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1. Introduction

Monkeypox, or mpox, is an emerging infectious zoonotic disease endemic to the
rainforests of Central and West Africa, which manifests itself as fever, rash, and swollen
lymph nodes. It is caused by the Monkeypox virus (MPXV), which belongs to the family
Poxviridae and possesses a double-stranded DNA genome of 197 kb. The first human
infection was detected in 1970 in a young boy from Bokenda in the Democratic Republic of
Congo [1]. Ever since the disease has been reported in nine African countries from Central
Africa (Cameroon, Central African Republic, Democratic Republic of Congo, Gabon, and
Republic of the Congo) and West Africa (Cote d’lvoire, Liberia, Nigeria, and Sierra Leone),
with some exportations to America, Asia, and Europe between 2003 and 2021 [2-5]. More
recently, more than 80,000 cases have been reported in 2022 worldwide, during an

epidemic involving mostly men who have sex with men [6,7].

2. ldentifying the most probable mammal reservoir hosts for MPXV

based on ecological niche comparisons

Although the MPXV reservoir has not yet been identified, several lines of evidence point to
mammal species endemic to African rainforests of West and Central Africa. First, MPXV
belongs to the genus Orthopoxvirus (OPXV), a genus exclusive to mammals [8,9].
Second, most human mpox cases have been reported in rainforests of Central and West
Africa, or travellers from these regions [2-5,10-13]. Third, the geographic distribution of
MPXV has been inferred with ecological niche modelling (ENM) methods, and the results
have shown that the virus could be found in all rainforests of West and Central Africa [13—
16]. Fourth, phylogenetic studies based on complete MPXV genomes have revealed a
strong geographic structure [14,17,18]: viruses from Central Africa (Gabon, Cameroon,
CAR, Republic of Congo, and DRC; clade I) are divergent from those from West Africa;
and the latter can be separated into two geographic subgroups, one including viruses from
Sierra Leone, Liberia, Céte d’'lvoire and Ghana (clade lla), and the other including viruses
from Nigeria (clade IlIb). These results suggest that the animal reservoir populations have
been genetically isolated from each other for many generations in three separate rainforest
blocks, including the Upper and Lower Guinean forests in West Africa, and the Congo
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Basin in Central Africa (see map in Figure 1). We hypothesized therefore that the MPXV
reservoir is represented by one or several rainforest mammal species with a geographic

distribution very similar to that of MPXV.

In our first article submitted in January to the journal Viruses [19], we therefore explored
this hypothesis using a four-step approach: (i) we provide the full list of mammal genera
and species previously identified as MPXV natural hosts in Africa; (i) we predict the
geographic distributions (or ecological niche) of all species of these genera based on
georeferenced specimens catalogued in museum collection databases and ENM methods;
(iif) we reconstruct the ecological niche of MPXV using reliable data on human index cases
and MPXV sequences available for georeferenced wild animals; and (iv) we make
statistical overlap comparisons between the ecological niches of mammals and MPXV in

order to identify the most probable mammalian reservoir(s).

The results of this study confirmed that the MPXV niche covers three African rainforests,
the Congo Basin and Upper and Lower Guinean forests (Figures 1A and 1B). Our MPXV
niche and recent phylogeographic studies on MPXV [14,17,18] suggest that two
biogeographic barriers have isolated mammalian populations of the MPXV reservoir host:
on the one hand, the Volta River and Dahomey Gap between the Upper Guinean forests
(UGF) and Lower Guin-ean forests (LGF) in West Africa, and on the other hand, the
Sanaga River between LGF and the Congo Basin.

Our analyses revealed that the four mammal species showing the best niche overlap with
MPXV are all arboreal rodents, including three squirrels, Funisciurus anerythrus (Figure
1C), Funisciurus pyrropus (Figure 1E), and Heliosciurus rufobrachium (Figure 1F) and
Graphiurus lorraineus (Figure 1D). The niche of Funisciurus anerythrus shows the best
overlap (using both D and | metrics) with that of MPXV, suggesting that the Thomas's rope
squirrel could be the main MPXV reservoir.
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Figure 1. Ecological niches of Monkeypox virus (A) and the four mammal species showing the best overlap with it:
Funisciurus anerythrus (C), Graphiurus lorraineus (D), Funisciurus pyrropus (E), and Heliosciurus rufobrachium (F). Black
circles indicate localities used to build the distribution model. The probabilities of occurrence are highlighted using different colours: blue
grey for probabilities < 0.5; turquoise green for 0.5 < p < 0.75; yellowish green for 0.75 < p < 0.9; and yellow for p > 0.9. The red line is
the IUCN distribution of the species [86]. At the left of the maps are indicated the number of occurrence records (n) used to infer the
ecological niche and the Schoener's D and Hellinger’s | values summarizing niche overlap between mammal species and MPXV. For
convenience, we have included a map (B) showing the major biogeographic barriers, such as the Dahomey gap, rivers and Cameroon
volcanic line (CVL), and African rainforests, including the Upper Guinean forests (UGF) and Lower Guin-ean forests (LGF) in West
Africa, the Atlantic Equatorial coastal forests (AECF) and Congolian lowland forests (CLF) in Central Afri-ca, and the Eastern African

Coastal Forests (EACF) in East Africa.
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3. Taxonomy and phylogeny of African squirrels

Interestingly, Funisciurus anerythrus is the only species from which MPXV was isolated
[20,21] and fully sequenced by two independent teams in different provinces of northern
DRC [14,22]. In addition, two small fragments of MPXV were amplified in museum
specimens from five Funisciurus species, all collected in rainforests of the Congo Basin:
Funisciurus anerythrus (45 out of 362 specimens tested; 12,4%), Funisciurus carruthersi
(3 of out 109 specimens tested; 2.8%), Funisciurus congicus (32 out of 239 specimens
tested; 13.4%), Funisciurus lemniscatus (5 of out 82 specimens tested; 6.1%), and
Funisciurus pyrropus (8 of out 201 specimens tested; 4.0%) [23]. These data suggest the
MPXV reservoir could contain not just one species but several species of Funisciurus. In
the Congo Basin, however, Funisciurus anerythrus is sympatric with the four other species,
including Funisciurus pyrropus and the three species endemic to Central Africa,
Funisciurus carruthersi, Funisciurus congicus, and Funisciurus lemniscatus. As a
consequence, it can be hypothesized that Funisciurus anerythrus is indeed the reservoir
host species, which can contaminate frequently other arboreal species, such as squirrels

and monkeys (secondary hosts), due to regular contacts (direct or indirect) in forest trees.

To further investigate this hypothesis, two complementary studies need to be conducted:
() Funisciurus squirrels caught in future field surveys in African forests and those currently
housed in museum’s mammal collections should be systematically tested for the presence
of MPXV; and (ii) mitochondrial and nuclear genes should be sequenced on
georeferenced Funisciurus specimens to solve some taxonomic problems involving
Funisciurus anerythrus, Funisciurus pyrropus and Funisciurus substriatus and to compare

the phylogeography of Funisciurus anerythrus with that already available for MPXV [18].

Before studying the comparative phylogeography of Funisciurus species, we quickly
realized that it was necessary to better understand the taxonomy and phylogeny of squirrel
species living in the rainforests of Africa. According to recent taxonomic classifications [24],
all these species are ranged into six genera of the tribe Protoxerini: Epixerus (1 species),
Funisciurus (10 species), Heliosciurus (6 species), Myosciurus (1 species), Paraxerus (11
species), and Protoxerus (2 species). There are currently only five DNA sequences of the

mitochondrial gene of the first subunit of the cytochrome ¢ oxydase (CO1), which has been
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chosen as the barcode of life for the molecular taxonomy of animal species [25]. All these
data belong to only one genus, i.e. Heliosciurus, which prevents any study of molecular

taxonomy on Protoxerini. As a result, the phylogeny of this group remains totally elusive.

Last years, we collected muscle or skin samples from Protoxerini in seven international
institutions (Muséum national d'Histoire naturelle, France; Centre de Biologie pour la
Gestion des Populations, France; Institute of Vertebrate Biology, Czech Republic; Museum
Koenig Bonn, Germany; Field Museum, USA; Museum of Vertebrate Zoology, USA;
American Museum of Natural History, USA) and we systematically sequenced the CO1
barcode fragment. Our phylogenetic results based on these mitochondrial DNA sequences
revealed many misidentifications at both generic and species levels among museum
specimens of Protoxerini squirrels, including several taxonomic issues between

Funisciurus anerythrus and Funisciurus pyrropus.

To better understand the phylogeny of Protoxerini, we decided to sequence the full
mitochondrial and nuclear genomes for a selection of samples. Eight samples were
selected in 2021 for whole genome sequencing, including three geographic lineages of
Funisciurus anerythrus (Central African Republic, Cameroon, and Cote d’lvoire),
Funisciurus leucogenys, Funisciurus lemniscatus, Heliosciurus rufobrachium, Paraxerus
lucifer and Protoxerus strangeri. In 2022, we added six samples of Funisciurus anerythrus
(Benin, Cote d’'lvoire, Democartic Republic of Congo, Liberia, and Mali), one Funisicurus
carruthersi, and one Funisciurus pyrropus.
By this way, we reconstructed the phylogeny of Protoxerini based on an alignment of the
complete mitochondrial genome. The mitochondrial tree of Figure 2A shows that the two
species Funiscirus pyrropus and Funiscirus leucogenys are closely related to Funisciurus
anerythrus, and that a strong phylogeographic structure is found within Funisciurus
anerythrus, with a basal dichotomy separating populations from West Africa from those of
Central Africa, and the existence of four geographic lineages corresponding to the Upper
Guinean forests (samples highlighted in red), the Dahomey Gap (the sample from Benin in
orange), the Lower Guinean forests (the sample from Cameroon in blue) and the Congo

‘ Basin (samples from CAR and DRC).

| However, many previous phylogenetic studies have shown that the mitochondrial tree may
be discordant with the species tree because females and males have usually different

‘ dispersal behaviours (female philopatry versus male dispersal) and because interspecific
6/9



| hybrid females are generally fertile, whereas hybrid males are often sterile (Haldane’s
rule), facilitating mitochondrial introgression between closely related species [26].
Therefore, we extracted 99 nuclear exons from our whole genome sequencing datasets to
make phylogenetic comparisons with the mitochondrial tree. The nuclear tree of Figure 2B
shows that it is highly similar to the mitochondrial tree of Figure 2A. The sole topological
difference concerns interrelationships between Funisciurus anerythrus from Céte d’lvoire,
Liberia, and Mali. The comparative phylogeography between MPXV and Funisciurus
anerythrus (Figure 2) confirms therefore the existence of different geographic lineages
(West Africa vezrsus Central Africa; Cameroon versus CAR + RDC) providing additional

support for a key role of Funisciurus anerythrus as reservoir host of the MPXV.
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Figure 2. Tree resulting from Bayesian analysis of the complete mitochondrial genome (A) and a concatenation of 99 nuclear
exons (B). The mitochondrial tree was reconstructed by the Bayesian method (GTR+I+G model) from an alignment of 18 taxa and
16,812 nucleotides. The nuclear tree was reconstructed by the Bayesian method (GTR+I+G model) from an alignment of 18 taxa and

148,293 nucleotides. The posterior probability is indicated on the nodes. The stars correspond to a posterior probability of 1.
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Although these preliminary results need to be improved by including additional squirrel
populations in the analyses, they will allow us to get better insights into the co-evolution of
MPXV with its reservoir, as well as to have a better understanding of the origin of the two
highly divergent geographic lineages of MPXV, both being associated in Central and West
Africa with the emergence of mpox disease in humans. This study will be the main focus of

this year, which corresponds to the second year of the PhD.
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