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ABSTRACT

We report two outbreaks of Lassa fever that occurred in Benin in 2014 and 2016 with 20 confirmed cases and 50% (10/20)
mortality. Benin was not previously considered to be an endemic country for Lassa fever, resulting in a delay to diagnose
the disease and its human transmission. Molecular investigations showed the viral genomes to be similar to that of the
Togo strain, which is genetically very different from other known strains and confirms the existence of a new lineage.
Endemic circulation of Lassa virus in a new territory and the genetic diversity thus confirm that this virus represents a
growing threat for West African people. Given the divergence of the Benin strain from the prototypic Josiah Sierra
Leone strain frequently used to generate vaccine candidates, the efficacy of vaccine candidates should also be

demonstrated with this strain.
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Introduction

Lassa fever (LF) is an acute viral haemorrhagic fever
caused by an Old-World arenavirus, Lassa virus
(LASV) that was discovered in 1969 in Nigeria [1,2].
The disease is prevalent in West Africa, mainly in
Nigeria, Sierra Leone, and Liberia, but there have
been a few cases in Mali, northern Cote d’Ivoire and
Guinea [3-7]. It is estimated that it affects between
100,000 and 300,000 people a year, causing a few thou-
sand deaths [8]. Nevertheless, epidemiological data are
scarce and the real incidence of LF is not well known.
The incubation period of LF ranges from 6 to 21
days. Symptoms include fever, severe fatigue, myalgia,
abdominal pain, diarrhoea, cough, oedema and bleed-
ing [9]. Its clinical course ranges from asymptomatic
infection to severe haemorrhagic fever in only 1-2%
of cases. LASV is transmitted to humans through
exposure to urine or faeces of infected rodents, such
as Mastomys spp or Hylomyscus pamfi [10]. Person-
to-person infections can also occur, mainly in

healthcare settings. A mathematical model suggests
that rodent-to-human transmission occurs in 80% of
cases and human-to-human transmission in 20%
[11]. LF usually leads to seasonal outbreaks in West
Africa, with yearly peaks observed between December
and March, during the dry season [12]. LASV has a
single-stranded bisegmented RNA genome (L and S
segment). The genome shows high diversity and
seven lineages have thus far been identified. Lineages
I, II, and III circulate in Nigeria [13]. Lineage IV is
transmitted in Liberia, Guinea, and Sierra Leone [14].
Lineage V includes strains from Mali and the Ivory
Coast [5,7,15]. Lineage VI is represented by a few
Nigerian sequences and the two sequences recently dis-
covered in Togo have been proposed to represent the
seventh lineage [16].

In October 2014, an LF outbreak was reported in
Benin, a country in which the virus had not been pre-
viously reported. A total of 16 suspected cases were
reported in northern Benin. The outbreak was quickly
controlled and declared over after one month of viral
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circulation [17]. A second outbreak occurred in 2016,
with a total of 54 suspected cases, including 28 deaths.
This second outbreak was larger than that in 2014 and
cases were reported in eight regions: Borgou, Donga,
Collines, Alibori, Plateau, Ouémé, Atlantique, and Lit-
toral [18]. We aimed to trace the suspected, probable,
and confirmed cases to find the localities of origin
and possible nosocomial infections. We also describe
15 (10 complete and 5 partial) genomes of LASV
from 20 confirmed patients sampled in 2014 and 2016.

Materials and methods
Field investigation and case definition

In September 2016, we consulted the database of the
Health Department in Parakou, the Health Zone in
Tchaourou, and several Health Centers belonging to
these two towns to investigate the origin of the cases.
This investigation allowed us to identify the localities
of residence of the patients, the notifying hospitals,
the dates of symptom onset, consultation, and blood
sampling, and the outcome. We traced the chain of
transmission using the case definitions as follows:

o Suspected cases included patients who had contacts
with a confirmed or probable case and had fever or
three symptoms compatible with LF (severe fatigue,
headache, digestive disorders, chest or muscle pain,
etc.) or patients with inexplicable haemorrhage
[9,19].

o Probable cases consisted of dead patients who had
an epidemiological link with a confirmed case in
whom a biological test had not performed before
death.

e Confirmed cases consisted of patients who had a
positive IgM serology and/or positive RT-PCR result
for LASV.

Blood collection

In December 2014, the Bernhard-Nocht Institute for
Tropical Medicine (BNITM, Hamburg, Germany)
received six blood samples from Tanguieta in northern
Benin, where a cluster of healthcare workers (HCW )
and patients died after suffering from a strong fever
and intense fatigue, with haemorrhagic symptoms.
On 21 January 2016, a cluster of HCWs with unex-
plained fever in the commune of Tchaourou was
detected. These HCWs had all provided care to a
patient suffering from haemorrhagic fever on 3 Janu-
ary. On 25 January 2016, the National International
Health Regulations Focal Point of Benin reported an
outbreak of LF. The samples from suspected cases
were sent to the Irrua Specialist Teaching Hospital
(ISTH, Irrua, Nigeria), the BNITM, the French
National Reference Center for Viral Hemorrhagic

Fever (Institut Pasteur - INSERM, Lyon, France,
abbreviated “Pasteur-INSERM-VHF” in this paper),
the Lagos University Teaching Hospital (Lagos,
Nigeria), and the Noguchi laboratory (WHO collabor-
ating center, Ghana) to confirm the Lassa infection by
PCR. During the course of this outbreak the BNITM
received eight samples and the Pasteur-INSERM-
VHF received clinical specimens from 26 people
from Benin.

Diagnostic assay

Viral RNA was extracted from 100 pl undiluted plasma
and 1/10 diluted plasma using the QIAmp viral RNA
mini kit (Qiagen) according to the manufacturer’s
instructions. LASV screening was performed on all
samples with two conventional RT-PCRs: one pan
Old-World-arenavirus assay targeting the L gene
(OW) [20] and one LASV-specific assay targeting the
glycoprotein precursor gene (GPC) [21].

LASV-specific IgM and IgG detection by enzyme-
linked immunosorbent assay (ELISA)

IgM was detected using a capture ELISA. The antigens
used for LASV-specific IgM detection were obtained
from a viral stock of LASV (AV strain, clade V,
EMBL accession numbers: FR832710 and FR832711
[22]). The wells of 96-well Maxisorp plates (Nunc)
were coated with anti-human IgM (p-specific)
(Sigma), followed by sequential washing and incu-
bation with 1:100 and 1:400 dilutions of patient
plasma, LASV antigens or negative control antigens,
polyclonal LASV-specific mouse ascitic immune fluid,
and finally peroxidase-conjugated anti-mouse IgG
(Sigma). Tetramethylbenzidine (TMB) (KPL, Eurobio)
was then added and the optical density (OD) quantified
using a plate reader.

LASV IgG was quantified by direct ELISA. The wells
of 96-well Polysorp plates (Nunc) were coated with
recombinant LASV clade IV GPC, C-terminal and N-
terminal NP (all from Zalgen Labs, Germantown,
MD), or negative control antigens. After washing,
1:100, 1:400, 1:1600, and 1:6400 dilutions of patient
plasma were added and the plates incubated, followed
by washing and the addition of a peroxidase-conju-
gated goat polyclonal anti-human IgG (y-chain
specific) (Sigma Aldrich) and further incubation of
the plates. Following washing, TMB was added and
the OD measured.

LASV sequencing

The two LASV strains from 2014, identified in Ham-
burg, and LASV strains from 2016, identified in
Lyon, were amplified from clinical specimens on
Vero cells prior to sequencing by NGS. The sequences



of the LASV strains of the 2016 outbreak identified in
Hamburg were determined directly from clinical speci-
mens by NGS combined with Sanger sequencing. In
Hamburg, both serum and cell culture supernatant
samples were filtered through a 0.45-pm filter to
remove cell debris and bacteria and treated with a mix-
ture of DNase and RNase to digest unprotected nucleic
acids, including host DNA and RNA, prior to RNA
extraction. In Lyon, RNA was extracted from the
supernatants after three days of culture without RNA
carrier and DNase digestion was performed on the
nucleic acid extracts (Turbo DNase Ambion). Then,
the RNA was converted to double-stranded cDNA. In
Hamburg, library preparation was performed using
the Nextera XT DNA Library Preparation Kit (Illu-
mina), whereas in Lyon, the libraries were prepared
using the NEBNext® fast DNA fragmentation and
library prep for Ion Torrent kit (New England Bio-
Labs), with 12 cycles of amplification. Finally, in Ham-
burg, sequencing was performed on an Illumina MiSeq
platform with 250-base paired ends and dual barcoding
for each library. In Lyon, sequencing was carried out on
a Personal Genome Machine (PGM) using an Ion
316v2 chip and the Ion PGM HiQ OT?2 kit (Life Tech-
nologies). Automated read data sets provided by both
Torrent software suite 5.0 and MiSeq were trimmed
according to the quality score and length. In Hamburg,
reads were assembled de novo using Geneious 9 and
then contigs larger than 100 bp were subjected to map-
ping using LASV sequences from GenBank. In Lyon,
trimmed fastq files were directly mapped onto the
LASV reference genome (Togo strain) using bowtie2.
Gaps were filled by Sanger sequencing.

Phylogenetic analysis

The nucleotide sequences of full-length glycoprotein
precursor (GPC), nucleoprotein (NP), and polymerase
(L) were separately aligned in three data sets: 55
sequences for the GPC, 52 sequences for the NP, and
41 sequences for the L gene. There were three more
GPC sequences than NP sequences because we added
three partial GPC sequences and filled in the missing
nucleotides with “N.” The lower number of L
sequences was mainly due to the lack of published
sequences, notably those derived from rodents and
those belonging to lineage III. Nucleotide alignment
was performed based on the position of the amino
acids in the protein alignment. The phylogeny was
inferred using the Bayesian Markov Chain Monte
Carlo (MCMC) method implemented in BEAST soft-
ware, version 1.10.1 [23]. To perform a time-calibrated
phylogeny, the parameters were set in BEAUTT as fol-
lows: the tip dates to the nearest day, the substitution
model as GTR + gamma and codon partition with pos-
itions 1,2,3, and the clock model as strict or uncorre-
lated relaxed. A coalescent tree with the same-sized
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population was set as the prior. The length of the
chain was 10 million, with echo states and log par-
ameters every 10,000 steps. The xml files from BEAUTI
were run in BEAST and checked in TRACER. After
verifying the effective sample size to be above 200 for
all  parameters, the consensus trees were
obtained using TreeAnnotator and then visualized

using FigTree (BEAST packages, https://beast.
community/programs).
Results

Description of the outbreaks

2014

The index case was a pregnant woman who died two
days after giving birth to a baby girl. She was living
near the Nigerian border, where three members of
her family died. The father took the baby and went
to northern Benin, to a village near Tanguieta, to con-
sult with a traditional healer [24] (Table 1). The baby
was finally hospitalized in the St Jean de Dieu Hospital,
where she died. As the first health worker in neonatol-
ogy had symptoms on 21 October 2014, it is likely that
she was contaminated while in contact with the baby
1-2 weeks before. Because the mother was sick on 3
October, her infection could have occurred in late Sep-
tember, after 1-2 weeks of incubation. This corre-
sponds to the end of the rainy season. The two
spouses of the traditional healer died as well and are
therefore considered to be probable cases. For the
2014 epidemic, we were able to identify 2 CCs, 9
PCs, and 2 SPs, with a median age of 27 years (range:
0.04-57). Three times as many females as males were
infected (9 vs. 3). In total, five health workers from
the hospital were infected, but only two infections
were laboratory-confirmed. The most frequently
reported symptoms were fever, intense fatigue, head-
ache, nausea, aches and pains, dizziness, vomiting,
and diarrhoea.

2016

The index case was a pregnant woman from a village
near the Nigerian border. She was hospitalized at the
nearest hospital, Saint Martin de Papané, where a
chain of nosocomial transmission was initiated. As of
2014, four health workers from this hospital were
infected (Table 2). Given that the index case occurred
in late December and the last case in March, the second
outbreak occurred entirely in the dry season. For the
2016 epidemic, we were able to identify 18 CCs, 3
PCs, and no SPs, with a median age of 28 years
(range: 0.3-60). Two times as many females as males
were infected (14 vs. 7). The symptoms were similar
as those reported in 2014 and the median sample col-
lection time post-onset was seven days (range: 0-19,
Table 3). The case fatality rate, based on CCs only,
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Table 1. Outbreak of 2014.

Case Label Designation ~ Sex Age Location Date Comment
1 NA PC F NA Tchaourou 3 October Pregnant 1st spouse, died 2 days after giving birth to a baby girl
commune 2014
2 NA PC F NA Tchaourou 4 October 2nd spouse who took care of the baby when the 1st spouse
commune 2014 died, died
3 NA SC F NA Tchaourou NA 3rd spouse was sick, but recovered
commune
4 NA PC M NA Tchaourou 4 October Child sleeping with the baby, died
commune 2014
5 NA PC F 2 weeks Tchaourou 15 October Was transported by the father from the Nigerian border to the
commune 2014 hamlet of Serhounghé, Cobly village. Kept by the family of a
traditional healer. Hospitalized at the Saint Jean de Dieu
Hospital in Tanguieta, died
6 NA PC F NA Cobly village near 18 October 2nd spouse of the traditional healer, took care of the baby, died
Tanguieta 2014
7 NA PC F NA Cobly village near 20 October 3rd spouse of the traditional healer, took care of the baby, died
Tanguieta 2014
8 BEN-14- cc F 22 St Jean de Dieu 21 October Health worker in neonatology service, died. Blood sample 23
26530 Hospital, 2014 October 2014
Tanguieta
9 BEN-14- cc F 29 St Jean de Dieu 23 October Health worker in neonatology service, died. Blood sample 25
26529 Hospital, 2014 October 2014.
Tanguieta
10 NA PC M 32 St Jean de Dieu 24 October Health worker in neonatology service, died
Hospital, 2014
Tanguieta
1 NA SC F 27 St Jean de Dieu 26 October Health worker in neonatology service, recovered
Hospital, 2014
Tanguieta
12 NA PC M 57 St Jean de Dieu 2 November  Pediatrician who treated the baby girl, died
Hospital, 2014
Tanguieta
13 NA PC NA 5 Cobly village near 8 November  Baby of case 6, died
months Tanguieta 2014

Notes: Patients are presented chronologically according to the date of symptoms (chain of events related in Sambieni et al. 2016 and data compiled by CKC,
WHO Benin). SC: suspected case, PC: probable case, CC: confirmed case. The location indicates where exposure is presumed to have taken place. Coloured

rows correspond to laboratory-confirmed cases. NA: not available.

was approximately 44% (8/18). The 18 CC patients
came from three regions: Borgou (14 cases), Donga
(3 cases), and Ouémé (1 case) (Figure 1).

Laboratory diagnoses

LASV infection was confirmed by the detection of
LASV RNA in plasma by RT-PCR, together with
LASV-specific IgM and IgG for some patients
(Table 3). LF was confirmed for patients with a
positive RT-PCR and/or LASV IgM. Patients with
only LASV IgG were not considered to be positive
cases. We detected LASV RNA up to 19 days after
disease onset, whereas LASV IgM was still present
47 days after onset.

Phylogeny

The BNITM obtained two full-length virus sequences
from the 2014 outbreak. They also obtained one com-
plete genome, one full-length S segment, eight partial
sequences of the GPC gene, and five partial sequences
of the L gene from the 2016 outbreak. The Pasteur-
INSERM-VHF produced seven near complete gen-
omes from the 2016 outbreak. Four LASVs were
sequenced by both the BNITM and Pasteur-
INSERM-VHF groups (Table 3). The sequences were
submitted to Genbank under the accession numbers

MT193277-MT193288, MT199226-MT199235 and
MT248262-MT248264.

Phylogenetic analysis, including publicly complete
genomes of LASV, indicated that all but one of our
Benin genomes belong to the putative new lineage
VII, closely related to the Togo strain (Figure 2). As
observed for the Togo strain, the L sequences are
close to those of lineage II, whereas the GPC and NP
sequences form a cluster separate from all the other
lineages. Furthermore, the long branches observed for
all genes confirm the distant relationship with the
other LASV strains. This is supported by the low per-
centage of homology between the Benin lineage and
the other lineages (i.e. 68.1-71.0% for the polymerase,
Table 4). The only exception is for the virus isolated
from one patient (BEN-16081), for which the genome
falls within lineage II, including the Nigeria strains.
This patient lived in Porto Novo, close to the border
with Nigeria, indicating that it was probably an
imported case.

The nucleotide homology between the Benin LASV
genomes (except BEN-16081) ranged from 95.5% to
100% for GPC, 96.3% to 100% for NP, and 95.7% to
99.7% for the L gene (Table 4). The sequences BEN
14-26529 and BEN 14-26530 are identical and
confirm nosocomial transmission in the St Jean de
Dieu Hospital in 2014 among the health workers. Simi-
larly, the sequences BEN 16-3488, BEN 16-3489, BEN
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Table 2. Outbreak of 2016 according to our investigation in the Department of Health in Parakou, the Health Zone in Tchaourou,
and Health Center of Kassouala and personal data (GKC, WHO Benin).

Case Label Designation Sex Age Location Date Comment
1 NA PC F 24 Kassouala village, 12 December  Pregnant, was received at the Health Center of Kassouala on 31
Tchaourou, Borgou 2015 December 2015 and was transferred to St Martin de Papané
Hospital 3 January 2016. Died on 24 January 2016
2 BEN-16- CC M 44 St Martin de Papané 8 January Health worker at the St Martin de Papané Hospital who took
3490 Hospital, Tchaourou, 2016 care of case 1 at arrival. Blood sample 21 January 2016.
Borgou Recovered, but still suffering from hearing loss and headaches
one year after the onset. He remembers that the case 1 was
spitting blood at arrival
3 BEN- cc F 32 NA 11 January Merchant coming from Lagos, was hospitalized in Porto Novo,
16081 2016 in the department of Ouémé, blood sample 30 January 2016,
died
4 NA e F 34  Tchaourou, Borgou 11 January Merchant working in Tchaourou, blood sample 21 January 2016,
2016 recovered
5 BEN-16- CC M 25 St Martin de Papané 12 January Health worker at the St Martin de Papané Hospital, blood
3489 Hospital, Tchaourou, 2016 sample 21 January 2016, recovered
Borgou
6 BEN-16- cc F 24 St Martin de Papané 13 January Health worker at the hospital St Martin de Papané Hospital,
3488 Hospital, Tchaourou, 2016 blood sample 21 January died
Borgou
7 NA CC F 25 St Martin de Papané 13 January Health worker at the St Martin de Papané Hospital, blood
Hospital, Tchaourou, 2016 sample 21 January 2016, recovered
Borgou
8 NA cC F 28  Tchaourou, Borgou 19 January Housewife, Blood sample 25 and 30 January 2016, recovered
2016
9 NA PC F 39  Kassouala, Tchaourou, 22 January Sister of case 1, consultation 24 January 2016, died
Borgou 2016
10 BEN 16- cC F 03 St Martin de Papané 22 January Baby of case 7, blood sample 28 January and 9 March 2016,
22 Hospital, Tchaourou, 2016 recovered
Borgou
11 BEN- CcC F 30 Banikanni, N'Dali, Borgou 23 January Merchant, blood sample 25 and 29 January 2016, recovered
16070 2016
12 NA CcC F 3 Tekparou, Tchaourou, 29 January Blood sample 5 February 2016, died
Borgou 2016
13 BEN-16- CcC F 30 Kadjola near Kassouala, 2 February Merchant working in Tchaourou, blood sample 5 February 2016,
15 Tchaourou, Borgou 2016 died
14 NA PC M 18  Sekere Sinendé, Borgou  NA Linked with case 15, consultation 29 January 2016, died 7
February 2016
15 BEN- cc M 12 Sekere Sinendé, Borgou 3 February Blood sample 7 February 2016, recovered
16071 2016
16 BEN 16- CcC F 25  Tchatchou, Parakou 5 February Merchant working in Tchaourou, blood sample 5 February 2016,
16 Borgou 2016 died
17 BEN- cc F 60 Village near Papané, 16 February ~ Merchant working in Tchaourou, blood sample 23 February and
16069 Tchaourou, Borgou 2016 10 March 2016, recovered
18 BEN- cc M 30 Djougou, Donga 26 February Blood sample 5 March 2016, died
16082 2016
19 NA CC M 32 Djougou, Donga 1 March 2016  Farmer, blood sample 5 March 2016, recovered
20 BEN- cC M 34 Djougou, Donga 12 March Merchant working in Djougou, blood sample 13 March 2016,
16090 2016 died
21 BEN- cc F 25  Boukouro village, 28 March Merchant working in Tchaourou, blood sample 10 April 2016,
16131 Tchaourou, Borgou 2016 died

Notes: Patients are presented chronologically according to the date of symptoms. PC: probable case, CC: confirmed case. The location indicates where
exposure is presumed to have taken place. Coloured rows correspond to laboratory-confirmed cases. NA: not available.
“Detected positive by g-PCR in using the prototype Altona kit V1-02, but negative by conventional PCR.

16-3490, and BEN 16-22 are identical (Figure 2(a,b))
and confirm the nosocomial transmission in the St

they diverged more than 600 years (421-969 by GPC
analysis) ago. The similarity of nucleotides between

Martin de Papané Hospital in 2016. Phylogenic analy-
sis confirms that cases in Tanguieta were closely linked
with those in Tchaourou and that the index cases
came from the same area, in villages near the
Nigerian border. The time of the most recent common
ancestor (TMRCA) in the Benin clade is estimated to
be 66 (44-102) years based on GPC, 47 (34-66) years
based on NP, and 85 (63-112) years based on the L
gene.

The LASV sequences observed in pygmy mice
(Worogui50, Worogui51, and Odo-akabal3 in Figure
2(a,b)) captured in villages around Tchaourou are
grouped with those observed in humans. However,

rodent- and human-derived LASV only reaches 77.7-
79.9% for GPC and 76.9-78.2% for NP (Table 4).
This leads to amino-acid identities ranging from
89.7% to 92.3% for GPC and NP, similar to those
between the LASV lineages (Table 4).

Discussion

This analysis clearly shows that the Lassa strains which
circulate in Benin are the same as those which have
been recently described in Togo [16]. This information
reinforces the existence of the new lineage VII. In
addition, a father and his newborn baby travelled
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Table 3. Lassa serology and sequences obtained in 20 laboratory-confirmed samples from patients during the outbreaks in 2014

and 2016.
Labref N Lab ref N°
° RT- Pasteur-INSERM- RT- Days after
Label BNITM PCR VHF PCR Date IgM I9G onset Sequence Accession N°
BEN-14- 14- + NA NA 21 October NA NA 2 SandL MT193284
26530 26530 2014 complete MT199233
BEN-14- 14- + NA NA 23 October NA NA 2 SandL MT193285
26529 26529 2014 complete MT199234
BEN-16- 16-3490 + 16-74 + 8 January 2016  1:400  1:400 13 S complete MT193286
3490
BEN-16081 16-11 + 16-81 + 11 January NA NA 19 SandL MT193283
2016 complete MT199232
NA 16-3485 + NA NA 11 January NA NA 10 NA NA
2016
BEN-16- 16-3489 + NA NA 12 January NA NA 9 S complete MT193287
3489 2016
BEN-16- 16-3488 + NA NA 13 January NA NA 8 SandL MT193288
3488 2016 complete MT199235
NA 16-3493 +2 16-73 + 13 January 1:400 1:6,400 8 NA NA
2016
NA NA NA 16-76 + 19 January 1:400 NA 1" NA NA
2016
BEN-16-22 16-22 + 16-92 - 22 January 1:400  1:400 6 GP 1 kb MT248264
2016 47
BEN-16070 16-10 + 16-70 + 23 January NA- NA 2 SandL MT193278
2016 6 complete MT199227
NA NA NA 16-78 + 29 January 1:400 1:1,600 7 NA NA
2016
BEN-16-15 16-15 + NA NA 2 February NA NA 3 GP 1 kb MT248262
2016
BEN-16071 NA NA 16-71 + 3 February NA 1:400 4 SandL MT193279
2016 complete MT199228
BEN-16-16 16-16 + NA NA 5 February NA NA 0 GP 1 kb MT248263
2016
BEN-16069 16- + 16-69 + 16 February NA 1:400 7 SandL MT193277
14425 16-91 - 2016 1:400 1:1,600 22 complete MT199226
BEN-16082 NA NA 16-82 + 26 February NA 1:100 7 SandL MT193280
2016 complete MT199229
NA NA NA 16-88 - 1 March 2016 1:100  1:1,600 4 NA NA
BEN-16090 16- - 16-90 + 12 March 2016 NA 1:400 1 SandL MT193281
14432 complete MT199230
BEN-16131 16- + 16-131 + 28 March 2016 1:400  1:400 13 SandL MT193282
14433 complete MT199231

Note: Days after onset represents the period between the date of onset and the diagnosis.
“Detected positive by g-PCR using the prototype Altona kit V1-02, but negative by conventional PCR. NA: not available.

between Saint Martin de Papané and Mango in Togo
after his wife passed away from LF in February 2017
[25]. This indicates interrelations between the two
regions. As the Benin strains predate that of Togo
(2014 vs. 2016), we suggest adopting the Benin lineage
rather than the Togo lineage. This lineage is very differ-
ent from those observed in Nigeria and these strains
can be considered to be specific to Benin. However, it
is possible that this strain also exists in western Nigeria,
particularly in Kwara state, as there is frequent contact
between the two countries. The two recent cases in Bar-
uten in Kwara state, but diagnosed in Nigeria in Janu-
ary 2019, are consistent with this hypothesis [26].
Indeed, local people exchange a large volume of
goods on board pirogues loaded with rice from Benin
or fuel from Nigeria. More recently, an asphalt road
and a bridge were built in 2017 in the highlands of Kas-
souala to facilitate trade (pers. obs.). In January 2016,
we also observed the importation of an LF case from
Nigeria, but the individual was infected with lineage
I, corroborating the initial results obtained at the
Lagos laboratory [27]. In August 2019, the border
with Nigeria was closed and no LF cases have been

recorded in Benin since. This supports the hypothesis
of human connectivity acting as a driver of viral spread,
as indicated by the modelling carried out by Pigott et al.
[28].

With the cases described in 2014, Benin discovered
the presence of LF in its territory. However, an old
study conducted by Saltzmann in 1977 [29] showed
that a case had been discovered in Bembereke. It con-
cerned a laboratory technician (Elsbeth Lenherr, 23
years old) who was allegedly infected at the Evangelical
Hospital in April 1977. Although presenting a clinical
picture suggestive of fulminant hepatitis, her serum
tested LASV-positive due to isolation of the virus at
the CDC in Atlanta (Frame in [29]). We suggest that
this woman may have been infected with both viruses
simultaneously, leading to her death on 12 May 1977
in Jos, Nigeria, where she had been transferred. A ser-
ological survey of hospital staff conducted in May 1977
showed two positive cases out of 85 (Frame in [29]). LF
can thus be considered to not be completely new to
Benin, which is confirmed by the TMRCA values of
between 50 and 85 years. The rarity of the disease com-
bined with poor sanitation and barrier nursing has led
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Figure 1. Location of the 20 confirmed cases, 2 in 2014 and 18
in 2016, by commune of notification. Tanguieta is located in
the department of Atacora, Sinendé, N'Dali, Parakou, and
Tchaourou in the department of Borgou Departement, Djou-
gou in the department of Donga, and Porto Novo in the depart-
ment of Ouémé.

to nosocomial transmission. Such human-to-human
transmission taking place in hospitals has already
been reported during the first epidemics in Nigeria in
the 1980s [30]. This was confirmed here by the simi-
larity of sequences among hospital staff in Tanguieta
and Tchaourou.

The epidemics of 2014 and 2016 occurred in the
rainy season (April to October) and dry season
(November to March), indicating that there is no pre-
ferential season. However, the new cases that appeared
in 2017, 2018, and 2019 suggest an upsurge in the dry
season [25,26,31]. The question arises as to why people
are more infected in the dry season. One possibility is
that there is more contact between rodents and
humans in this season. An ecological investigation car-
ried out in September 2017 in six villages around
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Figure 2. Time-calibrated phylogeny of the Lassa virus strains
from Benin, 2014-2016 (in pink), showing the trees created
using the glycoprotein precursor (a), the nucleoprotein (b),
and the polymerase (c). The trees are based on nucleotide
sequences and posterior support values are shown at the
nodes. Lineages are noted to the right of each tree and the
scale axis represents the time in years. The GPC tree was
inferred from 55 sequences, the NP tree from 52 sequences,
and the L free from 41 sequences. The 19 sequences belonging
to lineages IV and V have been collapsed, as they appear to be
phylogenetically very distant, to make the figure more read-
able. However, the detailed list of the sequences used in this
study are available in supplementary information.

Tchaourou revealed the commensal rodents to be the
soft-furred mouse, Praomys daltoni, which constituted
91% (196/216) of the rodent community living inside
the houses [32]. This situation, in which the non-reser-
voir species (here P. daltoni) lives with humans was
also observed in Ghana in six villages and in Nigeria
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Table 4. Pairwise identities of nucleotides and amino acids between different lineages of Lassa virus.

Cluster comparison GPC NP L
nt aa nt aa nt aa

BEN-intra 95.5-100 98.4-100 96.3-100 98.2-100 95.7-99.7 98.1-99.6
BEN vs. TOGO 93.1-94.1 97.6-98.4 94.6-95.1 98.6-99.3 93.2-93.7 96.2-96.8
BEN-human vs. BEN-rodent* 77.7-79.9 90.1-92.3 76.9-78.2 89.7-90.8 NA NA

BEN vs. clade | 77.6-78.2 94.1-94.3 75.9-76.7 89.8-90.5 68.4-68.7 72.9-73.2
BEN vs. clade Il 77.1-78.0 92.1-93.7 76.4-77.9 90.7-92.3 69.8-71.0 76.5-77.5
BEN vs. clade IlI 76.9-79.4 91.6-95.1 76.4-78.8 88.6-92.6 69.1-69.7 73.3-74.5
BEN vs. clade IV (V) 76.4-78.9 92.1-94.5 76.1-78.6 89.3-91.9 68.4-69.6 73.7-753
BEN vs. clade VI 77.7-78.8 89.2-90.7 76.1-76.7 88.2-88.8 68.1-68.7 73.2-735

*The GPC and NP sequences were respectively truncated at 1400 and 1650 nt to fit the length of rodent-derived LASV and establish this comparison.

in two localities [33,34]. The two Nigerian localities,
located in Edo state, (Egare-Egoro and Ekpoma)
showed that only the Natal multimammate mouse,
Mastomys natalensis, was infected by LASV. In
Benin, only two of six villages showed the presence of
M. natalensis, of which a very small number were
trapped either inside (n=3) or outside (n=3). None
were infected with LASV [32]. On the other hand,
this study showed that certain pygmy mice, Mus baou-
lei, circulating in the fields around the houses were car-
riers of the LASV virus belonging to the same cluster as
the Beninese strains, but genetically very distant. This is
specific to this new lineage, because when humans are
infected with strains circulating in rodents in their
environment, phylogenetic analysis shows some trees
with very close “rodent” branches and “human”
branches [35-37]. For example, the GP-LASV
sequences observed in M. natalensis and Homo sapiens
living in the Ekpoma zone of Nigeria showed an
amino-acid similarity of approximately 95-99% [36],
whereas we observed a similarity of approximately
90-92%. The Beninese human cluster is therefore
very distant from the Benin murine cluster, showing
that speciation occurred long ago. We suggest that
humans may have been contaminated by other reser-
voir rodents that are yet to be discovered.

LASV IgM and IgG specific for the Benin strain
were detected using LASV antigens derived from
clade V and IV, respectively, confirming cross-reactiv-
ity between these divergent strains. We demonstrated
that our ELISA, based on Josiah LASV antigens,
cross-reacts with IgG specific for these divergent
LASV strains using Benin-infected cynomolgus
monkey samples. Indeed, we observed similar titres
as for assays using homologous antigens (unpublished
results). We sometimes observed discrepancies in
samples obtained a few days after disease onset, with
positive RT-PCR and LASV IgG but negative IgM
responses. This unexpected absence of IgM detection
probably resulted more from the low sensitivity of
our assay rather than a lack of cross-reactivity, as
LASV IgM was found in patients infected with similar
strains, as shown in the phylogenetic tree. These results
are reassuring and confirm that the current diagnostic
assays we use can detect LASV strains that are highly

divergent from the reference Josiah or AV strains
used to produce the antigens.

The recent emergence of LASV in Benin is worrying,
as it indicates an expansion of the area of active circu-
lation and transmission of LASV to humans. As LF is
the most frequently imported VHF in Europe and
because sporadic LASV infection can occur outside of
outbreaks, this new risk should be considered when a
patient returns from Benin to Europe with compatible
clinical signs. In any case, this new LASV strain has
already been involved in an imported case of LF, with
further autochthonous transmission in Germany in
2016 [16]. In addition, the emergence of this new
LASV strain shows an increase in LASV genetic diver-
sity and may have consequences for vaccine develop-
ment. Indeed, a major issue for LASV vaccine design
is the necessity to protect against the entire LASV
diversity. Given the divergence of this strain from the
prototypic Josiah strain frequently used to generate
vaccine candidates, the efficacy of vaccine candidates
should also be demonstrated with this strain.
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