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Monkeypox virus

Mpox is caused by a virus: Monkeypox virus (MPXV)
Poxviridae, like smallpox (Fenner and Nakano, 1988)

v - 0 E - Specifically Orthopoxvirus (Fenner and Nakano, 1988)
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history of Mpox
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Mpox pandemic started in May 2022
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A new major outbreak in 2024
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Mpox is a zoonotic disease but the reservoir is still unknown

A multidisciplinary approach to identify the
animal reservoir(s) of the Monkeypox virus in
Africa



Reservoir of a zoonotic virus

e
/p

Reservoir species



Reservoir of a zoonotic virus

S
/R

Reservoir species Index case Secondary case
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Reservoir of a zoonotic virus
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Objective 1: Enhance knowledge on the biodiversity of the most
probable reservoirs for MPXV

Objective 2: Supply public health authorities with key data on these
reservoirs to aid mpox prevention

Goal: Support prevention efforts by reducing the risk of spillover from
reservoirs to humans, lowering the chances of mpox outbreaks
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Bibliographic study to identify potential reservoir or secondary hosts of MPXV

1. MPXV belongs to Orthopoxvirus, a genus exclusive to mammals
— MPXV reservoir is a mammal: 5973 species
2. All human cases originating from Sub-Saharan Africa
— MPXV reservoir is an mammal of Sub-Saharan Africa: 1472 species
3. All African human cases located in tropical forests
— MPXV reservoir is an forest-dwelling mammal: 928 species
4. 19 genera of mammals with at least one evidence:

- Virusisolation
- MPXV fragment amplified by PCR
- Anti-OPXV antibodies

— MPXV reservoir belongs to one of this genera: 213 species

s Helosciurus sp
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Lacheretal., 2016
Wilsonetal., 2017



Strategy to identify the reservoir(s) of Monkeypox virus

1. Ecological niche overlap analyses between MPXV and African mammals

— Curaudeau, M. et al., 2023. Identifying the Most Probable Mammal Reservoir Hosts for Monkeypox Virus Based on

Ecological Niche Comparisons. Viruses, 15(3): 727
2. Comparisons of phylogeographic patterns between MPXV and its reservoir

3. Perspectives: Detection of MPXV in museum specimens of MPXV reservoirs

10
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Previous Monkeypox niche (ENM)

o west Monkeypox ENM has been done but mixes together:

Strain

® Central - Index and secondary cases

Strain

- Confirmed and suspect cases

- GPS of villages, hospitals, and health centers
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B Automated T 3
Levine et al., 2007: 156 occurrences, all unavailable Lash etal., 2012: 69-116 occurrences, all unavailable

— Updated niche with only confirmed index cases



Monkeypox virus occurrences

From index cases in the literature and maps

@ 109 reliable GPS points (96 filtered) 12



Bioclimatic and topological variables

Temperature Seasonality

— Least correlated variables (|r| < 0.7)

Compensated Thermicity Index

Mean Monthly PET of Warmest Quarter

Maximum Temperature of the Coldest Month

Thornthwaite aridity index

Precipitation of Coldest Quarter

Precipitation of Warmest Quarter

Precipitation of Wettest Quarter
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Monkeypox virus niche compared to African forests
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Monkeypox virus niche compared to previously published niches

Probability
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Getting occurrence data points for the 213 mammal species
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99 species with sufficient occurrence data points (> 16)

— Other species are too rare to be the reservoir



MPXYV niche versus Funisciurus anerythrus niche
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MPXV niche versus Graphiurus lorraineus niche

Probability l Probability H

0.25 0.50 0.75 0.25 0.50 0.75



MPXYV niche versus Funisciurus pyrropus niche
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MPXV niche versus Heliosciurus rufobrachium niche
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Article published in Viruses

B viruses adey Conclusions of the article:

e
Identifying the Most Probable Mammal Reservoir Hosts for
Monkeypox Virus Based on Ecological Niche Comparisons

L o e ke AT Ao G 1. MPXV niche is fragmented bewteen at least 3 African
' : : rainforests: Congo Basin, Upper and Lower Guinean forests

2. The four mammal species showing the best niche overlap
e with MPXV are all arboreal rodents

3. Funisciurus anerythrus is the best candidate for the reservoir

Scuridoe

- Two niche overlap metrics
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e - Available data on MPXV detection

osts, and phylogenctic analyses have supported the existence of an Old World group

«pox 5], Mpox was first
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New hypothesis on Funisciurus anerythrus and Funisciurus pyrropus distrib
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New hypothesis on Funisciurus anerythrus and Funisciurus pyrropus distrib
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Article published in Viruses

B viruses ey Conclusions of the article:

e
Identifying the Most Probable Mammal Reservoir Hosts for
Monkeypox Virus Based on Ecological Niche Comparisons

S S e ok A o G 1. MPXV niche is fragmented bewteen at least 3 African

rainforests: Congo Basin, Upper and Lower Guinean forests

2. The four mammal species showing the best niche overlap
e with MPXV are all arboreal rodents

3. Funisciurus anerythrus is the best candidate for the reservoir

Scuridoe

- Two niche overlap metrics
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7 i - Available data on MPXV detection

ce of an Old World group.

«pox 5], Mpox was first

e Ce 4. Are some F. pyrropus actually F. anerythrus?
123



Strategy to identify the reservoir(s) of Monkeypox virus

1. Ecological niche overlap analyses between MPXV and African mammals

— Curaudeau, M. etal., 2023. Identifying the Most Probable Mammal Reservoir Hosts for Monkeypox Virus Based on

Ecological Niche Comparisons. Viruses, 15(3): 727
2. Comparisons of phylogeographic patterns between MPXV and F. anerythrus

3. Perspectives: Detection of MPXV in museum specimens of F. anerythrus

24



Comparative phylogeography between MPXV and Funisciurus anerythrus

Perfect coevolution No coevolution

Comparisons of phylogeographic patterns + datations »



Phylogeography of MPXV

Two main phylogenetic groups of MPXV

- West Africa
- Central Africa/Congo Basin

- Smaller groups within the two clades

Is this deep divergence linked to the reservoir isolation?

- Co-evolution between MPXV and its reservoirs

- Same groups bewteen the virus and the reservoir

modified from Berthet, Descorps-Declére, Besombes, Curaudeau et al., 2021 26



Specimens collected for the museomics study

"Fresh” specimens: 140 including 46 Funisciurus
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Specimens collected for the museomics study

"Fresh” specimens: 140 including 46 Funisciurus
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Phylogeny of Funisciurus based on the CO1 (705 bp) with Maximum Likelihood (ML)

Funisciurus pyropus CR
Funisciurus pyrropus COD.

Funisciorus lemniscatus CMR.

Funisciorus lemniscatus CMR
Funisciorus lemniscatus CMR

Funisciuruslemiscatus COD

28




Phylogeny of Funisciurus based on the CO1 (705 bp) with Maximum Likelihood (ML)

Many identification errors

Funisciurus feucogenys GNQ

Funisciurusfeucogenys CMR
Funisciurs leucogenys CAF
Fanisciurus anerythrus COD.
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Phylogeny of Funisciurus based on the CO1 (705 bp) with Maximum Likelihood (ML)

Many identification errors

‘b 1 Niche result confirmed

F. pyrropus

Funisciurusfeucogenys CMR
Funisciurus leucogenys CAF

anerythrus COD
thrus COD
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Phylogeny of Funisciurus based on the CO1 (705 bp) with Maximum Likelihood (ML)

Many identification errors

* Niche result confirmed

F. pyrropus

Funisciurusfeucogenys CMR
Funisciurus leucogenys CAF

anerythrus COD

neryihrus L8R
nisciurus onerythrus €IV
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Phylogeny of Funisciurus based on the CO1 (705 bp) with Maximum Likelihood (ML)

Many identification errors

Niche result confirmed

28




Phylogeny of Funisciurus based on the CO1 (705 bp) with Maximum Likelihood (ML)

CENTRAL AFRICA (I)

WEST AFRICA (IT)

F. anerythrus

L
»

Many identification errors
Niche result confirmed

Phylogeny similar to MPXV
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Phylogeny of Funisciurus based on the CO1 (705 bp) with Maximum Likelihood (ML)

CENTRAL AFRICA (I)

WEST AFRICA (IT)
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F. anerythrus
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Many identification errors
Niche result confirmed
Phylogeny similar to MPXV
/N Small fragment

/\ Maternal lineage only

28



Phylogeny of Funisciurus based on the CO1 (705 bp) with Maximum Likelihood (ML)

CENTRAL AFRICA (I)

WEST AFRICA (IT)

i ¥J

L

F. anerythrus

¥ j<

Many identification errors
Niche result confirmed
Phylogeny similar to MPXV
/N Small fragment

/\ Maternal lineage only

— Cenome sequencing

28



Whole genome sequencing of 32 Protoxerini squirrels (3 Gbp)

Illumina sequencing of ten F. anerythrus

- Six in West Africa
- Three in Central Africa/Congo Basin

- Onein Cameroon
Illumina sequencing of other Protoxerini squirrels

- Twelve Funisciurus including 3 F. pyrropus
- One Protoxerus
- Five Paraxerus

- Four Heliosciurus

+One Sciuridae genome per genus on genbank

29



Pre-processing of genomic data

Gty scernt acraie ol Aatas Fawue/ ks L6 weasngd

Multiple steps before genomic analyses

1. Estimate data quality with FastQC
2. Trim data with Trimmomatic

3. Estimate data quality with FastQC

4. Use of Kraken2 to see if contaminants

— One Funisciurus from CAR removed

30




Selection of genomic markers used for phylogeny

1. Mitochondrial dataset: Complete mitochondrial genomes
- 16000-17000 bp

- Two strategies to assemble the genome

- Denovo: CetOrganelle

- With annotations: MitoZ

2. Nuclear dataset: Exons of genes present in only one copy
- 1017 exons

- Exons presentin both squirrels and humans
- GC content between 40 and 60 %

- Exons >1000 bp in Marmota marmota

- Mapping with NextGenMap

- Denovo assembly using Spades

31



Specimen  Number of exons
MAM20130014 503
CO7XAR49 63
JCK11056 43
149422 29
MLIPIA90 20
M4356 16
M6070 13
R12021 9
NC0402 8
R24205 1

Selection of genomic markers used for phylogeny

Exons present in both squirrels and humans
GC content between 40 and 60 %
Exons >1000 bp in Marmota marmota

— 1017 exons

Mapping of the 10 F. anerythrus sensu lato on the 1017 exons
— 705exons in atleast1F anerythrus sensu lato

— Chimerareference

Only ones with no missing data in F. anerythrus sensu lato

— 167 exons

32



Exons repartition on chromosomes

Chromosome  1017exons  705exons 167 exons Based on Sciurus carolinensis’ chromosomes

1 78 64 16

2 19 83 23

3 o e B Obtained with BLAST using Marmota marmota’s sequences
4 58 46 8

s 48 36 10 .
3 = - @ — Almost all chromosomes represented in the dataset
7 76 51 8

8 50 35 1

9 58 35 1

10 39 16 1

m 57 41 10

12 39 27 5

13 25 18 7

14 38 22 10

15 23 16 5

16 39 24 2

17 33 20 8

18 26 17 5

19 5 2 0

X 58 50 1

Y 0 [o] 0

unplaced 5 2 (o]
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Maximum likelihood trees with 1000 bootstraps in IQ-TREE2
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Clade tMRCA  95%HPDL  95% HPDH
F. anerythrus CAR + DRC 032 0.28 036
F. anerythrus 117 1.08 1.23
F. anerythrus Togo + Benin 0.06 0.05 0.08
F. anerythrus Liberia + Cote d'lvoire + Mali 0.42 036 0.46
F. anerythrus West Africa 1.96 1.87 2.24
F. anerythrus 2.46 237 2.70
F. pyrropus 1.05 0.99 114
F. leucogenys 0.97 0.90 1.05
F. pyrropus + F. leucogenys 2.97 2.83 3.21
F. pyrropus + F. leucogenys + F. anerythrus 3.93 379 4.25
F. carruthersi 113 1.05 124
F. pyrropus + F. leucogenys + F. anerythrus + F. carruthersi 5.92 5.75 6.57
F. lemniscatus 078 0.68 0.84
F. lemniscatus + F. isabella 4.70 4.58 510
F. lemniscatus + F. isabella + F. congicus 5.73 5.58 6.22
Funisciurus 6.58 6.40 7.33
P cooperi + P. poensis 6.53 6.29 6.76
P lucifer + P boehmi + P ochraceus 6.65 6.27 6.86
Paraxerus 10.98 10.74 1.8
Funisciurus + Paraxerus .92 1.73 1215
Heliosciurus 5.25 5.04 5.56
Protoxerini 15.45 15.16 15.65
Marmotina 5.43 522 5.57
Marmotini 18.35 17.76 18.65
Marmotini + Protoxerini 2113 2074 21.46
Xerinae 23.56 22.96 23.96

Clade tMRCA  95%HPDL  95% HPDH
Cladelal 90.2 65.2 109.2
Cladelall 90.3 623 102.9
Clade lalll 53 375 74.7
Clade lalV 83.6 59.6 96.8
Cladelallland VI 104.8 60.9 n7
Clade lall, llland VI mz 68.8 121.9
Cladelal, Il Illand VI 182 74 1285
Clade lal, 1L, 111, IVand VI 1213 821 133.8
Clade la 134 903 152.5
Clade b 23 1 4
Clade | 186.6 124.4 220
Clade lla 2124 144 2336
Clade Ilb 266.2 176.6 300
Clade Il 408.9 286.8 455
MPXV 1059.3 998.6 1169.4

35



Article in prep.

Conclusions of the article:
1. F anerythrusis presentin both Central and West Africa

2. Mitochondrial and nuclear trees are similar
— We can use only the mitogenome for further analyses

3. F anerythrus has the same phylogeny as MPXV

- Same dichotomy between West and Central Africa

- Two clades in West Africa separated by the Volta river

- Several clades in Central Africa

4. When using conventional susbstitution rates, divergence
dates of MPXV and F. anerythrus do not match
— More investigation needed on MPXV substitution rate

36



Strategy to identify the reservoir(s) of Monkeypox virus

1. Ecological niche overlap analyses between MPXV and African mammals

— Curaudeau, M. et al., 2023. Identifying the Most Probable Mammal Reservoir Hosts for Monkeypox Virus Based on

Ecological Niche Comparisons. Viruses, 15(3): 727
2. Comparisons of phylogeographic patterns between MPXV and F. anerythrus

3. Perspectives: Detection of MPXV in museum specimens of F. anerythrus

37



Museomics: detection of MPXV in squirrel museum specimens

Monkeypox virus has a double-stranded DNA genome

- DNA molecules more stable than RNA molecules

- MPXV could be preserved in museum specimens

— Isthere MPXV DNA in squirrel museum specimens?

38



Museomics: detection of MPXV in squirrel museum specime

Tieeetal. (2018) found MPXV DNA in Funisciurus specimens:

- Small fragments (<123 bp)
- Specimens from the 19th and 20th century
- 9.0 % (93 0f 1038) specimens

- Five species including 2 new species

However, very low variability in the fragment:
- No phylogeneticsignal

- Only positive specimens from Central Africa

0.001-0.20
0.20-0.40
0.40-0.60
0.60-0.80
0.80-1.00

500 1000 km

number of samples
= 020
e 2040
D 40-s8
B F. species range
B lakes and rivers
tree cover %o

0 100

Tieeetal., 2018
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Museomics: detection of MPXV in squirrel museum specimen he MNHN and RMCA

To study if MPXV DNA fragments are preserved in skin of squirrel specimens

1. We extracted DNA from 303 specimens of the late 19th and 20th century
2. We amplified the cytb to check if samples have DNA: 131 sequences

— Al F. pyrropus in West Africa are F. anerythrus
3. We want to amplify short (around 100 bp) variable fragments of MPXV

— Phylogeneticsignal + cover the whole MPXV genome

— MPXV is a MOT — We could not do it before studying the squirrels

40



Museomics: detection of MPXV in squirrel museum specimen he MNHN and RMCA

To study if MPXV DNA fragments are preserved in skin of squirrel specimens
1. We extracted DNA from 303 specimens of the late 19th and 20th century
2. We amplified the cytb to check if samples have DNA: 131 sequences
— Al F. pyrropus in West Africa are F. anerythrus

3. We want to amplify short (around 100 bp) variable fragments of MPXV
— Phylogeneticsignal + cover the whole MPXV genome
— MPXV is a MOT — We could not do it before studying the squirrels

If MPXV DNA in collection specimens
1. We will sequence the mitogenome of the squirrel
2. We will sequence the MPXV genome

— Molecular datations: Better estimation of MPXV substitution rate

— Correlation with squirrel divergence dates? 40



Conclusion

Both the niche analyses and the phylogenetic
patterns suggest Funisciurus anerythrus is the
main reservoir of MPXV

4
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African tree squirrels: the Protoxerini tribe
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31 species but only 5 CO1 sequences a.k.a the barcode of life
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