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Brucellosis is one of the most common neglected zoonotic diseases globally, with a pub-

bacteria of the genus Brucella. In this study, 136 Egyptian Brucella melitensis strains iso-

the whole-core-genome single-nucleotide polymorphism (cgSNP) in comparison to the

in silico multilocus variable number of tandem repeat analysis (MLVA-16). Almost all
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Egyptian isolates were belonging to the West Mediterranean clade, except two iso-

clades, respectively. A significant correlation between the human case of brucellosis

break strains already existing for many years have been spread over long distances
and between many governorates. The cgSNP analysis, in combination with epidemio-
logical metadata, allows a better differentiation than the MLVA-16 genotyping method
and, hence, the source definition and tracking of outbreak strains. The MLVA based on
the currently used 16 markers is not suitable for this task. Our results revealed 99 dif-

ferent cgSNP genotypes with many different outbreak strains, both older and widely
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1 | INTRODUCTION

Brucellosis is a globally distributed zoonotic disease caused by the
bacteria of the genus Brucella, infecting mammals, including humans
(Cutler et al., 2005). Out of the accepted 12 nomo-species, Brucella
melitensis, Brucella abortus and Brucella suis are the most important
human pathogens with varying pathogenicity (Chiliveru et al., 2015;
Dentinger et al., 2015). B. melitensis and B. suis, except for biovar 2, are
the most virulent species, whereas B. abortus provokes milder illness
(Galinska & Zagorski, 2013). In general, all brucellae are genetically
highly related to each other (Ficht, 2010). Small ruminants and bovines
are the predominant hosts for B. melitensis and B. abortus, respectively,
while cross-species transmission has been proven (Hashemifar et al.,
2017; De Massis et al., 2019). B. melitensis is by far the most observed
causative agent of human infection. Human infection is dependent on
the animal reservoir and mainly occurs by direct contact with infected
animals or by consuming unpasteurized dairy products and raw milk
(Pappas et al., 2005). Because Brucella can be transmitted via aerosols,
the fear exists that it might be used in bioterrorism events (Godfroid
et al., 2011). Control of livestock and human infection requires an
appropriately structured brucellosis surveillance programme which is
based on highly discriminatory methods to trace back and determine
the sources of infection. In Egypt, the incidence had increased steadily
since 1960 when Friesian cows were imported (Wareth et al., 2020).
Since then, the disease has been recognized as one of the endemic and
most important livestock diseases in the country, despite the estab-
lishment of a brucellosis eradication programme in 1981 (Refai, 2002).
Reasons are low-level biosafety in farms, high livestock and human
density, traditional food habits and limited success in the official con-
trol programme (Hegazy et al., 2011). The uncontrolled movement of
animals for grazing or trade further enhances the spread of the disease
throughout the country (Wareth et al., 2014). Clarifying the status quo
of brucellosis has a high impact on the health sector.

To get an overview of the epidemiological situation of this noto-
rious bacterial agent, a total of 136 B. melitensis isolates were used
in this study to compare outbreak strains in Egypt. The diversity, dis-
tribution and possible spread of outbreak strains of B. melitensis in
Egypt from 2006, 2007 and 2010 to 2020, plus one isolate each from
2001 and 2002, were investigated using both whole-genome sequenc-
ing (WGS)-based single-nucleotide polymorphism (SNP) analysis and
in silico MLVA-16. This also enabled comparing both methods for the
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distributed ones and rather newly introduced ones as well. This indicates several dif-
ferent incidents and sources of infections, probably by imported animals from other
countries to Egypt. Comparing our panel of isolates to public databases by cgSNP anal-
ysis, the results revealed near relatives from Italy. Moreover, near relatives from the

United States, France, Austria and India were found by in silico MLVA.

Brucella melitensis, genotyping, MLVA, outbreak analysis, SNP analysis

suitability for outbreak investigation. Additionally, isolates were com-
pared to entries from other countries in public databases. As the first
B. abortus data from Egypt based on WGS are available (Holzer et al.,
2021; Khan et al., 2021), only a few data have been published about B.
melitensis (Khan et al., 2021).

2 | MATERIALS AND METHODS
2.1 | Origin of Brucella isolates

A total of 136 B. melitensis isolates were recovered from both animals
and humans from various governorates from 2006 to 2020, except in
2008 and 2009, plus one isolate each from 2002 and 2003. A total of
13 human isolates were obtained from the blood of Brucella-infected
patients. The remaining 123 isolates were isolated from animals,
including buffalos (n = 22), camels (n = 2), cows (n = 66), goats (n = 13)
and sheep (n = 20). Recovered isolates are listed in Tables 1 and S1,
including the metadata.

The Animal Health Research Institute ethical committee in Giza
approved the protocol of this study (ethical code Ref. No. 165870) in
alignment with WHO guidelines and the Helsinki Declaration. The con-
sent of the patient was sought. Written informed consent was obtained
from all participants. All patient data were blinded.

2.2 | Brucella isolation from sample materials and
DNA extraction

Swab samples were smeared on Brucella-selective agar (Oxoid GmbH,
Wesel, Germany) containing 2500 IU polymyxin B, 12,500 U baci-
tracin, 2.5-mg nalidixic acid, 50,000 IU nystatin, 10-mg vancomycin
and 25-mg natamycin in a total volume of 500-ml Brucella-selective
agar and incubated at 37°C in the presence of 5%-10% CO, and
examined daily for bacterial growth for 5 days. Brucella isolates were
subcultured three times to obtain pure Brucella colonies. Suspected
Brucella colonies from a selective agar medium were picked from a
selective agar medium and grown in Brucella broth for around 3 days
for DNA extraction. DNA was extracted using Qiagen DNeasy Blood
& Tissue Kits (Qiagen, Hilden, Germany) according to the manufac-

turer’s guidelines. The DNA of 48 isolates was extracted directly after
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TABLE 1 List of number of isolates, type of samples and host
species of each strain

Number of
isolates Type of sample Host
30 Milk 2 buffaloes, 3 sheep, 4 goats,
5 cows, 16 cattleand 1
camel
5 Foetal abomasal 2 sheep, 2 cows and 1 buffalo
content
1 Foetal liver Sheep
1 Liver Sheep
1 Lung Goat
26 Unspecified lymph 10 buffaloes, 10 cows, 4
nodes goats and 2 sheep
9 Retropharyngeal 3 sheep and 6 cows
lymph nodes
27 Supramammary 5 buffaloes, 18 cows, 1 goat
lymph nodes and 3 sheep
10 Unspecified organs 2 buffaloes, 3 sheep, 4 cows
and 1 goat
Spleen 2 goats and 2 cows

Stomach content

Uterine discharge

2 sheep and 2 cows

1 cow, 1 camel and 2

buffaloes

cultivation without preheating, and the remaining 89 isolates were

heat-inactivated before.

2.3 | Whole-genome sequencing and
bioinformatics procedure of the raw reads

Default genomic library preparation and total genomic DNA
sequencing were performed by Eurofins Genomics GmbH (Kon-
stanz, Germany). The libraries were sequenced using Illumina
NovaSeq 6000, theoretically producing at least 5 million 151-bp
paired-end reads. High-throughput short-read sequencing yielded
an average of 11,626,432 reads per isolate (min 1,136,924, max
25,638,672), leading to a mean coverage of 525 (min 51, max 1160).
For analysing the WGS data in a standardized and automated
manner, the Linux-based bioinformatics WGSBAC (v.2.1) pipeline
(https://gitlab.com/FLI_Bioinfo/WGSBAC/-/tree/version2, accessed
on 22 February 2022) was used. The pipeline input consisted of a
metadata file and the Illumina paired-end FASTQ files. Raw coverage
for each data set was calculated by the number of reads multiplied by
their average read length and divided by the genome size. Contigs were
assembled using Shovill v.1.0.4 (https://github.com/tseemann/shovill,
accessed on 24 February 2022), an optimizer for SPAdes assem-
bler (Bankevich et al., 2012). Quality control of the assembled
contigs was performed by QUAST v. 5.0.2 (Gurevich et al., 2013).
The genomic characteristics are shown in Table S2. All FASTQ

files were submitted to the National Center for Biotechnology
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Information (NCBI) under the BioProject number PRJNA773199
(https://ncbinlm.nih.gov.bioproject/PRNJA773199, accessed on 22
February 2022).

2.4 | Species determination

The species of Brucella isolates were determined by Bruce-ladder PCR
(Garcia-Yoldi et al., 2006; Kang et al., 2011; Lépez-Gofi et al., 2008) in
silico using the programme Geneious v.11.1.5 (https://www.geneious.
com/, accessed on 16 May 2022) based on assembled contigs as cal-
culated by the programme Shovill in the bioinformatics pipeline. The

primers used are listed in Table S3.

2.5 | Core-genome SNP genotyping

In silico SNP calling was performed using Snippy (v. 4.6.0) with
default parameters (https://github.com/tseemann/snippy, accessed on
22 February 2022) for the Egyptian isolates. Detection of SNPs was
done on the core-genome, including the removal of rRNA genes.
Core-genome SNP (cgSNPs) (Table S4) were called based on the align-
ment to the B. melitensis 16-M reference strain (GenBank accession
numbers NC_003317.1 and NC_003318.1). cgSNP-based genotypes

(cgSNPGTs) were defined using a maximum of one cgSNP difference.

2.6 | Calculation of trees and SDI

Cluster analysis, phylogenetic analysis, creation of minimum spanning
trees (MSTs) and the determination of Simpson’s diversity index (SDI)
were performed with BioNumerics version 8.0 (Applied Maths, Bel-
gium). One SNP and one Bruce marker were used to define a genotype
for SDI. For the cgSNP dendrogram, a maximum parsimony (MP) tree
was created based on the character data. For MLVA, a neighbour-
joining (NJ) tree based on categorical data was created. Both trees
were permutated 1000 times and rooted by maximum branch length.

The MSTs are presented with logarithmic scaling.

2.7 | Canonical SNP assay

To determine the African, American, East Mediterranean or a not yet
defined clade (probably the West Mediterranean [WM] clade accord-
ing to personal communication with Jeffrey T. Foster, developer of the
canonical SNP [canSNP] assay, University of Arizona) of B. melitensis,
the canSNP assay was performed according to Foster et al. (2017),
in silico using Geneious v.11.1.5. The yet undefined branch has been
adopted as the WM branch in this work. Primer were matched to the
complementary genome sequence using the contigs provided by the
bioinformatics pipeline described in Section 2.3. As described by Fos-
ter et al. (2017), the GC-overhang for the primers is unnecessary for

the in silico analysis and has therefore been omitted. After primer
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annealing, the respective nucleotide position of the isolate can be
determined.

2.8 | Insilico MLVA-16

Multilocus variable number of tandem repeats (MLVA-16) geno-
typing was carried out in silico using MISTReSS (https://github.com
/Papos92/MISTReSS, accessed on 22 February 2022) with primers
adapted for Brucella (Sacchini et al, 2019). To avoid multiple
primer binding sites, the forward primer sequence of Bruce21l
was extended to (5" GGCAGTGGGGCAGTGAAGAATATGGTCGCTGC-
GCTCATGCGCAACCAAAACA-3’). The number of repeats at each
locus was determined by the fragment size according to the published
Brucella allele assignment table (Al Dahouk et al., 2007). All in silico
MLVA results of the isolates mentioned in Section 2.1 are listed in
Table S5. All MLVA profiles have been submitted to the MLVA database
(https://microbesgenotyping.i2bc.paris-saclay.fr/databases/, accessed
on 22 February 2022). MLVA-based genotypes (MLVAGTs) were

defined using one marker difference.

2.9 | Comparison with entries in public databases

To compare the 136 Egyptian B. melitensis isolates, as described
in Section 2.1, entries of B. melitensis strains were taken from the
public databases and processed bioinformatically as described in Sec-
tion 2.3. To ensure that the reads downloaded from NCBI Sequence
Read Archive (SRA) (https://www.ncbi.nlm.nih.gov/sra, accessed on 22
February 2022) and all assemblies downloaded from GenBank (https://
www.ncbi.nlm.nih.gov/genbank/, accessed on 22 February 2022) orig-
inate from B. melitensis isolates, the average nucleotide identity (ANI)
to the reference (B. melitensis 16 M) was computed. The corre-
sponding assemblies calculated by Shovill were used for the reads
downloaded from SRA. The tool pyANI v. 0.2.10 (https://github.com/
widdowquinn/pyani#conda, accessed on 22 February 2022) (Pritchard
et al., 2016) was used to compute a pairwise ANI and other metrics
between all assemblies. MUMmer (NUCmer) v. 3.23 (https://github.
com/mummer4/mummer, accessed on 22 February 2022) (Margais
et al, 2018) was used by pyani to align the input sequences. At
least 99% nucleotide identity was accepted for ongoing analysis when
aligned to the B. melitensis 16-M reference strain. Before compiling
cgSNP analysis with snippy, the quality of the genomes downloaded
from the SRA database was controlled by calculating average sequenc-
ing depth and percentage of bases with a Phred quality score of Q30.
In addition, species assignment to B. melitensis was confirmed with the
Mash software (Ondov et al., 2016) using the NCBI reference database.
Snippy was then applied, and SNP positions that were conserved in at
least 98% of all analysed genomes were included in the core-genome
(Perrin et al., 2017). For MST calculation, gaps in the cgSNP matrix
were ignored. Because our cgSNP analysis is based on the programme
Snippy, which uses the raw lllumina reads for analysis, 704 available

B. melitensis data sets with known origin could be used from SRA. The
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appropriate cgSNP distance table comprising 841 data sets in total
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(with our Egyptian isolates and the reference strain B. melitensis 16 M)
is provided in Table Sé.

Two hundred sixteen sequence assemblies of B. melitensis entries
with known origin were downloaded from the GenBank database.
In total, 710 isolates were used for MLVA downloaded from both
databases, GenBank and SRA. The list of MLVA-strings is provided
in Table S7. All entries of the isolates from both databases and their
metadata are provided in Table S8.

2.10 | Geographical Map

The geographical map was created using the Free and Open Source
QGlIS version 3.12.2 Bucuresti (https://www.qgis.org/de/site/forusers/
download.html, accessed on 22 February 2022), generated from GPS
data in Google Maps and the layer EPSG: 4326 and WGS: 84. The
appropriate QGIS layer download file is available in the Supporting

Information section.

3 | RESULTS
3.1 | Brucella melitensis isolates

Isolates included in this study were obtained from 17 governorates
over 20 years. Figure 1 shows the sampling region, mainly in the north-
ern part of Egypt. An interactive GIS-Map was established, allowing for
geographical mapping of the isolates with all available metadata.

A total of 136 outbreak-related isolates of Brucella, collected from
5 animal species and humans, were specified as B. melitensis by in
silico Bruce-ladder PCR. Cross-species infection of B. melitensis in
non-preferential hosts was according to the metadata detected for 2
camels, 22 buffaloes and 66 cows.

3.2 | Canonical SNP analysis

All collected Egyptian isolates belong to the WM clade except 15707
and HEA143. Isolate 15707 (2017, buffalo, Ismailia) belongs to the
American clade, whereas isolate HEA143 (2016, camel, Red Sea gover-
norate) belongs to the East Mediterranean clade. Isolate 15,707, which
differs in 2914 cgSNPs from the next isolate of the WM branch, was
isolated in the northwest of the country, and HEA143 is the only iso-
late from the south-eastern part, differing in 3087 cgSNPs to isolate
21,874 and in 2620 cgSNPs to isolate 15,707.

3.3 | Core-genome SNP genotyping for B. melitensis
isolates assigned to the West Mediterranean Clade

The 135 B. melitensis isolates belonging to the WM clade are
divided into 97 cgSNPGTs, and possible phylogenetic relationships are
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FIGURE 1 The geographic origin of Brucella melitensis isolates from Egypt. In this map, the isolates in the associated governorates are shown. If
the city within the governorate was available in the metadata (Table S1), the more precise geographic location of the city was taken. Otherwise, the
geographic location in the middle of the governorate was taken. This map was established with QGIS v. 3.12.2

demonstrated in Figure 2. The isolates are ordered in 3 main clus-
ters and 15 subclusters (SCs). The SDI based on one cgSNP distance
is 0.9921. The cgSNP distances are provided in Table S4. Cluster 1
includes three SCs, SC1a, SC1b and SC1c. SC1a shows a high diver-
sity of 17 isolates from animals collected in the period from 2011 to
2019, originating from different governorates. HEA151 and HEA152
from Faiyum (2018) show the most significant distance (72 cgSNPs) to
their closest relative in this cluster (HEA51). HEA70 and 5319, which
were isolated in 2013 and 2014, respectively, from Shargia and Asyut
(500 km apart), represent an identical cgSNPGT showing a minimum
distance of 58 cgSNPs to their closest relative (HEA51). In SC1b, how-
ever, the 11 isolates appear very homogeneous, with a distance of up
to 10 cgSNPs to each other, originating from 4 different governorates
(Kafr El Sheikh, Faiyum, Gharbia and Ismailia). The oldest isolates in this
SC are HEA6 and HEA58 from Faiyum (2013). SC1c can be divided into
2 groups (both from 2019), differing in at least 26 cgSNPs. Cluster 2
includes four SCs: SC2a-5SC2d. SC2a, except HEA25, contains a homo-
geneous group of three human and two animal isolates with a maximum
distance of seven cgSNPs to each other. HEA25 shows a distance of

10 cgSNPs to the other both animal isolates and represents the oldest

isolate, dating from 2011, in this SC. In SC2b, the minimal difference is
13 cgSNPs between the isolates, among them 1 from a human. SC2c
represents a high diversity. Nevertheless, HEA43 and 5317, which
were isolated 8 years apart (2006 and 2014) in Beni Suef and Ghar-
bia, respectively, show a completely identical cgSNPGT. SC2d contains
five isolates differing from each other in up to seven cgSNPs, although
isolated in 2006, 2010, 2012 and 2014 at four different places: Asyut,
Qalyubia, Beni Suef and Giza. The single isolate 21,907 (Aswan, 2020)
differs in 78 cgSNPs from its closest relative (5314/HEA31) in SC2d.
Cluster 3 includes eight SCs, SC3a-SC3h. SC3a contains a group of
four isolates from 2015 and 2016 from Damietta and Dakahlia that
differ in up to five cgSNPs and another group of three isolates from
Beheira and Ismailia in 2020 that differ in up to six cgSNPs. Between
both groups, a distance of 10 cgSNPs is observable. HEA27 (cow, 2001,
Monufia) differs from all other isolates in this SC in at least 12 cgSNPs.
In SC3b, the isolates are very homogeneous. All originate from Monu-
fia, 2018 and 2019, and show a maximum distance of seven cgSNPs.
Furthermore, homogeneous groups are present in SC3c, SC3d, SC3e,
SC3f and SC3g. SC3c consists of five isolates differing in up to five
cgSNPs. All those isolates are from 2019, from Shargia and Damietta
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2 pta7s 2018 human Beni Suef 2018 patiiSiiMonufia
a HEA142 2016 human Beni Suef = ol sheeo KRR
HEA146 2017  human Beni Suef 2019 busloRiooute)
Weatz 2013 GowiBeni Suer 2019 buffalo Monufia
B HEA7 2014 buffelo Dekahlia 2015 St
21908 2019 caffle BeniSuef 21 e onure
2 C 21910 2019 caffle  BeniSuef N
i ! L,— p1877 2019 human Gga ;g:z :::: x::::
2l [HEA14 2007 cow  Faiyum
5317 2014 cattle  Gharbia i HEe B Rl a
e HEASS 2006  cow  BeniSuef heatts  EEReve c""?.
! . [t5700 2017  buffalo Ismailia
g ks18 2014 bufielo SRR 15698 2017 buffalo Ismailia
B W ER FT’E 20147 Enclvobia 15699 2017  buffalo Ismailia
§ i ‘5 ks 2012 sheep Gl 15687 2017  callle Kafr El Sheik
F HEA74 2011 ewe Giza 21679 2019 human Giza I
‘HEN:" gUCNews.  ShEigie 21880 2019 humen Giza
5316 2014 catle  Gharbia 15660 2017  cattle  Gharbia
HEA44 2007 cow  Dakahiia [1s694 2017 buffalo Ismailia
0 5313 2012 CatieRmbakahiia [15705 2017 cattle Ismailia
HEA35 2002  cow Kafr El Sheik hetor 2017 Goet iMonuta
Bar7 2014 cafle " Qalyobia 1678 2017 buffalo Monufia
2 1886 2019 humen  Faiyum 15695 2017 buffalo Ismailia
2 g HEado  pCliggewel R 15696 2017 buffelo Ismailia
= HEA47 2012 ewe  Alexandria 15712 2017 sheep Monufia
21890 2019 catle  Shargia hs713 2017  sheep Monufia
21888 2020 goat  Faiyum [16088 2017  sheep Gharbia
Pige4 2019 humen Feiyum [t6102 2017  buffalo Beni Suef
piss7 2019 catfle Faiyum [i6103 2017  caitie  Beni Suef
1876 2018 human Faiyum HEA125 2015  goat  Matruh
1883 2019 human Faiyum HEA127 2015  goat  Matruh
- [p18ss 2019 human Faiyum HEA103 2015 goat  Matruh

FIGURE 2 Maximum parsimony tree for 122 Brucella melitensis field isolates plus 13 human isolates of the West Mediterranean clade
(according to the canonical single-nucleotide polymorphism [canSNP] analysis). Isolates 15,707 (American clade) and HEA143 (East
Mediterranean clade) are not included. The tree is based on whole-genome sequencing (WGS) core-genome single-nucleotide polymorphism
(cgSNP) analysis and was calculated in BioNumerics with 1000 permutations to get the highest resampling support and rooted by maximum
branch length. B. melitensis 16 M was set as reference. The three columns represent the year of isolation, the host and the governorate,
correspondingly. The last column represents the colour of the corresponding cluster. The numbers on the lines represent the cgSNP distance. This
automatically generated figure from BioNumerics has been modified by Adobe Acrobat Pro 2017

(100 km apart), except HEA172 (2018). In SC3d, two isolates differ-
ing in only five cgSNPs were isolated in 2012 and 2015 from Giza and
Matruh (450 km apart). SC3e contains 17 isolates from Monufia and
one each from Shargia and Ismailia, all isolated in 2018 and 2019 from
cattle, buffalo and from one sheep. These isolates represent a distance
of up to 8 cgSNPs, except SH5 from 2018, which differs in at least 10
cgSNPs from the other isolates. SC3f contains a group of five isolates
with a maximum difference of nine cgSNPs from each other, isolated
in 2015 and 2017 in Cairo, Ismailia and Kafr El Sheikh. SC3g consists
of a homogenous group of 12 isolates, isolated in 2017 from Ghar-
bia, Ismailia, Monufia and Beni Suef, differing in up to 5 cgSNPs, with
8 isolates sharing an identical cgSNPGT. The last SC, SC3h, contains 3

isolates with 2 different cgSNPGTs, differing in 33 cgSNPs. However,
all three isolates originated from Matruh in 2015.

3.4 | Comparing the cgSNP analysis to MLVA
genotyping of the isolates assigned to the West
Mediterranean clade

Based on in silico MLVA with 16 markers, performed on the WGS data
using MISTReSS and using 1 marker distance to define a MLVAGT,
the panel of isolates represents 64 MLVAGTs when taking isolates
15,707 (American clade) and HEA143 (East Med. clade) into account.
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15652 2017  goat Cairo

15654 2017  goat Monufia
16100 2017 goat Monufia
15669 2017  cattle  Monufia

HEA99 2014 cow Beni Suef

|I 16081 2017  catfle  Qalyobia
3 16082 2017  cattle  Qalyobia

7431 2015 camel Damietta

7434 2016  buffalo Damietta

HEA119 2015  cow Damietta
HEA124 2015  buffalo Dakahlia

HEA151 2018 cow Faiyum
HEA152 2018  cow Faiyum I
SH12 2019 sheep Monufia
SH16 2019  cattle  Monufia
SH17 2019  cattle  Monufia

HEA27 2001  cow Monufia
HEAS58 2013 cow Faiyum

HEAS 2013 cow  Faiyum
HEA62 2014 cow  Faiyum
HEA26 2011 goat  Giza
HEAS 2012 goat Giza
— HEAST 2012 cow  Sharga
= 15684 2017 caffle Kafr El Sheik
15685 2017 catle  Kafr EI Sheik
15686 2017 catfle  Kafr El Sheik
— 15690 2017 cattle  Gharbia
15691 2017 cattle  Gharbia
=5 15693 2017  buffalo Ismailia
15702 2017 buffalo Ismailia
= e 15704 2017 catfle  Ismailia
— HEA18 2014 cow  Dakahlia |
21912 2019 catfle  Ismailia
HEA177 2019 cow  Shargla
SH1 2018 catle  Monufia
L} SH11 2019  sheep Monufia
SH18 2019 buffalo Monufia
SH19 2019 buffalo  Monufia
SH2 2018 cattle  Monufia
SH20 2019 buffalo Monufia
o3 SH22 2019 catfle  Monufia
SH23 2019 cattle  Monufia
SH24 2019 cattle  Monufia
SH25 2019 cattle  Monufia
= SH3 2018 catlle  Monufia
SH4 2018 cattle  Monufia
SH5 2018 cattle  Monufia
= SH7 2018 cattle  Monufia
e HEA103 2015 goat  Matruh
21913 2020 cattle Ismailia
= 21914 2020 cattle  Beheira
21915 2020 cattle  Beheira
15660 2017 cattle  Gharbia
15694 2017  buffalo Ismailia
15695 2017  buffalo  Ismailia
15696 2017 buffalo  Ismailia
— 15712 2017 sheep Monufia
15713 2017 sheep Monufia
16101 2017 goat  Monufia
16103 2017  catlle  Beni Suef
= 5380 2014 sheep  Assiut
15678 2017  buffalo  Monufia
@ 15705 2017 cattle Ismailia
“ 16088 2017 sheep Gharbia
e 16102 2017  buffalo  Beni Suef
o HEA41 2012 ewe
w7 & HEASS 2015  ewe Maerun

HOLZERET AL.
21875 2018 human Beni Suef
HEA142 2016 human Beni Suef
HEA146 2017 human Beni Suef
5319 2014 sheep Assiut
HEA70 2013 ewe  Shardia I
HEA25 2011 goat  Giza
HEA7 2014 buffalo Dakahiia
SH14 2019 buffalo  Monufia | |
15687 2017 cafle  Kafr Bl Sheik
HEA116 2015 ewe  Cairo
15698 2017 buffalo  Ismaiiia
15699 2017  buffalo Ismailia
15700 2017  buffalo Ismailia
21876 2018 humen Faiyum
21887 2019 cale  Faiyum
21883 2019 human Faiyum
w3 21890 2019 catle  Shargia
21877 2019 human Giza | ]
HEA19 2014 ewe  BeniSuef [ |
21908 2019 catle  Beni Suef I
HEA14 2007 cow  Faiyum
5315 2012 sheep Assiut
5318 2014 buffalo Assiut I
5376 2014 goat  Qalyobia
21910 2019 cattle  Beni Suef | |
HEA42 2013 cow  BeniSuef
- 21879 2019 human Giza
. 3 21880 2019  humen Giza I
W 21891 2019 cafle  Sharqia
— 21694 2019 catlle  Sharqia
- 21895 2019 calle  Demietta
= 21907 2019 sheep Aswan | |
21882 2019 human Giza
e - as HEA180 2019 human Giza I
0 21885 2019  human Faiyum
oz | | 21884 2019 human Faiyum I
4{ i 21888 2020 goat  Faiyum
- - HEA2 2013 ewe  Monufia ]
—~ 21886 2019 human Faiyum
o HEA49 2014 ewe  Faiyum
| — HEA47 2012 ewe  Alexandria
- SH10 2019 catle  Monufia
SH15 2019 cate  Monufia
o SHE 2018  cattle  Monufia
oz | SH8 2018 buffalo  Monufia
W SHo 2018 goat  Monufia
5314 2012 buffalo  Assiut
e HEA31 2012 ewe Giza

HEA34 2010  buffalo  Assiut
HEA59 2006 cow Beni Suef
21889 2019  cattle  Shargia
21893 2019 cattle  Shargia
21898 2019  cattle  Damietta
21897 2019  cattle  Damietta
HEA172 2018 cow Sharqia
5313 2012 cattle  Dakahlia
5377 2014  cattle  Qalyobia
HEA13 2007  ewe Sharqia
HEA74 2011 ewe Giza

5316 2014  caltle  Gharbia
HEA36 2002  cow Kafr El Sheik
HEA44 2007 cow Dakahlia
5317 2014  caftle  Gharbia
HEA43 2006  cow Beni Suef
HEA125 2015 goat Matruh
HEA127 2015  goat Matruh

o7 | 5378 2014 cattle  Qalyobia

FIGURE 3 Neighbour-joining (NJ) tree for 122 Brucella melitensis field isolates plus 13 human isolates of the West Mediterranean clade
according to the canonical single-nucleotide polymorphism (canSNP) analysis. The tree is based on multilocus variable number of tandem repeats
(MLVA-16) data from MISTReSS, calculated in BioNumerics using categorical values with 1000 permutations to receive the highest resampling
support. The root position was set as the maximum branch length. The three columns represent the year of isolation, the host and the governorate,
correspondingly. The last column represents the colours from the core-genome single-nucleotide polymorphism (cgSNP) analysis according to the

cgSNP clustering in Figure 2

HEA143 and 15,707 show completely different MLVAGTs compared
to the remaining isolates. Four of them are identical to former entries
from France and Sicily, Italy, whereas 60 of them were not yet found
in the MLVA database. The SDI based on one marker distance for the
isolates belonging to the WM clade is 0.9719. Two categories could
be identified when comparing the cgSNP analysis (Figure 2) to MLVA
(Figure 3). The first category represents an identical cgSNPGT but dif-
ferent MLVAGTSs, and the second one represents the same MLVAGT
but different cgSNPGTs. Because of that and the fact that two differ-
ent calculation trees were used (MP tree versus NJ tree), there is a
quite different clustering in Figures 2 and 3. To facilitate the compar-

ison of the trees, the numbering of clusters from Figure 2 was taken.

The examples in Tables 2 and 3 describe the same cgSNPGT but differ-
ent MLVAGTs (Table 2) and vice versa the same MLVAGT but different
cgSNPGTs (Table 3).

3.5 | Strain comparison with public database
entries

To compare the 136 isolates presented in this study with available
entries from GenBank and the NCBI SRA, a cgSNP analysis (Figure
S1) and MLVA (Figure S2) were performed. For cgSNP analysis, 626
datasets from the SRA database were available, and for MLVA, 216
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TABLE 2 Examples representing the same core-genome canonical
single-nucleotide polymorphism-based genotype (cgSNPGT) but
different MLVA-based genotypes (MLVAGTSs)

Identical Differences in
Number Subcluster cgSNPGTs MLVA
1 1b HEA62, HEA62: BrO4
15690, and Br16
15693
2 2b 21908,21910 Bro4
3 3c 21893, 21897:Br07
21897,
21889
4 3e SH14,SH19, SH14: Br07
SH2,SH23,
SH24
5 3f 21879,21880 Br16é
6 3g 15678-16103 15678,
16088,
16102;
Br16

Note: The last column represents the distinguishing Bruce markers.

TABLE 3 Examples representing the same MLVA-based genotype
(MLVAGT) but different core-genome canonical single-nucleotide
polymorphism-based genotypes (cgSNPGTSs)

Identical Differences in

Number Subcluster MLVAGT cgSNPGTs

1 3g 5380, 15660, 5380 differsin
15694, 43-46
15695, cgSNPs
15696, from the
15712, other
15713, isolates
16101,
16103

2 3e SH5 and all SH5 differs in
isolates at least 10
from SC3e cgSNPs
except
SH14

datasets from the GenBank database (see Section 2.9 for explanation).
The entire cgSNP analysis based on cgSNP distances is provided in
Table S6. The cgSNP analysis (Figure S1) reveals that isolates from
Italy, which were assigned to the WM clade, are the closest relatives
to the Egyptian isolates, with a distance of at least 11 cgSNPs. The
next relatives are from Austria (441 cgSNPs), Sweden (901 cgSNPS),
Algeria (928 cgSNPs), Morocco (953 cgSNPs) and USA (1007 cgSNPs,
unknown host), whereby isolates from Austria, Sweden, Algeria and
Morocco were isolated from humans. One isolate each from Austria
and Italy locate within the Egyptian cluster. Both isolates originate
from humans who might have aquired the infection while travelling in
Egypt. Isolate 15,707 shows just four cgSNPS to one entry from the
United States, whereas isolate HEA143 has no appropriate relative.
According to the MLVA (Figure S2), our Egyptian isolates show short
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distances of a maximum of two markers to entries, mainly from Italy
and the United States, India, France, Austria and Morocco (Table S7).

4 | DISCUSSION

This study focuses on the analyses of the distribution and possible
spread of outbreak strains of Egyptian B. melitensis using a panel of 136
isolates collected in 17 governorates between 2001 and 2020, includ-
ing only 1isolate each from 2001, 2002 and 2010. Unfortunately, none
of the investigated isolates were taken from the years 2003-2005 and
2008-2009. Data from in silico genotyping methods (cgSNP analysis
and in silico MLVA) based on WGS were used to analyse a possible phy-
logenetic relationship among our panel members isolates. Genotyping
based on either WGS cgSNP analysis or in silico MLVA-16 resulted
in a high-diversity resolution. The SDI, calculated just for the isolates
belonging to the WM clade, determined for cgSNP analysis was 0.9921
and 0.9719 for MLVA. Both indices were calculated by accepting just a
single-character difference (one cgSNP or one Bruce marker) to define
adifferent genotype. In general, B. melitensis appears to be widespread,
especially in the northern part of Egypt. All isolates are from the north-
ern part of Egypt except isolates from Asyut, Aswan and Shalateen,

which are located in the middle or the South of Egypt.

4.1 | Core-genome SNP analysis as a tool for
outbreak investigation

Results of cgSNP analysis revealed many different outbreak strains,
both older and widely distributed ones, and rather newly introduced
ones, as shown in Figure 2. For example, an older outbreak strain that
has spread continuously over a long period can be found in SC2d. This
outbreak strain differed in a maximum of seven cgSNPs and was found
in 2006, 2010, 2012 and 2014 in four different governorates. On the
other hand, both isolates HEA59 (from 2006) and 5378 (from 2014)
differentiated in just one single cgSNP within 7 years, given one expect
that both isolates descended from each other. Because the isolates of
this SC originate from four different governorates, it can be assumed
this outbreak strain was spread over time. In SC2c, there are 5 years
between the isolation of HEA44 (2007) and 5313 (2012) that differ in
just three cgSNPs.

Furthermore, SC2arepresents an at least 6-year-old outbreak strain
differing in a maximum of seven cgSNPs (except HEA25) which might
have originated in the Giza region in 2011 and then spread to Beni
Suef and Dakahlia. Taking HEA25 into account as a possible ancestor of
this group of isolates, just according to the year of isolation, the num-
ber of cgSNPs still defining the same outbreak strain would be ten,
presupposing the isolates from the animals are considered only. The
year of isolation is, however, not a strong argument to determine phy-
logenetic relations. Another example of a possible long-term present
outbreak strain is represented by SC2b, where HEA14 and 21877 dif-
ferin 10 cgSNPs. If one accepts the possibility that HEA14 from Faiyum
(2007) could be the ancestor of isolates 21908/21910 (2019) and even
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the human isolate in this group, the 10 cgSNPs would still define the
same outbreak strain as having been active during a period of 13 years.
In addition, in Figure 2 are several diverse outbreak strains; some of
them were newly introduced (2020). Such diverse outbreak strains are
represented in SC s SC1a, SC2c and SC3a.

While comparing the number of cgSNPs with epidemiological meta-
data on the source, location and time of isolation, the question arises if
and to what extent the number of cgSNPs can be correlated with the
definition of an outbreak strain. For example, with regard to our panel
of isolates, a number of seven cgSNPs would represent an outbreak
strain where isolates are collected within the same year and from the
same location, like in SC3f. The same applies to isolates in SC3b when
accepting the timeline 2018/2019 as 1 year.

A similar situation is found in SC1b. Here, the isolates are related
by six cgSNPs but differ in up to 4 years and four different isolation
regions. The only exception is HEA6 isolated in Faiyum in 2013 with 10
cgSNPs different from another isolate from the same year and region.
Assuming HEA6 with its up to 10 cgSNPs to its relatives has been the
ancestor of this outbreak strain, later on, it might have spread to Kafr El
Sheikh, Gharbia and Ismailia. The last example worth discussing is SC3e
which contains 17 isolates from Monufia and one each from Shargia
and Ismailia, all isolated in 2018 and 2019 from cattle, buffaloes and
from one sheep. These isolates represent two groups with cgSNPs of
only three within and nine between them. Because of the same region
and the narrow time of isolation, one would expect them to belong to
the same outbreak strain. The only exception here is SH5 from Monufia
in 2018, which differs in at least 10 and up to 16 cgSNPs from the other
isolates. Hence, this single isolate might represent a different outbreak
strain isolated by chance in 2018 in Monufia.

In conclusion, according to the correlation of cgSNPs with epidemi-
ological metadata in our panel of B. melitensis isolates, a number of
around 10 cgSNPs looks like a reasonable approximation of a bioinfor-
matics cut-off for the discrimination of outbreak strains. However, one
would need to accept that such an approximation applies only to the
panel of isolates used here and, therefore, is not a general rule.

4.2 | Human isolates can be assigned to possible
animal infectious sources

Of the 136 isolates included in our analysis, 13 are of human origin. In
two cases, a significant correlation between a human case of disease
and the possible source of infection was found (SC2c). Human isolates
from Faiyum in 2018 and 2019 (21876, 21883) were found to be close
relatives to an animal isolate from cattle in Faiyum (2019), differing
in four cgSNPs only. One can speculate that the outbreak strain iso-
lated from cattle has already been active in the same region for some
years, leading to human infections in 2018 and 2019. The same might
apply to the human isolate 21884, Faiyum 2019, and an animal isolate
from goat in Faiyum 2020, with four cgSNPs only. Again, the outbreak
strain isolated from the goat might have already been active in the

same region some years before, leading to the human infection in 2019.

HOLZERET AL.

Less convincing but still relevant are the following correlations: Iso-
lates HEA142,HEA146 and 21,875 from 2016,2017 and 2018 (SC2a),
respectively, are very homogeneous; the closest animal relatives are
HEAA42 isolated in 2013 from a cow of the same region, Beni Suef, and
HEA7, isolated in 2014 from Dakahlia. Although the time and region
of the human and animal isolates are not identical, the human isolate
might originate from a hospital not related to the point of infection;
the disease causing outbreak strain might have been around between
2013 and 2016 in Beni Suef. This assumption is supported by the fact
that fever hospitals across the country pooling hospitals and are not
restricted to patients from specific governorates (Abd EI-Wahab et al.,
2019). The same might apply for the human isolate 21,877 (SC2b)
from a hospital in Giza (2019), showing a distance of 10 cgSNPs to an
isolate (HEA14) of a cow in Faiyum (2007) and, again, to the human
isolate 21,886 from Faiyum (2019) which is related to HEA49 from
Faiyum (2014) by 10 cgSNPs (SC2c). According to the cgSNP analysis,
isolates 21,882 and HEA180 (SC1a) from 2020 and 2019 are identi-
cal (Figure 2) but cannot be assigned to any source of infection. Both
human samples were isolated at the central hospital in Giza, and the
source of infection is unknown. No sources of infection were found for
isolates 21,885,21,879 and 21,880.

4.3 | MLVA-16 genotyping has great value for
differentiation but not for epidemiological
investigation

The comparison of the cgSNP analysis and MLVA revealed some fun-
damental differences. Outbreak strains with identical cgSNPGTs show
different MLVAGTSs and vice versa, as indicated in Tables 2 and 3. The
cgSNP analysis provides a much more precise clustering of the out-
break strains when including epidemiological metadata. One of the
striking examples is SC3g, where isolates indicate a distance of at least
43 cgSNPs to isolate 5380 (SC3e), which was shown to have the same
MLVAGT as isolates in SC3g. In the aforementioned examples, the dif-
ferences are based on the MLVA markers Bruce04, Bruce07, Bruce09,
Bruce16, Bruce18 and/or Brucel9, representing microsatellite mark-
ers belonging to panel 2 of VNTR markers. Their discriminative value is
of great importance for a pure differentiation of isolates but not infor-
mative for epidemiological analyses of outbreaks. The reason is that
microsatellites are susceptible to homoplasia (Le Fléche et al., 2006),
that is the possibility of multiple mutations and the associated conver-
gence of the markers. This means that a given genotype based on copy
numbers of MLVA markers can occur more than once at different loca-
tions or even arise during subculture in the laboratory. After only 10
passages, it has already been observed that the addition or deletion of
a repeat unit occurred in BruceQ7 of B. abortus S19 and RB51 vaccine
strains (Dorneles et al., 2013; Wareth et al., 2020). This makes outbreak
analyses and the tracking of the spread of outbreak strains unreliable.
However, SNPs are very stable and are thought to have a phyloge-
netic character as long as highly repetitive SNPs like single-nucleotide

repeats or rRNA sequences are omitted.
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4.4 | Outbreak strains of B. melitensis might have
been imported to Egypt from other countries

Because the isolates are obviously from at least three different gov-
ernorates of origin according to the canSNP assay, it is more likely
that the Brucella infections were originally introduced to Egypt than
vice versa, at least as far as the East Mediterranean and American ori-
gins are concerned. To search for possible correlations between our
panel of 136 B. melitensis isolates with isolates from other countries,
a new cgSNP analysis (Figure S1, Table S6) and MLVA (Figure S2, Table
S7) with entries from public databases were performed. Performing a
new cgSNP analysis with a large set of sequences from international
strains resulted in aslightly smaller core genome as some SNP positions
were not available in all analysed genomes. For such large sequenc-
ing data sets defining core positions in less than 100% of the samples
prevents strong shrinking of the core-genome due to missing bases in
the samples (Perrin et al., 2017). The cgSNP analysis with entries from
public databases confirmed that the closest relatives of the WM group
(2001-2020) are those from Italy (2006-2018). This is in concordance
with recent previous publications (Abdel-Hamid et al., 2020; Hegazy
et al,, 2022; Sayour et al., 2020; Wareth et al., 2020) that showed by
MLVA-16 that the B. melitensis strains circulating in Egypt are close to
the Italian ones. Our single isolate 15,707, belonging to canSNP clade
America, is very close to one entry from the USA (2005). No relatives
were found for the single isolate HEA143 belonging to the canSNP
clade East Mediterranean. Concerning the data of MLVA (Figure S2),
a very similar result as in the cgSNP analysis (Figure S1) was found
except for additional entries from France showing a maximum distance
of two markers to the isolates from Egypt. However, the both analyses
cannot be directly compared with one another here, because the num-
bers of entries from the databases differ. To substantiate the possible
interpretation of the data as indicating a long-lasting and continuing
import of B. melitensis to Egypt from other countries, the report of
the Food and Agriculture Organization of the United Nations (FAO-
STAT) on the import of animals for breeding or slaughter purposes from
several countries to Egypt was used as the context (http:/www.fao.
org/faostat/en/#data/TM, accessed on 24/04/2021), provided in Table
S9. Among others, this table shows the import of animals which took
place in 1986-2018 from Italy (cattle and buffaloes). Although animals
from Italy have been imported for breeding, animals from France were
imported for breeding and slaughter purposes. Although some animals
were imported for slaughtering, a possible source of infection from
these countries should not be ruled out.

4.5 | Limitations of the study

For the interpretation of our bioinformatics data, some obvious lim-
itations of the study should be taken into consideration. First, there
is a sampling bias in data collection, both temporally and geographi-
cally. The majority of samples are from the north of Egypt, whereas
other country regions are not represented at all. One should also keep
in mind that the available metadata on the region of isolation does
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not represent the exact location of sample collection. The same issue
applies to human isolates as it remains unknown where the patients
eventually came from.

Furthermore, there were no isolates available from 2003-2005,
2008 and 2009, and only one isolate originates from 2001 and 2002,
respectively. Moreover, the exact isolation dates are unknown; hence,
only full years had to be used as sampling dates. As our analysis starts in
2001, only and noisolates from earlier years are available, evolutionary
analyses of outbreak strains were limited and did not reveal meaningful
results.

5 | CONCLUSIONS

B. melitensis causing brucellosis outbreaks in both animals and humans
iswidespread in at least the northern part of Egypt. Several quite differ-
ent outbreak strains indicated a long-lasting and probably continuing
import of the infectious agent to Egypt from abroad. By comparing our
panel of isolates with entries from public databases, the results show
possible relationships with entries from Italy. To track the history of
distribution more in detail, many more isolates are needed, preferably
fromworldwide. At the same time, outbreak strains existing for already
many years have been spread over long distances and between many
governorates. All but two of the isolates analysed belong to the WM
clade. One isolate each was assigned to the American and the East
Mediterranean clades. This study shows that cgSNP analysis can reli-
ably be used to define and track outbreak strains of B. melitensis when
data are correlated to epidemiological metadata on the source, time
and site of isolation. MLVA-16 showed a high discriminatory power in
the resolution of different isolates but was misleading for the definition
and tracking of an outbreak strain.
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