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Abstract: The majority of emerging viral infectious diseases in humans originate from wildlife
reservoirs, such as rodents and bats. We investigated a possible reservoir, namely wild gerbils
and mice trapped in a desert reserve within the emirate of Dubai, United Arab Emirates (UAE). In
total, 52 gerbils and 1 jird (Gerbillinae), 10 house mice (Mus musculus), and 1 Arabian spiny mouse
(Acomys dimidiatus) were sampled. Oro-pharyngeal swabs, fecal samples, attached ticks, and organ
samples (where available) were screened by (RT-q)PCR for the following viruses: Middle East respi-
ratory syndrome-related coronavirus, Crimean-Congo hemorrhagic fever orthonairovirus, Alkhumra
hemorrhagic fever virus, hantaviruses, Lymphocytic choriomeningitis mammarenavirus, Rustrela virus,
poxviruses, flaviviruses, and herpesviruses. All of the samples were negative for all investigated
viruses, except for herpesviruses: 19 gerbils (35.8%) and 7 house mice (70.0%) were positive. The
resulting sequences were only partly identical to sequences in GenBank. Phylogenetic analysis
revealed three novel betaherpesviruses and four novel gammaherpesviruses. Interestingly, species
identification of the positive gerbils resulted in eight individuals clustering in a separate clade, most
closely related to Dipodillus campestris, the North African gerbil, indicating either the expansion of the
geographic range of this species, or the existence of a closely related, yet undiscovered species in the
UAE. In conclusion, we could not find evidence of persistence or shedding of potentially zoonotic
viruses in the investigated rodent cohorts of limited sample size.

Keywords: Gerbil; Gerbillus; UAE; MERS-CoV; CCHFV; AHFV; RusV; hantavirus; poxvirus;
herpesvirus

1. Introduction

Rodentia are the largest order of mammals, consisting of more than 2200 species,
representing about 43% of all mammalian species. Several rodents are well-known carriers
of viruses including zoonotic viruses [1]. In the present study, we tested rodents in a hitherto
under-investigated environment, namely a desert area within the United Arab Emirates
(UAE), for the presence of (zoonotic) viruses. Viral zoonotic diseases that are found on the
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Arabian Peninsula include Middle East respiratory syndrome (MERS), Crimean-Congo
hemorrhagic fever (CCHF), and Alkhumra hemorrhagic fever (AHF) [2].

MERS: Dromedary camels (Camelus dromedarius) have been identified as the primary
source of human infection with Middle East respiratory syndrome-related coronavirus
(MERS-CoV, a Betacoronavirus) [3,4]. They seem to be, despite rare spill-over events to
other animal species [5], the only natural host of MERS-CoV, and transmission between
camels likely occurs via the respiratory route. Since essentially all older dromedaries exhibit
neutralizing antibodies to MERS-CoV [3], the virus seems to be ubiquitous. Investigations
of wild rodent species for the presence of MERS-CoV have not been carried out so far.
However, it is not unlikely that rodents may be involved in the transmission of MERS-CoV
between dromedaries, either via fecal-oral or respiratory routes via aerosolized excreta.

CCHEF: Crimean-Congo hemorrhagic fever orthonairovirus (CCHFV; family Nairoviri-
dae) is a tick-borne, zoonotic virus that is found across Africa, Asia, Europe, and the Middle
East [2,6-8]. Transmission cycles involve Hyalomma ticks and mammalian livestock, such as
cattle, sheep, and goats. While humans are usually infected by exposure to contaminated
blood, bodily fluids, or animal tissues of viremic animals at abattoirs or private slaughter,
infections may also occur through tick bites as well as by nosocomial transmission [6,7,9].
In most animals, the infection remains asymptomatic [2], however, the disease can be
severe and even fatal in humans, with a case fatality ratio (CFR) of up to 40% [6,7,9]. Small
vertebrates including rodents are involved in the life cycle of certain Hyalomma tick species
and thus in the transmission of CCHFV [8].

AHF: In 1995, a novel flavivirus (family Flaviviridae) causing hemorrhagic fever was
isolated in Saudi Arabia. It was named Alkhumra hemorrhagic fever virus (AHFV) after
the Alkhumra district in Jeddah, where the first cases were described. Of note, in some
publications, the virus was mistakenly named ‘Alkhurma’ virus due to typographical
error [10]. Human cases of AHF on the Arabian Peninsula have mainly been linked to
sheep and camels, even though AHFV has never been isolated from livestock animals.
However, it has been found in the camel tick Hyalomma dromedarii in Saudi Arabia, Yemen,
and Kuwait [2,11]. The role of camels, sheep, goats, and other mammals including rodents
regarding the maintenance and propagation of the virus remains unclear. AHFV may be
transmitted to humans by direct contact to infected livestock, their raw meat, consumption
of raw unpasteurized camel milk, or possibly by mosquito or tick bites [10,12].

In addition to the viruses that were described above that are known to be endemic in
the UAE, we screened our samples for hantaviruses, lymphocytic choriomeningitis virus,
Rustrela virus, poxviruses, and flaviviruses. These are all zoonotic viruses, or virus taxa
that include zoonotic viruses, harbored by various rodent species in other parts of the world.
The presence and/or abundance of many of these viruses has not yet been established on
the Arabian Peninsula, although it is possible that they arepresent but have not yet been
detected. Finally, we analyzed the samples for the presence of herpesviruses to increase
our knowledge on the genetic diversity of herpesviruses in wild rodents on the Arabian
Peninsula.

Hantaviruses: Each of the approximately 40 well-described orthohantaviruses at
present are closely associated with one single rodent or insectivore host, and it is generally
accepted that these pairs have co-evolved. Therefore, hantaviruses do not cause apparent
clinical disease in their primary hosts [13]. Humans usually get infected through inhalation
of viral particles from dried up feces or saliva of persistently infected rodents, resulting
in asymptomatic infection or overt clinical disease [14]. Hemorrhagic fever with renal
syndrome and hantavirus cardiopulmonary syndrome are the major clinical manifestations
of hantavirus infections in humans. Hantaviruses continue to pose a significant public
health issue. In recent years, approximately 200,000 people have been infected worldwide
every year [14].

LCMV: Lymphocytic choriomeningitis mammarenavirus (LCMV) belongs to the fam-
ily Arenaviridae and is found across the world because of its primary host reservoir, the
house mouse (Mus musculus). In immunocompetent humans, LCMV infection is usually
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asymptomatic, but may cause febrile illness and aseptic meningitis. When the virus spills
over to immunocompromised persons, it can lead to systemic infection and death. In addi-
tion, severe congenital disease has been reported as a result of LCMV infection. Besides its
primary host reservoir, the virus has also been described in other species of rodents [15].

Rustrela virus: Rustrela virus (RusV, Rubivirus strelense, family Matonaviridae) was first
identified in 2020 in the brain tissues of acutely ill zoo animals in Germany (a donkey, a
capybara, and a red-necked wallaby), all of which succumbed to the disease. Subsequently,
it was also found in yellow-necked field mice (Apodemus flavicollis) in and around the zoo
area [16]. RusV is a relative of rubella virus, the etiologic agent of rubella in humans [16].
Recently, RusV has been identified as the causative agent of a neurological disorder called
‘staggering disease’ in domestic cats (Felis catus) [17], first described in Sweden in the
1970s and in Austria in the 1990s [18,19]. Furthermore, RusV was detected in wood mice
(Apodemus sylvaticus) from Sweden [17]. Since this virus was identified only 3 years ago [16],
nothing is known so far about further reservoir species and its geographic distribution.

Poxviruses: Poxviruses recently came into focus with the 2022 mpox (former name:
monkeypox) multi-country outbreak [20]. Both orthopox- (mainly camelpox) and para-
poxvirus infections have been demonstrated in the UAE [21,22]. While for certain or-
thopoxvirus species, such as cowpox [23,24] or mpox viruses, rodents serve as reservoir
hosts, this is not the case for parapoxviruses. Thus, for our investigations we used PCR
assays which detect orthopoxvirus DNA rather than parapoxvirus nucleic acid.

Flaviviruses: The genus Flavivirus is comprised of over 70 different viruses, many of
which are important human pathogens, such as dengue viruses, West Nile virus, yellow
fever virus, Japanese encephalitis virus, St. Louis encephalitis virus, tick-borne encephalitis
virus [25], and the aforementioned Alkhumra virus. West Nile virus, usually transmitted
by mosquitoes, but occasionally also by ticks [26], extended its geographic range to the
Americas and to Europe [27,28], but is also present on the Arabian Peninsula including the
UAE [29]. Other flaviviruses reported in the UAE include Bagaza and Barkedji viruses [30].

Herpesviruses: Approximately 120 different members of the family Herpesviridae have
been detected hitherto in a vast variety of species, which presumably represents only a
small fraction of the herpesviruses that actually exist. Similar to hantaviruses, each strain is
closely associated with its respective primary host species, indicating that herpesviruses
and their hosts have co-evolved over long periods of time [31]. Herpesviruses establish
latency in their primary host species. While infections with alphaherpesviruses often
lead to acute diseases, infections with beta- and gammaherpesviruses usually remain
asymptomatic, at least in immunocompetent hosts.

The majority of emerging infectious diseases originate from zoonotic reservoirs [32,33],
such as rodents and bats, which together constitute two thirds of all mammalian species [1,34].
Thus, we investigated members of the order Rodentia that were collected at the Dubai
Desert Conservation Reserve (DDCR) in the emirate of Dubai (UAE) for a broad spectrum
of possible viruses they may carry. Typical wild rodent species of the family Muridae
found within DDCR are the Cheesman’s gerbil (Gerbillus cheesmani), the Balochistan gerbil
(Gerbillus nanus), the Sundevall’s jird (Meriones crassus), and the Arabian spiny mouse
(Acomys dimidiatus) [35,36].

2. Materials and Methods
2.1. Trapping and Sampling

In total, 52 gerbils and 1 jird (Gerbillinae), 10 house mice, and 1 Arabian spiny mouse
(Acomys dimidiatus) were caught and sampled at the DDCR from March to May 2019, from
various habitats such as gravel plains, sand dunes, and rock outcrops. A total of 40 gerbils
were morphologically determined as Gerbillus cheesmani, 10 as Gerbillus nanus, and the jird
as Meriones crassus. There were two gerbils that could not be identified. Apart from the
house mice, all rodents were trapped in their natural habitats overnight using Sherman
live traps, sampled the next morning and immediately released thereafter. One gerbil
succumbed to injuries that were acquired prior to trapping. A total of 40-50 traps were laid
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out per trapping night in a transect line spaced 20 m apart. All house mice were trapped
in the course of pest control measures at the DDCR animal food store, using classical
mousetraps and collected as carcasses. From the 53 trapped Gerbillinae, 48 oro-pharyngeal
swabs, 51 fecal samples, as well as 28 ticks from 18 animals were collected. Swabs, feces,
and ticks were collected in tubes, intact mice in plastic bags, and all samples were stored at
—80 °C at the laboratory of the College of Medicine, Mohammed Bin Rashid University of
Medicine and Health Sciences, Dubai, UAE, before shipment on dry ice to the University of
Veterinary Medicine Vienna, Austria, for pathological and virological investigations.

2.2. Pathological Investigations

Carcasses were initially investigated pathologically, and after dissection their inner
organs were pooled (brain, heart, lung, liver, kidney, and spleen).

2.3. Preparation and Nucleic Acid Extraction of Ticks, Organ Samples, Oro-Pharyngeal Swabs, and
Fecal Specimens

Adult ticks were identified morphologically on an ice-cold plate using various identi-
fication keys; 21 were nymphs, 2 larvae, and 5 adult female Hyalomma dromedarii. Adult
frozen ticks were divided with a parasagittal section using a sterile scalpel, and one half
of each was transferred to buffered saline. A total of 300-500 pL of a virus inactivation
solution (DNA /RNA Shield; ZymoResearch, Irvine, CA, USA) was added to each sample,
depending on the sample quantity. Feces, organ, and tick samples were homogenized using
two 2.8 mm ceramic beads (Bertin Technologies, Montigny-le-Bretonneux, France) and a
TissueLyser II (QIAGEN, Hilden, Germany), and then frozen at —80 °C for at least one hour.
All the samples were subsequently thawed, vortexed, and centrifuged for 2 min at 6200 x g.
Automated total nucleic acid extraction was performed using 200 uL of each supernatant
and QIAamp 96 Virus QIAcube HT Kit on a QIAcube HT device (plate format), or 150 pL
and QIAamp Viral RNA Mini QIAcube Kit on a QIAcube machine (for 12 samples; all from
QIAGEN), according to the manufacturer’s instructions.

2.4. Screening of the Extracted Samples for Viral Nucleic Acids

All extracts were screened by (reverse transcription real-time) polymerase chain re-
action [(RT-q)PCR] for the presence of the following viruses: MERS-CoV, CCHFV, AHFV,
hantaviruses, LCMYV, RusV, poxviruses, flaviviruses, and herpesviruses (except for the
tick samples). All PCR conditions, kits, primers, and probes that were used are shown in
Table 1. All (RT-q)PCRs included negative and positive controls, and are in routine use in
our laboratory as internally- and externally-validated diagnostic tests.

Table 1. PCR conditions, primers, and probes that were used for the detection of viruses.

Primer/Probe

Amplicon PCR

. . ! ot
Virus (Family) Name Sequence (5'-3') Length Kit/Conditions Reference
Quantabio
Orfla-F CCACTACTCCCATTTCGTCAG . .
( C“:rfﬁfv;‘;;’e) Orfla-R CAGTATGTGTAGTGCGCATATAAGCA 83 bp 1_3?“‘%_"%%{ c rrlgnqpt?f -
Orfla-P TTGCAAATTGGCTTGCCCCCACT °p 1 q] orman et al.
ToughMix
50 °C for 10 min;
CCHFV 95 °C for 2 min; RealStar RT-PCR
(Nairoviridac) - Data not provided by manufacturer - 45x 95 °Cfor 15, Kit 1.0; altona
55°C for45s, Diagnostics
and 72 °C for 15s
- Quantabio
AHFV NS3-5439F CAGGGGAGACAGAATTGGGAAG qScript XLT RT-qPCR;
(Flaviviridae) NS3-5565R TCATGAGCACCAAAGCGCAC 84bp 1-Step RT-qPCR in-house method
NS3-5474P  TGAAGCCCATTGGACCGATCCACATAGCAT PR

ToughMix
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Table 1. Cont.
. . Primer/Probe ot Amplicon PCR
Virus (Family) Name Sequence (5'-3') Length Kit/Conditions Reference
HAN-L-F1 ATGTAYGTBAGTGCWGATGC b One%tIéAGR]?FI?IPCR
HAN-L-R1 AACCADTCWGTYCCRTCATC P I%t
QIAGEN
OneStep RT-PCR
Hantaviruses Kit: 50 °C for Nested RT-PCR;
(Hantaviridac) HAN-L-F2 TGCWGATGCHACIAARTGGTC 00b i e Klempa et al. [35]
HAN-L-R2 GCRTCRTCWGARTGRTGDGCAA P for 30 5 55 °C for
30 s and 72 °C for
30s; 72 °C for
7 min
LCMV LCM-S-F CTGTGAGYGCYTGCACAACATC 650b OnegtI?GIg?IP CR RT-PCR;
(Arenaviridae) LCM-S-R GATCCTAGGCATTTGATTGCGC p Ilzit in-house method
RusV RusV-234F CCCCGTGTTCCTAGGCAC %‘Clintta;i‘} RT-qPCR;
(Matonamiridagy  RUSV-32R TCGCCCCATTCWACCCAATT 51bp L PCR Matiasek et al.
RusV-256P GTGAGCGACCACCCAGCACTCCA TOFL’I ghl\f[lix [17]
QIAGEN Fast
Cycling PCR Kit:
Poxviruses Pan-Pox-F ACACCAAAAACTCATATAACTTCT 220D 5?()5X 9C6 fOCr ?Of‘;“s (lfvjnc'ré‘;fﬁi{{al
(Poxviridae) Pan-Pox-R CCTATTTTACTCCTTAGTAAATGAT P 50°C for 5 s ! [39’] ’
68 °C for 10 s;
68 °C for 1 min
Flaviviruses Flavi-S TACAACATGATGGGGAARAGAGARAA o QACER Universal
(Flaviviridae) Flavi-AS2 GTGTCCCAGCCNGCKGTGTCATCWGC P Ilzit Patel et al. [40]
QIAGEN Fast
Cycling PCR Kit:
HerpesCons-F1 GAYTTYGCNAGYYTNTAYCC 95 °C for 5 min;
HerpesCons-F2  TCCTGGACAAGCAGCARNYSGCNMTNAA ~ 700bp  50x 96 °C for5s,
HerpesCons-R GTCTTGCTCACCAGNTCNACNCCYTT 50°Cfor5s,
68 °C for 25 s; .
Herpesviruses 72 °C for 1 min Nested PCR;
.. VanDevanter et al.
(Herpesviridae) QIAGEN Fast [41]
Cycling PCR Kit:
HerpesConsnf' TGTAACTCGGTGTAYGGNTTYACNGGNGT 215315 o & [T miny
erpest-ons CACAGAGTCCGTRTCNCCRTADAT bp T2
nR 50 °C for5s,
68 °C for 8 s;

72 °C for 1 min

For CCHFV RT-qPCR, RealStar CCHFV RT-PCR Kit 1.0 was used according to the
manufacturer’s instructions (Altona Diagnostics, Hamburg, Germany). All other RT-qPCRs
were performed using Quantabio qScript XLT 1-Step RT-qPCR ToughMix (Quantabio,
Beverly, MA, USA) with primers and probes at concentrations of 0.5 uM each and the
following conditions: 50 °C for 15 min, 95 °C for 2 min, and 45 cycles of 95 °C for 15 s, and
60 °C for 30 s. All RT-qPCRs were carried out on the Applied Biosystems 7500 Real-Time
PCR system (Thermo Fisher Scientific, Waltham, MA, USA) or qTOWER3 G (Analytik Jena,
Jena, Germany). Conventional RT-PCRs were performed using QIAGEN OneStep RT-PCR
Kit (QIAGEN) under the following conditions (if not stated otherwise in Table 1): 50 °C
for 30 min, 95 °C for 15 min, 50 cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s,
and a final elongation step at 72 °C for 7 min. Conventional PCRs were performed using
QIAGEN Fast Cycling PCR Kit (QIAGEN), under the conditions stated in Table 1.



Viruses 2023, 15, 695

6 of 15

2.5. Molecular Rodent Species Identification

In addition, several PCRs were performed in order to confirm the species identities
of the rodents, the ones resulting in specific bands are shown in Table 2. All conventional
PCRs for this purpose were performed using QIAGEN Fast Cycling PCR Kit (QIAGEN)
with varying conditions, as indicated in Table 2.

Table 2. PCR conditions and primers that were used for rodent species identification.

Primer Name Sequence (5'-3') Amplicon Length PCR Conditions Reference
L2513-F GCCTGTTTACCAAAAACATCAC i3h f95 5C f(;‘;SIC“}“ gUX Zg (C: Kitano et al. [42]
H2714-R CTCCATAGGGTCTTCTCGTCTT p or> s, for 9'S, 65 1tano et al.

for 15 s; 68 °C for 1 min
GERBCYTB-F2 GCAAACGGAGCCTCAATATT 239 b f95 5C f‘;’;‘r’?}“ 550" Zg g Ndiaye et al. [43]
GERBCYTB-R3 CATTCTACRATTGTTGGGCCA p or> s, for >'s, 65 laye etal
for 30 s; 72 °C for 1 min
95 °C for 2 min; 5x 96 °C
TGTAAAACGACGGCCAGTTYT- for 10's,50 °C for 10's,
VF1d CNACHAAYCAYAAAGAYATYGG 659b 68 °C for 30 s; 35x 96 °C Modified from
VR1d CAGGAAACAGCTATGACTANA- P for 10s,54 °C for 10 s, Ivanova et al. [44]

CYTCNGGRTGNCCRAARAATCA

68 °C for 30 s; 72 °C for

1 min

2.6. Sequencing and Phylogenetic Analyses

Conventional (RT-)PCR products were examined by automatic gel electrophoresis on
QIAxcel Advanced System (QIAGEN). Before sequencing, most amplicons were purified
using PCR Kleen Spin Columns (Bio-Rad, Hercules, CA, USA), according to the manu-
facturer’s instructions. Nucleotide sequences were obtained by Sanger sequencing using
Mix2Seq Kits (Eurofins Genomics, Ebersberg, Germany), and identified by BLAST search
(https:/ /blast.ncbi.nlm.nih.gov /Blast.cgi, accessed on 22 June 2022).

The phylogenetic trees were constructed based on a short fragment that was created
by a nested PCR using degenerate primers targeting a conserved region of herpesviral
DNA polymerase genes (Table 1), and a 239-bp fragment of the cytochrome b gene (cytb),
with the respective primers located at positions 250 and 488 of cytb [41,43] (Table 2). In
total, 41 sequences were generated: 26 herpesvirus and 15 rodent sequences. ClustalW
multiple sequence alignments were conducted using BioEdit Alignment Editor Version
7.0.9.0. The phylogenetic trees were created in MEGA X [45], applying the neighbor-joining
and p-distance methods with 1000 bootstrap replicates.

3. Results
3.1. Patho-Histological Results

Pathological investigation of the mouse carcasses revealed many parasites in the
digestive tracts in three of them, non-suppurative myocarditis in one, central lobular
necrosis in one liver, one myocardial fibrosis, a non-suppurative interstitial pancreatitis,
and a nematode in the skeletal muscle of one house mouse.

3.2. Viral Nucleic Acid Identifications

All samples that were investigated, including oro-pharyngeal swabs, feces, organs,
and ticks, were negative for all the viruses that were tested, except herpesviruses. In
particular, 19 of the fecal and oro-pharyngeal swab samples from gerbils (35.8%), as well as
7 of the murine organ samples (70.0%) were positive, while the Arabian spiny mouse was
negative in the herpes consensus nested PCR. The resulting sequences were only partly
identical to sequences in the GenBank database.

3.3. Sequencing and Phylogenetic Analyses

Analysis of the 12 partial betaherpesvirus sequences that were generated from oro-
pharyngeal swab and fecal samples from gerbils resulted in three novel sequences (see
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78

77

Figure 1A). A total of eight of these sequences detected in Gerbillus sp. Samples were
identical and clustered together between Rattus, Bandicota, and Apodemus cytomegalovirus
sequences. We preliminarily designated this novel strain Gerbillus sp. betaherpesvirus 1.
There were two identical sequences that were found in Gerbillus nanus samples clustered
next to this strain and were named Gerbillus nanus betaherpesvirus 1. Another two identical
sequences found in Gerbillus nanus samples clustered further away, next to Apodemus
flavicollis herpesviruses, and were designated Gerbillus nanus betaherpesvirus 2.

100 | KT591376.1 Rattus norvegicus herpesvirus China 7]
GU018179.1 Murid herpesvirus 2 United Kingdom

EF125070.1 Rattus rattus cytomegalovirus 1 Thailand
EF125072.1 Rattus tiomanicus cytomegalovirus 1 Thailand
EF125071.1 Rattus exulans cytomegalovirus 1 Thailand
—— EF125065.1 Bandicota indica cytomegalovirus 1 Thailand

100 _I:EF125066.1 Bandicota indica cytomegalovirus 2 Thailand
78

EF125067.1 Bandicota indica cytomegalovirus 3 Thailand

4:0 Gerbillus sp. betaherpesvirus 1 United Arab Emirates (n=8)
100

100

KF155695.1 Mus musculus herpesvirus Republic of the Congo

@ Gerbillus nanus betaherpesvirus 1 United Arab Emirates (n=2)
EF125062.1 Apodemus flavicollis cytomegalovirus 1 Germany
EF125075.1 Apodemus sylvaticus cytomegalovirus 1 Germany
EF125068.1 Bandicota indica cytomegalovirus 4 Thailand
100 | HQ587046.1 Acomys dimidiatus herpesvirus United Kingdom

_94|:EF125061.1 Myodes glareolus cytomegalovirus 1 Germany

I HQ587047.1 Dipodillus dasyurus herpesvirus United Kingdom
EF125063.1 Apodemus flavicollis cytomegalovirus 2 Germany
EF125073.1 Mus cenicolor cytomegalovirus 1 Thailand

N ) Betaherpesviruses
EF125069.1 Ondatra zibethicus cytomegalovirus 1 Germany

86 —|j EF125059.1 Microtus arvalis cytomegalovirus 1 Germany

EF125060.1 Anicola terrestris cytomegalovirus 1 Germany

EF125074.1 Microtus agrestis cytomegalovirus 1 Germany

99

@ Gerbillus nanus betaherpesvirus 2 United Arab Emirates (n=2)

r EF125064.1 Apodemus flavicollis cytomegalovirus 3 Germany

100 L MW345632.1 Apodemus flavicollis herpesvirus Slovenia

751 NC 019559.2 Murid herpesvirus 8 United Kingdom
100 [l

KP967684.1 Murid herpesvirus 8 Malaysia

0.05

100

S— MH118555.1 Murid betaherpesvirus 1 Slovakia
86

KP202868.1 Murid herpesvirus 8 Germany

AF232689.2 Murid betaherpesvirus 2 Netherlands

100

MH118556.1 Murid betaherpesvirus 1 Czech Republic
I_EU579860.1 Murid betaherpesvirus 1 Australia

100 U68299.1 Murid betaherpesvirus 1 USA

AM886412.1 Murid betaherpesvirus 1 Australia
HE610452.1 Murid betaherpesvirus 1 Australia
MH118558.1 Murid betaherpesvirus 1 Germany

OK149191.1 Murid betaherpesvirus 1 Belgium

Gammaherpesviruses

(A)

Figure 1. Cont.
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100 [~ MH257595.1 Rodent herpesvirus Peromyscus mexicanus Costa Rica

Betaherpesviruses

EF128044.1 Rattus rattus rhadinovirus 1 Thailand

KX987277.1 Rattus flavipectus herpesvirus China
KX987280.1 Rattus losea herpesvirus China
EF128038.1 Rattus norvegicus rhadinovirus 1 Germany
99 1 KX987267.1 Rattus norvegicus herpesvirus China
EF128040.1 Bandicota indica rhadinovirus 1 Thailand
991 EF128046.1 Rattus rattus rhadinovirus 3 Thailand
EF128048.1 Rattus exulans rhadinowvirus 2 Thailand
EF128042.1 Bandicota indica rhadinovirus 3 Thailand
100 | EF128039.1 Rattus nornvegicus rhadinovirus 2 Germany
KX987263.1 Rattus norvegicus herpesvirus China
EF128041.1 Bandicota indica rhadinovirus 2 Thailand
EF128045.1 Rattus rattus rhadinovirus 2 Thailand
EF128050.1 Rattus tiomanicus rhadinovirus 2 Thailand
EF128047.1 Rattus exulans rhadinovirus 1 Thailand
DQ821581.1 Bandicota savilei rhadinovirus 1 Germany

[ MH257596.1 Peromyscus mexicanus herpesvirus Costa Rica
100 EF128043.1 Bandicota indica rhadinovirus 4 Thailand
EF128049.1 Rattus tiomanicus rhadinovirus 1 Thailand

Gammaherpesviruses

| EF128051.2 Apodemus sylvaticus rhadinovirus 1 Germany

100
91
71
— 98
88
100
—

0.05

100! DQ821580.2 Apodemus flavicollis rhadinovirus 1 Germany

EF128052.1 Microtus agrestis rhadinovirus 1 Germany

{0 Gerbillus sp. gammaherpesvirus 1 United Arab Emirates (n=3)
100 @ Gerbillus sp. gammaherpesvirus 2 United Arab Emirates (n=4)

AY854169.2 Myodes glareolus rhadinovirus 1 Germany

DQ821582.1 Mus ceniicolor rhadinovirus 1 Thailand
— KP411248.1 Mus musculus rhadinovrus 1 Afghanistan

- KP411288.1 Mus musculus rhadinovirus 1 Germany
- KP411259.1 Mus musculus rhadinovirus 1 Germany

@ Mus musculus domesticus gammaherpesvirus 1 United Arab Emirates (n=1)
-IQ Mus musculus castaneus gammaherpesvirus 1 United Arab Emirates (n=6)
7c{ AY854167.1 Mus musculus rhadinovirus 1 Germany

KP411266.1 Mus musculus rhadinovirus 1 Germany

[KP411253,1 Mus musculus rhadinovirus 1 Germany
KP411262.1 Mus musculus rhadinovirus 1 United Kingdom

(B)

Figure 1. Phylogenetic tree of 74 partial beta- and gammaherpesviral DNA polymerase gene se-
quences. For each sequence, the corresponding GenBank accession number (reference sequences),
host species and country of origin are indicated. Horizontal lines represent the genetic distances
according to the scale at the bottom. Bootstrap values >70% are displayed at the nodes. (A) Ex-
panded view of partial betaherpesviral DNA polymerase gene sequences that were detected in 12
oro-pharyngeal swab and fecal samples from gerbils. A total of eight identical sequences were
detected in Gerbillus sp. samples and clustered together between Rattus, Bandicota, and Apodemus
cytomegalovirus sequences. This novel strain was designated Gerbillus sp. betaherpesvirus 1. There
were two identical sequences found in Gerbillus nanus samples that clustered next to this strain and
were named Gerbillus nanus betaherpesvirus 1. Another two identical sequences found in Gerbillus nanus
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samples clustered further away, next to Apodemus flavicollis herpesviruses. This strain was named
Gerbillus nanus betaherpesvirus 2. Sequences that were generated in this study are marked with
red diamonds. (B) Expanded view of partial gammaherpesviral DNA polymerase gene sequences.
Viral strains found in seven murine organ samples were 92-99% identical to Mus musculus rhadi-
novirus 1 and were tentatively named Mus musculus domesticus gammaherpesvirus 1 and Mus musculus
castaneus gammaherpesvirus 1. Novel gammaherpesvirus strains that were detected in seven oro-
pharyngeal swabs and fecal samples from gerbils clustered in two close, but separate branches, next
to rhadinovirus 1 sequences from several different rodent species. We named them Gerbillus sp.
gammaherpesvirus 1 and 2, respectively. Sequences that were generated in this study are marked with
blue diamonds.

Of the 14 partial gammaherpesvirus sequences that were established, seven were
generated from gerbils and seven from house mice, resulting in four distinct novel se-
quences (see Figure 1B). Phylogenetic analysis revealed that the viral strains found in the
seven murine organ samples were 92-99% identical to Mus musculus rhadinovirus 1. We
named these two strains clustering together Mus musculus domesticus gammaherpesvirus 1
and Mus musculus castaneus gammaherpesvirus 1, after the subspecies they were found in.
The novel partial gammaherpesvirus sequences from seven gerbil samples clustered in
two close, but separate branches, and were designated Gerbillus sp. Gammaherpesvirus 1
and 2, respectively. They are most closely related to rhadinovirus 1 sequences from several
different rodent species.

3.4. Molecular Rodent Species Identification

To verify the species of the herpesvirus-positive rodents that were sampled, we carried
out several PCRs, the ones resulting in specific sequences are shown in Table 2. A total of
six of the seven positive Mus musculus carcasses were identified as Mus musculus castaneus,
and one as Mus musculus domesticus. From the 19 gerbil specimens, a short fragment of cytb
was amplified and a phylogenetic tree was established (see Figure 2).

A total of four of the herpesvirus-positive gerbils were identified as Gerbillus nanus,
and three as Gerbillus cheesmani. Interestingly, eight individuals clustered together in
a separate clade, most closely related to the North African gerbil (Dipodillus campestris;
90.0%), five of which were positive for Gerbillus sp. betaherpesvirus 1, one for Gerbillus sp.
gammaherpesvirus 1, and two for Gerbillus sp. gammaherpesvirus 2. The sequences of the
remaining four individuals were not analyzable.
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KR0890186.1 Dipodillus campestris Tunisia
KC835857.1 Dipodillus campestris Morocco
MK452129.1 Dipodillus campestris Morocco
—— KC835862.1 Dipodillus campestris Algeria
GU356569.1 Dipodillus campestris Tunisia
AL{ MK457760.1 Dipodillus campestris Morocco
70 IMK452214.1 Dipodillus campestris Morocco
KM236116.1 Dipodillus campestris (unknown origin)
_{: KCB835853.1 Dipodillus campestris Morocco
L— MK452128.1 Dipodillus campestris Morocco
— GU356565.1 Dipodillus campestris Tunisia
JX282894.1 Dipodillus campestris Mali
4&496284,1 Dipodillus rupicola Mali

LN606693.1 Dipodillus rupicola Mali

o5 LNB806674.1 Dipodillus campestris Tunisia

KC835891.1 Dipodillus campestris Morocco

KC835807.1 Dipodillus campestris Morocco

* 90.0% identical to Dipodillus campestris
United Arab Emirates (n=8)

KCB866587.1 Gerbillus latastei Algeria
90 LNB06677.1 Dipodillus dasyurus Israel
ol KR089017.1 Dipodillus dasyurus Jordan

LNB606678.1 Dipodillus dasyurus |srael
MH660910.1 Dipodillus simony Morocco
90 EJN652799.1 Gerbillus tarabuli Morocco
JNB52830.1 Gerbillus tarabuli Mali
KT721343.1 Gerbillus perpallidus Egypt

KT721339.1 Gerbillus perpallidus Egypt
LN606692.1 Gerbillus pyramidum Israel

95

90 |KM236119.1 Gerbillus floweri (unknown origin)

89 E MN395832.1 Gerbillus amoenus Morocco
JQ753058.1 Gerbillus nanus Mauritania

KM236112.1 Gerbillus amoenus (unknown origin)

97 — LN606685.1 Gerbillus nanus Mali

KM236132.1 Gerbillus nanus (unknown origin)
@0 @ Gerbillus nanus United Arab Emirates (n=4)
JQ753057.1 Gerbillus nanus Israel

KF496281.1 Gerbillus nigeriae Niger
_{:MZ361 34.1 Gerbillus nigeriae (unknown origin)
[ LNB06688.1 Gerbillus nigeriae Mauritania
L 99 KM236135.1 Gerbillus nigeriae (unknown origin)
L— KX792465.1 Gerbillus andersoni Egypt
100 L KX792467 1 Gerbillus andersoni Egypt

88 JQOB5601.1 Meriones meridianus China

MN204284 1 Meriones meridianus Mongolia

@ Gerbillus cheesmani United Arab Emirates (n=3)

LNB06676.1 Gerbillus cheesmani (unknown origin)
KM236117.1 Gerbillus cheesmani (unknown origin)
KM236124.1 Gerbillus gerbillus (unknown origin)

) KR089023.1 Gerbillus gerbillus Egypt
86 KF496219.1 Gerbillus gerbillus Mali

[sXe]]

Figure 2. Phylogenetic tree of partial genomic sequences of Gerbillus, Dipodillus and Meriones species.
Sequences that were generated in this study are indicated by red diamonds and represent groups of
several individuals. Four of the herpesvirus-positive gerbils were identified as Gerbillus nanus, and
three as Gerbillus cheesmani. Eight individuals clustered together in a separate clade, 90.0% identical
to Dipodillus campestris. The sequences of the remaining four individuals were not analyzable.
Phylogenetic analysis was performed on a 239-bp fragment within the cytb gene. For each reference
sequence, the corresponding GenBank accession number, species name and country of origin are
indicated. Horizontal lines represent the genetic distances according to the scale at the bottom.
Bootstrap values >70% are displayed at the nodes.
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4. Discussion

As the majority of emerging infectious diseases originate from zoonotic reservoirs [32,33],
rodents are a viable source of a broad spectrum of viruses. In this pilot study we focused on
the rodent population in a desert reserve within the emirate of Dubai, comprised of various
habitats such as gravel plains, sand dunes, and rock outcrops, which had been scarcely
investigated, but represent only a small part of the rodent populations of the emirate. In our
study, a larger sample size may have increased the likelihood of detecting active infections,
and a metagenomics approach may have increased the number of rodent-specific virus taxa
that were identified. However, our approach of screening for targeted viruses in this cohort,
near known foci of zoonotic virus transmission, provides limited evidence to support the
involvement of these rodents in the transmission of zoonotic viruses in the UAE.

From the typical members of the family Muridae found at the DDCR, we were able
to sample several Cheesman’s gerbils, Balochistan gerbils, house mice, and according to
morphological characterization, one Sundevall’s jird and one Arabian spiny mouse. In
order to confirm the gerbil species identities, we amplified a fragment of cytb, because this
gene is sufficiently variable and contains enough information to distinguish even closely
related rodent species from each other [43]. However, the systematics of the genus Gerbillus
is still heavily debated at several levels, with many species still awaiting confirmation of
their taxonomic status, based on low numbers of specimens from locally limited areas [43].
Therefore, our attempts to confirm the identities of our gerbil specimens were partly
impeded by the limited number of reference sequences available in this genomic region.
Thus, eight individuals were assigned to a separate clade, 90.0% identical to the North
African gerbil, which may either indicate the expansion of the geographic range of this
gerbil species [46], or the existence of a closely related species in the UAE that has not
yet been described. This unintentional result from our study highlights the importance
of identifying zoonotic viruses in wildlife, as this not only informs public health but also
contributes to understanding biodiversity in some under-represented geographic regions.

We assumed there was a high possibility to find MERS-CoV or CCHFYV in the sampled
rodents and ticks because dromedary camels were kept nearby that were mainly used for
tourism purposes. By concurrent sampling of these camels, we found CCHFV- as well as
MERS-CoV-reactive antibodies in almost all of them [7,47,48]. CCHFV is a tick-borne virus,
primarily maintained in ticks of the Hyalomma genus, and several mammalian livestock
species act as amplifying hosts [7-9]. Ticks are potent vectors for pathogens because of
their blood-feeding behavior, and their wide variety of possible vertebrate hosts. Immature
stages of ticks involved in the transmission of human pathogens often feed on birds and
small mammals, and feed on larger mammals when adult. Thus, ticks link diverse branches
of vertebrates and may collect and spread pathogens from a large variety of vertebrate
hosts [49].

Since the exact transmission cycle of MERS-CoV and the animals involved have yet
to be determined [50,51], it is also possible that rodent species are involved. It has been
observed in closed camel herds that MERS-CoV infections persist for a certain period of
time and then cease for a while, until suddenly cases rise again without the introduction
of dromedaries from outside the herd. This may be due to seasonality effects based on
the time of calving during winter months, and subsequent rises in prevalence once a
critical number of susceptible young animals is reached [52]. However, another possible
explanation for re-introduction events may be the presence of persistently infected rodents,
which shed the virus with their secreta and excreta. Rodents have important roles in
the transmission cycles of many pathogens. For instance, they have been involved in
the evolution of several human coronaviruses, but their exact role in the transmission of
MERS-CoV remains unclear [53]. Hence, we screened our samples for this virus as well,
including the collected ticks, although MERS-CoV infection does not involve a significant
viremic period, and it has recently been shown that apparently neither ticks nor rodents
play a role in the transmission cycle [53,54]. Concordant with the findings of Hemida et al.,
but in contrast to our findings with CCHFV [7,9], in this cohort we could not find any
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indications for the involvement of rodents or rodent-associated ticks in the transmission of
CCHFV or MERS-CoV.

Hantaviruses are mostly rodent-borne viruses with significant zoonotic potential that
are carried by peri-domestic as well as wild rodents worldwide. Human infection can
result in substantial morbidity and mortality. There are two categories: Old World and
New World orthohantaviruses, the former being transmitted by rodents of the Arvicolinae
and Murinae subfamilies found across Europe and Asia, the latter are carried by rodents
of the Sigmodontinae and Arvicolinae subfamilies from the North and South American
continents. The notable exception is the brown rat (Rattus norvegicus), which is the natural
host for Seoul virus, being distributed worldwide due to international trade [13]. Another
typically rodent-borne virus is LCMYV, with its primary host being the house mouse, but it
has also been found in other rodents, and many other mammals have been experimentally
infected, such as rabbits, dogs, and pigs [15,55,56]. RusV, the causative agent of ‘staggering
disease’ in domestic cats, was first identified in zoo animals, and later also in yellow-necked
field mice in Germany. Recently, we were able to confirm the presence of RusV in samples
of cats and wood mice [17]. Whether rodents are the primary source of infection remains to
be further investigated; here, we could not find any of these viruses in rodents of the UAE.

Flaviviruses are usually transmitted in enzootic cycles between birds and bird-biting
mosquitoes, especially of the Culex genus, or by ticks, which feed on small mammals
including rodents. Humans become infected incidentally via bites from the arthropod
vectors, but are considered dead-end hosts, as they normally do not develop sufficiently
high or lasting viremia to pass the virus on to other vectors [26,57]. Some mosquito-
borne flaviviruses, for example WNV, have been found in ticks [26,57], and gerbils can be
experimentally infected with both mosquito- and tickborne flaviviruses [58,59]. Although
the flavivirus AHFV has mainly been found in Saudi Arabia, since 2010 there is evidence
of a wider distribution, with four infected Italian tourists returning from Egypt, and two
studies from Djibouti that found neutralizing antibodies to AHFV in human serum, and
two positive ticks that were collected from cattle [10]. However, from our data, we cannot
report its presence in rodents or ticks in the UAE, nor the presence of any other flaviviruses
that were tested. This may be due to the rather small sample size, which is the main
limitation of this study.

Herpesviruses have been detected in a vast variety of species, each strain closely
associated with its respective primary host. Upon infection of other organisms, severe or
even lethal diseases may occur, predominantly in the case of alphaherpesviruses, which are
characterized by a short replication cycle, destruction of infected cells, and the establishment
of latency in sensory ganglia [31]. However, alphaherpesviruses that naturally infect
Rodentia species are currently unknown [60]. In the present study, we characterized
herpesvirus sequences from 19 gerbils (35.8%) and 7 mice (70.0%) that were only partly
identical to sequences in GenBank. In total, we detected three novel partial betaherpesvirus
sequences in gerbils, and four novel partial gammaherpesvirus sequences in gerbils and
house mice. The strains that were found in mice were 92-99% identical to Mus musculus
rhadinovirus 1, which was the first gammaherpesvirus of Mus musculus discovered in
Germany and the UK in 2007 [60]. The other strains that were found in gerbils could not
be assigned to any existing branches of the herpesvirus phylogenetic tree and were thus
deemed novel strains. Each of the novel herpesviruses described here, and their further
characterization in the future, may improve our understanding of herpesvirus biology.

5. Conclusions

In this pilot study, we could not detect any of the potentially zoonotic viruses in the
sampled rodents and attached ticks. However, we identified three novel partial betaher-
pesvirus sequences in gerbils, tentatively designated Gerbillus sp. betaherpesvirus 1, and
Gerbillus nanus betaherpesvirus 1 and 2, as well as four novel partial gammaherpesvirus
sequences in gerbils and house mice, named Gerbillus sp. gammaherpesvirus 1 and 2, Mus
musculus domesticus gammaherpesvirus 1, and Mus musculus castaneus gammaherpesvirus 1.
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Interestingly, phylogenetic analysis revealed that eight gerbils were most closely related to
Dipodillus campestris, the North African gerbil (90.0%), which either indicates the expansion
of the geographic range of this species [46], or the existence of a closely related species in
the UAE, which has not yet been described.

Author Contributions: Conceptualization, N.N., T.L. and J.V.C.; methodology, ] K. and P.W.; valida-
tion, ].K. and PW.,; investigation, PW., ] K., B.H., TK. and M.S.S,; resources, N.N., T.L. and A.A.-A.;
writing—original draft preparation, PW.; writing—review and editing, PW., ].K,, TL., B.H., A AT,
A.A-A., ].V.C. and N.N,; visualization, ].K.; supervision, B.H., T.L., ].V.C. and N.N.; project adminis-
tration, N.N. and T.L.; funding acquisition, T.L. and N.N. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by research grants from the College of Medicine, Mohammed
Bin Rashid University of Medicine and Health Sciences, Dubai, United Arab Emirates (grant number
MBRU-CM-RG2018-14 to N.N., and grant number MBRU-CM-RG2019-13 to T.L.).

Institutional Review Board Statement: The animal study protocol was approved by the Dubai
Desert Conservation Reserve Research Committee, Reference Number 2019/FN-EC/01, on 9 February
2019.

Informed Consent Statement: Not applicable.

Data Availability Statement: The sequences that were determined in this study were too short to be
submitted to GenBank database, however the corresponding author is happy to share them or any
other raw data of this study with colleagues on request.

Acknowledgments: Open Access Funding by the University of Veterinary Medicine Vienna. The
authors wish to thank Herbert Weissenbock and the team of the Institute of Pathology, University of
Veterinary Medicine Vienna, for the pathohistological investigations, and Dominika Kolodziejek as
well as Sadegh Chinikar for their excellent technical support. In addition, the authors wish to thank
Gregory Simkins (former Dubai Desert Conservation Reserve manager), and the DDCR team.

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.

References

1.  Wu, Z,;Lu L;Du,]J,; Yang, L; Ren, X,; Liu, B.; Jiang, J.; Yang, ].; Dong, J.; Sun, L.; et al. Comparative analysis of rodent and small
mammal viromes to better understand the wildlife origin of emerging infectious diseases. Microbiome 2018, 6, 178. [CrossRef]

2. Wernery, U. Zoonoses in the Arabian Peninsula. Saudi Med. ]. 2014, 35, 1455-1462. [PubMed]

3. Reusken, C.B.; Haagmans, B.L.; Miiller, M.A.; Gutierrez, C.; Godeke, G.-].; Meyer, B.; Muth, D.; Raj, V.S.; Vries, L.S.-D.; Corman,
V.M.; et al. Middle East respiratory syndrome coronavirus neutralising serum antibodies in dromedary camels: A comparative
serological study. Lancet Infect. Dis. 2013, 13, 859-866. [CrossRef] [PubMed]

4. Nowotny, N.; Kolodziejek, J. Middle East respiratory syndrome coronavirus (MERS-CoV) in dromedary camels, Oman, 2013.
Euro Surveill. Bull. Eur. Sur Les Mal. Transm. Eur. Commun. Dis. Bull. 2014, 19, 20781. [CrossRef]

5. Weidinger, P.; Kolodziejek, J.; Camp, J.V.; Loney, T.; Kannan, D.O.; Ramaswamy, S.; Tayoun, A.A.; Corman, V.M.; Nowotny, N.
MERS-CoV in sheep, goats, and cattle, United Arab Emirates, 2019: Virological and serological investigations reveal an accidental
spillover from dromedaries. Transbound. Emerg. Dis. 2022, 69, 3066-3072. [CrossRef] [PubMed]

6. Deyde, VM,; Khristova, M.L.; Rollin, P.E.; Ksiazek, T.G.; Nichol, S.T. Crimean-Congo hemorrhagic fever virus genomics and
global diversity. J. Virol. 2006, 80, 8834-8842. [CrossRef]

7. Camp, J.V;; Kannan, D.O.; Osman, B.M.; Shah, M.S.; Howarth, B.; Khafaga, T.; Weidinger, P.; Karuvantevida, N.; Kolodziejek, J.;
Mazrooei, H.; et al. Crimean-Congo Hemorrhagic Fever Virus Endemicity in United Arab Emirates, 2019. Emerg. Infect. Dis. 2020,
26,1019-1021. [CrossRef]

8. Shahhosseini, N.; Wong, G.; Babuadze, G.; Camp, ].V.; Ergonul, O.; Kobinger, G.P.; Chinikar, S.; Nowotny, N. Crimean-Congo
hemorrhagic fever virus in Asia, Africa and Europe. Microorganisms 2021, 9, 1907. [CrossRef]

9.  Camp, ].V,; Weidinger, P.; Ramaswamy, S.; Kannan, D.O.; Osman, B.M.; Kolodziejek, J.; Karuvantevida, N.; Abou Tayoun, A.;
Loney, T.; Nowotny, N. Association of dromedary camels and camel ticks with reassortant Crimean-Congo hemorrhagic fever
virus, United Arab Emirates. Emerg. Infect. Dis. 2021, 27, 2471-2474. [CrossRef]

10. Madani, T.A.; Abuelzein, E.-T.M.E. Alkhumra hemorrhagic fever virus infection. Arch. Virol. 2021, 166, 2357-2367. [CrossRef]


http://doi.org/10.1186/s40168-018-0554-9
http://www.ncbi.nlm.nih.gov/pubmed/25491209
http://doi.org/10.1016/S1473-3099(13)70164-6
http://www.ncbi.nlm.nih.gov/pubmed/23933067
http://doi.org/10.2807/1560-7917.ES2014.19.16.20781
http://doi.org/10.1111/tbed.14306
http://www.ncbi.nlm.nih.gov/pubmed/34463031
http://doi.org/10.1128/JVI.00752-06
http://doi.org/10.3201/eid2605.191414
http://doi.org/10.3390/microorganisms9091907
http://doi.org/10.3201/eid2709.210299
http://doi.org/10.1007/s00705-021-05083-1

Viruses 2023, 15, 695 14 of 15

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

Zakham, F,; Albalawi, A.E.; Alanazi, A.D.; Truong Nguyen, P.; Alouffi, A.S.; Alaoui, A.; Sironen, T.; Smura, T.; Vapalahti, O. Viral
RNA metagenomics of Hyalomma ticks collected from dromedary camels in Makkah province, Saudi Arabia. Viruses 2021, 13,
1396. [CrossRef]

Charrel, R.N.; Zaki, A.M.; Fakeeh, M.; Yousef, A.L; de Chesse, R.; Attoui, H.; de Lamballerie, X. Low diversity of Alkhurma
hemorrhagic fever virus, Saudi Arabia, 1994-1999. Emerg. Infect. Dis. 2005, 11, 683—-688. [CrossRef]

Simmons, J.H.; Riley, L.K. Hantaviruses: An overview. Comp. Med. 2002, 52, 97-110. [PubMed]

Singh, S.; Numan, A.; Sharma, D.; Shukla, R.; Alexander, A ; Jain, G.K.; Ahmad, E]J.; Kesharwani, P. Epidemiology, virology and
clinical aspects of hantavirus infections: An overview. Int. |. Environ. Health Res. 2022, 32, 1815-1826. [CrossRef]

Forntiskovd, A.; Hiadlovska, Z.; Macholan, M.; Pialek, J.; de Bellocq, ].G. New perspective on the geographic distribution and
evolution of lymphocytic choriomeningitis virus, Central Europe. Emerg. Infect. Dis. 2021, 27, 2638-2647. [CrossRef] [PubMed]
Bennett, A.].; Paskey, A.C.; Ebinger, A.; Pfaff, F; Priemer, G.; Hoper, D.; Breithaupt, A.; Heuser, E.; Ulrich, R.G.; Kuhn, ]. H.; et al.
Relatives of rubella virus in diverse mammals. Nature 2020, 586, 424-428. [CrossRef] [PubMed]

Matiasek, K.; Pfaff, F.; Weissenbock, H.; Wylezich, C.; Kolodziejek, J.; Tengstrand, S.; Ecke, E; Nippert, S.; Starcky, P,; Litz, B.;
et al. Mystery of fatal ‘staggering disease” unravelled: Novel rustrela virus causes severe encephalomyelitis in domestic cats. Nat.
Commun. 2023, 14, 624. [CrossRef] [PubMed]

Kronevi, T.; Nordstrom, M.; Moreno, W.; Nilsson, P.O. Feline ataxia due to nonsuppurative meningoencephalomyelitis of
unknown aetiology. Nord. Vet. 1974, 26, 720-725.

Nowotny, N.; Weissenbock, H. Description of feline nonsuppurative meningoencephalomyelitis (“staggering disease”) and
studies of its etiology. J. Clin. Microbiol. 1995, 33, 1668-1669. [CrossRef]

Mitja, O.; Ogoina, D.; Titanji, B.K.; Galvan, C.; Muyembe, J.-J.; Marks, M.; Orkin, C.M. Monkeypox. Lancet Lond. Engl. 2023, 401,
60-74. [CrossRef]

Joseph, S.; Kinne, J.; Nagy, P; Juhasz, J.; Barua, R.; Patteril, N.A.G.; Hoffmann, D.; Pfaff, F.; Hoffmann, B.; Wernery, U. Outbreak
of a systemic form of camelpox in a dromedary herd (Camelus dromedarius) in the United Arab Emirates. Viruses 2021, 13, 1940.
[CrossRef]

Al-Salam, S.; Nowotny, N.; Sohail, M.R.; Kolodziejek, J.; Berger, T.G. Ecthyma contagiosum (orf)-report of a human case from the
United Arab Emirates and review of the literature. J. Cutan. Pathol. 2008, 35, 603-607. [CrossRef]

Hawranek, T.; Tritscher, M.; Muss, W.H.; Jecel, J.; Nowotny, N.; Kolodziejek, J.; Emberger, M.; Schaeppi, H.; Hintner, H. Feline
orthopoxvirus infection transmitted from cat to human. J. Am. Acad. Dermatol. 2003, 49, 513-518. [CrossRef]

Carroll, D.S.; Emerson, G.L.; Li, Y.; Sammons, S.; Olson, V.; Frace, M.; Nakazawa, Y.; Czerny, C.P,; Tryland, M.; Kolodziejek, J.;
et al. Chasing Jenner’s vaccine: Revisiting cowpox virus classification. PLoS ONE 2011, 6, €23086. [CrossRef]

Kuno, G.; Chang, G.J.; Tsuchiya, K.R.; Karabatsos, N.; Cropp, C.B. Phylogeny of the genus Flavivirus. J. Virol. 1998, 72, 73-83.
[CrossRef] [PubMed]

Kolodziejek, J.; Marinov, M.; Kiss, B.].; Alexe, V.; Nowotny, N. The complete sequence of a West Nile virus lineage 2 strain
detected in a Hyalomma marginatum marginatum tick collected from a song thrush (Turdus philomelos) in eastern Romania in 2013
revealed closest genetic relationship to strain Volgograd 2007. PLoS ONE 2014, 9, €109905. [CrossRef] [PubMed]

Bakonyi, T.; Ivanics, E.; Erdelyi, K.; Ursu, K.; Ferenczi, E.; Weissenbock, H.; Nowotny, N. Lineage 1 and 2 strains of encephalitic
West Nile virus, Central Europe. Emerg. Infect. Dis. 2006, 12, 618-623. [CrossRef]

Pollock, C.G. West Nile virus in the Americas. J. Avian. Med. Surg. 2008, 22, 151-157. [CrossRef] [PubMed]

Joseph, S.; Wernery, U.; Teng, J.L.; Wernery, R.; Huang, Y.; Patteril, N.A.; Chan, K.-H.; Elizabeth, SK,; Fan, R.Y,; Lau, SK,; et al.
First isolation of West Nile virus from a dromedary camel. Emerg. Microbes Infect. 2016, 5, €53. [CrossRef] [PubMed]

Camp, J.V,; Karuvantevida, N.; Chouhna, H.; Safi, E.; Shah, ].N.; Nowotny, N. Mosquito biodiversity and mosquito-borne viruses
in the United Arab Emirates. Parasites Vectors 2019, 12, 153. [CrossRef] [PubMed]

Ackermann, M. Herpesviruses: A brief overview. Methods Mol. Biol. Clifton N.J. 2004, 256, 199-219.

Al-Salihi, K.A.; Khalaf, ].M. The emerging SARS-CoV, MERS-CoV, and SARS-CoV-2: An insight into the viruses zoonotic aspects.
Vet. World 2021, 14, 190-199. [CrossRef] [PubMed]

Jones, K.E.; Patel, N.G.; Levy, M.A.; Storeygard, A.; Balk, D.; Gittleman, J.L.; Daszak, P. Global trends in emerging infectious
diseases. Nature 2008, 451, 990-993. [CrossRef]

Han, H.-J.; Wen, H.; Zhou, C.-M.; Chen, F-F; Luo, L.-M; Liu, J.; Yu, X.-J. Bats as reservoirs of severe emerging infectious diseases.
Virus Res. 2015, 205, 1-6. [CrossRef] [PubMed]

Khafaga, T.; Bell, S. Rodent Community Structure and Dynamics in Dubai Desert Conservation Reserve. 2012, 143p. Available online:
https:/ /www.ddcr.org/reports/full/Rodents-community-Structure-and-dynamics.pdf (accessed on 12 February 2023).
McGrath, D. Are Desert Rodents a Suitable Indicator for Assessing Change in Ecosystem Health in the United Arab Emirate’s
Inland Deserts? University of Oxford: Oxford, UK, 2018.

Corman, V.M.; Miiller, M.A; Costabel, U.; Timm, J.; Binger, T.; Meyer, B.; Kreher, P; Lattwein, E.; Eschbach-Bludau, M.; Nitsche,
A.; et al. Assays for laboratory confirmation of novel human coronavirus (hCoV-EMC) infections. Eurosurveillance 2012, 17, 20334.
[CrossRef]

Klempa, B.; Fichet-Calvet, E.; Lecompte, E.; Auste, B.; Aniskin, V.; Meisel, H.; Denys, C.; Koivogui, L.; ter Meulen, J.; Krtiger, D.H.
Hantavirus in African wood mouse, Guinea. Emerg. Infect. Dis. 2006, 12, 838-840. [CrossRef]


http://doi.org/10.3390/v13071396
http://doi.org/10.3201/eid1105.041298
http://www.ncbi.nlm.nih.gov/pubmed/12022401
http://doi.org/10.1080/09603123.2021.1917527
http://doi.org/10.3201/eid2710.210224
http://www.ncbi.nlm.nih.gov/pubmed/34545789
http://doi.org/10.1038/s41586-020-2812-9
http://www.ncbi.nlm.nih.gov/pubmed/33029010
http://doi.org/10.1038/s41467-023-36204-w
http://www.ncbi.nlm.nih.gov/pubmed/36739288
http://doi.org/10.1128/jcm.33.6.1668-1669.1995
http://doi.org/10.1016/S0140-6736(22)02075-X
http://doi.org/10.3390/v13101940
http://doi.org/10.1111/j.1600-0560.2007.00857.x
http://doi.org/10.1067/S0190-9622(03)00762-X
http://doi.org/10.1371/journal.pone.0023086
http://doi.org/10.1128/JVI.72.1.73-83.1998
http://www.ncbi.nlm.nih.gov/pubmed/9420202
http://doi.org/10.1371/journal.pone.0109905
http://www.ncbi.nlm.nih.gov/pubmed/25279973
http://doi.org/10.3201/eid1204.051379
http://doi.org/10.1647/2007-029R.1
http://www.ncbi.nlm.nih.gov/pubmed/18689077
http://doi.org/10.1038/emi.2016.53
http://www.ncbi.nlm.nih.gov/pubmed/27273223
http://doi.org/10.1186/s13071-019-3417-8
http://www.ncbi.nlm.nih.gov/pubmed/30944019
http://doi.org/10.14202/vetworld.2021.190-199
http://www.ncbi.nlm.nih.gov/pubmed/33642804
http://doi.org/10.1038/nature06536
http://doi.org/10.1016/j.virusres.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/25997928
https://www.ddcr.org/reports/full/Rodents-community-Structure-and-dynamics.pdf
http://doi.org/10.2807/ese.17.49.20334-en
http://doi.org/10.3201/eid1205.051487

Viruses 2023, 15, 695 15 of 15

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

Li, Y;; Meyer, H.; Zhao, H.; Damon, LK. GC content-based pan-pox universal PCR assays for poxvirus detection. J. Clin. Microbiol.
2010, 48, 268-276. [CrossRef]

Patel, P.; Landt, O.; Kaiser, M.; Faye, O.; Koppe, T.; Lass, U.; Sall, A.A.; Niedrig, M. Development of one-step quantitative reverse
transcription PCR for the rapid detection of flaviviruses. Virol. J. 2013, 10, 58. [CrossRef]

VanDevanter, D.R.; Warrener, P; Bennett, L.; Schultz, E.R.; Coulter, S.; Garber, R.L.; Rose, T.M. Detection and analysis of diverse
herpesviral species by consensus primer PCR. J. Clin. Microbiol. 1996, 34, 1666-1671. [CrossRef]

Kitano, T.; Umetsu, K.; Tian, W.; Osawa, M. Two universal primer sets for species identification among vertebrates. Int. |. Leg.
Med. 2007, 121, 423-427. [CrossRef]

Ndiaye, A.; Tatard, C.; Stanley, W.; Granjon, L. Taxonomic hypotheses regarding the genus Gerbillus (Rodentia, Muridae,
Gerbillinae) based on molecular analyses of museum specimens. ZooKeys 2016, 566, 145-155.

Ivanova, N.V.; Zemlak, T.S.; Hanner, R.H.; Herbert, P.D.N. Universal primer cocktails for fish DNA barcoding. Mol. Ecol. Notes
2007, 7, 544-548. [CrossRef]

Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547-1549. [CrossRef] [PubMed]

Granjon, L. Gerbillus campestris. Available online: https://www.iucnredlist.org/species /45088 /22465830 (accessed on 28
September 2022).

Lado, S.; Elbers, ].P; Plasil, M.; Loney, T.; Weidinger, P.; Camp, J.V.; Kolodziejek, J.; Futas, J.; Kannan, D.A.; Orozco-terWengel, P;
et al. Innate and adaptive immune genes associated with MERS-CoV infection in dromedaries. Cells 2021, 10, 1291. [CrossRef]
[PubMed]

Lado, S.; Futas, J.; Plasil, M.; Loney, T.; Weidinger, P.; Camp, J.V.; Kolodziejek, J.; Kannan, D.O.; Horin, P.; Nowotny, N.; et al.
Crimean-Congo hemorrhagic fever virus past infections are associated with two innate immune response candidate genes in
dromedaries. Cells 2021, 11, 8. [CrossRef]

Gargili, A.; Estrada-Pena, A.; Spengler, ].R.; Lukashev, A.; Nuttall, PA.; Bente, D.A. The role of ticks in the maintenance and
transmission of Crimean-Congo hemorrhagic fever virus: A review of published field and laboratory studies. Antivir. Res. 2017,
144,93-119. [CrossRef]

Mohd, H.A.; Al-Tawfiq, J.A.; Memish, Z.A. Middle East respiratory syndrome coronavirus (MERS-CoV) origin and animal
reservoir. Virol. ]. 2016, 13, 87. [CrossRef]

Corman, V.M,; Ithete, N.L.; Richards, L.R.; Schoeman, M.C.; Preiser, W.; Drosten, C.; Drexler, ].F. Rooting the phylogenetic tree of
Middle East respiratory syndrome coronavirus by characterization of a conspecific virus from an African bat. . Virol. 2014, 88,
11297-11303. [CrossRef]

Dudas, G.; Carvalho, L.M.; Rambaut, A.; Bedford, T. MERS-CoV spillover at the camel-human interface. eLife 2018, 7, e31257.
[CrossRef]

Hemida, M.G.; Alhammadi, M.; Almathen, F; Alnaeem, A. Exploring the potential roles of some rodents in the transmission of
the Middle East respiratory syndrome coronavirus. J. Med. Virol. 2021, 93, 5328-5332. [CrossRef]

Hemida, M.G.; Alhammadi, M.; Almathen, F; Alnaeem, A. Lack of detection of the Middle East respiratory syndrome coronavirus
(MERS-CoV) nucleic acids in some Hyalomma dromedarii infesting some Camelus dromedary naturally infected with MERS-CoV.
BMC Res. Notes 2021, 14, 96. [CrossRef]

Kashuba, C.; Hsu, C.; Krogstad, A.; Franklin, C. Small mammal virology. Vet. Clin. N. America. Exot. Anim. Pract. 2005, 8, 107-122.
[CrossRef] [PubMed]

Yama, I.N.; Cazaux, B.; Britton-Davidian, J.; Moureau, G.; Thirion, L.; de Lamballerie, X.; Dobigny, G.; Charrel, R.N. Isolation
and characterization of a new strain of lymphocytic choriomeningitis virus from rodents in southwestern France. Vector Borne
Zoonotic Dis. Larchmt. N. Y. 2012, 12, 893-903. [CrossRef] [PubMed]

Solomon, T. Flavivirus encephalitis. N. Engl. J. Med. 2004, 351, 370-378. [CrossRef] [PubMed]

Nawa, M. Development of a new cell system for the infectivity assay of dengue viruses: Plaque formation and virus growth
of prototype and wild-type dengue virus strains in a newly established cell line, GK. Microbiol. Immunol. 1984, 28, 765-776.
[CrossRef]

Stiss, J.; Béziat, P.; Ramelow, C.; Kahl, O. Tick-borne encephalitis virus (TBEV)-specific RT-PCR for characterization of natural foci
of TBE and for other applications. Zent. Bakteriol. 1997, 286, 125-138. [CrossRef]

Ehlers, B.; Kiichler, J.; Yasmum, N.; Dural, G.; Voigt, S.; Schmidt-Chanasit, J.; Jakel, T.; Matuschka, E-R.; Richter, D.; Essbauer,
S.; et al. Identification of novel rodent herpesviruses, including the first gammaherpesvirus of Mus musculus. J. Virol. 2007, 81,
8091-8100. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1128/JCM.01697-09
http://doi.org/10.1186/1743-422X-10-58
http://doi.org/10.1128/jcm.34.7.1666-1671.1996
http://doi.org/10.1007/s00414-006-0113-y
http://doi.org/10.1111/j.1471-8286.2007.01748.x
http://doi.org/10.1093/molbev/msy096
http://www.ncbi.nlm.nih.gov/pubmed/29722887
https://www.iucnredlist.org/species/45088/22465830
http://doi.org/10.3390/cells10061291
http://www.ncbi.nlm.nih.gov/pubmed/34070971
http://doi.org/10.3390/cells11010008
http://doi.org/10.1016/j.antiviral.2017.05.010
http://doi.org/10.1186/s12985-016-0544-0
http://doi.org/10.1128/JVI.01498-14
http://doi.org/10.7554/eLife.31257
http://doi.org/10.1002/jmv.27023
http://doi.org/10.1186/s13104-021-05496-w
http://doi.org/10.1016/j.cvex.2004.09.004
http://www.ncbi.nlm.nih.gov/pubmed/15585191
http://doi.org/10.1089/vbz.2011.0892
http://www.ncbi.nlm.nih.gov/pubmed/22651393
http://doi.org/10.1056/NEJMra030476
http://www.ncbi.nlm.nih.gov/pubmed/15269317
http://doi.org/10.1111/j.1348-0421.1984.tb00732.x
http://doi.org/10.1016/S0934-8840(97)80084-9
http://doi.org/10.1128/JVI.00255-07

	Introduction 
	Materials and Methods 
	Trapping and Sampling 
	Pathological Investigations 
	Preparation and Nucleic Acid Extraction of Ticks, Organ Samples, Oro-Pharyngeal Swabs, and Fecal Specimens 
	Screening of the Extracted Samples for Viral Nucleic Acids 
	Molecular Rodent Species Identification 
	Sequencing and Phylogenetic Analyses 

	Results 
	Patho-Histological Results 
	Viral Nucleic Acid Identifications 
	Sequencing and Phylogenetic Analyses 
	Molecular Rodent Species Identification 

	Discussion 
	Conclusions 
	References

