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Hantaviruses are emerging zoonotic viruses that cause human diseases. In this study, sera from
642 mammals from La Réunion and Mayotte islands (Indian Ocean) were screened for the
presence of hantaviruses by molecular analysis. None of the mammals from La Réunion island was
positive, but hantavirus genomic RNA was discovered in 29/160 (18 %) Rattus rattus from
Mayotte island. The nucleoprotein coding region was sequenced from the liver and spleen of all
positive individuals allowing epidemiological and intra-strain variability analyses. Phylogenetic
analysis based on complete coding genomic sequences showed that this Murinae-associated
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hantavirus is a new variant of Thailand virus. Further studies are needed to investigate hantaviruses
in rodent hosts and in Haemorrhagic Fever with Renal Syndrome (HFRS) human cases.

Viruses belonging to the genus Hantavirus, family Bunya-
viridae, are negative-sense tri-segmented RNA viruses,
with L, M and S segments encoding the RNA-dependent
RNA polymerase, glycoproteins Gec and Gn, and nucleo-
protein, respectively. Hantaviruses are known to circulate
in small mammals (rodents, shrews, moles and bats) in
Europe, Asia, America and, more recently discovered,

tThese authors contributed equally to this work.

tPresent address: Research Institute of Wildlife Ecology, University of
Veterinary Medicine, Savoyenstrasse 1, A-1160 Vienna, Austria.

The GenBank/EMBL/DDBJ accession numbers for the sequences
determined in this study are KT719320-KT719370 (N gene coding
sequence), KT779091-KT779093 and KU587796 (S, M and L
complete coding sequence).

One supplementary figure is available with the online Supplementary
Material.

Africa. Infection of humans occurs through inhalation of
rodents’ aerosolized excreta and can cause two severe
pathologies: Haemorrhagic Fever with Renal Syndrome
(HFRS) in Asia and Europe, and Hantavirus Cardiopul-
monary Syndrome (HCPS), in the Americas (Kruger
et al., 2015).

An extensive capture of almost 4000 wild and domestic
mammals was conducted in La Réunion, Maurice and
Mayotte islands between 2006 and 2007, during Chikung-
unya virus (CHIKV) outbreaks. Although a low seropreva-
lence against CHIKV was detected in several non-human
primates and rats (Vourch et al, 2014), the sample collec-
tion was used for virus hunting. Here, we report on an
investigation of hantaviruses in 642 small wild mammals
captured in La Réunion (193 Rattus rattus, 44 Rattus
norvegicus, 67 Mus musculus, 133 Suncus murinus, 45
Tenrec ecaudatus) and Mayotte (160 Rattus rattus) islands.
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Pools of five individual sera were prepared for the collec-
tions from both La Réunion and Mayotte islands.

RNA was extracted from the pools using the MagAttract
Viral RNA M48 kit and BioRobot M48 (Qiagen). The fol-
lowing reverse transcription (RT)-PCRs were performed
for hantavirus screening: (i) consensus RT-PCR using
degenerate primers targeting the L gene (Klempa et al.,
2006) for all samples; and (ii) specific RT-PCRs for insec-
tivore hantaviruses targeting both the L and S segments
(Kang et al, 2009) for insectivore samples. Sera from
positive pooled RNA were subsequently screened indepen-
dently by RT-PCR. Although none of the samples from La

Réunion was positive for hantavirus RNA, we observed
hantavirus L gene amplicons for 18 % (29/160) of Rattus
rattus samples from Mayotte island. Rat species identifi-
cation was confirmed by a RT-PCR targeting the cyto-
chrome ¢ oxidase gene and using the RodentSEA
Identification Tool (http://www.ceropath.org/barcoding_
tool/rodentsea) for three representative animals (Fig. S1,
available in the online Supplementary Material).

The characteristics of the 29 positive individuals are
described in Table 1. Thirteen positive individuals
(44.8 %) were males and 16 (55.2 %) were females, reflect-
ing the gender proportion within all captured animals

Table 1. Description of hantavirus positive Rattus rattus in Mayotte island

Epidemiological information, geo-coordinates of captures and molecular analysis (RT-PCR; sequencing) are indicated for each individual.

RT-PCR (S)/
RT-PCR (L)# sequences$

R. rattus ID Sex Age* Capture areat Latitude  Longitude Serum Spleen Liver Spleen Liver GenBank accession numbers
463 M a SE-1 —12.98468 45.18128 + + + + + KT719351-KT719352
468 M a SE-1 —12.98468 45.18128 + - + + + KT719353-KT719354
469 M j SE-1 —12.98468 45.18128 + + + + + KT719355-KT719356
470 F a SE-1 —12.98468 45.18128 + + + + + KT719357-KT719358
90 F a SE -2 —12.97011 45.16034 + + + + + KT719366-KT719367
412 F a SE -4 —12.91093 45.1904 + + + + + KT719329-KT719330
422 M a SE -4 —12.91093 45.1904 + + + + + KT719331-KT719332
423 M a SE -4 —12.91093 45.1904 + + + + + KT719333-KT719334
96 M a SE-5 —12.92727 45.177 + + + - + KT719368

99 M a SE-5 —12.92727 45.177 + + + + + KT719369-KT719370
102 F a SE-5 —12.92727 45.177 + - + - + KT719320

425 F a SE-5 —12.92727 45.177 + + + + - KT719335

426 F a SE-5 —12.92727 45.177 + + + - + KT719336

428 F a SE-5 —12.92727 45.177 + + + + + KT719337-KT719338
429 F NA SE-5 —12.92727 45.177 + + + + - KT719339

376 M a W -6 —12.83119 45.13716 + + + + + KT719321-KT719322
379 M a W-6 —12.83119 45.13716 + + + + + KT719323-KT719324
382 M a W-6 —12.83119 45.13716 + + - +11 +I1I KT719325-KT719326
408 F a W-7 —12.87164 45.11745 + + + + + KT719327-KT719328
441 M a N-8 —12.70017 45.12168 + + + + + KT719340-KT719341
444 F a N-8 —12.70017 45.12168 + + - + - KT719342

445 M a N-8 —12.70017 45.12168 + + + + + KT719343-KT719344
449 F a N-8 —12.70017 45.12168 + + + + + KT719345-KT719346
456 F a N-8 —12.70017 45.12168 + + + + + KT719347-KT719348
457 F a N-8 —12.70017 45.12168 + + + +9 + KT719349-KT719350
76 M a W-9 —12.76478 45.10652 + + - + - KT719363

82 F a W-9 —12.76478 45.10652 + + + + + KT719364-KT719365
493 F a W -9 —12.76478 45.10652 + + + +9 + KT719359-KT719360
494 F a W-9 —12.76478 45.10652 + + + + + KT719361-KT719362

*a, Adult; j, juvenile; N, information not available.
1SE, South-east; N, north; W, west.

$Klempa et al. (2006).

§GenBank accession numbers KT719320-KT719370.

[IDifferent sequences from spleen and liver of the same individual. E382: C/T spleen/liver at nt 945 (corresponding to nt 957 of the coding region)

of the S segment. This polymorphism is a silent mutation.
§|Only half the length of the sequence obtained (562 nt vs 1005 nt).

http://jgv.microbiologyresearch.org
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(44 and 56 %, respectively). No significant association was
observed between gender and infection (P=0.923), therefore
male and female black rats were equally susceptible to
hantavirus infection (13/70 : 18.6 % and 16/89 : 18.0 %,
respectively). Of the 28 individuals with known age,
27 (96.4 %) were adults, which was significantly higher
(P<0.05) than the proportion of adults within the whole
sampled population (58.8 %). Despite the limited number
of individuals, our results support the hypothesis that hanta-
virus infection is not acquired vertically or during the neo-
natal stage, as demonstrated previously experimentally
(Taruishi et al., 2008).

A precise location of each capture according to geo-coordi-
nate (latitude and longitude) values (Table 1) allowed the
differentiation of nine geographical areas across Mayotte
island according to the virus circulation (Fig. 1). Five areas
were in the south-east: areas 1 (prevalence 11.8 %),
2 (16.7 %), 3 (0 %), 4 (23.1 %) and 5 (26.9 %); three were
in the west of the island: areas 6 (13.6 %), 7 (5.6 %) and
9 (17.4 %); and one was in the north: area 8 (35.3 %). We
have noticed two main prevalence foci in the north
(area 8) and south-east (area 5) of the island. However, the
relatively low number of samples per area did not allow
statistical comparison tests to be applied to the regional
prevalence data. Additional samples and further ecological

analysis are required to fully elucidate hantavirus trans-
mission and circulation in Mayotte island.

To explore further the hantavirus genetic diversity in
Rattus rattus from Mayotte island, RNA was extracted
(QIAamp Viral RNA Extraction kit and QIAcube; Qiagen)
from homogenized (TissueLyser; Qiagen) liver and spleen
from the 29 positive animals. The majority of the spleen
(27/29=93.1 %) and liver (26/29=90.0 %) samples tested
positive using the nested RT-PCR targeting the L segment
(Table 1). Both degenerate and specific primers were
designed along the S segment by multiple alignments of
the Murinae-associated hantavirus sequences (primers
available on request) to obtain the nucleoprotein coding
sequence from at least one organ per animal. Sequences
from both organs (22/26) were identical to each other,
except for one individual (E382) where a C/T polymorphism
was observed (spleen/liver) at position 957 of the coding
region on the S segment (Table 1), this mutation being
silent at the amino acid level. The determined partial N
gene coding sequences (1005 nt) within the S segment
(nt 13-1017), were used. The method used was the maxi-
mum-likelihood method with PhyML v.3.0 (Guindon
et al., 2010) under the GTR (general time reversible) substi-
tution model with a p-distribution model among site
rate heterogeneity and a proportion of invariant sites

Area Prevalence (%)
(positive/total)
11.8 (4/34)
16.7 (1/6)
0 (0/1)
23.1 (3/13)
26.9 (7/26)
13.6 (2/22)
5.6 (1/18)
35.3 (6/17)
17.4 (4/23)
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Fig. 1. Hantavirus prevalence and phylogeography in Rattus rattus from Mayotte island. Prevalence and intra-strain variability
of MAYQOV hantavirus according to localization of the captured R. rattus. Phylogenetic analysis was done using partial S seg-
ment sequences (nt 13—1017). Anjozorobe virus, previously detected in Madagascar (GenBank accession no. KC490916)
was used as an outgroup. Bar, mean number of nucleotide substitutions per site. Colour codes correspond between the map

and the tree.
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(GTR+G+1), as determined by MEGA v.6.0 (Tamura ef al.,
2013) and with a statistical approximate likelihood ratio test
of branch support. Fig. 1 shows the phylogenetic pattern
merged with the virus distribution across the island. The
genetic cluster of most of the hantavirus sequences appeared
to follow a geographical trajectory with a probable gradient
of the virus distribution from north to south. However, indi-
viduals E96 and E379 did not follow this pattern, branching
out of their group.

More exhaustive genetic information for this newly observed
hantavirus was obtained from a representative individual
(E469) by Next-Generation Sequencing (NGS) (Illumina
MiSeq; llumina). RNA was extracted and depleted of geno-
mic DNA and ribosomal RNA using a protocol optimized
for RNA viruses (Marston et al., 2013). Double-stranded
¢DNA and subsequent library preparation for Illumina
sequencing were undertaken as described previously
(Marston et al., 2013). Host sequences were removed by

mapping to the Rattus rattus reference genome (BWA-mem
v.0.7.5). BLAST analysis of the assembled contigs of non-host
reads (Velvet v.1.2.10) was used to select the most similar
reference sequence [Anjozorobe virus (AN]JV)]. Iterative
mapping and intermediate consensus alignment was used to
generate the final consensus sequence. RT-PCR targeting
with Sanger sequencing was undertaken to fill missing gaps
in the sequence. Complete protein coding sequences (S, M
and L) of the newly identified virus isolate, named Mayotte
virus (MAYOV), were obtained. Sequences from the S and
M segments were used for phylogenetic analysis (Fig. 2a, b),
following the methodology described above. This analysis
showed that MAYOV clusters within the Thailand hantavirus
clade closer to the isolates circulating in the Indian Ocean,
South-East Asia (Hugot et al, 2006; Plyusnina et al., 2009;
Johansson et al, 2010) and Madagascar (Reynes et al,
2014), rather than the Murinae-associated hantaviruses
circulating in continental Africa (Klempa et al., 2006, 2012;
Witkowski et al, 2014). The data suggested that both
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Fig. 2. Phylogenetic analysis of Murinae-associated hantaviruses including MAYOV. Phylogenetic analysis was performed for
the S (a) and M (b) segments among the Murinae-associated hantaviruses. MAYOV sequences were obtained by next-gener-
ation sequencing (S, 142 reads; M, 306 reads) and Sanger sequencing. The sequences used for phylogenetic analysis were
obtained from GenBank: Sangassou virus (SANGV) (N: JQ082303, JQ082300; Gc-Gn: JQ082301); Dobrava virus
(DOBV)/Saarema virus (SAAV) (N: AJ269550, AJ009773, AJ616854, L41916, AJ410619, NC005233; Go-Gn: AY168578,
AJ009774, L33685, AY168577); Amur/Soochong virus (ASV) (N: AB127997, AY675349, AY675350; Gc-Gn: AB127994,
AY675353, DQ056293); Hantaan virus (HTNV) (N: AF329390, AF366568, JN712306, EU363809, EU092221; Ge-Gn:
AF035831, AF366569, EU363818, EU092225); Gou virus (GOUV) (N: AF184988; Gc-Gn: AF145977); Seoul virus
(SEQV) (N: JQ665919, AF187082, FJ803202, FJ803207, GQ279380, FJ803215; Gc-Gn: JQ665895, AF187081,
GU592931, GQ274942, KF387724); Thailand virus (THAIV) (N: AM397664, AB186420; Gc-Gn: L08756); Serang virus
(SERV) (N: AM998808, GQ274941; Gc-Gn: GQ274939); Anjozorobe (N: KC490914-KC490918; Ge-Gn: KC490919-
KC490921). The Kazan strain of Puumala virus (Z84204, Z84205) was used as an outgroup for both trees. Bars, mean

number of nucleotide substitutions per site.
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MAYOV and Anjozorobe virus, the closest variant within the
Thailand hantavirus clade, may have resulted from a westward
expansion of an ancestral South-East Asian hantavirus intro-
duced with R. rattus (Cheke & Hume, 2008; Tollenaere et al.,
2010). Pairwise sequence identities between their coding
regions, calculated with the BLASTN tool available online
at  http://blast.ncbi.nlm.nih.gov/Blast.cgi, were 91/99 %
(nucleotide/amino acid identity) for the S segment, 90-91/
97-98 % (nucleotide/amino acid identity) for the M segment
(for ATD49 and AT261 Anjozorobe virus strains, respectively)
and 90/99 % (nucleotide/amino acid identity) for the L seg-
ment. It is likely that exchanges between the Indian Ocean
islands may have occurred as indicated by the phylogenetic
trees in Fig. 2: Fig. 2(a) indicates that MAYOV and Anjozo-
robe virus have a common ancestor from which MAYOV
diverged first, whereas Fig. 2(b) is less definitive and shows
only the common ancestor of these two viral strains.

Conclusions

This study was performed in the framework of a campaign
aimed at elucidating potential reservoirs of CHIKV, which
induced several outbreaks in the Indian Ocean between
2005 and 2007. While screening for hantaviruses, we demon-
strated the prevalence (18 %) of a newly identified isolate in
R. rattus on Mayotte island.

Interestingly, antibodies against hantaviruses were reported
previously in rats from the Eastern Horn of Africa (Rodier
et al., 1993). One hypothesis is that hantaviruses were
introduced by the shipping route to East Africa through
infected R. rattus, originating from South-East Asia, via
the Middle East during Arabian trade in the 10th century,
and then shipped in the same reservoir host to the Indian
Ocean islands (Rollin et al., 1986; Brouat et al., 2014).

MAYOV could have been acquired earlier by R. rattus through
a spillover infection event from other hantavirus rodent reser-
voirs such as Bandicota indica for Thailand virus and Rattus
tanezumi for Jurong/Serang virus in South-East Asia
(Thailand, Indonesia) (Hugot et al., 2006; Plyusnina et al,
2009; Johansson et al., 2010). The poor intrinsic genetic
variability of MAYOV in R. rattus reflects a limited evolution
and suggests a relatively recent colonization of Mayotte
island. Further studies are required to explore hantavirus
and rodent genetic diversity to understand better the origin
of MAYOV and its adaptation to local hosts. Identifying
the presence of hantavirus in Mayotte island is of great
importance to evaluate its distribution in the tropical Indian
Ocean region. A more extensive surveillance of rodents and
/or other reservoirs is required to fully understand the circula-
tion of these zoonotic viruses and to assess their potential
risk of transmission to humans and subsequent occurrence
of HFRS.
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