole genomic sequencing of Brucella isolates 

WGS was carried out for the 35 Brucella strains in the current study. 
The genomic DNA was extracted from heat-inactivated biomasses using 
the High Pure PCR Template Preparation Kit (Roche Diagnostics GmbH, 
Mannheim, Germany) according to the manufacturer's instructions. 
Default genomic library preparation and total genomic DNA sequencing 
were performed by Eurofins Genomics. The libraries were sequenced 
using Illumina Novaseq, producing at least 5 million 150 bp paired-end 
reads. Coverage was at least 100, with an average of 450 for each read. 
In-silico species identification based on contigs produced by shovill 
(https://github.com/tseemann/shovill) was done and by performing a 
virtual Bruce-ladder PCR by Geneious version 11.1.5 using WGS data. In- 
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silico detection of AMR genes and virulence-associated determinants was 
performed by using different databases, i.e. the Resistance Gene Iden-
tifier (RGI) based on the Comprehensive Antibiotic Resistance Database 
(CARD) [26], the ResFinder database [27], and the NCBI AMR Finder 
Plus (https://github.com/ncbi/amr/wiki/Running-AMRFinderPlus) 
[28] for the identification of resistance genes and chromosomal muta-
tions mediating antimicrobial resistance. Identifying the potential 
virulence-associated determinants was retrieved from the virulence 
factor database (VFDB, http://www.mgc.ac.cn/VFs/) using the core 
dataset [29]. 

3. Results 

3.1. Molecular characterization of Brucella strains 

A total of 35 Brucella strains (27 B. melitensis and 8 B. abortus) were 
molecularly characterized by MALDI-TOF, PCR and WGS data in the 
current study. Identification of B. abortus and B. melitensis at the species 
level by MALDI-TOF was inconsistent with PCR and WGS based iden-
tification results. For example, by MALDI-TOF, four isolates were iden-
tified as B. canis (n = 2), B. ovis (n = 1) and B. abortus (n = 1), with score 
values of 2.100, were finally diagnosed as B. melitensis using PCR and 
WGS data. Only one B. melitensis and six B. abortus strains were diag-
nosed correctly. MALDI-TOF identified the rest twenty-four isolates as 
Brucella spp., while PCR and WGS data confirmed 22 as B. melitensis and 
two as B. abortus. 

The 27 phenotypic B. melitensis strains were isolated from human 
blood samples (n = 10), bovine milk samples (n = 13) and lymph nodes 
(n = 2) of cows with a history of abortion, and one each from a milk 

sample of a seropositive goat and a lymph node of a seropositive sheep. 
These strains showed identical Bruce-Ladder PCR results and were also 
diagnosed as B. melitensis using the WGS data. Eight B. abortus strains 
were phenotypically characterized in the current study. Two isolates 
from human patients, one isolate from a lymph node of a seropositive 
sheep and five isolates from cow milk showed identical Bruce-Ladder 
PCR results and were also diagnosed as B. abortus using the WGS pipe-
line. The two strains of human origin were obtained from a farmer who 
kept small and large ruminants inside his house and from a man who 
reported no contact with animals at all. These isolates were the first 
B. abortus strains isolated from humans and sheep in Egypt (Table 1). 
The in-silico detection of AMR genes in the 35 genomes of Egyptian 
Brucella strains based on WGS data using the ResFinder, CARD, NCBI, 
plasmid Finder and AMRFinder Plus databases succeeded in identifying 
only the Brucella_suis_mprF and bepC, D, E, F, G genes in the genomes of 
all strains. Moreover, forty-five genes corresponding to pathogenicity 
and virulence factors were identified in all isolates (data not shown). 

3.2. Phenotyping characterization of Brucella spp. to antibiotics 

Antibiotic susceptibility testing of Brucella strains showed that all 
strains were susceptible to chloramphenicol, ciprofloxacin, doxycycline, 
gentamicin, levofloxacin, streptomycin, tetracycline, trimethoprim/ 
sulfamethoxazole and tigecycline. A non-susceptible pattern was seen 
only for rifampicin and azithromycin. All B. abortus strains (n = 8) 
showed MIC (=1 μg/ml) for rifampicin and were considered susceptible, 
while all B. melitensis strains (n = 27) showed MIC (=2 μg/ml) for 
rifampicin and were considered intermediate. Eleven B. melitensis strains 
showed an inhibition zone between 35 and 40 mm (≥15 mm) for discs 

Table 1 
Molecular characterization and susceptibility to RIF and AZM of B. abortus and B. melitensis strains isolated from human blood samples and milk samples and lymph 
nodes of animals in Egypt.  

ID Host Source Year Location Description MALDI-TOF Ladder PCR wet/in-silico WGS RIF AZM 

20RB21875 Human Blood 2018 Beni-suef Male, veterinarian Brucella spp. B. melitensis B. melitensis I R 
20RB21876 Human Blood 2018 Fayoum Male, farmer Brucella spp. B. melitensis B. melitensis I S 
20RB21877 Human Blood 2019 Giza Male, butcher Brucella spp. B. melitensis B. melitensis I S 
20RB21878 Human Blood 2019 Giza Male, farmer Brucella spp. B. abortus B. abortus S R 
20RB21879 Human Blood 2019 Giza Male, sheep breeder Brucella spp. B. melitensis B. melitensis I S 
20RB21880 Human Blood 2019 Giza Male, butcher Brucella spp. B. melitensis B. melitensis I R 
20RB21881 Human Blood 2019 Giza Male, no contact with animals at all Brucella spp. B. abortus B. abortus S R 
20RB21882 Human Blood 2019 Giza Animal producer Brucella spp. B. melitensis B. melitensis I S 
20RB21883 Human Blood 2019 Fayoum Male, farmer Brucella spp. B. melitensis B. melitensis I R 
20RB21884 Human Blood 2019 Fayoum Male, farmer B. ovis B. melitensis B. melitensis I R 
20RB21885 Human Blood 2019 Fayoum Male, farmer Brucella spp. B. melitensis B. melitensis I R 
20RB21886 Human Blood 2019 Fayoum Male, farmer Brucella spp. B. melitensis B. melitensis I R 
20RB21887 Cattle Milk 2019 Fayoum History of abortion Brucella spp. B. melitensis B. melitensis I R 
20RB21888 Goat Milk 2020 Fayoum History of abortion Brucella spp. B. melitensis B. melitensis I R 
20RB21889 Cattle Milk 2019 Sharkia History of abortion B. canis B. melitensis B. melitensis I R 
20RB21890 Cattle Milk 2019 Sharkia History of abortion Brucella spp. B. melitensis B. melitensis I R 
20RB21891 Cattle Milk 2019 Sharkia History of abortion Brucella spp. B. melitensis B. melitensis I R 
20RB21893 Cattle Milk 2019 Sharkia History of abortion Brucella spp. B. melitensis B. melitensis I R 
20RB21894 Cattle Milk 2019 Sharkia History of abortion B. canis B. melitensis B. melitensis I R 
20RB21895 Cattle Milk 2019 Damietta History of abortion Brucella spp. B. melitensis B. melitensis I R 
20RB21897 Cattle Milk 2019 Damietta History of abortion Brucella spp. B. melitensis B. melitensis I R 
20RB21898 Cattle Milk 2019 Damietta History of abortion Brucella spp. B. melitensis B. melitensis I R 
20RB21899 Cattle Milk 2019 Damietta History of abortion B. abortus B. abortus B. abortus S R 
20RB21900 Cattle Milk 2019 Sharkia History of abortion B. abortus B. abortus B. abortus S R 
20RB21901 Cattle Milk 2019 Sharkia History of abortion B. abortus B. abortus B. abortus S R 
20RB21906 Sheep L. N. 2019 Aswan Seropositive case B. abortus B. abortus B. abortus S R 
20RB21907 Sheep L. N. 2019 Aswan Seropositive case B. abortus B. melitensis B. melitensis I S 
20RB21908 Cattle Milk 2019 Beni-suef History of abortion B. melitensis B. melitensis B. melitensis I S 
20RB21910 Cattle Milk 2019 Beni-suef History of abortion Brucella spp. B. melitensis B. melitensis I S 
20RB21912 Cattle L. N. 2019 Ismailia Seropositive case Brucella spp. B. melitensis B. melitensis I S 
20RB21913 Cattle L. N. 2020 Ismailia Seropositive case Brucella spp. B. melitensis B. melitensis I S 
20RB21914 Cattle Milk 2020 Behira History of abortion Brucella spp. B. melitensis B. melitensis I S 
20RB21915 Cattle Milk 2020 Behira History of abortion Brucella spp. B. melitensis B. melitensis I S 
20RB21916 Cattle Milk 2020 Behira History of abortion B. abortus B. abortus B. abortus S R 
20RB21917 Cattle Milk 2020 Behira History of abortion B. abortus B. abortus B. abortus S R 

(MALDI) matrix-assisted laser desorption/ionization; (WGS) Whole-genome sequencing; (B. abortus) Brucella abortus; (B. melitensis) Brucella melitensis; (B. ovis) Brucella 
ovis; (B. canis) Brucella canis; (RIF) Rifampicin; (AZM) Azithromycin; (I) Intermediate resistant; (R) Resistant; (S) Susceptible; (L.N) Lymph node. 
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containing 15 μg azithromycin and were considered susceptible. In 
contrast, all B. abortus strains (n = 8) and 16 B. melitensis showed an 
inhibition zone between 0 and 12 mm (≤15 mm) and were considered 
resistant to azithromycin (Table 2). Breakpoints of ≤16 μg/ml for in-
cubation conditions with 5% CO2 and ≤ 8 μg/ml for incubation con-
ditions without CO2 are considered the breakpoints representing 
susceptibility to streptomycin. 

4. Discussion 

Brucellosis is a worldwide zoonosis that affects a wide range of 
mammals, including livestock and humans [30]. The disease is prevalent 
in Middle Eastern countries and the Mediterranean region for thousands 
of years and still causing significant public health and veterinary public 
health concerns [4]. The most important aspect of its One-Health is the 
strong connection of humans, foods and livestock. Accurate diagnosis 
and species identification of brucellae isolated from human and non- 
human sources are highly required for prompt treatment. In the cur-
rent study, MALDI-TOF as a proteomics-based tool combined with PCR 
and WGS data as DNA-based tools to identify Brucella strains recovered 
from different reservoirs. The results were the same at the genus level 
while were inconsistent at the species level. MALDI-TOF mass spec-
trometry appeared to be a rapid and reliable method for the routine 
identification of brucellae [31]. However, using DNA-based tools is 
required for species identification. In the past two decades, the identi-
fication of brucellae by MALDI-TOF has emerged as a rapid method in 
routine diagnostic laboratories. However, the construction of sensitive 
reference libraries needs a significant number of strains from different 
species and biovars to improve the accurate identification of Brucella 
species [32]. All new isolates and a decent number of historic isolates 
from the National Reference Laboratories' collections in endemic 
countries should be sequenced and phenotypically typed to amend the 

current database. A combination of DNA-based assays such as PCR or 
WGS is indispensable in diagnosing Brucella at the species level to avoid 
phenotypic handling and reduce the risk of laboratory-acquired 
infection. 

Brucellosis is endemic in Egypt in humans and animals. However, the 
research on human brucellosis is neglected and not carried out in a 
significant range at all [33]. Brucella melitensis, particularly biovar 3, is 
the dominant Brucella species in Egypt and its neighboring countries [4]. 
However, the present study confirmed two cases of human brucellosis 
and one infection in sheep due to B. abortus by isolation. Cross-species 
infection of B. abortus from cattle to non-preferred hosts, i.e. sheep 
and goats, is evident in the mixed rearing breeding system [34]. All but 
one human case in the current study had close occupational contact with 
animals. Low biosafety measures in animal husbandry increase occu-
pational infection risk [35]. One B. abortus case had no contact with 
animals at all. This infection could be caused by the consumption of 
unpasteurized milk or dairy products, which is still the leading risk 
factor for human infection in many developing countries, including 
Egypt [35]. Cattle and buffalo milk is the primary source of human 
infection in Egypt, and the shedding of Brucella spp. in milk poses an 
increasing threat to consumers [35]. In Egypt, Brucella DNA has been 
detected in non-pasteurized dairy products sold for human consumption 
produced by individual farmers operating under poor hygienic condi-
tions [36]. All milk samples in the current study were collected from 
herds producing milk for human consumption despite the fact that those 
herds have a history of abortion. 

Treatment of brucellosis in livestock is not regularly practiced 
because of its high cost, but the meat of slaughtered animals is used for 
human consumption in developing countries. In humans, doxycycline 
with rifampicin or fluoroquinolones with rifampicin are the most com-
mon combinations of antibiotics recommended by the World Health 
Organization to treat brucellosis [10]. Previous studies dealing with 
antimicrobial susceptibility testing for the genus Brucella are scarce, and 
disc diffusion and E-test are usually applied [20,37]. However, MIC 
testing using broth microdilution is neglected. Lack of standardization, 
absence of quality standards for the media used and variety in break-
points due to cultivation with and without CO2 make detection of AMR 
in Brucella a considerable challenge [38]. According to our results, 
Brucella has maintained its susceptibility to doxycycline, new glycylcy-
cline tigecycline, aminoglycosides (gentamicin), fluoroquinolones (cip-
rofloxacin and levofloxacin), and rifampicin to some extent. Rifampicin 
stays in combination with others, the main common treatment option of 
brucellosis in humans. Susceptibility of 100% of Brucella strains to 
doxycycline, tetracycline, ciprofloxacin, streptomycin, gentamicin, 
trimethoprim-sulfamethoxazole and levofloxacin was also reported in 
isolates from Saudia Arabia [39], Turkey [40], China [41], and Norway 
[42]. These findings are also in complete agreement with a previous 
study on Egyptian B. melitensis of human origin [16]. However, the ex-
amination of B. melitensis strains of animal origin revealed resistance to 
ciprofloxacin, rifampicin and streptomycin in 75.2%, 66.7% and 4.8% of 
strains, respectively [20]. All B. melitensis strains in the current study 
showed intermediate resistance to rifampicin, and 16 of 27 were resis-
tant to azithromycin. A previous study on 355 B. melitensis strains of 
human origin in Egypt showed resistance to rifampicin in 277 (64%) 
strains [16]. All B. abortus strains in the current study were susceptible to 
rifampicin and resistant to azithromycin. The previous examination of 
B. abortus isolates of animal origin revealed the presence of resistance to 
rifampicin and ciprofloxacin in 25% and 37.5% of strains, respectively 
[20]. Rifampicin resistance was seen in 1 out of 85 B. melitensis isolates 
in China using E-Test [41] and 55.3% of thirty B. melitensis strains from 
Iran using disc diffusion test [43]. Examination of 23 B. melitensis iso-
lates obtained from patients registered in Norway in the period 1999 to 
2016 using broth microdilution revealed that 17 out of 23 isolates (74%) 
were intermediate resistant for rifampicin (MIC = 2μg/mL) and 6 (26%) 
were resistant (MIC = 4μg/mL) [42]. By E-test, an examination of 73 
B. melitensis of human origin in Turkey revealed resistance and 

Table 2 
Interpretation of MIC values (μg/mL), and inhibition zone (mm) of Brucella spp., 
and resistance pattern.  

Antibiotic Concentration 
μg/ml 

MIC interpretive 
criteria (μg/ml) 

Resistance 
pattern 

No. of isolates 
(A/M) 

S 
≤

I R ≥ S I R 

Gentamicin 8-0,004 4 – – 8/ 
27 

0/ 
0 

0/ 
0 

Streptomycin * 16-0,008 8: 
16 

– – 8/ 
27 

0/ 
0 

0/ 
0 

Doxycycline 8-0,004 1 – – 8/ 
27 

0/ 
0 

0/ 
0 

Tetracycline 8-0,004 1 – – 8/ 
27 

0/ 
0 

0/ 
0 

Chloramphenicol 8-0,5 1 – – 8/ 
27 

0/ 
0 

0/ 
0 

Rifampicin ** 8-0,125 1 2 4 8/ 
0 

0/ 
27 

0/ 
0 

Trimethoprim/ 
Sulfamethoxazole 

4/76-0,00195/ 
0,037 

2/ 
38 

– – 8/ 
27 

0/ 
0 

0/ 
0 

Ciprofloxacin ** 4-0,002 1 – – 8/ 
27 

0/ 
0 

0/ 
0 

Levofloxacin ** 4-0,004 1 – – 8/ 
27 

0/ 
0 

0/ 
0 

Tigecycline 15 mg – – ≤15 
mm 

8/ 
27 

0/ 
0 

0/ 
0 

Azithromycin 15 mg – – ≤15 
mm 

0/ 
11 

0/ 
0 

8/ 
16 

S: susceptible; I: intermediate, R: resistant; A: B. abortus; M: B. melitensis; MIC: 
minimum inhibitory concentration. *the streptomycin-susceptible breakpoint is 
≤16 μg/ml for incubation conditions with 5% CO2 and ≤ 8 μg/ml without CO2. 
**CLSI breakpoints interpretation for fastidious bacteria, i.e. Haemophilus 
influenzae. 
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intermediate resistance to rifampicin in 40 and 33 strains, respectively, 
and resistance to azithromycin was seen in 34 out of 73 B. melitensis and 
2 out of 2 B. abortus strains in the same study [44]. 

Antimicrobial resistance is on the rise in Brucella. However, the 
absence of classical AMR genes in the Brucella genome raises the inter-
esting question of these genes' existence in brucellae. The absence of 
resistance genes may be biased because current Brucella-specific AMR 
genes are still unknown or not yet in the available public AMR data-
bases. Additionally, the intracellular lifestyle of brucellae that hinders 
the penetration of various antimicrobials may impair fast resistance 
development. The high rates of relapse of brucellosis and the rise in AMR 
in the phenotype of Brucella have become evident in the last years 
[11–14]. Relapse history was investigated in 127 Saudi patients. The 
recurrence of clinical symptoms was reported in 21 out of 127 (16.5%) 
patients [45]. Some studies have shown that relapses due to inadequate 
therapy may occur in 2% to 40% of patients [46–48]. In Egypt, the 
relapse rate was 59.3% in patients with osteoarticular brucellosis after 
treatment with rifampicin + doxycycline for fivemonths [19]. Very few 
molecular-based studies have been carried out to investigate resistance 
in brucellae worldwide [41,42,49], and only two studies were identified 
in Egypt on samples of human [16] and animal origin [20]. Several 
studies showed that rpoB gene mutations contribute to rifampin resis-
tance in many bacterial species, including Brucella [50]. However, 
screening the rpoB gene in B. melitensis shows complete resistance to 
rifampicin, despite the absence of any mutation [41]. Examining 85 
B. melitensis isolates from human patients in China showed no rpoB gene 
mutations present in isolate resistant to rifampin [49]. 

Brucellae do not bear “classic” virulence factors, e.g. capsules, exo-
toxins, cytolysins, exoenzymes, proteases, pili or fimbriae and virulence 
plasmids [51]. Detection of virulence-associated genes in B. melitensis 
bv3 has been attempted by PCR on 52 isolates from Egypt before [52]. 
This study targeted only three genes (bvfA, virB, ure) and revealed the 
presence of the three genes in almost all isolates. No difference in dis-
tribution was seen in strains obtained from different hosts. In the same 
context, the implementation of WGS for the 35 genomes of Brucella 
identified 45 virulence-associated genes. It is important to note that 
there is no difference found in the distribution of virulence genes among 
B. abortus and B. melitensis strains, even for those isolated from different 
hosts. The AMR-associated genes and genes encoding virulence factors 
found are always present in all brucellae. Therefore, assessment muta-
tions that lead to resistance and mutational impact on virulence and 
pathogenesis are urgent to be explored in brucellae. 

5. Conclusion 

Brucellosis is still a significant public health problem, and the most 
important aspect of the One-Health approach is the strong connection 
with humans, foods and livestock. Brucellosis is a common zoonosis in 
Egypt, and B. melitensis is the dominant Brucella species. To the best of 
our knowledge, B. abortus was isolated for the first time from human 
patients and sheep in Egypt. MALDI-TOF is suggested to be the potential 
rapid first-line screening tool for Brucella identification in routine 
diagnostic laboratories with minimal time, effort and cost. However, a 
combination of DNA-based assays such as PCR or WGS is indispensable 
in diagnosing Brucella at the species level. Egyptian Brucella strains 
tested still susceptible to the most important antibiotics used for treat-
ment in humans. Implementation of high-throughput WGS to identify 
the AMR and virulence-associated genes in Brucella isolates revealed no 
apparent difference in their distribution between B. abortus and 
B. melitensis strains or isolates from different hosts. Ongoing investiga-
tion on antibiotic susceptibility and updating of breakpoints is required. 
Investigations of resistance and virulence mechanisms at the proteomic 
and transcriptomic levels have to be considered in future research. 
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[44] M. Parlak, H. Güdücüoğlu, Y. Bayram, A. Çıkman, C. Aypak, S. Kılıç, M. Berktaş, 
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