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The spike S2 substitution,
P804L, drives the adaptation
of BANAL-20–236 to a broad
range of Rhinolophus bat ACE2
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Jumpei Ito1,4, Hiroyuki Asakura5, Mami Nagashima5,
Kenji Sadamasu5, Kazuhisa Yoshimura5 and Kei Sato1,2,3,4,6,7,8,9*
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Sciences, Graduate School of Frontier Sciences, The University of Tokyo, Kashiwa, Japan,
3Department of Pathology, Immunology and Microbiology, Graduate School of Medicine, The
University of Tokyo, Tokyo, Japan, 4International Research Center for Infectious Diseases, The
Institute of Medical Science, The University of Tokyo, Tokyo, Japan, 5Department of Microbiology,
Tokyo Metropolitan Institute of Public Health, Tokyo, Japan, 6International Vaccine Design Center,
The Institute of Medical Science, The University of Tokyo, Tokyo, Japan, 7Collaboration Unit for
Infection, Joint Research Center for Human Retrovirus Infection, Kumamoto University,
Kumamoto, Japan, 8Medical Research Council (MRC)-University of Glasgow Centre for Virus
Research, Glasgow, United Kingdom, 9Faculty of Medicine, Chulalongkorn University,
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Understanding how bat coronaviruses circulate in wildlife, including bats in

nature, can help assess the risks of cross-species transmission of potentially

pathogenic viruses to humans. However, the evolutionary molecular

mechanisms that enable sarbecoviruses to utilize diverse Rhinolophus bat

ACE2 receptors remain poorly understood. In this study, we investigate the

adaptive potential of BANAL-20–236—a bat sarbecovirus sharing 95.2% amino

acid identity with SARS-CoV-2—in overcoming ACE2 compatibility barriers

across various Rhinolophus bat species. Comparative replication kinetics

revealed that BANAL-20–236 exhibits reduced fitness compared to SARS-

CoV-2 in the cells expressing ACE2 from R. ferrumequinum, R. sinicus, and R.

shameli. Serial passaging in these cells was selected for the mutants bearing

substitutions in the S2 subunit, P804L and S876Y, which enhanced infectivity in R.

sinicus and R. shameli ACE2. Both substitutions conferred increased infectivity in

the cells expressing a variety of Rhinolophus ACE2. We show that the P804L

substitution, located near the S2’ cleavage site, increased viral infectivity in a

transmembrane serine protease 2 (TMPRSS2)-independent entry. Conversely,

the increased infectivity by the S876Y substitution, which is closed to heptad

repeat 1, is dependent on TMPRSS2. Our in vitro cell culture experiments suggest

that the S2-driven evolution occurring in nature could facilitate the adaptation of

bat coronaviruses to the diverse usage of bat ACE2.
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1 Introduction

Coronaviruses have repeatedly caused spillovers from animal

hosts to humans (1–3), with severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) being the most severe example in

human society. This underscores the importance of understanding

the evolutionary mechanisms governing cross-species transmission

of coronaviruses. Among various animal reservoirs, Rhinolophus

bats are primary hosts for sarbecoviruses, a subgenus of

coronaviruses that includes SARS-CoV and SARS-CoV-2 (4–6).

A key determinant of cross-species transmission is the

interaction between the viral spike (S) protein and the host

receptor, angiotensin-converting enzyme 2 (ACE2). The ACE2

receptor, a critical entry mediator for sarbecoviruses, exhibits

substantial sequence divergence across Rhinolophus species,

potentially imposing structural constraints on S protein

interactions (7). This variability affects the efficiency of viral

binding, and acts as a potential barrier to viral spread within bat

populations and across species (8, 9). Although extensive research

has characterized how sarbecoviruses adapt to human ACE2 (7, 10,

11), their evolutionary ability to utilize ACE2 orthologs from

various Rhinolophus species remains an active area of

investigation. Despite evidence of natural viral cross-species

transmissions in bats (12), a knowledge gap about how

sarbecoviruses adapt to bat ACE2 remains unaddressed.

Addressing this gap is essential for identifying viral lineages with

heightened spillover potential and informing proactive

surveillance strategies.

Sarbecoviruses have demonstrated remarkable evolutionary

plasticity in adapting to diverse ACE2 orthologs (13), despite the

constraints imposed by receptor interactions. Although the

receptor-binding motif (RBM) within the S1 subunit is a well-

established determinant of host specificity (14), emerging evidence

suggests that the S2 subunit, which is responsible for membrane

fusion, also contributes to host adaptation (15–21). Whether bat

sarbecoviruses employ similar S2-driven mechanisms to expand

their host range remains unclear.

BANAL-20–236, isolated from Rhinolophus marshalli (R.

marshalli) in Laos, shares 95.2% amino acid identity with SARS-

CoV-2 in the S protein and demonstrates robust human ACE2-

mediated entry (22, 23). However, the evolutionary plasticity of

BANAL-20–236 in overcoming interspecies ACE2 compatibility

barriers and functional consequences of adaptive mutations remain

unknown. Resolving these questions is critical for assessing the
Abbreviations: ACE2, angiotensin-converting enzyme 2; DMEM, Dulbecco’s

modified Eagle’s medium; d.p.i., day post infection; d/h/m/, day/hour/minute;

FBS, fetal bovine serum; HR1, heptad repeat 1; kDa, kilodalton; MOI, multiplicity

of infection; ml, milliliter; NGS, next Generation Sequencing; RBM, receptor-

binding motif; rpm, round per minute; R., Rhinolophus; SARS-CoV, severe acute

respiratory syndrome coronavirus; SARS-CoV-2, severe acute respiratory

syndrome coronavirus 2; SD, standard deviation; SD1, subdomain-1; TCID50,

50% tissue culture infectious dose; TMPRSS2, transmembrane serine protease 2;

ml, Microliter.
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zoonotic potential of sarbecoviruses and identifying genetic

signatures associated with host range expansion.

In this study, we investigated the adaptive capacity of BANAL-

20–236 to a variety of Rhinolophus bat ACE2. Our findings suggest

that the amino acid substitution in the S2 subunit of BANAL-20–

236 S enables the virus to overcome ACE2 compatibility barriers in

Rhinolophus bats.
2 Materials and methods

2.1 Ethics statement

This project was reviewed by the Committee for Microbial

Research, The Institute of Medical Science, The University of

Tokyo, Japan. All experiments using live virus were performed in

biosafety level 3 facility in The Institute of Medical Science, The

University of Tokyo, Japan.
2.2 Cell culture

HOS-ACE2/TMPRSS2 cells [a human osteosarcoma cell line;

ATCC CRL-1543, stably expressing human ACE2 and TMPRSS2]

were maintained in Dulbecco’s modified Eagle’s medium (DMEM)

(high glucose) (Sigma-Aldrich, Cat# 6429-500ML) containing 10%

fetal bovine serum (FBS) and 1% penicillin-streptomycin (Sigma-

Aldrich, Cat# P4333-100ML). The HOS-TMPRSS2 cells that stably

express Rhinolophus bat ACE2 (24) were maintained in DMEM

(high glucose) (Sigma-Aldrich, Cat# 6429-500ML) containing 10%

FBS, 1% penicillin-streptomycin (Sigma-Aldrich, Cat# P4333-

100ML), zeocin (50 mg/mL; InvivoGen, Cat#ant-zn-1) and G418

(400 mg/ml; Nacalai Tesque, Cat# G8168-10ML). VeroE6/

TMPRSS2 cells (VeroE6 cells stably expressing human TMPRSS2;

JCRB Cell Bank, JCRB1819) were maintained in DMEM (low

glucose) (Wako, Cat# 041-29775) containing 10% FBS, G418 (1

mg/ml; Nacalai Tesque, Cat# G8168-10ML) and 1% penicillin-

streptomycin.
2.3 Plasmid construction

Plasmid expressing the codon-optimized S protein of BANAL-

20–236 (GenBank accession no. MZ937003.2) was prepared in our

previous study (25). Plasmids expressing the codon-optimized

SARS-CoV-2 S proteins (strain Wuhan-Hu-1; GenBank accession

no. NC_045512.2) was kindly provided from Dr. Kenzo Tokunaga

(26). Plasmids expressing the derivatives of codon-optimized S

protein of BANAL-20–236 were generated by site-directed

overlap extension PCR using the primers listed in Table 1. The

resulting PCR fragment was cloned into the KpnI/NotI site of

pCAGGS vector using In-Fusion® HD Cloning Kit (Takara, Cat#

Z9650N). Nucleotide sequences were determined by DNA

sequencing services (Eurofins), and the sequence data were

analyzed by SnapGene v8.0.1 (SnapGene software).
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2.4 SARS-CoV-2 and BANAL-20–236
preparation

In this study, clinical isolates of a parental SARS-CoV-2 WK-

521 strain (PANGO lineage A; GISAID ID: EPI_ISL_408667) and

bat isolated BANAL-20–236 (GISAID ID: EPI_ISL_4302647 and

GenBank accession: MZ937003.2) were used. In brief, 20 ml of the
seed virus was inoculated into VeroE6/TMPRSS2 cells (5,000,000

cells in a T-75 flask). 1 hour post infection (h.p.i.), the culture

medium was replaced with DMEM (low glucose) (Wako, Cat# 041-

29775) containing 2% FBS and 1% penicillin-streptomycin. At 3

days post infection (d.p.i.), the culture medium was harvested and
Frontiers in Virology 03
centrifuged, and the supernatants were collected as the working

virus stock.
2.5 Viral titration and infection

The viral titer of the experiments (Figures 1, 2) was measured as

the 50% tissue culture infectious dose (TCID50). Briefly, 1 d before

infection, VeroE6/TMPRSS2 cells (1 × 104 cells) were seeded into a

96-well plate. Serially diluted each sample (the culture supernatant)

were inoculated into six lines of the cells and incubated at 37°C for 4

d. The cells were observed under a microscope to judge the
TABLE 1 Primers used in this study.

Primer name Parental Sequence (5’→3’)

Infusion-F1-B236 BANAL-20–236 CTA TAG GGC GAA TTG GGT ACC ATG TTG TTC TTC TTC

Infusion-R1-B236 BANAL-20–236 AGC TCC ACC GCG GTG GCG GCC GCT CAT GTG TAG TGG AG

pC-S-A566T-F BANAL-20–236 CCG CGA TAT CAC GGA CAC AAC T

pC-S-A566T-R BANAL-20–236 TTG TGT CCG TGA TAT CGC GGC CG

pC-S-P804L-F BANAL-20–236 CGG ACC CAA GTA AAC TAA GTA AAC

pC-S-P804L-R BANAL-20–236 GAC CGT TTA CTT AGT TTA CTT GGG TCC

pC-S-S876Y-F BANAL-20–236 CAA TCA CAT ACG GCT GGA CCT T

pC-S-S876Y-R BANAL-20–236 CCA GCC GTA TGT GAT TGT GCC G

pC-S-S876F-F BANAL-20–236 CAA TCA CAT TCG GCT GGA CCT T

pC-S-S876F-R BANAL-20–236 CCA GCC GAA TGT GAT TGT GCC G

Infusion-F2-SC2 SARS-CoV-2 CTA TAG GGC GAA TTG GGT ACC ATG TTT GTG TTC CTG

Infusion-R2-SC2 SARS-CoV-2 AGC TCC ACC GCG GTG GCG GCC GCT CTA GAT TCA GGT GT

pC-S-P812L-F SARS-CoV-2 AAG CAA GCT AAG CAA GAG GTC

pC-S-P812L-R SARS-CoV-2 GAC CTC TTG CTT AGC TTG CTT G

pC-S-S884Y-F SARS-CoV-2 GCA CCA TCA CCT ATG GCT GGA CCT T

pC-S-S884Y-R SARS-CoV-2 AAG GTC CAG CCA TAG GTG ATG GTG C
FIGURE 1

The growth kinetics of BANAL-20–236 and SARS-CoV-2 to different Rhinolophus bats ACE2 proteins. (A-I) Viral growth assay. SARS-CoV-2 WK-521
strain (gray line) and BANAL-20–236 (blue line) were inoculated into HOS-TMPRSS2 cells expressing different Rhinolophus bat ACE2 receptors,
which are Human ACE2 (A), R. affinis (B), R. cornutus (C), R. pusillus (D), R. pearsonii (E), R. macrotis (F), R. ferrumequinum (G), R. sinicus (H), and R.
shameli ACE2 (I). After infection, supernatants were collected at 0 d.p.i. to 3 d.p.i., and the copy numbers of viral RNA in the culture supernatant
were quantified by RT-qPCR. The presented data are expressed as the average ± standard deviation (SD). Assays were performed in quadruplicate
and the data shown are representative of multiple biological replicates.
frontiersin.org

https://doi.org/10.3389/fviro.2025.1612630
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org


Chen et al. 10.3389/fviro.2025.1612630
appearance of cytopathic effect. The value of TCID50/ml was

calculated with the Reed–Muench method.

For virus infection experiments, 1 d before infection, the HOS-

TMPRSS2 cells (1 × 104 cells) that stably express Rhinolophus bat

ACE2 or human ACE2 (Figure 1) were seeded into a 96-well plate

(IWAKI, Cat# 4860-010). SARS-CoV-2 or BANAL-20–236 was

inoculated at a multiplicity of infection (MOI) of 0.1 and incubated

at 37°C for 1 h. The infected cells were washed, and 180 ml of culture
medium was added. The culture supernatant (10 ml) was harvested
at the indicated timepoints and used for RT-qPCR to quantify the

viral RNA copy number (see “RT-qPCR” section below).
2.6 RT-qPCR

5 ml culture supernatant was mixed with 5 ml of 2 × RNA lysis

buffer [2% Triton X-100 (Nacalai Tesque, Cat# 35501-15), 50 mMKCl,

100 mM Tris–HCl (pH 7.4), 40% glycerol, 0.8 U/ml recombinant

RNase inhibitor (Takara, Cat# 2313B)] and incubated at room

temperature for 10 m. RNase-free water (90 ml) was added, and the

diluted sample (2.5 ml) was used as the template for real-time RT-PCR

performed according to the manufacturer’s protocol using One Step

TB Green PrimeScript PLUS RT-PCR kit (Takara, Cat# RR096A) and

the following primers, which were commonly used for SARS-CoV-2

and BANAL-20–236: Forward, 5′-GCG CAT TGG CAT GGA AG A

C-3’; and Reverse, 5′-CTC TGT TGG TGG GAA TGT TTT GT-3’.

The viral RNA copy number was standardized with a SARS-CoV-2

direct detection RT-qPCR kit (Takara, Cat# RC300A). Fluorescent

signals were acquired using CFX Connect Real-Time PCR Detection

system (Bio-Rad).
2.7 BANAL-20–236 serial passage in HOS-
TMPRSS2 cells expressing R.
ferrumequinum, R. shameli, or R. sinicus
ACE2

For viral serial passages, 1 d before infection, HOS-TMPRSS2 cells

(1 × 105 cells) that stably express R. ferrumequinum, R. shameli, or R.

sinicusACE2 (Figure 2) were seeded into a 12-well plate (IWAKI, Cat#

4815-010). BANAL-20–236 (MOI 0.1) was inoculated and incubated at
Frontiers in Virology 04
37°C for 1 h. The infected cells were washed with 1mL medium, and

2mL of fresh medium was added. The culture supernatant (10 ml) was
harvested at the indicated timepoints and used for RT-qPCR to

quantify the viral RNA copy number (see “RT-qPCR” section).

Finally, the remaining cultured supernatants were harvested at 3 d.p.i

and centrifuged at 4,000 rpm for 10m to remove cell debris. 1 ml of the

centrifuged supernatant was inoculated into newly seeded cells for 1 h

at 37°C in a 5%CO2 incubator. Following the above protocol, BANAL-

20–236 was passaged 10 times in each cell line. The cultured

supernatants in passage 10 were used to extract RNA for viral

genome sequencing (see “Viral genome sequencing” section below).
2.8 Viral genome sequencing

Viral genome sequencing was performed by next generation

sequencing (NGS). Briefly, the virus sequences were verified by viral

RNA-sequencing analysis. Viral RNA was extracted using a QIAamp

viral RNA mini kit (Qiagen, Cat# 52906). The sequencing library

employed for total RNA sequencing was prepared using the NEB Next

Ultra RNA Library Prep Kit for Illumina (New England Biolabs, Cat#

E7530). Paired-end 76-bp sequencing was performed using a MiSeq

system (Illumina) with MiSeq reagent kit v3 (Illumina, Cat# MS-102-

3001). Sequencing reads were trimmed using fastp v0.23.4 and

subsequently mapped to the viral genome sequences of a lineage A

isolate (strain WK-521, GISAID ID: EPI_ISL_408667) or BANAL-20–

236 (GISAID ID: EPI_ISL_4302647 and GenBank accession:

MZ937003.2) using BWA-MEM v0.7.17-r1188 Variant calling,

filtering, and annotation were performed using SAMtools v1.20 and

snpEff v5.0e.48. Information on the unexpected substitutions detected

is summarized in Table 2.
2.9 Pseudovirus assay

Pseudovirus assay was performed as previously described (27–31).

Briefly, HIV-1-based, luciferase-expressing reporter viruses were

pseudotyped with the S proteins of BANAL-20–236 or SARS-CoV-2

and their derivatives. 1 d before transfection, the LentiX-293T cells (5 ×

105 cells) were seeded. The LentiX-293T cells were cotransfected with

800 ng psPAX2-IN/HiBiT (a packaging plasmid encoding the HiBiT-
FIGURE 2

Serial passage-induced adaptation of BANAL-20–236 in HOS-TMPRSS2 cells expressing R. ferrumequinum, R. shameli, and R. sinicus ACE2. BANAL-
20–236 was serially passaged 10 times in HOS-TMPRSS2 cells stably expressing R. ferrumequinum (A), R. shameli (B), R. sinicus (C) ACE2 receptors.
For each ACE2 group, the viral isolate was passaged in three independent wells, marked as #1, #2, and #3. Supernatants were harvested at 0 d.p.i.
(blue, hollow) and 3 d.p.i. (blue, solid), viral loads detected by RT-qPCR in the culture supernatants.
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TABLE 2 Summary of spike mutations of P10 virus from different wells.

Bat species of expressing Nucleotide position in Detected
in P10

Amino acid change in viral protein

G I1831M

T L4383F

G Q994E

C T12P

T S6L

C L27S

T V59L

G T174A

G L730R

G G744G

T K1069I

C S1509S

C A2682A

G Q3953R

T L4141L

C N377T

CAA S795K

G D173G

G L18R

G T174A

T K68I

C S505P

G F3745V

G N2059S

C I2073T

C K803N
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ACE2
Well number Gene

viral genome
Parental

R. ferrumequinum #1 ORF1a 5,757 A

13,411 C

S 24,516 C

ORF3a 25,376 A

E 26,211 C

26,274 T

M 26,647 G

26,992 A

R. ferrumequinum #2 ORF1a 2,453 T

2,496 A

3,470 A

4,791 T

8,310 T

12,122 A

12,685 C

14,572 A

S 23,918 TTC

ORF3a 25,860 A

E 26,247 T

M 26,992 A

ORF8 28,043 A

R. ferrumequinum #3 ORF1a 1,777 T

11,497 T

19,618 A

19,660 T

S 23,945 A
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TABLE 2 Continued

Bat species of expressing Nucleotide position in Detected
in P10

Amino acid change in viral protein

T P1071S

C T12P

TTGC N82fs

T S6L

T H124Y

A Y31* 3

C E1016D

A V1858I

T S876F

C T12P

T S6L

G S97R

TCTG D119_F120insL 1

A G4170S

A D1183N

T A2575V

G N366K

A A566T

A S876Y

C V1032A

C T12P

T S6L

A I146I

T T247I

T T4167I

A G4170S
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ACE2
Well number Gene

viral genome
Parental

24,747 C

ORF3a 25,376 A

25,582 TTGCAACTTGCTGCTGC

E 26,211 C

M 26,842 C

ORF8 27,933 T

R. shameli #1 ORF1a 3,312 A

5,836 G

S 24,163 C

ORF3a 25,376 A

E 26,211 C

ORF8 28,131 T

28,197 T

R. shameli #2 ORF1a 12,772 G

16,989 G

21,166 C

S 22,634 T

23,232 G

24,163 C

24,631 T

ORF3a 25,376 A

E 26,211 C

N 28,658 T

28,960 C

R. shameli #3 ORF1a 12,764 C

12,772 G
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TABLE 2 Continued

Bat species of expressing Nucleotide position in Detected
in P10

Amino acid change in viral protein

A D1183N

T A2575V

A A566T

A S876Y

C T12P

T S6L

A I146I

T T247I

A Q956K

G V2244G

T T2851I

T P804L

GCCCCCC F105fs

T S6L

T L19F

T D98D

C T135T

GTA I2002fs

T L2227L

T A3955S

T P804L

C T12P

T S6L

C E17D

T L2227L

G D2972G
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16,989 G

21,166 C

S 23,232 G

24,163 C

ORF3a 25,376 A

E 26,211 C

N 28,658 T

28,960 C

R. sinicus #1 ORF1a 3130 C

6995 T

8816 C

S 23947 C

ORF3a 25649 GCCCC

E 26211 C

26249 C

N 28514 C

28625 T

R. sinicus #2 ORF1a 6266 GTATA

6943 C

12127 G

S 23947 C

ORF3a 25376 A

E 26211 C

M 26523 A

R. sinicus #3 ORF1a 6943 C

9179 A
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tag-fused integrase) (26), 800ng pWPI-Luc2 (a reporter plasmid

encoding a firefly luciferase gene) (32) and 400 ng plasmids

expressing parental S or its derivatives using TransIT-293

transfection reagent (Mirus, Cat# MIR2704) according to the

manufacturer’s protocol. 2 d.p.i, the culture supernatants were

harvested, and the pseudoviruses were stored at –80°C until use. For

pseudovirus infection, the amount of input virus was normalized to the

HiBiT value measured by Nano Glo HiBiT lytic detection system

(Promega, Cat# N3040)] as previously described (32). In this system,

HiBiT peptide is produced with HIV-1 integrase and forms NanoLuc

luciferase with LgBiT, which is supplemented with substrates. In each

pseudovirus particle, the detected HiBiT value is correlated with the

amount of the pseudovirus capsid protein, HIV-1 p24 protein (32).

Therefore, we calculated the amount of HIV-1 p24 capsid protein

based on the HiBiT value measured, according to the previous paper

(32). At 2 d.p.i, the infected cells were lysed with a Bright-Glo luciferase

assay system (Promega, Cat# E2620), and the luminescent signal

produced by firefly luciferase reaction was measured using a GloMax

explorer multimode microplate reader 3500 (Promega).
2.10 Western blot

Western blot was performed as previously described

(19, 33–37). For the blot, the supernatants of LentiX-293T cells

cotransfected with the S expression plasmids were used. The 900 ml
culture medium containing the pseudoviruses at 360 ng HIV-1 p24

antigen was layered onto 500 ml 20% sucrose in PBS and centrifuged

at 20,000 g for 2 h at 4°C. Pelleted virions were resuspended in 1 ×

sample buffer [50 mM Tris-HCl (pH 6.8), 2% SDS, 6% b-
mercaptoethanol, 10% glycerol, 0.0025% bromophenol blue] and

boiled for 10 m. For protein detection, the following antibodies were

used: mouse anti-SARS-CoV-2 S monoclonal antibody (clone 1A9,

GeneTex, Cat# GTX632604, 1:10,000. Note that this antibody

targets residues 1029–1192 of SARS-CoV-2 S protein, and the

amino acid sequence of the BANAL-20–236 S in this region is

identical to that of SARS-CoV-2 S. Therefore, we expect that mAb

1A9 binds equally well to both SARS-CoV-2 and BANAL-20–236 S

proteins), mouse anti-HIV-1 p24 monoclonal antibody (183-H12-

5C, obtained from the HIV Reagent Program, NIH, Cat# ARP-

3537, 1:1,000) and HRP-conjugated horse anti-mouse IgG antibody

(Cell Signaling, Cat# 7076S, 1:2,000). Chemiluminescence was

detected using SuperSignal West Femto Maximum Sensitivity

Substrate (Thermo Fisher Scientific, Cat# 34095), or Western

Lightning Plus-ECL (PerkinElmer, Cat# NEL104001EA)

according to the manufacturer’s instruction. Bands were

visualized using ChemiDoc Touch Imaging System (Bio-Rad) and

the band intensity was quantified using ImageJ v1.54g.
2.11 Protein structure

The crystal structure of BANAL-20–236 S (PDB:8I3W) and SARS-

CoV-2 S (PDB:6VXX) were used. All protein structural analyses were

performed using the UCSF ChimeraX v1.9rc202411111853.
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2.12 Statistical analysis

Statistical significance was tested using unpaired t test unless

otherwise noted. All P values less than 0.001 are summarized with

three asterisks and all P values between 0.001 and 0.01 are indicated

by double asterisks. The tests above were performed using Prism 10

software v10.4.1 (GraphPad Software).
3 Results

3.1 Difference in the growth efficiency of
BANAL-20–236 and SARS-CoV-2 in the
cells expressing different Rhinolophus bat
ACE2 protein

To assess the tropism of BANAL-20–236 to a variety of

Rhinolophus bat ACE2, we compared the growth kinetics of

BANAL-20–236 and SARS-CoV-2 (lineage A: WK-521 strain) in

the human HOS cell line stably expressing human TMPRSS2 and

ACE2 proteins from eight Rhinolophus species. Overall, the viral

RNA in the culture supernatant of the cells infected with BANAL-

20–236 was comparable to, or lower than that of cells infected with

SARS-CoV-2 (Figure 1).

The growth of these two viruses in the cells expressing R. affinis

ACE2 (Figure 1B), R. cornutus ACE2 (Figure 1C), R. pusillus ACE2
Frontiers in Virology 09
(Figure 1D), and human ACE2 (Figure 1A) was similar. However,

neither virus was replicative in the cells expressing R. pearsonii

ACE2 (Figure 1E), suggesting that R. pearsonii ACE2 cannot act as

the infection receptor for BANAL-20–236 and SARS-CoV-2. In the

cells expressing R. macrotis ACE2 (Figure 1F), R. ferrumequinum

ACE2 (Figure 1G), R. sinicus ACE2 (Figure 1H), and R. shameli

ACE2 (Figure 1I), BANAL-20–236 showed significantly reduced

growth compared to that of SARS-CoV-2.
3.2 Adaptation of BANAL-20–236 to
Rhinolophus bats ACE2 by serial passaging

As shown in Figure 1, BANAL-20–236 replicated more poorly

than SARS-CoV-2 in the cells stably expressing specific Rhinolophus

bat ACE2 proteins. These results suggest that, compared to SARS-

CoV-2, BANAL-20–236 has the evolutionary potential to adapt to

certain Rhinolophus bat ACE2. To experimentally address the

evolutionary potential of BANAL-20–236 to adapt to some

Rhinolophus ACE2, we serially passaged the virus 10 times in the

HOS-TMPRSS2 cells expressing R. ferrumequinum, R. shameli, or R.

sinicus ACE2 with three independent wells for each Rhinolophus bat

ACE2 (Figure 2). For each experimental period, the culture

supernatant was harvested at 3 d.p.i., and the amount of viral RNA

wasmeasured. To determine the mutations that were acquired during

the 10-time passage, the viral RNA harvested at 3 d.p.i. of passage 10
FIGURE 3

Structural mapping and infectivity assessment of BANAL-20–236 spike mutations. (A, B) Schematic diagram (A) and protein structure of BANAL-20–
236 Spike (B) (PDB:8I3W). A566, P804 and S876 mutation sites are marked. (C, E) Western blot analysis of pseudovirus (left) and relative
quantification of Spike proteins from pseudovirus (right) are shown. HIV-1 p24 is an internal control for the pseudovirus. kDa, kilodalton. the data are
expressed as the mean with SD (C, E, left). Assays were performed in triplicate. (D, F) Pseudovirus assay. HIV-1-based reporter viruses pseudotyped
with the S proteins of BANAL-20–236, or its derivatives were prepared. The pseudoviruses were inoculated into HOS-TMPRSS2 cells stably
expressing R. sinicus ACE2 (D) or R. shameli ACE2 (F) at 3 ng HIV-1 p24 antigen, and the relative light unit is shown in log10. The numbers in the
panel indicate the fold change of the derivatives value to the parental value in the target cell. Statistically significant difference between BANAL-20–
236 or its derivatives were determined by an unpaired t-test; ∗∗P < 0.01, and ∗∗∗P < 0.001. The data are expressed as the mean with SD. Assays
were performed in triplicate and the data shown are representative of multiple biological replicates.
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(P10) was used for NGS. As summarized in Table 2, several

mutations were detected in the viral genomes of three experimental

groups. In this study, we focused on the substitutions detected in the

viral genome encoding S protein.

NGS analysis revealed distinct evolutionary paths tied to each

ACE2 model, with all spike mutations clustered in the S2 subunit

(Table 2). The P10 virus from R. ferrumequinum ACE2-expressing

cells showed no substitutions in S protein (Table 2). On the other

hand, the P10 virus passaged in R. sinicus ACE2-expressing cells

acquired the P804L substitution in the S2 subunit, and the P804L

substitution was consistently detected across all three biological

replicates (Table 2). In the P10 virus isolated from R. shameli ACE2-

expressing cells, three substitutions were identified in the S protein:

A566T (detected in two biological replicates), S876Y (detected in

two biological replicates) or S876F (detected independently in a

single replicate) (Table 2). Notably, both the A566T and S876Y

substitutions were detected in two replicates (Table 2).
3.3 The impact of the S substitutions on
virus infectivity

The positions of substituted amino acids in the S protein are

shown in a scheme (Figure 3A) and a protein structure (Figure 3B):

the residue A566 is located in subdomain-1 (SD1), the residue P804
Frontiers in Virology 10
resides proximal to the S2’ cleavage site, and the residue S876 is

positioned near the heptad repeat 1 (HR1) region.

To analyze the effect of these substitutions on viral infectivity,

we prepared the lentivirus-based pseudoviruses incorporated with

the S proteins of BANAL-20–236 and its derivatives. We first tested

the effect of the P804 substitution, which emerged in the infected

culture of R. sinicus ACE2-expressing cells (Table 2). As shown in

Figure 3C, the amount of the S protein harboring the P804L

substitution in the released pseudovirus particles was slightly

lower than that of parental S protein. Nevertheless, we found that

the infectivity of the P804L-bearing pseudovirus was significantly

(2.4-fold) higher than that of parental pseudovirus in R. sinicus

ACE2-expressing cells (Figure 3D).

We then focused on the effect of the substitutions that emerged

in the infected culture of R. shameli ACE2-expressing cells (Table 2)

and prepared four BANAL-20–236 S derivatives, each of which

possessed A566T, S876Y, S876F, and A566T/S876Y substitutions.

The levels of virion-incorporated S proteins were not affected by

these substitutions (Figure 3E). Although the A566T, S876F and

A566T/S876Y substitutions did not affect pseudovirus infectivity,

we showed that the S876Y substitution enhanced pseudovirus

infectivity (5.2-fold) in R. shameli ACE2-expressing cells with

statistical significance (Figure 3F). These results suggest that the

two substitutions, P804L and S876Y, drive the adaptation to R.

sinicus ACE2 and R. shameli ACE2, respectively.
FIGURE 4

Differential ACE2 receptor usage of BANAL-20–236 spike variants across multiple species. (A, B) Pseudovirus assay. HIV-1-based reporter viruses
pseudotyped with the S proteins of BANAL-20–236, and its derivatives BANAL-20–236 P804L, BANAL-20–236 S876Y were prepared. The
pseudoviruses were inoculated into HOS-TMPRSS2 cells stably expressing 13 kinds of ACE2 at 2 ng HIV-1 p24 antigen (A) or 4 ng HIV-1 p24 antigen
(B), and the relative light unit are shown in log scale. The numbers in the panel indicate the fold change of the derivatives value to the parental value
in the target cell. Statistically significant differences between BANAL-20–236 or its derivatives were determined by the unpaired t-test; ∗∗P < 0.01,
and ∗∗∗P < 0.001. The data are expressed as the mean with SD. (C, D) Pseudovirus assay. HIV-1-based reporter viruses pseudotyped with the S
proteins of BANAL-20–236, and its derivatives BANAL-20–236 P804L, BANAL-20–236 S876Y were prepared. The pseudoviruses were inoculated
into a HOS cell stably expressing human ACE2 at 2 ng HIV-1 p24 antigen (C) or 4 ng HIV-1 p24 antigen (D), and the relative light unit is shown in the
log. The numbers in the panel indicate the fold change of the derivatives value to the parental value in the target cell. Statistically significant
differences between BANAL-20–236 or its derivatives were determined by the unpaired t-test; ∗∗P < 0.01, and ∗∗∗P < 0.001. The data are expressed
as the mean with SD. Assays were performed in quadruplicate and the data shown are representative of multiple biological replicates.
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3.4 A broad effect of P804L and S876Y
substitutions on the infectivity of BANAL-
20–236 in a variety of ACE2 proteins

We then assessed whether the two substitutions we detected,

P804L and S876Y, could enhance the infectivity of BANAL-20–236

in the cells expressing ACE2 proteins of the other species. To

address this, we prepared 13 HOS-TMPRSS2 cells expressing the

ACE2 proteins from different Rhinolophus bat species, including 12

bats [note that “R. sp.” represents an unclassified species sampled in

Uganda, the host of the bat coronavirus PREDICT/PDF-2370 (38)]

and human (Figure 4) (24). In the cells stably expressing R.

pearsonii ACE2, the infectivity of the pseudovirus with the

parental BANAL-20–236 S as well as those with the P804L and

S876Y derivatives was significantly lower in the other cells

(Figure 4), which is consistent with the experimental results using

live virus (Figure 1E).

As shown in Figure 4A, the P804L substitution significantly

increased pseudovirus infectivity in cells expressing a variety of

ACE2 proteins except for R. shameli, R. pearsonii. On the other

hand, the S876Y substitution enhanced the infectivity in cells

expressing a variety of ACE2 proteins except for R. cornutus, R.

pearsonii, R. pusillus and R. macrotis (Figure 4B). Importantly, both

mutations increased the pseudovirus infectivity in the cells stably

expressing human ACE2 (Figure 4). These findings suggest that both

substitutions enhance pseudovirus infectivity with the BANAL-20–236

S in cells expressing ACE2 from a wide range of species, but the

tropisms of the P804L and S876Y substitutions are different.
3.5 Association of TMPRSS2 with increased
infectivity due to the P804L and S876Y
substitutions

Because we used the cells stably expressing human TMPRSS2,

the potentiating effect of P804L and S876Y that we observed may be

dependent on the function of TMPRSS2. To address this possibility,

we used the HOS cell line expressing human ACE2 without

TMPRSS2 overexpression (HOS-human ACE2 cells) (19). As

shown in Figure 4C, the P804L substitution significantly

increased pseudovirus infectivity in HOS-human ACE2 cells,

suggesting that the enhancing effect by the P804L is independent

from TMPRSS2. In contrast, the S876Y substitution showed

significantly reduced infectivity in HOS-human ACE2 cells

(Figure 4D), suggesting that the increase in pseudovirus

infectivity by the S876Y substitution is dependent on TMPRSS2.
3.6 Effect of the P804L and S876Y
substitutions on SARS-CoV-2

Finally, we assessed the effect of these substitutions on the

infectivity of SARS-CoV-2. Amino acid alignment (Figure 5A) and

a protein structure (Figure 5B) showed that the P804L and S876Y
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substitutions in BANAL-20–236 S corresponded to the P812L and

S884Y substitutions in SARS-CoV-2 S.

To analyze the effect of these substitutions on the pseudovirus

infectivity with SARS-CoV-2 S, we prepared the pseudoviruses

incorporated with the S proteins of SARS-CoV-2 and its

derivatives. As shown in Figure 5C, the amount of the S protein

harboring the P812L substitution in the released pseudovirus

particles was significantly lower than that of the parental S

protein. Correspondingly, we found that the infectivity of the

P812L-bearing pseudovirus was lower than that of parental

pseudovirus in the HOS-human ACE2/TMPRSS2-expressing cells

(Figure 5D). These data suggest that the enhancing effect by the

proline-to-leucine substitution at this position (i.e., P804L in

BANAL-20–236 S) is not reproduced in SARS-CoV-2 S.

In the case of the S884Y substitution, the level of virion-

incorporated S proteins was not affected by this substitution

(Figure 5C). Similar to the S876Y substitution in BANAL-20–236

S (Figure 4B), we found that the S884Y substitution in SARS-CoV-2

S enhanced pseudovirus infectivity (4.5-fold) in the HOS-human

ACE2/TMPRSS2-expressing cells with statistical significance

(Figure 5D). These findings suggest that the enhancing effect of

the serine-to-tyrosine substitution at this position was conserved in

both BANAL-20–236 and SARS-CoV-2.
4 Discussion

Our study demonstrated that BANAL-20–236 has the potential

to adapt to ACE2 receptors in multiple Rhinolophus bat species.

Although BANAL-20–236 exhibited replication efficiencies

comparable to or lower than those of SARS−CoV−2 in cells

expressing certain bat ACE2 proteins, serial passaging induced

adaptive mutations that enhance infectivity. These findings

underscore the remarkable plasticity of sarbecovirus evolution

and its implications for host range expansion, highlighting the

critical need for vigilant surveillance of bat coronaviruses to prevent

potential cross−species transmission.

Through adaptive evolution experiments, we identified two critical

S2 subunit mutations: P804L (proximal to the S2’ cleavage site) and

S876Y. The P804L substitution in BANAL-20–236 S conferred

enhanced infectivity to R. sinicus ACE2-expressing cells (Figure 3D).

Similarly, S876Y specifically improved adaptation to R. shameli ACE2

(Figure 3F). Interestingly, the co-occurrence of A566T with S876Y

abolished the infectivity-enhancing effect in R. shameli ACE2-

expressing cells, reminiscent of interactions observed in SARS-CoV-2

variants, where interdomain communication controls virus-receptor

interactions (39). This finding highlights the intricate balance between

mutations affecting receptor engagement and those modulating spike

structural integrity. Our pseudovirus experiments demonstrated that

both P804L and S876Y substitutions exhibited pleiotropic effects by

enhancing infectivity across a broad spectrum of ACE2 orthologs

(Figure 4). These mutations expand the ability of the virus to infect

ACE2 in different Rhinolophus bats, thus potentially contributing to the

circulation of the virus in the bat host.
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Importantly, these mutations exhibited different dependency on

TMPRSS2 (Figures 4C, D). The P804L substitution may enable viral

entry via endosomal pathway rather than TMPRSS2-dependent

plasma membrane pathway because it shows a unique TMPRSS2-

independent property. Substitutions near the S2’ site have been

shown to selectively impair TMPRSS2-mediated processing while

preserving furin cleavage at S1/S2, suggesting that BANAL-20–236 S

P804L might similarly decouple distinct proteolytic activation steps

(40). In contrast to P804L, the S876Y substitution enables virus entry

via the TMPRSS2-dependent plasma membrane pathway.

Interestingly, previous studies have shown that the P812L

substitution, located at the corresponding position of BANAL-20–

236 S P804L, is detected in SARS-CoV-2 S in mink outbreaks (41),

mouse adaptation experiments (42), and clinical surveillance

studies (43, 44). According to our results, however, the P812L

substitution in the SARS-CoV-2 S protein resulted in a reduction in

the S protein in pseudovirus particles and reduced the infectivity of

pseudoviruses in HOS cells expressing human ACE2 and TMPRSS2

(Figures 5C, D). This suggests that although the P812L substitution

may have an adaptive advantage in other contexts, it did not show

an effect of enhancing infectivity in SARS-CoV-2. On the other

hand, the S884Y substitution located at the corresponding position

of BANAL-20–236 S S876Y, did not affect the level of SARS-CoV-2

S protein in viral particles but significantly increased the infectivity
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in HOS cells expressing human ACE2 and TMPRSS2. This is

consistent with the results we observed in the S876Y substitution

in the BANAL-20–236 S protein.

Despite these mechanistic insights, our study has limitations that

must be considered. First, although pseudovirus systems are

informative, they cannot fully replicate live virus dynamics. Second,

ethical constraints on gain-of-function experiments precluded

validation with replication-competent viruses. Therefore,

extrapolation of these findings to natural transmission scenarios

requires caution. Third, our study used only one strain of bat

sarbecovirus, BANAL-20–236, for the spike protein. This may limit

the generalizability of our findings to the broader sarbecovirus lineage.

However, it is worth noting that the S2 subunit, which contains the

adaptive mutations identified in our study, is relatively more conserved

than the RBD among SARS-CoV-2 variants and other

betacoronaviruses. This finding lends support to the hypothesis that

similar S2-driven adaptation mechanisms may be at work in other

sarbecoviruses. However, this idea requires further experimental

validation using additional viral strains.

In conclusion, our findings demonstrate that BANAL-20–236

can acquire enhanced tropism for diverse Rhinolophus bat ACE2

receptors through S2 subunit mutations, which show distinct

mechanistic roles in host adaptation. While P804L facilitates

TMPRSS2-independent entry, S876Y retains TMPRSS2
FIGURE 5

Infectivity analysis of mutations at homologous positions in SARS-CoV-2. (A, B) Schematic diagram (A) and protein structure of SARS-CoV-2 Spike
(B) (PDB:6VXX). Amino acid alignment of the SARS-CoV-2 (WK-521) and BANAL-20–236 are shown. Residues with homologous positions between
SARS-CoV-2 and BANAL-20–236 are shaded in red (A). P812 and S884 mutation sites are marked (B). (C) Western blot analysis of pseudovirus (left)
and relative quantification of Spike proteins from pseudovirus (right) are shown. HIV-1 p24 is an internal control for the pseudovirus. kDa, kilodalton.
The data are expressed as the mean with SD (left). (D) Pseudovirus assay. HIV-1-based reporter viruses pseudotyped with the S proteins of SARS-
CoV-2 (WK-521), and its derivatives SARS-CoV-2 P812L, SARS-CoV-2 S884Y were prepared. The pseudoviruses were inoculated into HOS-TMPRSS2
cells stably expressing human ACE2 at 3 ng HIV-1 p24 antigen, and the relative light unit is shown in log10. The numbers in the panel indicate the
fold change of the derivatives value to the parental value in the target cell. Statistically significant differences between SARS-CoV-2 or its derivatives
were determined by the unpaired t-test; ∗∗∗P < 0.001. The data are expressed as the mean with SD. Assays were performed in triplicate and the data
shown are representative of multiple biological replicates.
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dependence, reflecting divergent evolutionary strategies for host

range expansion. Importantly, these mutations not only enhanced

adaptation among bats, but also enhanced the ability of BANAL-

20–236 to infect human ACE2. Despite the limitations of the

pseudovirus system itself, these findings provide valuable insights

into the evolution of bat coronaviruses and emphasize the

importance of monitoring of bat coronaviruses to mitigate the

risk of potential cross-species transmission.
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