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Abstract: Bartonellae are bacteria associated with mammals and their ectoparasites. Rodents often
host different species of Bartonella. The aim of this study was to investigate the presence of Bartonella
spp. in African giant pouched rats (Cricetornys gambianus) and their ectoparasites in Dakar, Senegal. In
2012, 20 rats were caught, and their fleas were identified. DNA was extracted from 170 selected fleas
and qPCR was carried out to detect Bartonella spp. Subsequently, a Bartonella culture was performed
from the rat blood samples and the isolated strains (16S rRNA, rpoB, ftsZ and ITS3) were genotyped.
A total of 1117 fleas were collected from 19 rats and identified as Xenopsylla cheopis, the tropical rat
flea. Bartonella DNA was detected in 148 of 170 selected fleas (87.1%). In addition, Bartonella strains
were isolated from the blood of 17 rats (85%). According to Bartonella gene-sequence-based criteria
for species definition, the isolated strains were identified as B. massiliensis (four strains) and two
potential new species related to the zoonotic B. elizabethae. In this paper, these potentially new species
are provisionally called Candidatus Bartonella militaris (11 strains) and Candidatus Bartonella affinis
(two strains) until their description has been completed. Cricetomys gambianus and its fleas could
constitute a public health risk in Dakar due to the high prevalence of Bartonella infection reported.

Keywords: African giant rat; Bartonella; Cricetomys gambianus; flea; Senegal; Xenopsylla cheopis;
Z0onosis

1. Introduction

Bartonella is the only genus of bacteria belonging to the family Bartonellaceae. These
microorganisms are Gram-negative and facultative intracellular bacteria. Currently, more
than 40 Bartonella species have been described. Many of them can infect a large range of
different mammal species, often rodents, which are regarded as the main reservoir hosts of
many species of these bacteria. At least 20 species of Bartonella are rodent-associated [1]
and more than ten species are zoonotic and cause human diseases [2]. The most com-
mon pathogens responsible for human bartonellosis are Bartonella bacilliformis, Bartonella
quintana and Bartonella henselae; these species are not associated with Rodentia. However,
many small rodent-associated bartonellae have been reported to cause human diseases.
Rattus-associated B. elizabethae, B. washoensis and B. vinsonii arupensis may cause culture-
negative endocarditis, B. grahamii is suspected to induce neuroretinitis and endocarditis

Microorganisms 2022, 10, 489. https:/ /doi.org/10.3390 / microorganisms10030489

https://www.mdpi.com/journal /microorganisms


https://doi.org/10.3390/microorganisms10030489
https://doi.org/10.3390/microorganisms10030489
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com
https://orcid.org/0000-0002-5208-2576
https://orcid.org/0000-0003-0086-6990
https://orcid.org/0000-0002-7836-6809
https://orcid.org/0000-0001-6039-2008
https://doi.org/10.3390/microorganisms10030489
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com/article/10.3390/microorganisms10030489?type=check_update&version=1

Microorganisms 2022, 10, 489

20f11

and B. tribocorum may cause chronic bacteriaemia [3,4]. Blood-sucking arthropods, such as
fleas, ticks, sand flies and lice, can transmit different Bartonella species [5].

The African giant rat (Cricetomys gambianus), also known as the Gambian pouched rat,
is a large rodent in the exclusively African family Nesomyidae. This is one of the largest
rodents in the world. It weighs between 1.0 and 1.4 kg and grows to approximately 0.9 m
long, including the tail, which makes up half of its total length [6]. This animal is found in
sub-Saharan African countries, from Senegal to Kenya, and in Southern African countries,
from Angola to Mozambique. Cricetomys gambianus is widespread in different natural
biotopes and can frequently be found in semi-urban places, near human habitations. This
species is nocturnal and eats fruit, seeds and small animal-like insects. In many African
countries, especially in West Africa, giant pouched rats are considered as an important
source of meat and are hunted by local populations [7]. In Senegal, C. gambianus is a
commensal animal and one of the most common rodents encountered in the city of Dakar.

Wild rodents are well known to host abundant numbers of parasites. Several studies
have mentioned the large number of ectoparasites encountered in Cricetomys gambianus,
including several species of fleas [7]. To date, fleas have been considered as the main players
in the Bartonella genus epidemiology due to the high variety and prevalence of Bartonella
species and strains detected on fleas, their potential role of complementary reservoirs and
their efficiency in transmitting these bacteria between rodent populations [8]. Commensal
rodents and their fleas infected with Bartonella species can facilitate the transmission of
these pathogens to humans due to, on the one hand, the abundance and close association of
rodents with humans and, on the other, the frequency with which fleas eat and are able to
move. In Senegal, knowledge of the distribution and epidemiology of Bartonella in rodents
and ectoparasites is limited and the role of rodent-associated bartollenosis in human public
health is still poorly understood by health professionals.

Here, we investigated the occurrence of Bartonella spp. infections in African giant
pouched rats trapped at an urban location in Dakar, Senegal and in their fleas. We also
characterised the potential new Bartonella species and strains isolated from these rats.

2. Materials and Methods
2.1. Ethics Statement

This study was carried out as part of the rodent control measures aimed at maintaining
a sufficient level of hygiene and preserving public health in French military camps. The
study protocol was written in accordance with European regulations on the protection of
animals used for scientific purposes. Permission to set traps in the study area was granted
by the French Armed Forces Command in Senegal. All animals were treated in a humane
manner and in accordance with previous regulations.

2.2. Study Site and Sample Collection

In 2011 and 2012, rodent trapping was conducted for many weeks, within a French
military camp located in Ouakam (14°42'0"” N; 17°28'0" E), a residential quarter of Dakar,
Senegal. Metal cages were placed outdoors, in areas surrounding homesteads, in deep
gutters and rainwater harvesting systems. These traps were checked for the presence
of rodents every day, early in the morning. Each cage containing a rat was transported
to the French military veterinarian at the camp, who identified the rat and collected
the ectoparasites.

A system was used to restrain the animal. After restraining it, each rodent was anes-
thetised by an intramuscular ketamine injection (Imalgene 1000®, Boehringer Ingelheim,
Lyon, France). Whole blood was collected by cardiac puncture in an EDTA-coated tube.

Each rat was brushed with a comb to collect ectoparasites onto a large sheet of white
paper. Ectoparasites were placed in tube containing 70% alcohol. Each tube was identi-
fied according to the host from which parasites were collected. All the samples (blood
and ectoparasites) were stored (at —20 °C and room temperature, respectively) and trans-
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ported two weeks later to the IHU Méditerranée Infection, Marseille, France. In the IHU,
ectoparasites were stored at —20 °C and blood samples at —80 °C until analysis.

Within the framework of the Nagoya accord application, we have obtained autho-
rization to access and use, in France, genetic resources from captured rodents (autho-
rization N°001042 from the Ministére de I’environnement et du développement durable,
Dakar, Senegal).

2.3. Ectoparasite Identification

All ectoparasites were morphologically identified using identification keys. Each
one was photographed using a Stereo Discovery V20 stereomicroscope. The ectoparasites’
genus and species were then confirmed for some specimens, selected randomly, by using
primers targeting the 185 rRNA gene [9].

2.4. DNA Extraction and Screening for Bartonella spp. by the Real-Time PCR (gPCR)

DNA was extracted individually from selected ectoparasites, as well as from all rat
blood samples. Extraction was performed using the commercial EZ1®DNA tissue kit, (Qia-
gen, Courtaboeuf, France) and was performed on a BIOROBOT EZ1 (Qiagen, Courtaboeuf,
France) per the manufacturer’s instructions. Prior to DNA extraction, ectoparasites or
200 uL of rat blood was digested with proteinase K and incubated at 56 °C overnight.

DNA was eluted in 200 uL of distilled water and stored at —20 °C until analysis. The
qPCRs were prepared and performed in 20 uL final volume containing 10 uL of Master
Mix Roche (Roche Diagnostics, Meylan, France), 0.5 pL (of 20 pM concentration) of each
primer, 0.5 pL of the probe (of 5 uM concentration), 0.5 pL UDG, 3 pL of distilled DNAse-
and RNAse-free water and 5 pL of the DNA sample. The assay was performed in a CFX96
Real-Time system (BioRad Laboratories, Foster City, CA, USA) using the protocol: one
incubation step at 50 °C for two minutes and an initial denaturation at 95 °C for five
minutes, followed by 40 cycles of denaturation at 95 °C for ten seconds and annealing and
extension at 60 °C for 30 s. Positive (known Bartonella DNA) and negative (only mixture)
controls were added in each reaction.

The screening for Bartonella spp. was carried out using genus-specific gPCR targeting
the internal transcribed spacer 3 (ITS3) region for the selected ectoparasites and all rat
blood samples. Positive samples were screened again using the ITS2 qPCR (Table 1). Only
positive samples by both systems were considered as positive.

Table 1. Primers and probes used in the present study for the molecular investigations and sequencing.

PCRs Target Genes Primer Names Sequences References
ITS3. Bartonella s Barto_ITS3_F GATGCCGGGGAAGGTTTTC
B (Intoreertic 165200 Barto_ITS3_R GCCTGGGAGGACTTGAACCT
gs% 8 Barto_ITS3_P 6FAM-GCGCGCGCTTGATAAGCGTG 0]
= (
g%—« 72 B ” 5y BartoITS2F GGGGCCGTAGCTCAGCTG
8 [TS2, Bartonella spp. 2nd g, 115 R TGAATATATCTTCTCTTCACAATTTC
intention Barto_ITS2_P 6FAM-CGATCCCGTCCGGCTCCACCA
165, Bacter Fd1 AGAGTTTGATCCTGGCTCAG (1]
» Bacteria Rp2 ACGGCTACCTTGTTACGACTT
w b0 ITS. Bartonella s Urbartol CTTCGTTTCTCTTTCTTCA
&5 ’ PP- Urbarto2 CTTCTCTTCACAATTTCAAT
= § fis2, Bartonella's FTSZDIR CCGTGAATAATATGATTAATGC
£g ’ PP- FTSZREV TTGAAATGGCTTTGTCACAAC
@ 12
Eg 1400F CGCATTGGCTTACTTCGTATG [12]
N = 2300R GTAGACTGATTAGAACGCTG
rpoB, Bartonella spp. 1596R GGACAAATACGACCATAATGCG
2028F GGAAAATGATGATGCGAATCGTGC

1873R TCYTCCATMGCWGAMAGATAAA
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2.5. Bartonella spp. Culture and Isolation and MALDI-TOF MS Identification

Subsequently, rat blood samples were plated on Columbia agar with 5% sheep blood
(COS). Plates were incubated at 37 °C with 5% CO; and checked for the growth of bacterial
colonies morphologically compatible with Bartonella species every 12 h for seven days.
Isolates were verified as Bartonella species using PCR and sequencing of the 165 rRNA,
rpoB and ftsZ, as well as the ITS partial genes (Table 1). In parallel, they were identified
by MALDI-TOF mass spectrometry. The obtained spectra were imported into MALDI
Biotyper 3.0 software (Bruker, Billerica, MA, USA) and analysed against the main spectra
of bacteria included in two databases (Bruker, as well as Microbes Evolution Phylogeny
and Infections (MEPHI), which is constantly updated).

2.6. Genetic Amplification by Standard PCR, Sequencing and Phylogeny

All of the selected fleas were suggested to the 185-based standard PCR. Bartonella
isolates were tested by PCRs for species identification using the primers in Table 1. Assays
were performed in a volume of 50 uL, including 25 puL of AmpliTaq Gold master mix,
18 pL of ultra-purified DNAse-RNAse-free water, 1 uL of primers (20 uM of concentration)
and 5 pL of DNA template. The amplification protocols were as follows: incubation step
for 15 min at 95 °C, 40 cycles of one minute at 95 °C, 30 s at the annealing temperature
(Table 1), an elongation step of 60-90 s at 72 °C and then a final extension step for five
minutes at 72 °C. Amplifications were run in a Peltier PTC-200 model thermal cycler
(M] Research, Inc., Watertown, MA, USA) and revealed on 1.5% agarose gel. Amplicons
were then purified using NucleoFast 96 PCR plates (Macherey—Nagel EURL, Hoerdt,
France) as per the manufacturer’s instructions. Sequencing was conducted using the Big
Dye Terminator Cycle Sequencing Kit (PerkinElmer Applied Biosystems, Foster City, CA,
USA) in an ABI automated sequencer (Applied Biosystems, Waltham, MA, USA). The
obtained sequences were assembled and edited using ChromasPro software (ChromasPro
1.7, Technelysium Pty Ltd., Tewantin, Australia) and compared with those available in the
GenBank database by NCBI BLAST (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi; accessed
on 28 December 2021). The phylogenetic analyses, based on 165 rRNA, rpoB, FtsZ and
ITS regions of Bartonella spp., were inferred using neighbour-joining methods, and tree
reconstructions were performed using MEGA software version 7 [13]. Bootstrap analyses
were conducted using 1000 replicates.

3. Results
3.1. Rats and Ectoparasites

Twenty rodents were captured during the study period. They were all formally
identified as Cricetomys gambianus species, the African giant pouched rat. Overall, 19 of the
20 (95%) rats carried fleas (Table S1). The number of fleas collected by brushing the rats
varied from 14 to 180 per rodent. A total of 1117 fleas were recovered from the 19 rats (an
average of 58.8 arthropods per rodent). Molecular identification (18S rRNA) confirmed the
morphological identification of the fleas. All of the specimens belonged to the same species:
Xenopsylla cheopis, the tropical rat flea, also known as the Oriental rat flea.

3.2. Bartonella Detection and Isolation

Regarding the 1117 tropical rat fleas collected, we selected 170 fleas (15.2%, corre-
sponding to eight to nine specimens per rat) for screening for Bartonella DNA by qPCR.
Bartonella spp. DNA was confirmed in 148 of the 170 fleas (87.1%) that were analysed.
Overall, 17 Bartonella isolates were isolated from the blood of 17 of the 20 captured rats
(prevalence of 85%). Using MALDI-TOF MS, four isolates were identified as Bartonella
massiliensis with scores > 1.7. The other isolates were not identified to the species level,
although their MS spectra undoubtedly clustered within pools of other Bartonella spectra.

The comparative analysis of sequences for the 165 YRNA (1400 bp) showed that four
almost similar sequences, also identified by MALDITOF-MS, exhibited a 99.9% to 100%
identity with Bartonella massiliensis OS09 (HM636440). These strains also showed a 99-99.8%,
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97.8-98.9% and 99-99.3% identity in the FtsZ, ITS and RpoB regions with B. massiliensis,
respectively. All of the other 165 rRNA sequences of the other isolates were close to each
other and showed a 99.57% to 99.64% identity with Bartonella elizabethae (LR134527) and
Bartonella kosoyi strain Tel Aviv (MN627780). They had a similarity of 95.3-96.9%, 86.7-94.5%
and 92.8-96.8% with these two species at the FtsZ, ITS and RpoB regions, respectively. Some
sequences were deleted from analysis because of their low sequencing quality (Table 2).
Sequences were deposited in GenBank under accession numbers: OM458891-OM458906
for 16S, OM459723-OM459736 for ITS.

Table 2. Identities and sizes of the generated sequences for Bartonella isolates collected in the

present study.
| Blast Results: Identity (%) and Size (bp) for the Sequenced Genes
Isolates
Best Results 16S Size RpoB Size ITS Size FtsZ Size

B. kosoyi strain Tel Aviv (MN627780), B.

RO3 elizabethae strain NCTC12898 (LR134527) 99.6 1400 93.2-96.3 1001 87.9-94.1 727 96.2-96.3 894
B. kosoyi strain Tel Aviv (MN627780), B.

R04 elizabethae strain NCTC12898 (LR134527) ; ; ; : 87.7-899 739 95696 889
B. kosoyi strain Tel Aviv (MN627780), B.

RO5 elizabethae strain NCTC12898 (LR134527) 99.6 1408 93.4-96.2 866 88-89.9 730 96-96.2 906
B. kosoyi strain Tel Aviv (MN627780), B.

RO6 elizabethae strain NCTC12898 (LR134527) 99.6 1416 93.4-96.8 868 87.2-89 781 95.3-95.6 900
B. kosoyi strain Tel Aviv (MN627780), B.

R08 clizabethae strain NCTC12898 (LR134527) 206 1401 93.7-965 898 ; - 596l 8
B. kosoyi strain Tel Aviv (MN627780), B.

R09 clizabethae strain NCTC12898 (LR134527) 00 140 ; ; 88890 708 95954 895
B. kosoyi strain Tel Aviv (MN627780), B.

R10 clizabethae strain NCTC12898 (LR134527) 20 140 - ; ; ; ; :
B. kosoyi strain Tel Aviv (MN627780), B.

R11 elizabethae strain NCTC12898 (LR134527) 99.6 1351 92.8-95.7 906 86.7-94.5 727 95.4-95.8 877
B. kosoyi strain Tel Aviv (MN627780), B.

RI2 clizabethae strain NCTC12898 (LR134527) 06 140 ; ; 888917 715 953955 95

R13 B. massiliensis strain OS09 (HM636440) 100 1401 99 877 98.3 786 99.5 868

R14 B. massiliensis strain OS09 (HM636440) 100 1401 99.2 874 - - 99.1 895

R15 B. massiliensis strain OS09 (HM636440) 99.9 1401 99.3 1018 97.8 770 99.8 875
B. kosoyi strain Tel Aviv (MN627780), B.

R16 clizabethae strain NCTC12898 (LR134527) 99.6 1400 93.8-96.7 873 87.9-90.2 737 96.4-96.7 913
B. kosoyi strain Tel Aviv (MN627780), B.

R17 clizabethae strain NCTC12898 (LR134527) 06 140 938967 868 87.5-896 731 ; :
B. kosoyi strain Tel Aviv (MN627780), B.

R18 elizabethae strain NCTC12898 (LR134527) 99.6 1410 94-95.9 889 89.6-91.5 720 95.9-96 909
B. kosoyi strain Tel Aviv (MN627780), B.

R19 elizabethae strain NCTC12898 (LR134527) 99.6 1400 93.5-96.2 865 88.3-90.4 771 96.6-96.9 915

R20 B. massiliensis strain OS09 (HM636440) 100 1402 99 868 98.9 812 99.1 902

The phylogenetic analysis was based on 165 *RNA, RpoB and the ITS region high-
lighted, in addition to four isolates clustered together with B. massiliensis and two other
separate clusters. The two clusters are different from each other, as well as to the other
Bartonella species. They are phylogenetically close to B. kosoyi and B. elizabethae or B. mas-
tomydis (Figure 1A-C). This topology is mostly similar for 16S rRNA, RpoB and ITS. This
is not the case for the FtsZ gene, where we observed only two different clusters: the four
isolates grouped with B. massiliensis, and another separate cluster performed by all of the
other strains (Figure 1D).
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Bartonella massiliensis
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AF165997 Bartonela vinsoni subsp. vinsoni
AB196425 Bartonella bitlesii
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EU111785 Bartonella coopersplainsensis strain AUSTANH20
MH932638 Bartonella taylori
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201 AY167409 Bartonella schoenbuchensis strain R1

DQOB6139 Brucella melitensis biovar Abortus

Bartonella massiliensis
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Figure 1. Cont.
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Candidatus Bartonella affinis

MN158196 Bartonella mastomydis strain 008
LR134527 Bartonella elizabethae strain NCTC12898
(CP031843 Bartonella kosoyi strain Tel Aviv
| HM636449 Bartonella massiliensis strain OS09
R20

Bartonella massiliensis
*lR15

MT003982 B: 669

MN158198 Candidatus Bartonella saheliensis strain 077

CP031844 Bartonella krasnovii strain OE

FJ411484 Candidatus Bartonella thailandensis clone 1

EU111769 Bartonella queenslandensis strain AUST/NH15

MH547347 Bartonella grahamii strain N14.1-82
Cs raoultii strain 094

I Candidatus Bartonella affinis

KY555065 Bartonella mastomyds strain 008

CP031844 Bartonella krasnovii strain OF 1-1 —rA13
CABGUMO10000001 Bartonella sahebensis J'L,f R14

CAHOYMO10000007 Bartonela gabonensis 669 “IR15

HG969192 Bartonela tribocorum strain BM1374166 ——

CP031843 Bartonella kosoyi strain Tel Aviv

LA134527 Bartonella elizabethae strain NCTC12898

NZ CABFVS010000000 Bartonella massilensis 0S09

R13

R0 Bartonella massiliensis

CPO01562 Bartonella grahamii asdaup
AY515134 Bartonella rattimassiliensis strain 16115

AY515135 Bartonella phoceensis strain 16120
(CP058235 Bartonella alsatica strain CIP 105477
DQ825692 Bartonella washoensis subsp. cynomysii strain CL8606co
HQ014630 Bartonella uintana strain M22

CAL Bartonella 0s02
KX499334 Bartonella koehlerae subsp. koehlerae strain L98-215
HG965802 Bartonella henselae strain BM1374163

NZ Brucella abortus strain 385

Figure 1. Phylogenetic analysis of Bartonella strains isolated in the presented study based on their genes:
(A) 165 ¥RNA, (B) RpoB, (C) ITS and (D) FtsZ. The topology of strains detected here is mostly similar
for 16S rRNA, RpoB and ITS with, in addition to strains clustered with B. massiliensis, two other separate
clusters. This is not the case for the FisZ gene, as we observed only two different clusters: the strains
grouped with B. massiliensis, and another separate cluster performed by all of the other strains. This is
well represented by the small trees, constructed only for the new sequences, for each gene. We propose
two potential new species according to these phylogenies: Candidatus Bartonella militaris (in blue) and
Candidatus Bartonella affinis (in red). The evolutionary history was inferred using the neighbour-joining
method. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap
test (1000 replicates) is shown next to the branches. The tree is drawn to scale, with branch lengths in the
same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Tamura—Nei method and are in the units of the number of base
substitutions per site. The differences in the composition bias among sequences were considered in
evolutionary comparisons. All positions containing gaps and missing data were eliminated. Evolutionary
analyses were conducted in MEGA7 [13].
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4. Discussion

This study reports the isolation, molecular detection and genetic characterisation of
Bartonella species in wild commensal rodents and their fleas from Senegal, West Africa. To
our knowledge, this is the first time that Bartonella strains have been found in African giant
rats (Cricetomys gambianus) and in tropical rat fleas (Xenopsylla cheopis) in this country.

Bartonella strains have been detected in rodents in several countries in Africa: Alge-
ria, Tunisia, Egypt, Democratic Republic of Congo, Ethiopia, Tanzania, Kenya, Uganda,
South Africa, Nigeria, Benin and Senegal. The infection rates reported ranged from 4%
to 67% [1,8,14-17]. In Uganda, three of five Cricetomys gambianus trapped and examined
by PCR detection and culture were Bartonella-positive. A genotype related to Bartonella
elizabethae was found in one of these Cricetomys gambianus. Bartonellae, similar to Bartonella
massiliensis isolated from a soft tick species Ornithodorus sonrai in Senegal [18], were found
in two C. gambianus [19]. In West Africa, an uncultured Bartonella sp. was detected in 34.7%
(69/199) of X. cheopis fleas collected in Cotonou, Benin [14]. Bartonella species were also
detected in both C. gambianus blood and X. cheopis carried by the rats, in Nigeria [20]. In
Senegal, Bartonella species had already been detected in ectoparasites collected from hu-
mans and animals. Bartonella quintana was identified in lice found on the heads of patients
in Dakar [21]. Two new species within the genus Bartonella were isolated from rodents
trapped in the Sine-Saloum region of Senegal: B. saheliensis sp. nov from the gerbil Gerbil-
liscus gambianus [22] and B. mastomydis sp. nov. from the Guinea multimammate mouse
Mastomys erythroleucus [23]. Other new species (B. senegalensis sp. nov and B. massiliensis sp.
nov) were also found in the soft tick Ornithodoros sonrai, the vector of relapsing fever [18].

In this study, the prevalence of Bartonella is very high, even regarding previous reports
on rats and their ectoparasites. In 2017, a study reported a collection of 407 fleas from small
mammals trapped around homes in five villages, in north-western Uganda. Among these
fleas, 202 (49.6%) were identified as X. cheopis, mainly from Rattus rattus (n = 148), the black
rat. The Bartonella prevalence in oriental rat fleas collected from all of the rodents was
relatively low (9%; 18/202). The phylogenetic relationships of Bartonella genetic variants,
identified from sequences obtained by analysing fleas, showed the infection by variants
partly belonging to the B. elizabethae species complex [17]. In Tanzania, another study
reported the presence of Bartonella DNA in 27.5% (53/193) of X. cheopis fleas collected from
Rattus rattus specimens. The genotypes were closely related to different Bartonella species,
including B. elizabethae [1].

In our study, the high number (1 = 1117) of Xenopsylla cheopis collected from only 20 C.
gambianus suggests a large infestation of the African giant rats by fleas in the location studied
and, potentially, in the surroundings. The flea X. cheopis is a well-known parasite of rodents,
primarily of the genus Rattus, but can live on many warm-blooded mammals. Moreover,
this flea species is a vector for bubonic plague, caused by Yersinia pestis, and can transmit
Rickettisa felis, the aetiological agent of murine typhus [24]. The high Bartonella prevalence
in this study can, first, confirm the role of C. gambianus and X. cheopis as reservoirs and
vectors, respectively. Second, this high prevalence can be due to the infestation rate of rats
(around 55.8 fleas per rat): this facilitates the transmission to and between rats and the
reinfection of fleas in return. It seems that the high infection rate in rats conduces to a high
detection rate in fleas feeding on these rats. Other arguments are needed to demonstrate
that fleas can maintain these Bartonella spp. (such as the persistence of flea infection).

The isolated strains from rats are, in general, close to the Bartonella species previously
described or detected in rodents such as B. elizabethae, B. kosoyi or B. mastomydis; or from
rodent-ectoparasites, as in the case of B. massiliensis. Here, we isolated B. massiliensis in rats.
The adaptation of B. massiliensis to both rodents and their ectoparasites has a great impact in
terms of its epidemiologic dynamism. It may promote the spread of this agent and its coloni-
sation of other hosts. In addition, two potential new species, phylogenetically related to
zoonotic B. elizabethae, as well as to other rodent-associated Bartonella, were identified based
on the Bartonella gene-sequence-based criteria for species definition [25]. Here, we propose
preliminary names for these genogroups, namely (i) Candidatus Bartonella militaris and
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(ii) Candidatus Bartonella affinis (Figure 1). The genetic difference was clear between these
two species basing on 165, RpoB and ITS, whereas FtsZ did not show this difference, which
required the use of more than one target to identify bacteria belonged to the bartonella
genus. The high Bartonella infection rate in rodents and their ectoparasites, observed here
and in the previous studies, could explain this emergence of new species. However, the role
and/or pathogeny of this species in humans or animals remain to be explored. Since our
team began studying Bartonella in rodents over the past decade, at least seven species have
been isolated and described, not counting these two species: B. florenciae, B. mastomydis, B.
massiliensis, B. senegalensis, B. saheliensis, B. gabonensis and B. raoultii [18,22,23,26-29]. The
risks that they pose to human and animal health remain unknown.

In addition, due to its size and weight, the African giant rat is considered as a natural
resource of animal protein by the local population [7]. The prevalence of Bartonella sp.
found in this study may alert local sanitary authorities to the public health risk for hunters
or breeders, but also for inhabitants, given that rat holes have been observed in residential
areas, especially in semi-urban locations.

The potential new species described in this study are related genetically to B. elizabethae,
a species that is currently recognised as a zoonotic agent responsible for endocarditis [30],
neuroretinitis [30,31] and bacillary angiomatosis [32] in humans. Veterinarians also consider
this bacterium as an infectious disease agent in canine medicine [33]. In Senegal, only a
few studies have reported clinical cases of bartonellosis with identification of the infectious
agent. One case of endocarditis caused by B. quintana was described in a Senegalese
patient [34] in 2002. More recently, an investigation showed the circulation of B. quintana in
febrile patients visiting a health facility in rural Senegal [35].

This study helps to confirm that X. cheopis commonly carry the bacteria of the genus
Bartonella and potentially play an important role in the transmission of potential zoonotic
infections among Gambian pouched rats and from rats to humans. Due to the nature of the
Bartonella species detected, this study shows the importance, from a public health point
of view, of leading further investigations into the potential zoonotic Bartonella species in
Senegal and, more generally, in Africa. Future research may include more epidemiological
studies on pests and farm animals due to the close and increasing interaction between
humans, animals and the environment. The new potential species merit a complete de-
scription, including their genomic features, due to their microbiological, epidemiological
and pathological characteristics being unknown to date.
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//www.mdpi.com/article/10.3390 /microorganisms10030489/s1, Table S1. Details on rat and flea
samples, qPCR results and culture.

Author Contributions: Conceptualization, ].-P.D. and B.D.; methodology, ].-P.D., HM., C.P. and B.D;
software, HM., M.L., L.L. and O.M,; validation, FF. and O.M.; formal analysis, HM., M.L., L.L. and
O.M,; field investigation, J.-P.D. and C.P,; resources, ].-P.D., B.D., C.P. and O.M.; data curation, H.M.,
M.L. and B.D.; writing—original draft preparation, ].-P.D., H.M., M.L. and B.D.; writing—review and
editing, HM., B.D., O.M. and EFE,; supervision, O.M.; project administration, B.D. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was supported by the Health Service of the French Army and the Institut
Hospitalo-Universitaire (IHU) Méditerranée Infection, the National Research Agency under the
program "Investissements d’avenir”, reference ANR-10-IAHU-03, the Region Provence-Alpes-Cote
d’Azur and European funding FEDER PRIMI.

Acknowledgments: Authors express their gratitude to Maxence Aubadie-Ladrix, Masse Sambou
and Hubert Bassene for their technical help.

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


https://www.mdpi.com/article/10.3390/microorganisms10030489/s1
https://www.mdpi.com/article/10.3390/microorganisms10030489/s1

Microorganisms 2022, 10, 489 10 of 11

References

1.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Theonest, N.O.; Carter, RW.; Amani, N.; Doherty, S.L.; Hugho, E.; Keyyu, ].D.; Mable, B.K.; Shirima, G.M.; Tarimo, R.; Thomas,
K.M.; et al. Molecular detection and genetic characterization of Bartonella species from rodents and their associated ectoparasites
from northern Tanzania. PLoS ONE 2019, 14, e0223667. [CrossRef] [PubMed]

Iannino, F; Salucci, S.; Di Provvido, A.; Paolini, A.; Ruggieri, E. Bartonella infections in humans dogs and cats. Vet. Ital. 2018, 54,
63-72. [CrossRef] [PubMed]

Vayssier-Taussat, M.; Le Rhun, D.; Bonnet, S.; Cotté, V. Insights in Bartonella host specificity. Ann. N. Y. Acad. Sci. 2009, 1166,
127-132. [CrossRef] [PubMed]

Inoue, K.; Maruyama, S.; Kabeya, H.; Yamada, N.; Ohashi, N.; Sato, Y.; Yukawa, M.; Masuzawa, T.; Kawamori, F.; Kadosaka, T.;
et al. Prevalence and genetic diversity of Bartonella species isolated from wild rodents in Japan. Appl. Environ. Microbiol. 2008, 74,
5086-5092. [CrossRef]

Regier, Y.; O'Rourke, F.; Kempf, V.A]J. Bartonella spp.—A chance to establish One Health concepts in veterinary and human
medicine. Parasites Vectors 2016, 9, 261. [CrossRef]

Kingdon, J. The Kingdon Field Guide to African Mammals; Academic Press: San Diego, CA, USA, 1997; pp. 199-200, ISBN 0-12-408355-2.
Ekeh, F.; Ekechukwu, N.E. Ecto and gut parasitic fauna of the African giant rat (Cricetomy gambianus) in a semi-urban tropical
community. Anim. Res. Int. 2009, 6, 1082-1085. [CrossRef]

Gutiérrez, R.; Krasnov, B.; Morick, D.; Gottlieb, Y.; Khokhlova, 1.S.; Harrus, S. Bartonella infection in rodents and their flea
ectoparasites: An overview. Vector Borne Zoonotic Dis. 2015, 15, 27-39. [CrossRef]

Yong, Z.; Fournier, P.E.; Rydkina, E.; Raoult, D. The geographical segregation of human lice preceded that of Pediculus humanus
capitis and Pediculus humanus humanus. Comptes Rendus Biol. 2003, 326, 565-574. [CrossRef]

Mediannikov, O.; Fenollar, F. Looking in ticks for human bacterial pathogens. Microb. Pathog. 2014, 77, 142-148. [CrossRef]
Weisburg, W.G.; Barns, S.M.; Pelletier, D.A.; Lane, D.J. 16S ribosomal DNA amplification for phylogenetic study. J. Bacteriol. 1991,
173, 697-703. [CrossRef]

Dahmani, M.; Sambou, M.; Scandola, P.; Raoult, D.; Fenollar, F.; Mediannikov, O. Bartonella bovis and Candidatus Bartonella
davousti in cattle from Senegal. Comp. Immunol. Microbiol. Infect. Dis. 2017, 50, 63—-69. [CrossRef]

Kumar, S.; Stecher, G.; Tamura, K. MEGA?7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol.
Evol. 2016, 33, 1870-1884. [CrossRef]

Leulmi, H.; Socolovschi, C.; Laudisoit, A.; Houemenou, G.; Davoust, B.; Bitam, I.; Raoult, D.; Parola, P. Detection of Rickettsia
felis, Rickettsia typhi, Bartonella species and Yersinia pestis in fleas (Siphonaptera) from Africa. PLoS Negl. Trop. Dis. 2014, 8, e3152.
[CrossRef]

Halliday, J.E.B.; Knobel, D.L.; Agwanda, B.; Bai, Y.; Breiman, R.E; Cleaveland, S.; Njenga, M.K.; Kosoy, M. Prevalence and
diversity of small mammal-associated Bartfonella species in rural and urban Kenya. PLoS Negl. Trop. Dis. 2015, 9, e0003608.
[CrossRef]

Martin-Alonso, A.; Houemenou, G.; Abreu-Yanes, E.; Valladares, B.; Feliu, C.; Foronda, P. Bartonella spp. in small mammals,
Benin. Vector Borne Zoonotic Dis. 2016, 16, 229-237. [CrossRef]

Bai, Y.; Osikowicz, L.M.; Kosoy, M.Y,; Eisen, R.J.; Atiku, L.A.; Mpanga, ].T.; Boegler, K.A.; Enscore, R.E.; Gage, K.L. Comparison of
zoonotic bacterial agents in fleas collected from small mammals or host-seeking fleas from a Ugandan region where plague is
endemic. mSphere 2017, 2, e00402-17. [CrossRef]

Medkour, H.; Lo, C.I; Anani, H.; Fenollar, E; Mediannikov, O. Bartonella massiliensis sp. nov., a new bacterial species isolated from
an Ornithodoros sonrai tick from Senegal. New Microbes New Infect. 2019, 32, 100596. [CrossRef]

Billeter, S.A.; Borchert, ].N.; Atiku, L.A.; Mpanga, ].T.; Gage, K.L.; Kosoy, M.Y. Bartonella species in invasive rats and indigenous
rodents from Uganda. Vector Borne Zoonotic Dis. 2014, 14, 182-188. [CrossRef]

Kamani, J.; Morick, D.; Mumcuoglu, K.Y.; Harrus, S. Prevalence and diversity of Bartonella species in commensal rodents and
ectoparasites from Nigeria, West Africa. PLoS Negl. Trop. Dis. 2013, 7, 2246. [CrossRef]

Boutellis, A.; Veracx, A.; Angelakis, E.; Diatta, G.; Mediannikov, O.; Trape, J.F,; Raoult, D. Bartonella quintana in head lice from
Senegal. Vector Borne Zoonotic Dis. 2012, 12, 564-567. [CrossRef]

Dahmana, H.; Medkour, H.; Anani, H.; Granjon, L.; Diatta, G.; Fenollar, F.; Mediannikov, O. Non-contiguous finished genome
sequence and description of Bartonella saheliensis sp. nov. from the blood of Gerbilliscus gambianus from Senegal. New Microbes
New Infect. 2020, 35, 100667. [CrossRef] [PubMed]

Dahmani, M.; Diatta, G.; Labas, N.; Diop, A.; Bassene, H.; Raoult, D.; Granjon, L.; Fenollar, F.,; Mediannikov, O. Noncontiguous
finished genome sequence and description of Bartonella mastomydis sp. nov. New Microbes New Infect. 2018, 25, 60-70, Erratum in
New Microbes New Infect. 2018, 27, 3. https:/ /doi.org/10.1016 /j.nmni.2018.10.005. [CrossRef] [PubMed]

Durden, L.A.; Hinkle, N.C. Fleas (Siphonaptera). In Medical and Veterinary Entomology, 3rd ed.; Chapter 10; Mullen, G.R., Durden,
L.A., Eds.; Academic Press: Cambridge, MA, USA, 2019; pp. 145-169, ISBN 9780128140437.

La Scola, B.; Zeaiter, Z.; Khamis, A.; Raoult, D. Gene-sequence-based criteria for species definition in bacteriology: The Bartonella
paradigm. Trends Microbiol. 2003, 11, 318-321. [CrossRef]

Mediannikov, O.; El Karkouri, K.; Robert, C.; Fournier, PE.; Raoult, D. Non-contiguous finished genome sequence and description
of Bartonella florenciae sp. nov. Stand. Genom. Sci. 2013, 9, 185-196. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0223667
http://www.ncbi.nlm.nih.gov/pubmed/31613914
http://doi.org/10.12834/VetIt.398.1883.2
http://www.ncbi.nlm.nih.gov/pubmed/29631316
http://doi.org/10.1111/j.1749-6632.2009.04531.x
http://www.ncbi.nlm.nih.gov/pubmed/19538272
http://doi.org/10.1128/AEM.00071-08
http://doi.org/10.1186/s13071-016-1546-x
http://doi.org/10.4314/ari.v6i3.55991
http://doi.org/10.1089/vbz.2014.1606
http://doi.org/10.1016/S1631-0691(03)00153-7
http://doi.org/10.1016/j.micpath.2014.09.008
http://doi.org/10.1128/jb.173.2.697-703.1991
http://doi.org/10.1016/j.cimid.2016.11.010
http://doi.org/10.1093/molbev/msw054
http://doi.org/10.1371/journal.pntd.0003152
http://doi.org/10.1371/journal.pntd.0003608
http://doi.org/10.1089/vbz.2015.1838
http://doi.org/10.1128/mSphere.00402-17
http://doi.org/10.1016/j.nmni.2019.100596
http://doi.org/10.1089/vbz.2013.1375
http://doi.org/10.1371/journal.pntd.0002246
http://doi.org/10.1089/vbz.2011.0845
http://doi.org/10.1016/j.nmni.2020.100667
http://www.ncbi.nlm.nih.gov/pubmed/32300480
https://doi.org/10.1016/j.nmni.2018.10.005
http://doi.org/10.1016/j.nmni.2018.03.005
http://www.ncbi.nlm.nih.gov/pubmed/30128156
http://doi.org/10.1016/S0966-842X(03)00143-4
http://doi.org/10.4056/sigs.4358060
http://www.ncbi.nlm.nih.gov/pubmed/24501655

Microorganisms 2022, 10, 489 11 of 11

27.

28.

29.

30.

31.

32.

33.

34.

35.

Mediannikov, O.; El Karkouri, K.; Diatta, G.; Robert, C.; Fournier, PE.; Raoult, D. Non-contiguous finished genome sequence and
description of Bartonella senegalensis sp. nov. Stand. Genom. Sci. 2013, 8, 279-289. [CrossRef] [PubMed]

Mangombi, J.B.; N'Dilimabaka, N.; Medkour, H.; Banga, O.L.; Tall, M.L.; Ben Khedher, M.; Terras, J.; Abdi, S.; Bourgarel, M.;
Leroy, E.; et al. Bartonella gabonensis sp. nov., a new Bartonella species from savannah rodent Lophuromys sp. in Franceville, Gabon.
New Microbes New Infect. 2020, 38, 100796. [CrossRef] [PubMed]

El Karkouri, K.; Mediannikov, O.; Robert, C.; Raoult, D.; Fournier, P.E. Genome Sequence of the Tick-Borne Pathogen Rickettsia
raoultii. Genome Announc. 2016, 4, e00157-16. [CrossRef]

Tay, S.T.; Kho, K.L.; Wee, W.Y.; Choo, S.W. Whole-genome sequence analysis and exploration of the zoonotic potential of a
rat-borne Bartonella elizabethae. Acta Trop. 2016, 155, 25-33. [CrossRef]

O’Halloran, H.S.; Draud, K.; Minix, M.; Rivard, A K.; Pearson, P.A. Leber’s neuroretinitis in a patient with serologic evidence of
Bartonella elizabethae. Retina 1998, 18, 276-278. [CrossRef]

Corral, J.; Manriquez Robles, A.; Toussaint Caire, S.; Hernandez-Castro, R.; Moreno-Coutifio, G. First report of bacillary
angiomatosis by Bartonella elizabethae in an HIV-positive patient. Am. J. Dermatopathol. 2019, 41, 750-753. [CrossRef]

Mexas, A.M.; Hancock, S.I.; Breitschwerdt, E.B. Bartonella henselae and Bartonella elizabethae as potential canine pathogens. J. Clin.
Microbiol. 2002, 40, 4670-4674. [CrossRef]

Thiam, M; Fall, P.D.; Gning, S.B.; Grinda, ].M.; Mainardji, ].L. Bartonella quintana infective endocarditis in an immunocompetent
Senegalese man. Rev. Med. Interne 2002, 23, 1035-1037. [CrossRef]

Diatta, G.; Mediannikov, O.; Sokhna, C.; Bassene, H.; Socolovschi, C.; Ratmanov, P.,; Fenollar, F.; Raoult, D. Prevalence of Bartonella
quintana in patients with fever and head lice from rural areas of Sine-Saloum, Senegal. Am. J. Trop. Med. Hyg. 2014, 91, 291-293.
[CrossRef]


http://doi.org/10.4056/sigs.3807472
http://www.ncbi.nlm.nih.gov/pubmed/23991259
http://doi.org/10.1016/j.nmni.2020.100796
http://www.ncbi.nlm.nih.gov/pubmed/33294192
http://doi.org/10.1128/genomeA.00157-16
http://doi.org/10.1016/j.actatropica.2015.11.019
http://doi.org/10.1097/00006982-199803000-00015
http://doi.org/10.1097/DAD.0000000000001439
http://doi.org/10.1128/JCM.40.12.4670-4674.2002
http://doi.org/10.1016/S0248-8663(02)00734-8
http://doi.org/10.4269/ajtmh.13-0685

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Study Site and Sample Collection 
	Ectoparasite Identification 
	DNA Extraction and Screening for Bartonella spp. by the Real-Time PCR (qPCR) 
	Bartonella spp. Culture and Isolation and MALDI-TOF MS Identification 
	Genetic Amplification by Standard PCR, Sequencing and Phylogeny 

	Results 
	Rats and Ectoparasites 
	Bartonella Detection and Isolation 

	Discussion 
	References

