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Previous studies on horseshoe bats (Rhinolophus spp.) have described many corona-
viruses related to SARS-CoV (SARSCoVr) in China and only a few coronaviruses re-
lated to SARS-CoV-2 (SARSCoV2r) in Yunnan (southern China), Cambodia, Laos and
Thailand. Here, we report the results of several field missions carried out in 2017,
2021 and 2022 across Vietnam during which 1218 horseshoe bats were sampled from
19 locations. Sarbecoviruses were detected in 11% of faecal RNA extracts, with much
more positives among Rhinolophus thomasi (46%). We assembled 38 Sarbecovirus ge-
nomes, including 32 SARSCoVr, four SARSCoV2r, and two recombinants of SARSCoVr
and SARSCoV2r (RecSar), one showing a Spike protein very similar to SARS-CoV-2.
We detected a bat co-infected with four coronaviruses, including two sarbecovi-
ruses. Our analyses revealed that Sarbecovirus genomes evolve in Vietham under
strong geographical and host constraints. First, we found evidence for a deep separa-
tion between viruses from northern Vietnam and those from central and southern
Vietnam. Second, we detected only SARSCoVr in Rhinolophus thomasi, both SARSCoVr
and SARSCoV2r in Rhinolophus daffinis, and only RecSar in Rhinolophus pusillus captured
close to the border with China. Third, the bias in favour of Uracil in synonymous third
codon positions of SARSCoVr extracted from R. thomasi showed a negative correlation
with latitudes. Our results also provided support for an emergence of SARS-CoV in

horseshoe bats from northern Yunnan and emergence of SARS-CoV-2 in horseshoe
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1 | INTRODUCTION

The COVID-19 pandemic, with more than 700million cases and
7 million deaths, was caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (Wu et al., 2020). More than 4 years
after the first cases detected in Wuhan (Hubei province, China) in
December 2019, the origin of SARS-CoV-2 still remains unresolved.
However, the three main hypotheses all imply a key role for horse-
shoe bats (Hassanin, 2022; Hassanin, Grandcolas, et al., 2021; Lam
et al., 2020; Temmam et al., 2023; Worobey et al., 2022): (i) direct
transmission from bats to humans, (ii) transmission via an intermedi-
ate animal such as small carnivores, pangolins, etc. or (i) bat corona-
virus escaped from a laboratory.

Horseshoe bats (family Rhinolophidae) are small or medium-
sized insectivores characterised by their typical flat horseshoe-
shaped nose-leaf which is employed in echolocation for navigating
and hunting. There are 114 species, all included into a single genus
(Rhinolophus), which are distributed in the Old World with much more
species diversity in Southeast Asia (Simmons & Cirranello, 2020).
Horseshoe bats are reservoir hosts for coronaviruses of the subge-
nus Sarbecovirus (family Coronaviridae, genus Betacoronavirus), that
is, those causing Severe Acute Respiratory Syndrome (SARS) dis-
eases, including SARS-CoV, involved in the 2002-2004 epidemics,
and SARS-CoV-2, involved in the ongoing COVID-19 pandemic (Li
etal., 2005; Zhou et al., 2020). Dozens of SARS-CoV related corona-
viruses (SARSCoVr) have been detected in many horseshoe bat spe-
cies collected in different provinces of China (Han et al., 2019; Lau
et al., 2005; Wu et al., 2023). Recently, a few SARS-CoV-2 related
coronaviruses (SARSCoV2r) were described from several horseshoe
bat species: Rhinolophus acuminatus from East Thailand (RacCS203;
Wacharapluesadee et al., 2021); Rhinolophus affinis sampled in the
Yunnan province of China (RaTG13; Zhou et al., 2020); Rhinolophus
malayanus sampled in Yunnan (RmYNO2; Zhou et al.,2021) and north-
ern Laos (RmMBANAL52 and RmBANAL247; Temmam et al., 2022); R.
marshalli from northern Laos (RmaBANAL236; Temmam et al., 2022);
Rhinolophus pusillus sampled in Yunnan (RpYNOé; Zhou et al., 2021)
and northern Laos (RpBANAL103; Temmam et al.,, 2022); and
Rhinolophus shameli from northern Cambodia (RshSTT200; Delaune
etal., 2021).

The genome sequences of the two lineages SARSCoVr and
SARSCoV2r differ by about 20% of nucleotide divergence. In addition,
they show different synonymous nucleotide compositions (SNCs),
suggesting their evolution in different Rhinolophus species assem-
blages and/or environmental conditions (Hassanin, 2022). Despite

bats from northern Indochina subtropical forests (southern Yunnan, northern Laos

and north-western Vietnam).

Chiroptera, coronavirus genome, molecular evolution, phylogeny, recombination, Southeast

these differences, several recombinant viruses between SARSCoVr
and SARSCoV2r (named RecSar) have been detected in horseshoe
bats sampled in Yunnan and Zhejiang provinces of China (Hassanin
et al,, 2022; Li et al., 2021). By comparing the ecological niches in-
ferred for SARSCoVr and SARSCoV?2r, it has been suggested that re-
combination of these two lineages can occur only in bats circulating
in southern Yunnan, northern Laos and northern Vietnam (Hassanin,
Tu, et al., 2021), and that the common ancestor of the two RecSar
viruses identified in eastern China's Zhejiang province (RpZXC21
and RpVZC45) originated in Yunnan and then spread eastward to
Zhejiang (Hassanin et al., 2022). At least two other Sarbecovirus
lineages, also characterised by different SNCs and high nucleotide
divergence (Hassanin, 2022), were previously detected in Asian
horseshoe bats: the first was mainly found in Rhinolophus stheno
from Yunnan (lineage named YunSar) (Guo et al., 2021; Hassanin
etal., 2022; Zhou et al., 2021) and the second in Rhinolophus cornutus
from Japan (Murakami et al., 2022). Several more distant sarbecovi-
ruses were also described in African and European horseshoe bats
(Alkhovsky et al., 2022; Crook et al., 2021; Drexler et al., 2010; Tao &
Tong, 2019). All recent studies have therefore confirmed that horse-
shoe bats are the main reservoir hosts of sarbecoviruses and that
Sunda pangolins (Manis javanica), in which two different viruses were
detected (Lam et al., 2020; Liu et al., 2019), are secondary hosts.
Although pangolins have been considered as possible intermediate
hosts between bats and humans to explain the origin of COVID-19
(Lametal., 2020), several studies have recently concluded that SARS-
CoV-2 emerged either directly from bats (Hassanin, 2022; Temmam
et al., 2022) or from another intermediate host, such as the mammal
genera present at the Huanan market in November and December
2019, that is, Erinaceus, Nyctereutes, Rhizomys, etc. (Liu et al., 2023;
Worobey et al., 2022). A more extensive inventory of bat sarbecovi-
ruses in Southeast Asia therefore appears crucial for identifying the
key evolutionary steps leading to human epidemics. In 2021, pre-
dictions based on ecological niches suggested that SARSCoVr should
also be found in horseshoe bats in northern Vietnam and northern
Myanmar, and that SARSCoV2r should be present in horseshoe bats
living in four areas (Hassanin et al., 2021b): (i) northern Laos and
bordering regions in northern Myanmar, Yunnan and north-western
Vietnam; (ii) southern Laos, south-western Vietnam and north-
eastern Cambodia; (iii) the Cardamom Mountains in south-western
Cambodia and the East region of Thailand; and (iv) the Dawna Range
in central Thailand and south-eastern Myanmar. These ecological
inferences were confirmed in northern Laos in 2022 with the de-
scription of four SARSCoV2r viruses in horseshoe bats collected in
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Vientiane province (Temmam et al., 2022). In the present study, we
aimed to verify whether SARSCoVr and SARSCoV2r are indeed pres-
ent in Vietnam by exploring Sarbecovirus diversity in 1218 horseshoe
bats captured in 2017, 2021 and 2022 at 19 geographical locations
representing 12 provinces across the country (Figure S1).

2 | MATERIALS AND METHODS

2.1 | Batsampling, RNA extraction and
detection of sarbecoviruses

The bats were captured with mist-nets and harp-traps during sev-
eral field surveys in Vietnam in 2017, 2021 and 2022. The species
were identified using phenotypic traits and body measurements
using field guides (Francis, 2019; Kruskop, 2013). For each bat, we
collected a wing biopsy preserved in 95% ethanol for bat DNA tax-
onomy (the mitochondrial cytochrome c oxidase subunit 1 gene [mt-
Co1] was sequenced and analysed as in Tu et al., 2017) and one or
several faecal droppings stored in RNAlater (Invitrogen, France) and
conserved in liquid nitrogen for virology. All bats were released after
sampling except a few injured animals that were euthanised and
stored in ethanol for vouchers at IEBR.

For some bats, we obtained very small amount of faecal mate-
rial. To ensure a good yield of RNA extraction, we have therefore
opted for pools containing between two and five faecal samples
from females or males of the same species collected in the same
karst (sample codes are listed in Table 1). Based on previous stud-
ies (Trujillo et al., 2021; Wurtzer et al., 2021), potential pathogens
were inactivated by pasteurisation (60°C, 1h) just before RNA ex-
traction. Then, they were lysed using a Fisherbrand Bead Mill 24
(Thermo Fisher Scientific, Waltham, USA) and extracted using
QIAsymphony PowerFecal Pro kit on a QlAsymphony automated
extractor (QIAGEN, Hilden, Germany) and a custom protocol al-
lowing additional washing step before nucleic acid elution (Wurtzer
etal., 2020).

The detection of sarbecoviruses was carried out on the E gene
by real time reverse transcription PCR (RT-gPCR) following Corman
et al. (2020) using a QlAgility (Qiagen, Hilden, Germany) with Fast
virus 1-step Master mix 4x (Lifetechnologies, France). Thermal
cycling was performed on a QuantStudio 5 instrument (Applied
Biosystems, France) at 50°C for 5min for reverse transcription, fol-
lowed by 95°C for 20s and then 45cycles of 95°C for 55, 58°C for
40s.

2.2 | Next generation sequencing and genome
assembly

All samples showing positive RT-gPCR for the E gene with a cycle
threshold<30 were used to generate sequencing libraries. RNA
extracts were quantified using the BioAnalyzer 2100 instrument
with RNA 6000 Nano and Pico kits (Agilent Technologies, France).

Although a few samples were sequenced as in Delaune et al. (2021)
(Table 1), most libraries were constructed and sequenced at the
‘Institut du Cerveau et de la Moelle épiniere’ (Paris, France). Briefly,
11 microliters of RNA were used to deplete eukaryote/prokaryote
ribosomal RNA and globine RNA before library preparation with
stranded Total RNA Prep with Ribozero Plus kit (Illumina, USA) and
sequencing using NovaSeq 6000 S1 Reagent kit (300cycles). The
Illumina reads were mapped in Geneious Prime® 2020.0.3 using
20% of maximum mismatches per read on 63 reference genomes
representing a large diversity of coronaviruses of the subfamily
Orthocoronavirinae (Table S1). By this way, we were able to detect
Sarbecovirus sequences and assemble several contigs. Then, some
contigs were further identified by BLASTn search in NCBI (blast.
ncbi.nlm.nih.gov/) and the genomes were assembled using iterative
mapping and de novo approaches.

To produce full Sarbecovirus genomes without missing data,
PCRs were performed for a few samples of interest. Based on sim-
ilarities with SARS-CoV-2, the ARTIC v3 protocol (DNA Pipelines
R&D et al., 2020) was used for Rp22DB159 and Rp22DB167: 5uL
of RNA extract were used to generate cDNA using Superscript IV
VILO Master Mix (Invitrogen) and amplicons were produced using
the ARTIC v3.1 primer set. The two libraries were prepared using
NEBNext Ultra Il DNA Library Prep kit (New England Biolabs, France)
and sequenced using MiSeq Reagent kit v2 (500cycles) (lllumina,
USA). To fill in the few missing genomic regions in Ra21CB8 and
Rp22DB159, we designed specific primer pairs (Table S2) and cDNAs
were used to produce amplicons using Q5 high fidelity Master Mix
(New England Biolabs, France). A library was done with an equimolar
pool of amplicons and MiSeq sequencing was conducted as detailed
above.

The Rt17DN420 genome was amplified using several primer
pairs (Table S2) and amplicons were end repaired and tailed with
the NEBNext Ultra Il End Repair/dA-Tailing Module (New England
Biolabs, USA). Barcodes from the EXP-NBD196 kit (Oxford
Nanopore Technologies, UK) were ligated to the end-prepped DNA
with NEBNext Ultra Il Ligation Module (New England Biolabs, USA).
The pooled, barcoded samples were jointly cleaned with Ampure XP
beads (Beckman Coulter, USA) and AMII sequencing adapters were
ligated with NEBNext Quick Ligation Module. After quantification
with Qubit dsDNA HS Assay Kit (Invitrogen, USA), the library was
sequenced on a R9.4.1 (FLO-MIN106D) flow cell.

2.3 | Whole-genome alignment of sarbecoviruses

Complete Sarbecovirus genomes available in December 2022 in
GenBank and GISAID databases were downloaded in Fasta format.
Sequences with a large stretch of missing data were removed. Only
a single sequence was retained for highly similar genomes (<0.1% of
nucleotide divergence), such as SARS-CoV-2 (millions of sequences),
pangolin viruses from Guangxi (5 sequences), etc. The details on the
111 selected genomes are provided in Table S3. They include all line-
ages previously described within the subgenus Sarbecovirus and 15
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TABLE 1 Sarbecovirus genomes sequenced in this study.

Virus name

SARSCoVr
Ra21CB8

Ra22DB107
Ra22DB163
Ra22DB173
Ra22DB191
Ra22QT27

Rt17DN420

Rt21LC39
Rt21LC92
Rt21LC192
Rt22CB395
Rt22DB31
Rt22DB38
Rt22LC371
Rt22LC376
Rt22LC378
Rt22QB8
Rt22QB78
Rt22QT36
Rt22QT46
Rt22QT48
Rt22QT53
Rt22QT124
Rt22QT161
Rt22QT178
Rt22SL9
Rt22SL58
Rt22SL67
Rt22SL85
Rt22SL92
Rt22SL115
Rt22SL130
SARSCoV2r
Ra22QT77
Ra22QT106
Ra22QT135
Ra22QT137
RecSar

Rp22DB159

Rp22DB167

Date

12/2021

06/2022
06/2022
06/2022
06/2022
11/2022
06/2017

11/2021
11/2021
11/2021
02/2022
06/2022
06/2022
03/2022
03/2022
03/2022
11/2022
11/2022
11/2022
11/2022
11/2022
11/2022
11/2022
11/2022
11/2022
07/2022
07/2022
07/2022
07/2022
07/2022
07/2022
07/2022

11/2022

11/2022

11/2022

11/2022

06/2022

06/2022

Sample code(s)

PO8+25+26

DB107
DB163
DB173
DB191
QT27+31+40+41
DN420

TP39

TP92
TP192+231+253
PO395+399

DB31

DB38
TP371+374+388
TP376+385
TP378+379+398
QB8+9+14

QB78

QT36+43+44
QT46+47+55+57
QT48+49+52
QT53+54+56
QT124+125+130+141
QT161+162+168+171
QT178+180+188+189
SL9+20

SL58+60

SL67

SL85+86+88
SL92+95+97
SL115+116+119
SL130+131+132

QT77+81+94+97
QT106+107+108+109
QT135+138+140

QT137+139

DB159

DB167

Host

P PX DD AD

e e R I A o B e R A I S A A o R R <

affinis

affinis
affinis
affinis
affinis
affinis

thomasi

thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi
thomasi

thomasi
affinis
affinis
affinis

affinis

pusillus

pusillus

G ¥ O 0 O O 0 0 0 0 O 0 O 0 0 O O O O 0 O 0 0 0 O O O 0 O O 0

0 O 0 O

Q

N NN LR, NN

P S S e G S N =N
W W W W W W W NN

10
10
10
10
10
10

13
13
13
13

Total reads

145,979,440N°
12,071,222PMi

147,368,172"°
221,895,122"°
193,766,498"N°
173,806,908"N°
180,980,390N°

6,999,560M
1,270,725

29,044,598N¢

132,378,662N°
22,327,756N¢

152,809,588"°
90,350,822"°

136,035,328"°
18,404,194Ne

22,865,114N¢

32,866,958N¢

174,749,536"°
155,258,714N°
138,019,446"N°
192,686,690N°
159,045,256N°
137,570,206"°
89,480,094N°

152,891,738N°
174,847,582N°
214,976,536N°
225,779,484N°
246,212,216N°
199,789,662"°
220,472,398N°
240,657,066"°
174,282,568N°

159,549,534N°
145,804,146N°
169,407,334N°
160,939,448N°

125,632,212N°
13,461,204AMi
12,071,222PMi

167,424,614N°
14,541,622~Mi

Virus reads

31,150
NA

12,188
104,383
20,270
66,299
4364

911,000
NA

1,130,241
217,686
32,665
278,791
2,203,542
406,353
36,196
41,488
1,025,362
18,066
35,838
142,184
66,199
1,423,140
145,282
164,385
114,649
89,235
65,824
14,621,456
6437
60,245,942
2,309,119
9,488,696
1,273,016

802,557
28,507
107,501
70,872

6725
NA
NA

694
NA

29,717

29,703
29,747
29,737
29,703
29,556
29,602

29,682
29,729
29,613
29,688
29,682
29,682
29,525
29,602
29,688
29,668
29,668
29,671
29,671
29,671
29,671
29,671
29,671
29,671
29,699
29,693
29,695
29,693
29,693
29,693
29,693

29,751
29,751
29,751

29,751

29,823

29,751

GenBank M

OR233291 0

OR233292 0
OR233325 0
OR233326 9
OR233304 0
OR233315 11
OR233295 0

OR233308 0
OR233314 0
OR233305 1
OR233293 0
OR233294 0
OR233310 0
OR233306 16
OR233307 10
OR233296
OR233299
OR233298
OR233318
OR233319
OR233320
OR233321
OR233300
OR233316
OR233317
OR233303
OR233312
OR233309
OR233313
OR233297
OR233301
OR233311

o O O O O O O o o o o o

-
N

o O o o

OR233324
OR233322
OR233323
OR233328

o O o o

OR233302 0

OR233327 11

Abbreviations: A, ARTIC v3 multiplex PCR; G, geographical locations (Figure S1); L, genome length; M, percentage of missing data; Mi, MiSeq lllumina
system; Na, Nanopore system; Ne, NextSeq Illumina system; N°, NovaSeq lllumina system; P, PCR amplifications (see main text for more details); S, sex.
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new viruses from Vietnam. As indicated in Table S3, several virus
names were slightly modified to be consistent with other names
and to facilitate interpretations. The nucleotide sequences were
aligned in Geneious Prime® 2020.0.3 with MAFFT 7.450 (Katoh &
Standley, 2013) using default parameters. Then, the alignment was
corrected manually on AliView 1.26 (Larsson, 2014) as explained in
Hassanin and Rambaud (2023). In agreement with previous stud-
ies, several Sarbecovirus genomes extracted from horseshoe bats
captured in Africa and Europe were used as outgroup (Hassanin
etal., 2022; Zhou et al., 2021).

2.4 | Analysis of synonymous nucleotide
composition

The SNC of Sarbecovirus genomes was studied using an alignment
reduced to all protein genes (29,541 nt; ORFlab, S, ORF3a, E, M,
ORF6, ORF7a, ORF7b, ORF8, N, and ORF10; ORF7a and ORF7b
overlap by four nucleotides). Nucleotide frequencies were calculated
as detailed in Hassanin et al. (2022) and the variables were summa-
rised by a principal component (PC) analysis using the FactoMineR
package (Lé et al., 2008) in R version 3.6.1 (from https://www.R-
project.org/).

2.5 | Phylogenetic analyses

Maximum likelihood (ML) analyses were carried out on RAXxML
8.2.11 (Stamatakis, 2014) using partitioned GTR+G models on three
alignments: whole genome (30,103 nucleotides [nt]; partitions: non-
coding regions and three codon positions of protein genes), RNA-
dependent RNA polymerase (RdRp) gene (2796 nt; partitions: three
codon positions) and Spike gene (3900nt; partitions: three codon
positions).

To examine the distribution of phylogenetic support along the
genome alignment, the dataset of 111 sarbecoviruses and 30,103 nt
was bootstrapped under the SWB program (Hassanin et al., 2022)
following the procedure detailed in Hassanin and Rambaud (2023):
five SWB analyses were conducted using different window sizes
(400, 500, 600, 1000 and 2000nt) moving in steps of 50nt. In the
SWB program, each window sub-dataset was automatically run in
RAxML (Stamatakis, 2014) with a GTR+G model and 100 bootstrap
replicates. The SWB output file contains the window bootstrap per-
centages (WBP) calculated for each window sub-datasets and for all
the bipartitions (nodes) reconstructed during the SWB analysis. For
example, the SWB analysis based on a window size of 400nt gen-
erated 377,102,075 WBP values, that is, 633,785 bipartitions with
WABP values (between 0% and 100%) for each of the 595 window
sub-datasets (Table S4). Following Hassanin et al. (2022), the LFG
program was used to convert the SWB,,, output into 595 boot-
strap log files (lists of bootstrap bipartitions with their WBP values,
from 1% to 100%), which were then used as inputs in SuperTRI v57
(Ropiquet et al., 2009) to construct an MRP (Matrix Representation

with Parsimony) file. The MRP,, file is a Nexus matrix of 111 sarbe-
coviruses and 1,298,453 binary characters (each of them represents
a bipartition found during the SWB,,, analysis); it contains an as-
sumption block to assign the cumulated WBP to all characters. The
MRP,, file was then executed in PAUP 4.0a (Swofford, 2021) using
1000 bootstrap replicates of weighted parsimony (with cumulated
WABP values used as weights) to construct a SuperTRI bootstrap 50%
majority-rule consensus (SB,,,) tree, which is a supertree showing
the phylogenetic relationships supported by the largest genomic
fragments. In parallel, we also built SBy,, SB,,, SB;g00 and SB,gq,
supertrees.

2.6 | Construction of genomic bootstrap (GB)
barcodes

A GB barcode is a small image representing the nucleotide alignment
in which the genomic regions containing a robust phylogenetic signal
(GRPS) were coloured in green whereas the regions with no robust
signal were coloured in red. The GB barcodes were constructed for
several nodes of interest using the procedure detailed in Hassanin
et al. (2022). The SWB results based on five different window sizes
were analysed to identify the intervals of GRPS as previously ex-
plained in Hassanin and Rambaud (2023). Then, the CGB program
(Hassanin & Rambaud, 2023) was used to draw the GB barcodes.

2.7 | Construction of coloured genomic bootstrap
(CGB) barcodes

A phylogenetic CGB barcode is a small image representing the ge-
nome of a virus in which the different colours show the best ro-
bust phylogenetic signals, that is, the bipartitions containing the
fewest number of closely related viruses, detected in different re-
gions of the alignment. The phylogenetic CGB barcodes were con-
structed for several viruses of interest using the SWB results based
on five window sizes and the procedure published in Hassanin and
Rambaud (2023). Firstly, the BBC program (Hassanin et al., 2022)
was used to select only SWB bipartitions showing one or more
WBP values 250% (e.g. 633,785 SWB,, bipartitions were reduced
to 2452 BBC,, bipartitions, Table S4). Then, only BBC bipartitions
including the virus of interest were selected. For example, to recon-
struct the CGB of SARS-CoV-2, we extracted 216 BBC,, biparti-
tions, 210 BBC,, bipartitions, etc. (Table S4). Then, the bipartitions
were ranked in Excel in increasing order of size, from category +1’
(bipartitions including SARS-CoV-2 and one closely related virus)
to category +110’ (the single bipartition including all viruses of our
dataset). To make comparisons between WBPs calculated in the
five SWB analyses, all WBP,,,, WBP,,,, WBP,,,, WBP,,,, and
WBP,,,270% were highlighted in green and all WBPs between
50% and 70% were highlighted in yellow green using conditional
formatting options in Microsoft® Excel. We performed the com-
parisons starting with bipartitions of the category ‘+1". Due to past
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events of genomic recombination, we found several bipartitions
supporting conflicting phylogenetic relationships, for example,
SARS-CoV-2+RaTG13, SARS-CoV-2+Rp22DB159, etc. For each bi-
partition +1, we identified the intervals of genomic regions contain-
ing a robust phylogenetic signal (GRPS) using previously published
criteria (Hassanin & Rambaud, 2023). Then, we proceeded similarly
by analysing other genomic fragments for bipartitions +2 (SARS-
CoV-2 and two closely-related viruses), bipartitions +3 (SARS-CoV-2
and three closely-related viruses), etc. In this way, we were able to
identify the closest virus(es) to SARS-CoV-2 in all regions of the ge-
nome alignment. In the last step, the intervals of GRPS (5" and 3’
median positions in the whole-genome alignment) were written in a
new CSV file for all bipartitions including SARS-CoV-2 in which one
or more GRPS were identified as the best phylogenetic signals (i.e.
bipartitions containing the fewest number of closely related viruses).
A specific colour code was chosen for each bipartition and the file
was used in the CGB program (Hassanin & Rambaud, 2023) to con-
struct the phylogenetic CGB barcode of SARS-CoV-2.

The geographical CGB barcodes (showing the geographical or-
igins of the closely related viruses) were derived from the original
phylogenetic CGB barcodes by choosing different colours for vi-
ruses collected in distinct geographical areas.

Following Hassanin and Rambaud (2023), the CGB barcodes
were used to calculate the phylogenetic contributions of viruses (C;),
those of geographical areas (C;¢), and those of host species (Cy,,).
For instance, the C of Yunnan in the CGB barcode of SARS-CoV-2
was calculated by summing the GRPS intervals in the whole-genome
alignment in which SARS-CoV-2 was found to be closely related to
one or several viruses from Yunnan and other geographical areas.
Then, the sum was multiplied by 100 and divided by the total length
of our alignment (30,103 nt) to obtain the percentage contribution.
The exclusive contributions (C, C, and Ci,) were calculated using
only bipartitions showing exclusive ancestry with the virus(es) of
interest. McNemar's Chi-squared tests were used to compare two
geographical contributions (e.g. Laos vs. Yunnan) or two host contri-
butions (e.g. R. malayanus vs. R. pusillus).

2.8 | SimPlot analyses
The Rp22DB159 genome was compared to a selection of nine
Sarbecovirus genomes using SimPlot++ (Samson et al., 2022) with

a TN93 distance model and a sliding window of 1000nt moving in

steps of 100nt along the whole-genome alignment.

3 | RESULTS
3.1 | Sarbecovirus detection
Bats were captured in Vietnam during five field expeditions in June

2017 (n=31), October-December 2021 (n=419), February-March
2022 (n=361), June 2022 (n=155) and October-November 2022

(n=252). Thirteen Rhinolophus species were identified based on an
integrative taxonomy approach combining morphological, acous-
tic and molecular data. More than 30 individuals were sampled for
seven species: R. affinis (n=192), R. episcopus (n=206), R. malayanus
(n=72), R. pearsonii (n=289), R. pusillus (n=252), R. siamensis (n=111)
and R. thomasi (n=236).

Faecal samples were investigated based on locations (n=19),
bat species (n=13), sex (females versus males), and collection dates.
In total, 547 pools were used for RNA extraction. We obtained 59
RT-gPCR amplifications of the E gene with a cycle threshold value
<30, representing 11% of the samples. These included 46 samples
of R. thomasi (n=99; 46% of positive PCRs), 10 samples of R. affinis
(n=99; 10%), two samples of R. pusillus (n=99; 2%) and one sample
of R. malayanus (n=36; 3%).

3.2 | New Sarbecovirus genomes

RNA sequencing generated thousands or millions of Sarbecovirus
reads for most of the 45 sequenced libraries. However, some libraries
did not provide enough data to perform genome assembly. In total,
we were able to assemble 38 Sarbecovirus genomes (Table 1). The
viruses were named using the following rules: the first two letters
represent an abbreviation of the bat species; the two first numbers
indicate the year of sampling; the two uppercase letters indicate the
Vietnamese province (Figure S1) followed by a field number. Twenty-
eight Sarbecovirus genomes were completely assembled with high
read-depth mean coverage (>100x) after shotgun metagenomic se-
quencing. For 10 libraries, however, the coverage was too low and
only a partial genome with several missing regions was assembled.
Multiple amplifications by PCRs (using the ARTIC v3 set and/or prim-
ers specially designed for this study, Table S2) were conducted to
complete four genomes of special interest. Assembling a full genome
without missing data was possible for Ra21CB8, Rp22DB159 and
Rt17DN420. In contrast, Rp22DB167 has posed problems because
metagenomic sequencing revealed the existence of four coronavi-
ruses in the faecal sample coming from a single bat (code: DB167),
including one decacovirus, one rhinacovirus and two sarbecovi-
ruses. The number of Sarbecovirus reads was too low compared to
Rhinacovirus reads (694 vs. 51,354), thus preventing the extraction
of separate contigs for the two sarbecoviruses. Co-infection with
two sarbecoviruses was also detected after amplification with the
ARTIC kit v3. BLAST searches were performed on divergent reads
identified in several homologous regions: the hits revealed that the
two sarbecoviruses were similar to Rp22DB159 and several viruses
from Yunnan (RpPrC31, RpHN2021G, etc.) (Figure S2). Because of
these difficulties, we choose to construct a 85% majority-rule con-
sensus sequence for Rp22DB167, which was included in our first
phylogenetic analysis (Figure 1), but not in subsequent analyses (to
avoid possible artefacts due to this unreliable ‘artificial’ sequence).
The unrooted tree based on our 38 Sarbecovirus genomes
(Figure 1) provided evidence for 17 viruses. Strains of the same
virus showed highly similar genomes (nucleotide distances <0.07%);
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FIGURE 1 Distance tree of the 38
Sarbecovirus genomes assembled for this
study. The tree was built in PAUP 4.0a
(Swofford, 2021) with the Neighbour-
Joining method using a genomic alignment
of 29,979 nucleotides. The three divergent
lineages of Sarbecovirus are highlighted

in grey, including the 32 viruses closely
related to SARS-CoV (SARSCoVr), the four
viruses closely related to SARS-CoV-2
(SARSCoV2r), and the two recombinant
viruses (RecSar) between SARSCoVr and
SARSCoV2r lineages. The bold letters
indicate the 17 sarbecoviruses identified
in this study. For all of them, except C
and J (written in red), we assembled one
or several complete genomes with no
missing data. Locations (L1, L2, L3, etc.)
where bats were sampled are numbered
as in the map provided in Figure S1 and
viruses from the same location are linked
by dashed lines.
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they were generally collected in the same cave or karst network
(e.g. locations N°2 and N°3) and some were sampled after a period
of 4 months (e.g. Rt21LC39 in November 2021 and Rt22LC371 in
March 2022). The 17 sarbecoviruses were separated by nucleotide
distances ranging from 1.2% to 21%. Three divergent clusters can
be recognised in Figure 1: SARSCoVr (32 genomes representing 14
viruses), SARSCoV2r (four genomes representing a single virus), and
RecSar (two sequences representing three viruses; see above for
Rp22DB167). Pairwise nucleotide distances are as follows: 10%-
11% between SARSCoV2r and RecSar; 16%-18% between SARSCoVr
and RecSar; and 20%-21% between SARSCoVr and SARSCoV2r.

In some locations, we detected different viruses: in location
N°13, we found one SARSCoV2r in four R. affinis samples and one
SARSCoVr in seven R. thomasi samples and one R. daffinis sample; in

flying bats captured close to the border with China (location N°3), we
sequenced two RecSar in R. pusillus and two SARSCoVr in R. affinis.

3.3 | Synonymous nucleotide composition
Nucleotide frequencies were calculated at four-fold and two-fold
degenerate third codon positions (abbreviations: 4X-P3 and 2X-P3
respectively) (Table S5) and these eight variables were summarised
by a PC analysis based on the first two dimensions, which contribute
72% and 20% of the total variance respectively (Figure 2).

The sarbecoviruses from Vietnam are distributed in differ-
ent SNC groups: (i) Ra22QT77 is close to SARS-CoV-2 and other
bat SARSCoV2r; (ii) Rp22DB159 is close to RecSar collected in R.
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FIGURE 2 Variation in synonymous nucleotide composition (SNC) at third codon positions of Sarbecovirus genomes. The alignment

of protein-coding genes (29,541 nt; 111 Sarbecovirus genomes) was used to calculate the frequency of the four bases either at four-fold
degenerate third codon positions (A4, C4, G4 and U4 variables) or at two-fold degenerate third codon positions for either purines (A2 and
G2 variables) or pyrimidines (C2 and U2 variables) (Table S5). The main graph represents the individual factor map obtained from the PC
analysis based on the eight variables. The small circular graph at the top left represents the variables factor map. The eight SNC groups
previously identified (Hassanin, 2022) are highlighted by different colours: (i) black for coronaviruses related to SARS-CoV (SARSCoVr), (ii)
green for coronaviruses related to SARS-CoV-2 (SCoV2r), (iii) light blue for the two pangolin sarbecoviruses (PangSar), (iv) dark blue for bat
viruses showing evidence of genomic recombination between SARSCoVr and SARSCoV2r (RecSar), (v) pink for the bat sarbecoviruses from the
Yunnan province showing a divergent SNC (YunSar), (vi) orange for bat sarbecoviruses from Japan, (vii) brown for bat sarbecoviruses from
Europe and (viii) purple for the bat sarbecovirus from Kenya. The 15 sarbecoviruses collected in Vietnam are distinguished as follows: the
three SARSCoVr from Rhinolophus affinis are indicated by black circles with orange outline; the ten SARSCoVr from Rhinolophus thomasi are
indicated by black circles with red outline; the positions of Ra22QT77 (SARSCoV2r) and Rp22DB159 (RecSar) are shown by an arrow.

pusillus from three provinces of China, that is, Hunan (RpHN2021A
and RpHN2021G), Yunnan (RpJCC9, RpPrC31 and RpYN2021) and
Zhejiang (RpVZC45 and RpVZXC21); (iii) all nine SARSCoVr from
northern Vietnam are grouped with SARS-CoV and all other bat
SARSCoVr except RsGD2017Q; (iv) the three SARSCoVr from central
Vietnam (Rt22QB8, Rt22QB78 and Rt22QT124) are separated from
the main SARSCoVr group; and (v) the sarbecovirus sampled farthest
south in Vietnam, Rt17DN420, occupies a more isolated position.
Some SNC groups showed specific features (Table S5): SARSCoV2r
and pangolin viruses have the highest percentages of U at 4X-P3 and
the highest percentages of A at 2X-P3; viruses of the clade named
SARSCoV2r sensu lato (including SARSCoV2r, pangolin viruses and
RecSar) (Hassanin et al., 2022) have the lowest percentages of C and
G at 4X-P3; YunSar viruses (RaTG15 and RstYNO4) have the highest

percentages of C and lowest percentages of A at 4X-P3; European
sarbecoviruses have the highest percentages of G at 2X-P3.

In Figure 2, the clustering of Vietnamese SARSCoVr extracted
from R. thomasi in three geographical groups (north, central and
south) suggests a negative correlation between the percentages of
U nucleotides and the latitudinal distribution of bat populations. By
reporting the percentages of pyrimidines at synonymous sites of
SARSCoVr genomes against the latitudes of the sampling sites, we
found a negative correlation between the latitudes and percent-
ages of U at both 2X-P3 and 4X-P3 (R?=0.982 and 0.918 respec-
tively; Figure S3) and a positive correlation between the latitudes
and percentages of C at both 2X-P3 and 4X-P3 (R*=0.983 and
0.839, respectively; Figure S3). These results therefore indicate that
SARSCoVr genomes evolve in R. thomasi of Vietnam under strong
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latitudinal pressure, the viruses having more C-to-U mutations at
lower latitudes than higher latitudes. By analysing the dinucleotide
composition at second and third codon positions of SARSCoVr ge-
nomes isolated from R. thomasi, we showed that the bias toward
C-to-U mutation concerns all types of dinucleotides (AC-to-AU, CC-
to-CU, GC-to-GU and UC-to-UU) (Figure S4).

3.4 | Phylogenetic trees of sarbecoviruses

All traditional phylogenetic methods, such as Bayesian inference
and ML estimation, assume that all regions of the sequences share
a common underlying evolutionary history (Posada et al., 2002).
This basic assumption is violated in the case of bat sarbecoviruses
because different small genomic regions can support strikingly
discordant phylogenetic relationships due to multiple past events
of recombination (Boni et al., 2020; Forni et al., 2017; Hassanin &
Rambaud, 2023). This is well illustrated in our study as the ML trees
reconstructed from the whole-genome sequences, RdRp and Spike
genes showed high levels of topological incongruence (Figures 3 and
4). For instance, SARS-CoV-2 was found related to different viruses
if we consider bootstrap percentages (BP)>70%: RaTG13+RmBAN
AL52 +RmaBANAL236+RpBANAL103 (BP=71%) based on the ge-
nome alignment; all SARSCoV2r except RacCS203 (BP=88%) based
on the RdRp gene; MjGuangxi + RaTG13+Rp22DB159 (BP=98%)
based on the Spike gene.

To better interpret conflicting phylogenetic signals, we reported
the GB barcodes of all SARS-CoV and SARS-CoV-2 nodes sup-
ported by BP>70% in the phylogenetic trees of Figures 3 and 4.
Importantly, several of these nodes were found not supported by
any genomic fragment, that is, GB barcodes without green region
(GRPS=0%), such as the sister-group relationship between SARS-
CoV and RsYN2020C in the genome tree of Figure 3 (BP=100%).
Only two SARS-CoV and SARS-CoV-2 nodes in the genome tree
were found to be supported by large regions representing more than
one third of the alignment (GRPS > 33%): SARSCoVr (GRPS=44%),
which includes most sarbecoviruses from China and Vietnam; and
a large clade uniting all Asian sarbecoviruses except SARSCoVr
(GRPS=42%).

To better understand the evolution of sarbecoviruses, we also
performed phylogenetic analyses based on SWB and SuperTRI
methods (Table S4). This approach was designed to reveal the re-
lationships supported by the largest proportions of the genome
(Hassanin et al., 2022, 2024; Hassanin & Rambaud, 2023). Since
the five SuperTRI bootstrap (SB) trees reconstructed from the SWB
analyses based on different window sizes showed high node con-
gruence (Figures S5-S9), we decided to show in Figure 5 a strict
consensus tree in which all topological differences between the
five SB trees were collapsed. A few nodes of the SB consensus tree
showed a green or quasi-green (298%) GB barcode, indicating that
GRPS cover between 100% and 98% of the genome alignment. All
these highly supported nodes concern sister-group relationships,
that is, between the two Japanese sarbecoviruses, between the

two YunSar viruses, and between Ra22QT77 and RshSTT200. As
expected, all these nodes were supported by BP=100% in the ML
trees based on whole-genome sequences, RdRp and Spike genes
(Figures 3 and 4). Importantly, the SB consensus tree of Figure 5
showed more nodes supported by large genomic regions than the
genome tree of Figure 3. Among them, there are three deep nodes:
(i) SARSCoV2r (GRPS=19%), which includes SARS-CoV-2 and 10
bat sarbecoviruses; (ii) a large clade, named SARSCoV2r sensu lato
(Hassanin et al., 2022) (GRPS =32%), which contains SARSCoV2r, the
two pangolin viruses and the eight RecSar; and (iii) SARSCoV2r sensu
lato excluding MjGuangxi (GRPS=41%). Interestingly, the phylo-
genetic signal supporting SARSCoV2r was restricted to the central
region of the genome (GB barcode in Figure 5), that is, the region
containing the RdRp gene. In agreement with that, SARSCoV2r was
found monophyletic in the RdRp tree (BP=83%,; Figure 4a). By con-
trast, the phylogenetic signals supporting SARSCoV2r sensu lato and
SARSCoV2r sensu lato excluding MjGuangxi were found in both 5’
and 3’ regions of the genome (GB barcodes in Figure 5). By analys-
ing all bipartitions involving SARS-CoV and SARS-CoV-2, we were
able to detect robust signals for alternative relationships in which
SARSCoVr was found as the sister-group of RecSar (GRPS=12%,;
positions 15,251-20,050) and SARSCoV2r was found grouped with
pangolin viruses and YunSar (GRPS=23%,; positions 12,901-20,900)
(GB barcodes in Figure 5). These results confirmed that RecSar ge-
nomes have emerged through past recombination of SARSCoVr and
SARSCoV2r: their central region is SARSCoVr-like, whereas their 5’
and 3’ regions are SARSCoV2r-like.

3.5 | Multiple phylogenetic signals detected in the
spike gene of SARS-CoV-2

The Spike tree in Figure 4b provided BP=98% for the node uniting
SARS-CoV-2, Rp22DB159, RaTG13, and MjGuangxi, and BP=100%
for their grouping with RmBANALS52. However, the phylogenetic
CGB barcodes of the Spike gene (Figure 6) showed a more complex
situation, as different phylogenetic signals were detected along the
gene. In the 5’ region, we indeed found a genomic fragment sup-
porting the grouping of SARS-CoV-2 with Rp22DB159, RaTG13,
RmBANALS52 and MjGuangxi (bipartition D; positions 1-1099) and
a smaller fragment in which RmBANALS52 was excluded from the
group (bipartition C; positions 900-1049). However, the best signals
provided support for exclusive ancestry of SARS-CoV-2 with either
RaTG13 (bipartition 1; pos. 1-549) or Rp22DB159 (bipartition 2; pos.
700-999). The pangolin virus MjGuangxi was excluded from most of
the best bipartitions identified in central and 3’ regions of the gene.
In the central region, the best signals showed evidence for the group
uniting SARS-CoV-2, Rp22DB159, RmBANAL52, RmaBANL236, and
RpBANAL103 (bipartition E; pos. 1200-1599) or a larger group also
containing RaTG13 (bipartition F; pos. 1750-2049). The 3’-end re-
gion provided support for different relationships: SARS-CoV-2 was
found related to either RmMBANAL247 + RmYNO2 (bipartition B; pos.
3300-3749) or RshSTT200 (bipartition 3; pos. 3800-3900).
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FIGURE 3 Maximum Likelihood tree based on whole-genome sequences of sarbecoviruses (30,103 nucleotides). The tree was
reconstructed with RAXML using different GTR+G models for the four partitions corresponding to the three codon positions and non-
coding regions. The 15 viruses from Vietnam are highlighted with a red circle. The colours of sarbecoviruses indicate to which group of
synonymous nucleotide composition they belong (written at the right; see Figure 2). Sarbecoviruses found in Europe and Africa were used as
outgroup. Bootstrap percentages (BP) higher than 50% are indicated at the nodes. The genomic bootstrap (GB) barcodes were constructed
for all SARS-CoV and SARS-CoV-2 nodes supported by BP >70%. The genomic regions containing a robust phylogenetic signal (GRPS) are
highlighted in green in GB barcodes, whereas the regions with no (robust) phylogenetic signal are coloured in red. The intervals of GRPS
were used to calculate the percentage of the genome alignment supporting phylogenetic relationships (value in green for each GB barcode).
Values marked with an asterisk indicate nodes also found to be monophyletic in the supertree of Figure 5.
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FIGURE 5 Consensus tree from SWB and SuperTRI analyses based on the whole-genome alignment of sarbecoviruses. The alignment
of 30,103 nucleotides was analysed using the SWB program (Hassanin et al., 2022) and five different window sizes (400, 500, 600, 1000

or 2000nt). Then, the five SWB output files were transformed into five MRP files (with LFG and SuperTRI programs; Hassanin et al., 2022;
Ropiquet et al., 2009) which were then executed in PAUP 4.0a (Swofford, 2021) to construct five SuperTRI bootstrap 50% majority-rule
consensus (SB) trees using weighted parsimony and 1000 bootstrap replicates. The shown tree is a strict consensus of the five SB trees
based on different window sizes. The 15 viruses from Vietnam are highlighted with a red circle. The colours of sarbecoviruses indicate to
which group of synonymous nucleotide composition they belong. The genomic bootstrap barcodes were constructed for all nodes involving
SARS-CoV, SARS-CoV-2 and bat sarbecoviruses from Vietnam. The genomic regions containing a robust phylogenetic signal (GRPS) are
highlighted in green in GB barcodes, whereas the regions with no (robust) phylogenetic signal are coloured in red. The intervals of GRPS
were used to calculate the percentage of the genome alignment supporting phylogenetic relationships (value in green for each GB barcode).
The ‘G' letter was used to highlight nodes also found to be monophyletic in the genome tree of Figure 3.
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The highest phylogenetic contributions to SARS-CoV-2 in the
Spike gene (Figure 6) were found for Rp22DB159 (C;,r=72%/8%),
RaTG13(C;/=68%/14%),and threeviruses from Laos (RmBANALS52,
RmaBANAL236 and RpBANAL103; CT/E=59%—58%/0%).

In Figure 7, we showed the protein alignment of the receptor-
binding domain (RBD) followed by the region of the furin cleavage
motif in SARS-CoV-2. The alignment includes the nine animal viruses
showing the highest RBD similarity with SARS-CoV-2: Rp22DB159
and RmBANAL52 (6 amino acid differences), MjGuangdong and
RpBANAL103 (7 differences), RmaBANAL236 (8 differences),
RaTG13 (22 differences), MjGuangxi (31 differences), RshSTT200
(35 differences) and Ra22QT77 (36 differences). The sequences of
the four other SARSCoV2r (RacCS203, RmBANAL247, RmYNO2 and
RpYNO6) and SARS-CoV were included in the alignment for compar-
ison; they showed between 59 and 63 differences with SARS-CoV-2,
including a large deletion of 14 amino acids in the receptor-binding
motif (RBM) that interacts directly with ACE2 (Lan et al., 2020) (69
sites highlighted in yellow in Figure 7). In the RBM, SARS-CoV-2 was
highly divergent from RaTG13 (17 differences; 25%) but showed a sin-
gle difference with RmBANAL52, RoBANAL103, and MjGuangdong,
and two differences with Rp22DB159 and RmaBANAL236.

In the RBD region, our analysis of CGB barcodes (Figure 6) re-
vealed several robust phylogenetic signals, but the best signal found
in the RBM region supported the grouping of SARS-CoV-2 with
Rp22DB159, RmBANAL52, RmaBANAL236 and RpBANAL103
(bipartition E, 400nt). A phylogenetic analysis based on this frag-
ment of 400nt (Figure S10) confirmed the monophyly of this
group (BP=97%) and it appeared closely related to MjGuangdong
(BP=72%), which is consistent with the high amino acid conser-
vation observed in Figure 7. In contrast, all other RecSar and four
SARSCoV2r (RacCS203, RmBANAL247, RmYNO2 and RpYNOQé6) were
found more closely related to SARSCoVr (BP=100%).

Our alignment showed that the furin cleavage motif S1/52
(amino acid sequence: RRAR) is a unique feature of SARS-CoV-2,
formed by the insertion of the 12-bp motif ‘CCT-CGG-CGG-GCA’
(Figure 7). The furin motif is located into a large genomic region in
which the best phylogenetic signal involves the grouping of SARS-
CoV-2 with Rp22DB159 and six SARSCoV2r (Ra22QT77, RaTG13,
RmBANAL52, RmaBANAL236, RpBANAL103 and RshSTT200; H
bipartition, 500 nt; Figure 6). In this region, there is no evidence for
recent recombination as we did not detect discordant phylogenetic
relationships. However, our method cannot detect recombination
events involving genomic fragments smaller than 50 nt (step param-
eter used during SWB analyses) and the lack of robust phylogenetic
signal in this region could be also explained by unsampled viruses
closely related to SARS-CoV-2.

3.6 | Virus and host contributions to Rp22DB159

The genome of Rp22DB159, a virus collected in north-western

Vietnam close to the border with China, was found to have a Spike

gene very similar to that of SARS-CoV-2. Its phylogenetic CGB bar-
code and SimPlot analysis are shown in Figure 8 to better under-
stand its multiple phylogenetic affinities. First, 73% of its genome
share exclusive ancestry with five viruses, including three RecSar,
that is, RpPrC31 (C.=32.2%), RpYN2021 (32.1%) and RpJCC?
(6.5%), and two SARSCoV2, that is, SARS-CoV-2 (1%) and RaTG13
(0.8%). Coloured arrows numbered 1-12 in Figure 8 were used to
highlight that all genomic regions supporting exclusive ancestry are
those showing the highest similarity to one of these five viruses.
Second, the SimPlot graph confirmed that Rp22DB159 belongs
to the RecSar lineage, as previously inferred based on SNC results
and GB barcodes (Figures 2 and 5): Rp22DB159 showed high simi-
larity with the three other RecSar viruses included in the analysis
(RpPrC31, RpYN2021 and RpJCC9); SARS-CoV was found highly
divergent from Rp22DB159 in 5’ and 3’ regions but very similar to
Rp22DB159 and the three other RecSar viruses in the central re-
gion (around positions 14,000-20,000). Third, both CGB barcode
and SimPlot results showed that the Spike gene (positions 21,652-
25,551) of Rp22DB159 is closely related to some SARSCoV2r, includ-
ing SARS-CoV-2, RaTG13, BANAL viruses, etc.

The species R. pusillus clearly showed the highest phylogenetic
contribution to Rp22DB159 (Cqy,/ey=96%/77%; Crpy/pns19%/3%
for other species) indicating that its recent evolution has occurred
mainly in this host.

3.7 | Phylogeographic analysis of bat SARSCoVr

Sarbecoviruses found in horseshoe bats of Vietnam showed geograph-
ical structuring in the distance tree of Figure 1. Particularly relevant is
the dichotomy separating SARSCoVr from northern provinces (in blue)
and those from southern provinces (in orange). Although southern
Vietnamese SARSCoVr were recovered monophyletic in all phyloge-
netic analyses (Figures 3-5), northern Vietnamese SARSCoVr were
found either paraphyletic or polyphyletic, suggesting a more complex
pattern of phylogeographic evolution. To better interpret their geo-
graphical affinities, we constructed the geographical CGB barcodes of
all bat SARSCoVr from Vietnam. The results showed a colour separation
between viruses from northern and southern provinces (respectively
surrounded by blue and orange dashed lines in Figure 9). In addition, a
few viruses from northern Vietnam were found to exhibit stronger af-
finities with viruses from China. This is obvious for Ra22DB163, which
was sampled in north-western Vietnam (location N°3): all regions of
its genome can be related to viruses sampled in Yunnan (C;,=100%)
and 37% of its genome involves exclusive ancestry with Yunnan vi-
ruses (vs. C;=0% for the three other geographical areas). Another
example is Ra21CB8, which was collected in north-eastern Vietnam
(location N°1): 97% of its genome can be related to viruses found in
China except Yunnan (vs. C=46% and 41% for Yunnan and northern
Vietnam respectively) and 53% of its genome showed exclusive ances-
try with viruses sampled in China except Yunnan (vs. C.;=1% and 0%

for Yunnan and northern Vietnam respectively).
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FIGURE 6 Phylogenetic coloured genomic bootstrap (CGB) barcodes of the Spike gene reconstructed for SARS-CoV-2 and related
sarbecoviruses. The phylogenetic CGB barcode of SARS-CoV-2 is shown at the top and middle of the figure. The 5" and 3’ ends of the
alignment provided in Figure 7 are indicated by black dashed lines, with the position of the furin cleavage site highlighted by a red dashed
line. In the CGB barcode of SARS-CoV-2, the 13 bipartitions are highlighted by different colours and named 1, 2, 3, A,B,C,D, E,F, G, H, |
and J. Numerical notations were used for SARS-CoV-2 bipartitions involving a single bat virus while alphabetical notations were used for
SARS-CoV-2 bipartitions involving several bat viruses. The GB barcodes involved in the CGB barcode of SARS-CoV-2 are shown below,
from the three smallest bipartitions (Bip. +1, i.e. including only a single virus closely related to SARS-CoV-2, named 1, 2 and 3) to the largest
bipartition (Bip. +22, i.e. including 22 viruses closely related to SARS-CoV-2, coloured in black). Coloured lines show the links between
nested bipartitions of n and n+1 levels. For instance, the phylogenetic signal found for bipartition 1 (SARS-CoV-2 + RaTG13) was found to be
nested within those of bipartitions 42’ named K (SARS-CoV-2 +RaTG13 + RmBANAL52) and A (SARS-CoV-2 +RaTG13+Rp22DB159) for its
5- and 3’-parts, respectively. For each link between two bipartitions, the virus(es) excluded from the smallest nested bipartition are shown
at the arrowhead, for example, 2 (=Rp22DB159) for the link between bipartitions A and 1. The 13 animal sarbecoviruses showing close
relationships with SARS-CoV-2 are numbered from 1 to 13 and their phylogenetic CGB barcodes are shown in the left and right parts of the
figure. Their phylogenetic contributions to the Spike gene of SARS-CoV-2 are indicated in the black box at the right of virus names: C; (total
contribution) are written in black followed by C, (exclusive contribution) in red (see also Figure S14).
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FIGURE 7 Sequence alignment of the Spike protein including the receptor-binding domain (RBD) and the region around the furin
cleavage site. The protein alignment was here reduced to SARS-CoV-2 and the nine animal viruses showing the highest RBD similarity with
SARS-CoV-2, including Rp22DB159 (RecSar), six SARSCoV2r and the two pangolin sarbecoviruses. The four other SARSCoV2r (RacCS203,
RmBANAI247, RmYNO2 and RpYNO6) and SARS-CoV were also included in the alignment for comparison. The amino acid sites of the

RBD are comprised between positions 1 and 223; the amino acids that interacts directly with ACE2 (receptor-binding motif, RBM) (Lan

et al., 2020) are highlighted in yellow; the bar coloured in duck blue indicates the intervals corresponding to bipartition E in Figure 6; the
three mutations discussed in the main text are also shown in duck blue (using SARS-CoV-2 numbering). The red bars above the amino acid
positions indicate the SARS-CoV-2 specific mutations, including two amino acid replacements and the PRRA insertion which formed a furin
cleavage motif (RRAR) at the S1-5S2 boundary. All the nine viruses showing the highest RBD similarity with SARS-CoV-2 share the same S2’
motif with SARS-CoV-2 (KPSKR, not shown in the alignment).
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FIGURE 8 Phylogenetic coloured genomic bootstrap (CGB) barcode (a) and similarity plot analysis (b) of Rp22DB159. The phylogenetic
CGB barcode of Rp22DB159 (Figure a, top of the middle column) was constructed using SWB, BBC and CGB scripts as detailed in Hassanin
and Rambaud (2023). The bipartitions representing more than 1% of the genomic alignment were distinguished by different colours,
whereas those representing <1% of the genomic alignment were coloured in grey. Below the full CGB barcode are reduced versions showing
the contribution of the different bipartition categories: +-1’ for the five bipartitions supporting the grouping of Rp22DB159 with a single
virus, ‘42’ for the two bipartitions supporting the grouping of Rp22DB159 with two viruses, etc. The similarity plot analysis (Figure b) was
performed with the SimPlot++ program (Samson et al., 2022). The Rp22DB159 genome was used as reference and compared to a selection
of nine sarbecoviruses, including the five viruses sharing direct ancestry with Rp22DB159 in the CGB barcode (highlighted with an asterisk).
The grey boxes indicate the genomic region of the Spike gene. Coloured arrows numbered 1-12 were used to show consistency between the
five ‘bipartitions +1’ in the CGB barcode of Rp22DB159 (blue for RpPrC31, light blue for RpYN2021, duck blue for RpJCC9, red for SARS-
CoV-2 and orange for RaTG13) and the highest similarity values found in the SimPlot analysis.
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FIGURE 9 Geographical coloured genomic bootstrap (CGB) barcodes reconstructed for sarbecoviruses of unknown origin (a) and

those found in georeferenced horseshoe bats of Southeast Asia and Yunnan (b). In Figure a are shown the geographical CGB barcodes
reconstructed for SARS-CoV, SARS-CoV-2 and one RecSar virus of unavailable origin in Yunnan (RpJCC9). We also showed the genome
structure of sarbecoviruses with the following abbreviations: E: envelope gene; M: membrane gene; N: nucleocapsid gene; S: spike gene;
1ab: ORF (Open Reading Frame) 1ab; 3a: ORF3a; 6: ORF6; 7ab: ORF7ab; 8: ORF8; 10: ORF10. In Figure b are shown the geographical CGB
barcodes reconstructed for sarbecoviruses found in georeferenced horseshoe bats: on the left for SARSCoV2r and RecSar; on the right for
SARSCoVr. The best bipartitions found in the phylogenetic CGB barcodes were coded using different colours for geographical areas listed

at bottom. For instance, blue was used for all intervals in which the best signals included only viruses from northern Vietnam (N-VN). Then,
the contribution of each main geographical areas (N-VN; S-VN: southern Vietnam; YN: Yunnan; CNeYN: China except Yunnan; etc.) was
estimated using two indicators: (i) the total contribution (C;), which corresponds to the percentage of the genome alignment for which

the best bipartitions involved at least one sarbecovirus from the geographical area (written in black above barcodes); and (ii) the exclusive
contribution (C.), which corresponds to the proportion of exclusive ancestry, that is, the percentage of the genome alignment for which the
best bipartitions involved only sarbecovirus(es) from the geographical area (given in red above barcodes). The indicators found statistically
significant are indicated in bold. When YN* was used instead of YN, the calculations were made assuming that Yunnan and location N°3 in
north-western Vietnam (in which Rp22DB159 was sampled) belong to the same geographical area (more details available in the main text).
The C;;<50% were not shown except those involving exclusive ancestry (C;>0). Red arrows below barcodes indicate the percentages of
exclusive ancestry with SARS-CoV-2 (at the left) and SARS-CoV (at the right). The white dotted line shows the climate separation between
subtropical northern Vietnam and tropical southern Vietnam based on the Képpen-Geiger climate classification (Peel et al., 2007). Map from
Google Earth Pro (version 7.3.3.7786) US Dept of State Geographer © 2020 Google—Image Landsat/Copernicus—Data SIO, NOAA, U.S.
Navy, NGA, GEBCO.
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3.8 | Phylogeographic analysis of bat
SARSCoV2r and RecSar

The geographical CGB barcodes reconstructed for SARS-CoV-2, the
10 bat SARSCoV2r and four related bat RecSar are shown in Figure 9.
For Rp22DB159, which was sampled in north-western Vietnam (lo-
cation N°3), close to the border with Yunnan, we found strong affini-
ties with Yunnan viruses (C1 ¢ =95%/75%). We therefore conclude
that Rp22DB159 from north-western Vietnam and RecSar viruses
from Yunnan evolved in the same ecological region. This is also sup-
ported by the proximity of location N°3 in Vietnam and the three
RecSar locations in southern Yunnan (between 110 and 140km).
In agreement with that, the mitochondrial haplotype sequenced
for DB159 (mt-Co1 gene) was also detected by BLAST search in R.
pusillus found in two Yunnan locations (Table S6) and the ecologi-
cal affinities between location N°3 in north-western Vietnam and
Yunnan was also supported by the geographical CGB barcode of
Ra22DB163, a SARSCoVr collected in location N°3, which showed
higher contributions from Yunnan (CTG/EG:100%/37%) than from
other locations in northern Vietnam (C;¢ ¢ =62%/0%).

The geographical CGB barcode of Ra22QT77 from central Vietnam
showed that it is closely related to RshSTT200 from Cambodia in most
parts of its genome (C;=99%/98%). In a small region, however, its
genome was found to share exclusive ancestry with RacCS203 from
Thailand (C=1%). The geographical affinities of RacCS203 remain elu-
sive based on the available data, as very similar C; (75%-71%) were cal-
culated for Cambodia, Laos, southern Vietnam and Yunnan. In contrast,
the four BANAL viruses from Laos showed strong affinities with each
other (Ciq/ee=75%-99%/51%~77%), indicating that their recent evolu-
tion has taken place more locally rather than through imports from other
countries. The three SARSCoV2r from Yunnan contrasted less, although
the contributions were always more important for Yunnan than for Laos:
RaTG13 (Cig e =94%/4% vs. 85%/1%), RmMYNO2 (C;q e =78%/35%
vs. 62%/19%) and RpYNO6 (C = 90%/38% vs. 49%/9%). In addition,
the geographical CGB barcode of RaTG13 appeared to contain many re-
gions coloured in green, indicating a lack of affinities with other sarbeco-
viruses. A similar but lesser green pattern was also found for RacCS203
and SARS-CoV-2. These elements indicate that many genomic regions
of these viruses are divergent from all sarbecoviruses currently known.
For SARS-CoV-2 however, the two geographical indicators provided
very high support for an origin in the zone covering northern Laos,
southern Yunnan and north-western Vietnam (C; ;= 100%/46%) and
more support (significance level: .05 but not .01) for an origin in Yunnan
(Crg/ec=84%/19%) than Laos (Crg p=78%/15%).

4 | DISCUSSION
4.1 | Divergent evolution of bat sarbecoviruses in
subtropical northern Vietnam and tropical southern

Vietham

Although several bat coronaviruses have already been described
in Vietnam, none of these were found to belong to the subgenus

Sarbecovirus (Berto etal., 2018; Latinne et al., 2023; Phan et al., 2018).
However, the ecological niche previously inferred for SARSCoV2r
suggested that these viruses could occur in two regions of Vietnam
(Hassanin, Tu, et al., 2021): the north-western region and the bor-
ders with Laos and Cambodia in southern Vietnam. These predic-
tions were partly confirmed here as we detected two sarbecoviruses
related to SARS-CoV-2 in Vietnam. On one hand, Ra22QT77 was
found in four R. dffinis bats collected in central Vietnam (Figure 1).
Phylogenetically, it belongs to SARSCoV2r (Figure 5) and its SNC is
very similar to that of SARS-CoV-2 (Figure 2). Most parts of its ge-
nome, including the Spike gene, appeared very similar to RshSTT200
(Figures 5 and 9), a virus sampled in northern Cambodia in 2010
(Delaune et al., 2021). On the other hand, Rp22DB159 was discov-
ered in R. pusillus close to the border with Yunnan. This is the first
RecSar virus found outside China. Although most parts of its genome
were closely related to RecSar from Yunnan (RpJCC9, RpPrC31, and
RpYN2021) (Figure 8), its Spike gene appeared very similar to SARS-
CoV-2 (Figures 6 and 7).

The geographical distribution of SARSCoVr viruses here iden-
tified in Vietnam (Figure 9) fits well with the ecological niche pre-
viously inferred for SARSCoVr (Hassanin, Tu, et al., 2021), although
the detection of Rt17DN420 in Dak Nong province indicates a more
southerly distribution. The southern limit seems to coincide with
the southern mountains of the Annamite Range. Most SARSCoVr
viruses were sampled in R. thomasi, a bat species occurring in south-
ern China, Vietnam, Laos, northern Thailand and eastern Myanmar
(IUCN, 2022). A few SARSCoVr were also detected in R. dffinis,
suggesting cross-species transmission between R. thomasi and R.
affinis. However, four points suggest that R. thomasi is the main
reservoir host of SARSCoVr in Vietnam: (i) the geographical distri-
bution of R. thomasi in Vietnam (IUCN, 2022) coincides well with
that of SARSCoVr; (ii) the overall prevalence of SARSCoVr is much
more important in R. thomasi (46%) than R. affinis (6%); (iii) in loca-
tion N°13 (central Vietnam), we sequenced the same SARSCoVr in
both Rhinolophus species, but with more positives in R. thomasi (7
vs. 1), suggesting a recent transmission from R. thomasi to R. affi-
nis; the hypothesis was also corroborated by the tree of Figure 1, as
Ra22QT27, extracted from R. affinis, was placed within a group of
SARSCoVr sampled in R. thomasi; and (iv) the diversity of SARSCoVr
was higher in R. thomasi than R. affinis (11 and 4 viruses respectively).

Our analysis of mitochondrial haplotypes for R. thomasi showed
that Vietnamese bats carrying SARSCoVr fall into two geographical
clades (Figure S11): (i) the northern clade includes bats from north-
ern Vietnam (Cao Bang, Dien Bien, Lao Cai and Son La province),
north-eastern Laos (Houaphan province) and south-eastern China
(Guangxi, Guizhou and Hunan provinces); and (ii) the southern clade
contains bats from three latitudinal lineages, that is, the first in-
cludes bats from Vientiane in northern Laos, the second comprises
bats from the Annamite Range in central Vietnam (Quang Binh and
Quang Tri provinces) and central and southern Laos (Champasak and
Khammouan provinces), and the third is represented by the single
bat from southern Vietnam (Dak Nong province). A north-south
phylogeographic pattern has been previously observed for several
other bat taxa distributed in Vietnam, such as Kerivoula, Scotophilus
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and Tylonycteris species (Tu et al., 2017, 2018, 2021). The main geo-
graphical separation fits well with the Képpen-Geiger climate classi-
fication (Peel et al., 2007), which divides Vietnam into two latitudinal
regions: the northern third has a more temperate climate (from China
to Nghe An province), generally referred as a humid subtropical cli-
mate, whereas the southern two-thirds has a tropical wet climate
(from Ha Tinh province in the north to the Mekong River delta in
the south) (Figure 9). In subtropical northern Vietnam, winter lasts
usually 2 or 3 months and temperatures can fall below freezing in
mountainous areas. In tropical southern Vietnam, the temperatures
of coldest months rarely drop below 18°C (Van et al., 2000). This
suggests that northern bats need to hibernate in winter, whereas
their southern counterparts do not.

The latitudinal structure of genetic diversity in R. thomasi sug-
gests that bats of this species have a limited dispersal capacity.
Interestingly, the SARSCoVr isolated from R. thomasi showed the
same phylogeographic pattern, with three latitudinal lineages de-
tected in northern, central and southern Vietnam (Figures 5 and 9).
To our knowledge, this is the first study showing evidence of lati-
tudinal coevolution between sarbecoviruses and their bat hosts. In
addition, the three latitudinal lineages of SARSCoVr detected in R.
thomasi showed different SNCs (Figure 2) and we found an inverse
linear correlation between the latitude and level of C-to-U mutations
at synonymous third codon positions (Figure S3). What bat host-
dependent mechanism(s) may decrease the levels of cytosine deam-
ination in SARSCoVr genomes with latitude? As previously discussed
in Hassanin et al. (2022), several arguments suggest a key role of
bat hibernation: (i) bat hibernation may be correlated with latitude
because it depends on winter length (Dunbar & Brigham, 2010); (ii)
bat hibernation is likely to impact the SNC of Sarbecovirus genomes
via two possible mechanisms: viral replication may be significantly
reduced; and the concentrations of free nucleotides available in bat
cells may be modified due to reduction and remodelling of many
metabolic pathways (Andrews, 2007); (i) C-to-U mutations are more
common in sarbecoviruses of tropical bats than those of temperate
bats; this bias was confirmed in our study as we found higher per-
centages of U and lower percentages of C in Sarbecovirus genomes
extracted from bats of tropical latitudes than in their closest rela-
tives extracted from bats of higher latitudes (subtropical and tem-
perate climates) (Table S5): RspKY72 from Kenya versus European
sarbecoviruses; and SARSCoV2r of Southeast Asia versus Japan
sarbecoviruses and YunSar endemic to Yunnan. The hibernation hy-
pothesis could be further tested in Vietnam by comparing seasonal
variations in cellular nucleotide pools in R. thomasi bats from differ-
ent locations along a latitudinal gradient. The role of bat APOBEC
cytosine deaminases (Kim et al., 2022) should also be explored.

4.2 | Emergence of SARS-CoV in horseshoe
bats of northern Yunnan

Our phylogeographic analyses provides strong evidence that the
progenitor of SARS-CoV originated in Rhinolophus species living in
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Yunnan: the geographical contribution of Yunnan was significantly
higher than other geographical areas (C. . =96%/39%; Figure 9a);
and all parts of the Spike gene of SARS-CoV provided robust re-
lationships with SARSCoVr sampled exclusively in Yunnan from
R. sinicus (Cyy/gy=90%/71%) and R. dffinis (Cyy /e =37%/10%).
In addition, the highest virus contributions came from northern
Yunnan (Figure $12): RFYNLF/31C in Lufeng (Lau et al., 2015) and
Rs4874, Rs7327, Rs9401, Rs3367 and RsSHCO014 close to Kunming
city (Ge et al., 2013; Hu et al., 2017) (Figure S12). In agreement
with an origin in northern Yunnan, the two host species showing
the highest contributions to SARS-CoV, R. (ferrumequinum) nippon
(Cry/en=73%/17%) and R. sinicus (Cy, gy =71%/11%) (Figure S12),
are both distributed in northern Yunnan but not in southern Yunnan
(IUCN, 2022).

4.3 | Spike genes related to SARS-CoV-2 circulate
in horseshoe bats of northern Indochina subtropical
forests

Several studies have revealed an exceptional diversity of sarbe-
coviruses in southern Yunnan: three divergent Sarbecovirus line-
ages were sampled in Rhinolophus bats collected in Mengla county,
that is, SARSCoVr, SARSCoV2r and YunSar (Zhou et al., 2021); and
several recombinant viruses between SARSCoVr and SARSCoV2r
(RecSar) were detected in R. pusillus near Pu'er City (Li et al., 2021,
Wu et al., 2023). Despite limited sampling effort in location N°3 of
north-western Vietnam, we detected there two RecSar (Rp22DB159
and RpDB167) and two SARSCoVr, including one exhibiting a very
divergent Spike gene (Ra22DB163). The highlands of southern
Yunnan and north-western Vietnam belong to the same ecore-
gion, namely northern Indochina subtropical forests (Eco region
ID number: 256; Dinerstein et al., 2017), which also includes the
highlands of north-eastern Myanmar and northern Laos. Various
bat species live there: some of them have more ecological affini-
ties with Chinese subtropical forests (e.g. Rhinolophus rex), whereas
others have more affinities with Southeast Asian tropical forests
(e.g. R. malayanus) and some species are relatively ubiquitous and
occur in both subtropical and tropical latitudes (e.g. R. affinis and R.
pusillus) (IUCN, 2022). As several Rhinolophus species often occupy
the same caves, they can occasionally exchange viruses, suggesting
that co-infection with divergent sarbecoviruses can generate, by
genomic recombination, chimeric viruses potentially better adapted
to a rapidly evolving environment than their parental strains. We
argue here that it was the case for Rp22DB159 from north-western
Vietnam. Although most regions of its genome showed exclusive
ancestry with three RecSar from Yunnan (RpJCC9, RpPrC31 and
RpYN2021), its Spike gene was found closely related to SARS-CoV-2
and four bat SARSCoV2r (RaTG13, RmBANAL52, RmaBANAL236,
and RpBANAL103) (Figures 6-8). We therefore concluded that the
Spike gene of Rp22DB159 was acquired through a recent recombi-
nation of SARSCoV2r and RecSar, most probably in a R. pusillus circu-
lating in southern Yunnan and north-western Vietnam. Two points
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suggest that recombination of divergent sarbecoviruses might be
more frequent in R. pusillus than other horseshoe bat species: co-
infection with four distinct coronaviruses, including two sarbeco-
viruses, was detected in a faecal sample (DB167) from R. pusillus in
north-western Vietnam; and the eight RecSar currently identified
were all sampled in R. pusillus (Hu et al., 2018; Li et al., 2021; Wu
etal., 2023). Higher rates of recombination can accelerate the adap-
tive evolution of sarbecoviruses, thereby facilitating interspecies
transmission (Simon-Loriere & Holmes, 2011). In relation to this, we
propose that the SARSCoV2r X RecSar recombination in the progeni-
tor of Rp22DB159 created an advantageous genetic combination.
The spike RBD of Rp22DB159 is very similar to that of SARS-CoV-2,
differing in only six amino acids (Figure 7), including two residues
interacting with human ACE2 in the RBM (Lan et al., 2020), L486F
and H498Q. Based on our analyses (Figures 6, 7 and S8), it can be
inferred that the common ancestor of SARS-CoV-2, Rp22DB159,
RmBANAL52, RmaBANAL236, and RpBANAL103 was character-
ised by F486 and H498, and that a F486L mutation has arisen in
the progenitor of Rp22DB159 while a H498Q mutation has oc-
curred in the progenitor of SARS-CoV-2. Importantly, both F486L
and Q498H mutations were detected in SARS-CoV-2 during
the COVID-19 pandemic, and neither was found to have a nega-
tive effect on the binding affinity of RBD to human ACE2 (Huang
et al., 2021; Zhou et al., 2022). In agreement with experimental
studies (Nie et al., 2021; Wacharapluesadee et al., 2021; Zhang
et al.,, 2021), we suggest that the five animal spike proteins with
an RBD very similar to SARS-CoV-2 (Rp22DB159, RmBANALS52,
RmaBANAL236, RpBANAL103 and MjGuangdong) are all able to
efficiently bind to the human ACE2 receptor and mediate entry and
replication in human cells (despite the absence of the furin cleav-
age motif). This is not the case for viruses exhibiting a more diver-
gent spike RBD/RBM, such as RaTG13 (Zhang et al., 2021). The
SARS-CoV-2-like RBD appears to be generalist since it was capable
of infecting host species representing at least five mammalian or-
ders, including Chiroptera (R. malayanus, R. marshalli and R. pusil-
lus; Temmam et al., 2022; this study) and Pholidota (Manis javanica;
Lam et al., 2020; Liu et al., 2019) before the COVID-19 pandemic,
and then Primates (humans), Carnivora (e.g. farmed mink; Oude
Munnink et al., 2021), and Cetartiodactyla (e.g. white-tailed deer;
Hale et al., 2022).

4.4 | Emergence of SARS-CoV-2 in horseshoe
bats of northern Indochina subtropical forests

Based on currently available data, our phylogeographic analysis pro-
vides strong evidence that the progenitors of SARS-CoV-2 evolved
in Rhinolophus species circulating in the area covering Yunnan,
north-western Vietnam and northern Laos (Figure S13): the high-
est contributions were found for SARSCoV2r collected in northern
Laos (RpBANAL103, RmBANAL52 and RmaBANAL236; C;=72%-
65%) and Yunnan (RmYNO2, RpYNO6 and RaTG13; C.=64%-
60%); SARS-CoV-2 was found to share exclusive ancestry with all

the three SARSCoV2r from Yunnan, that is, RpYNO6 (C.=5.8%),
RmYNO2 (5.5%) and RaTG13 (4.2%), three of the four SARSCoV2r
from Laos, that is, RMBANAL247 (3.2%), RmaBANAL236 (1.7%) and
RpBANAL103 (0.7%), and two RecSar viruses, that is, Rp22DB159
from north-western Vietnam (1%) and RpJCC9 from Yunnan
(0.8%). In addition, most analyses provided more support for an
origin in Yunnan and bordering regions in north-western Vietnam
(i.e. Location N°3) than Laos: both geographical indicators were
higher for Yunnan than Laos based on the whole-genome align-
ment (Crqec=84%/19% vs. 78%/15%; Figure 9) and the Spike gene
only (Cyg,eg=97%/27% vs. 71%/0%; Figure S14); the Spike gene of
SARS-CoV-2 showed more phylogenetic affinities with Rp22DB159
and RaTG13 than BANAL viruses (Figures 4b, 6 and 7); exclusive
ancestry was more important with RmYNO2, RpYNO6 and RaTG13
from Yunnan than with BANAL viruses from Laos. However, three
SARSCoV2r collected in northern Laos (RpBANAL103, RmBANALS52
and RmaBANAL236) showed higher overall phylogenetic contribu-
tions than the three SARSCoV2r described from southern Yunnan
(RmYNO2, RpYNO6 and RaTG13) (Figure S13). This point suggests
that additional localities in northern Southeast Asia and southern
Yunnan should be explored to more accurately identify the geo-
graphical origin of SARS-CoV-2. Based on our results, we consider
that viruses closely related to SARS-CoV-2 are likely to circulate
in R. pusillus and R. malayanus (which are the two species show-
ing the highest contributions; C.,, r,,=84%/10.8% and 82%/7.6%
respectively; Figure S13) along the borders between Yunnan and
Southeast Asia countries, including the Xishuangbanna region in
southern Yunnan, the Phongsaly province in northern Laos and the
Shan province of eastern Myanmar.
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