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A novel coronavirus—severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2)—emerged in humans in Wuhan, 
China, in December 2019 and has since disseminated glob-
ally1,2. As of April 16, 2020, the confirmed case count of coro-
navirus disease 2019 (COVID-19) had surpassed 2 million. 
Based on full-genome sequence analysis, SARS-CoV-2 shows 
high homology to SARS-related coronaviruses identified in 
horseshoe bats1,2. Here we show the establishment and char-
acterization of expandable intestinal organoids derived from 
horseshoe bats of the Rhinolophus sinicus species that can 
recapitulate bat intestinal epithelium. These bat enteroids are 
fully susceptible to SARS-CoV-2 infection and sustain robust 
viral replication. Development of gastrointestinal symptoms 
in some patients with COVID-19 and detection of viral RNA in 
fecal specimens suggest that SARS-CoV-2 might cause enteric, 
in addition to respiratory, infection3,4. Here we demonstrate 
active replication of SARS-CoV-2 in human intestinal organ-
oids and isolation of infectious virus from the stool specimen 
of a patient with diarrheal COVID-19. Collectively, we estab-
lished the first expandable organoid culture system of bat 
intestinal epithelium and present evidence that SARS-CoV-2 
can infect bat intestinal cells. The robust SARS-CoV-2 replica-
tion in human intestinal organoids suggests that the human 
intestinal tract might be a transmission route of SARS-CoV-2.

A novel coronavirus, SARS-CoV-2, has caused a global pan-
demic of COVID-19 since its emergence in December 20191,2,5. 
Common symptoms of COVID-19 include fever, cough, short-
ness of breath, myalgia and fatigue6. Some patients have suffered 
gastrointestinal symptoms such as nausea, vomiting and diarrhea. 
Viral RNA was detected in patients’ respiratory and stool speci-
mens6–8. Full-genome sequence analysis revealed that SARS-CoV-2 
clusters with severe respiratory syndrome-related coronaviruses 
(SARSr-CoVs) found in bats, showing 96% identity to the bat 
coronavirus BatCoV RaTG13 and 88% identity to two other bat 
SARSr-CoVs (Bat-SL-CoVZC45 and Bat-SL-CoVZXC21)1,8,9, sug-
gesting that SARS-CoV-2 might originate in bats.

Bats are natural reservoirs for a variety of viruses, especially 
RNA viruses, that cause serious disease in humans and animals10,11. 
Extensive search for the progenitor of SARS-CoV, which caused an 
epidemic in 2003, led to the discovery of large numbers of related 

coronaviruses from fecal specimens or anal swabs of Chinese horse-
shoe bats12,13. These discoveries, however, typically depend on the 
detection of viral genome or genome fragments using molecu-
lar approaches. Except for three strains isolated using interferon 
(IFN)-deficient Vero E6 or Vero cells13,14 and one strain of geneti-
cally synthesized virus15, to date, most identified bat SARSr-CoVs 
have not been successfully isolated and cultivated. Despite many 
reports of bat primary cell cultures and immortalized bat cell lines16, 
as well as the commercially available bat cell lines in ATCC, isola-
tion of SARSr-CoV using a bat cell line has never been documented.

The horseshoe bat species Rhinolophus spp, especially 
Rhinolophus sinicus (R. sinicus), has been proposed to be the natu-
ral host of SARS-CoV12,14,17. However, no direct evidence exists of 
SARSr-CoV infection in these bats, which might be owing to the 
nature of acute and self-limiting infection, seasonal fluctuation of 
virus growth in these bats18 and the difficulty in accessing these ani-
mals in the wild. Thus, the absence of a readily accessible in vitro 
model that can faithfully represent native bat cells is a major obsta-
cle to isolate and study bat viruses16, including bat SARSr-CoVs, 
which are predicted to possess high zoonotic potential15.

The past decade has witnessed a major breakthrough in the 
generation of organoids19. The adult stem cell (ASC)-based organ-
oid culture system has been established for most human organs, 
including the generation of human intestinal organoids and lung 
organoids20,21. While the undifferentiated intestinal organoids are 
expandable for more than 1 year, upon induction the differentiated 
intestinal organoids faithfully simulate the multicellular composi-
tion and functional complexity of human intestinal epithelium. 
Because the human gastrointestinal tract is one of the most com-
mon routes of microbial invasion, human intestinal organoids have 
become popular in vitro tools for modeling enteric infections21–23. In 
this study, we attempted to establish an ASC-based organoid culture 
of bat intestinal epithelium. We propose that bat organoids could 
be instrumental for experimentally probing the potential origin of 
SARS-CoV-2. In addition, we investigated the possibility of enteric 
infection by SARS-CoV-2 in human intestinal organoids.

Considering the high identity of SARS-CoV-2 and bat 
SARSr-CoVs, and the discovery of SARSr-CoVs in fecal specimens 
of horseshoe bats12,14, we attempted to establish intestinal organoid 
culture using crypts isolated from the intestines of R. sinicus bats. 
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As shown in Fig. 1a, we successfully generated bat small intestinal 
organoids (enteroids) using the protocol for establishing human 
intestinal organoids20. The undifferentiated bat enteroids are propa-
gated in expansion medium and passaged at a ratio of 1:2 every 7 d. 
To induce differentiation, the expansion medium was replaced with 
differentiation medium, in which the enteroids were incubated for 
4 d. The differentiated bat enteroids mimic the multicellular com-
position of native bat small intestinal epithelium (Fig. 1b). Using 
transmission electron microscopy, we identified cells with char-
acteristic features of four major intestinal cell types in the differ-
entiated bat enteroids, including enterocytes (E), goblet (G) cells, 
Paneth (P) cells and enteroendocrine (EE) cells (Fig. 1c). Although 
one line of bat enteroids was consecutively expanded for 12 weeks, 
the other lines ceased active proliferation after passage for 4 or 5 
weeks, unlike human intestinal organoids, which can be consecu-
tively passaged for at least 1 year. Nonetheless, we established the 
first bat intestinal organoid that simulates the cellular composition 
of bat intestinal epithelium.

We then assessed whether these bat enteroids are susceptible to 
SARS-CoV-2 and can be used for virus isolation. Enteric involve-
ment has been previously reported in SARS-CoV and Middle East 
respiratory syndrome coronavirus (MERS-CoV) infections24,25. 
Accumulating evidence has suggested that some patients with 
COVID-19 have enteric infections4. Hence, we attempted virus 
isolation in differentiated bat and human enteroids simultane-
ously using clinical specimens, including nasopharyngeal aspirate 
(NPA) or sputum of three patients with COVID-19 from Queen 
Mary Hospital and Princess Margaret Hospital in Hong Kong 
(Extended Data Fig. 1). Both bat and human enteroids developed 
progressive cytopathic effect (CPE) after inoculation. Notably, 
a substantially increased viral load was observed in the culture 
media of bat and human enteroids over time (Fig. 2a). For example,  

inoculation of an NPA specimen in human enteroids resulted in 
a notably increased viral load of around 4 log units in the culture 
media at 64 h after inoculation (hpi, Hu-ERD in Fig. 2a), whereas 
Vero E6 cells inoculated with the same specimen did not show 
CPE or increased viral load (data not shown). The culture media 
collected from the last timepoints (40 and 64 hpi) of the infected 
bat and human enteroids were used to inoculate a second batch of 
differentiated human enteroids. The medium collected from the 
infected bat organoids was subsequently inoculated into human 
organoids, not bat organoids, because we intended to inoculate 
the fresh media into the earliest available organoids to maximize 
the chance of virus isolation. A substantially increased viral load 
of more than 3 log units in the culture media was observed after 
inoculation of the media from the first round of isolation (Fig. 2b).  
Immunofluorescence staining verified the presence of viral 
nucleocapsid protein (NP)-positive cells in human enteroids at the 
second round of inoculation (Fig. 2c).

We examined the human and bat enteroids by RT–PCR using a 
pair of degenerative primers targeting a highly conserved segment 
in several genera of coronaviruses26 and excluded the possibility that 
these organoids themselves carried any coronavirus (Supplementary 
Data Fig. 1). We did not compare the efficiency of virus isolation 
pairwise in Vero E6 cells and organoids using additional clinical 
specimens. However, based on our aforementioned observation 
(Hu-ERD in Fig. 2a and absence of CPE and viral growth in Vero E6 
cells) and the fact that we used the patients’ NPA or sputa instead of 
bronchioalveolar lavage fluid (specimen from the lower respiratory 
tract of a patient with severe disease)1,2 for virus isolation, we think 
that both bat and human enteroids might enable virus isolation with 
higher efficiency than Vero E6 cells, which is the cell line commonly 
used for virus isolation. Zhu et al. also reported more efficient isola-
tion of SARS-CoV-2 using human primary airway epithelial cells 
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Fig. 1 | Morphological characterization of bat enteroids. a, Photomicrographs of differentiated bat enteroids. b, Photomicrographs of hematoxylin and 
eosin staining of bat enteroids (top) and bat small intestinal epithelium (bottom). c, Images of transmission electron microscopy illustrating ultrastructural 
morphology of absorptive Es, P cells, G cells and EE cells in differentiated bat enteroids. The photographs and images are representative of at least five 
similar images.
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than Vero E6 and Huh-7 cells2. Notably, our results indicate that 
both bat and human enteroids are susceptible to SARS-CoV-2.

SARS-CoV-2 uses the same receptor as SARS-CoV, human 
angiotensin-converting enzyme II (ACE2), for cell entry1. Apart 
from ACE2, transmembrane cellular protease human TMPRSS2 
is required for priming SARS-CoV-2 for cellular entry27. In addi-
tion, human endosomal protease cathepsin L (CTSL) is involved 
in the entry of several coronaviruses, including SARS-CoV28 and 
MERS-CoV29. Given that the differentiated human enteroids sus-
tain productive SARS-CoV-2 infection, we analyzed the expres-
sion of these entry factors. As shown in Fig. 2d, compared to  

undifferentiated enteroids, differentiated enteroids exhibited dramat-
ically elevated ACE2 mRNA expression. The expression of TMPRSS2 
was also significantly upregulated upon induction of differentiation, 
whereas that of CTSL was slightly downregulated. Figure 2d shows 
the abundance of mRNA transcribed from these genes relative to 
that of highly expressed GAPDH. Thus, the differentiated human 
enteroids, which are used in all infection experiments, harbor abun-
dant ACE2 and TMPRSS2 mRNA transcripts. Immunofluorescence 
staining also revealed abundant ACE2 and TMPRSS2 protein in the 
cells of differentiated human enteroids, consistent with their high 
expression in the human intestinal epithelium30.
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Fig. 2 | Highly effective virus isolation via bat and human enteroids. a, NPA specimens of two patients with COVID-19 were used to inoculate one 
droplet of bat enteroids (Bat-ERD_NPA B) or one droplet of human enteroids (Hu-ERD_NPA A). Cell-free media (n = 1) were harvested at the indicated 
hours after inoculation and followed by detection of viral gene copy. The data show the results of one specimen. b, The media of the last timepoints of 
inoculated bat enteroids (Bat-ERDm) or human enteroids (Hu-ERDm) were used for the second round of inoculation in one droplet of human enteroids. 
Viral gene copies were detected in cell-free media (n = 1). c, The human enteroids in the second round of inoculation and mock-inoculated enteroids were 
fixed and subjected to immunostaining of viral NP (green). Nuclei and actin filaments were counterstained with DAPI (blue) and Phalloidin-647 (purple), 
respectively. Scale bar, 10 µm. d, Undifferentiated (unDFR) human enteroids and differentiated (DRF) enteroids of the same line were subjected to  
RT–qPCR to detect the transcriptional level of ACE2, TMPRSS2 and CTSL. Data represent the mean and s.d. of a representative experiment, 
n = 3. Independent experiments were performed three times. Two-tailed Student’s t-test. The differentiated human enteroids were subjected to 
immunofluorescence staining to label human ACE2 and TMPRSS2 protein (green). To explicitly show ACE2 expressed on cell surface membrane, the 
channel of actin is not incorporated into the image. The organoids stained with the second antibody only are imaged as a control (Ctrl). Scale bar, 10 µm. 
Images are representatives of at least five similar images.
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We then examined the replication kinetics of SARS-CoV-2 in dif-
ferentiated bat enteroids. The infected bat enteroids gradually devel-
oped CPE at 72 hpi after inoculation with a multiplicity of infection 
(MOI) of 0.1 (results not shown). A notably increased viral load of 
more than 3 log units was observed in the bat enteroids at 72 hpi (Fig. 
3a). A 50% tissue culture infectious dose (TCID50) assay conducted 
in Vero cells showed that the amounts of infectious virion particles 
substantially increased over time. Immunofluorescence staining 
for viral protein verified productive SARS-CoV-2 infection in the 
bat organoids. Viral NP-positive cells were discernible in infected 
enteroids but absent in mock-infected enteroids (Fig. 3b). We did 
not perform additional infection experiments using the supernatant 
of infected bat enteroids. Collectively, the results demonstrate that 
bat enteroids indeed sustain replication of SARS-CoV-2.

The whole genome of R. sinicus bat has been sequenced31 but 
is not yet annotated. We are therefore unable to assess mRNA 
expression of the entry factors in bat organoids owing to a lack of 
information on R. sinicus sequences for specific genes. Given the 
susceptibility of differentiated bat enteroids to SARS-CoV-2, we 

speculate that bat organoids might possess ACE2 and TMPRSS2 
proteins similar to the human homologues that might be recognized 
by antibodies against human ACE2 and TMPRSS2. As shown in Fig. 
3c, immunofluorescence staining showed ACE2 and TMPRSS2 in 
bat enteroids, with a similar distribution pattern to that of human 
enteroids (Fig. 2d). Sequence information of the least horseshoe 
bat (Rhinolophus pusillus) ACE2 is available in GenBank. Pairwise 
comparison between human and least horseshoe bat was performed 
using CLC Genomics Workbench 12.0.2 based on the mRNA and 
protein sequences of ACE2. ACE2 mRNA sequence of the least 
horseshoe bat (GenBank GQ999938.1) showed 79.5% identity to 
the human homolog (AB046569.1), whereas the amino acid simi-
larity was 80.5% between human (BAB40370.1) and least horseshoe 
bat (ADN93477.1).

Many animal coronaviruses primarily infect the enteric and respi-
ratory tracts32,33. Enteric involvement has been reported in patients 
with SARS24. We previously demonstrated MERS-CoV replication 
in human intestinal organoids, and the human intestinal tract serves 
as an alternative route of MERS-CoV infection25. Given the effective 
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isolation of SARS-CoV-2 using differentiated human enteroids, we 
assessed viral replication kinetics. CPE developed sooner after inocula-
tion in human enteroids than in bat enteroids. A significantly increased 

viral load of over 3 log units was observed in human enteroids within 
48 h after inoculation (Fig. 4a). Accordingly, virus titer significantly 
increased, as shown by TCID50 assay. We also evaluated virus growth 
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in differentiated human colonoids, which are derived from crypts of 
human large intestines, by detecting viral load in the culture media. 
CPE appeared at 96 hpi in differentiated human colonoids (results not 
shown). The human colonoids recapitulated robust viral replication 
with higher magnitude than in enteroids (Fig. 4b). Productive infec-
tion was also observed in human enteroids by immunofluorescence 
staining (Fig. 4c).

We proceeded to evaluate cellular tropism of SARS-CoV-2 in 
human enteroids. At 24 h after inoculation with an MOI of 3, we 
performed confocal imaging of the infected human enteroids after 
co-staining of viral NP and Villin, a marker of human enterocytes. 
As shown in Fig. 4d, most infected cells in the enteroids were Villin 
positive, indicating that enterocytes are the major target cell of 
SARS-CoV-2. This is conceivable because enterocytes are the domi-
nant cell population in both differentiated human intestinal organoids 
and the native human intestinal epithelium. Type III IFNs have been 
shown to be selectively upregulated upon viral infections in human 
enteroids and human intestinal mucosa34,35. We then assessed type I–
III IFN response in human enteroids upon SARS-CoV-2 infection. 
We also examined the expression of inflammatory cytokines and 
receptors in SARS-CoV-2-infected human enteroids in comparison 
with mock-infected enteroids using a quantitative multiplex assay: 
RT2 Profiler PCR Array Gene Expression Analysis. We found that the 
expression levels of genes encoding human IFN-α, IFN-β and IFN-γ 
were barely induced upon infection (data not shown). Notably, human 
IFNL2 and IFNL3 were highly induced in the infected enteroids com-
pared to controls of mock infection (Fig. 4e). Among the 84 interro-
gated genes in the PCR array, CCR1, CCR8, IL16, IL3 and CXCL10 
(IP10) were upregulated, whereas CCR2, CCR5 and IL5 were down-
regulated. Further studies are required to elucidate the effect of regula-
tion of these antiviral and inflammatory mediators on viral replication 
and host response.

Lastly, to investigate whether enteric infection of SARS-CoV-2 
might occur in humans, we attempted virus isolation from the stool 
specimen of a patient with diarrheal COVID-19. A 68-year-old 
female patient presented with fever, sore throat and produc-
tive cough and developed diarrhea after admission to Princess 
Margaret Hospital. RT–qPCR of her stool specimen was positive for 
SARS-CoV-2, with a Ct value of 33.6. We isolated infectious virus 
from her stool specimen (Extended Data Fig. 1). The isolation of 
infectious virus from the patient’s stool suggests that SARS-CoV-2 
enteric infection occurred.

To summarize, we established the first organoid culture of bat 
intestinal epithelium. The differentiated bat enteroids recapitulate 
multicellular composition of bat intestinal epithelium and thus 
might serve as a robust in vitro model for studying microbial infec-
tions in bat intestine. Previous studies demonstrated that horse-
shoe bats are natural reservoirs of SARSr-CoVs12,13. A bat origin 
of SARS-CoV-2 has been proposed based on its high sequence 
homology to SARSr-CoVs identified in horseshoe bats1. The robust 

SARS-CoV-2 replication in the enteroids derived from horseshoe 
bats suggests that bat intestinal cells might support natural infection 
by SARS-CoV-2 or its progenitor(s). Notably, these bat enteroids 
open up a new avenue for isolating and cultivating other bat viruses, 
which has been a longstanding challenge for studying numerous bat 
viruses of high zoonotic potential. However, the current medium 
cocktail to maintain bat enteroids is unable to consistently sustain 
long-term expansion as it does in human enteroids, suggesting the 
requirement for further optimization. In addition, the functionality 
of bat enteroids needs more characterization.

Although not as common as respiratory symptoms, gastroin-
testinal symptoms have been present in a substantial proportion of 
patients with COVID-19. Xiao et al. reported that 53% of a cohort of 
73 hospitalized patients with COVID-19 had SARS-CoV-2 RNA in 
stool specimens, and stool remained positive in 23% of patients even 
after respiratory specimens became viral RNA negative3. Notably, 
viral NP-positive cells were observed in gastrointestinal epithelial 
cells from the biopsy specimens of these patients3. Persistent fecal 
viral shedding was also prominent in pediatric patients36. These 
clinical observations collectively suggest that enteric infection can 
occur in patients with COVID-19. Here we provide direct evidence 
of active SARS-CoV-2 replication in human enteroids, an in vitro 
model of human intestinal epithelium. The isolation of infectious 
virus from a patient with diarrheal COVID-19, coupled with these 
clinical observations, suggests that productive SARS-CoV-2 infec-
tion in human enteroids might recapitulate enteric infection in 
patients with COVID-19. The active viral replication and induction 
of type III IFNs and inflammatory mediators in human enteroids 
might contribute to the development of gastrointestinal symptoms 
in patients and requires further study. Currently, the route(s) lead-
ing to enteric infection remains unclear, such as whether the intes-
tinal epithelial cells are primarily infected with SARS-CoV-2 via the 
oral–fecal route or whether enteric infection is secondary to respira-
tory infection. Nonetheless, we propose that the human intestinal 
tract might represent an additional route of virus transmission.
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Methods
Establishment, maintenance and differentiation of bat intestinal organoids. 
After ethics approval by the Agriculture, Fisheries and Conservation Department, 
Government of Hong Kong Special Administrative Region, three horseshoe 
bats (Rhinolophus sinicus) were captured and transferred to our laboratory. To 
establish bat intestinal organoids, we followed the same protocol for generating 
human intestinal organoids as described by Sato et al.20. In brief, the intestines of 
bats were harvested after the bats were euthanized by intraperitoneal injection 
of phenobarbital (200 mg/kg body weight). Intestinal tissues, after washing 
with cold PBS, were chopped into small pieces and incubated in cold chelation 
buffer (5.6 mM Na2HPO4, 8.0 mM KH2PO4, 96.0 mM NaCl, 1.6 mM KCl, 44 mM 
sucrose and 54.8 mM D-sorbitol in distilled water) for 30 minutes to isolate 
intestinal crypts. The isolated crypts were then pelleted by centrifugation at 200 g 
for 3 minutes, resuspended in cold Matrigel (Growth Factor Reduced Basement 
Membrane Matrix, Corning) and dispersed in a 24-well plate. After Matrigel was 
polymerized to form a droplet, 500 µl expansion medium (shown in Table 1) was 
added to each well to maintain the culture at 37 °C in a humidified incubator 
with 5% CO2. To induce differentiation, the expansion medium was replaced with 
the differentiation medium (Table 1). Photomicrographs of the organoids were 
acquired using Nikon Eclipse TS100 Inverted Routine Microscope.

Maintenance and differentiation of human intestinal organoids. After ethics 
approval by the Institutional Review Board of the University of Hong Kong/
Hospital Authority Hong Kong West Cluster (UW13-364), human intestinal 
organoids were previously established using the small and large intestinal 
mucosa adjacent to the diseased tissues from pediatric patients who underwent 
surgical resection25. Two lines of human enteroid and one line of colonoid 
derived from three donors were used in this study. Detailed information of 
these donors is provided in Table 2. The expansion and differentiation of human 
intestinal organoids were performed with the same protocol as described above. 
Unless stated otherwise, all infections and examinations were conducted in the 
differentiated organoids of bat and human.

Virus isolation, infection and detection. After ethics approval by the institutional 
review board of the University of Hong Kong/Hospital Authority Hong Kong  
West Cluster (UW 13-372), four archived specimens from patients with COVID-
19—NPA (Ct values of 19.1 and 22.2), sputum (Ct value of 32.1) or feces  
(Ct value of 33.6)—were obtained. Informed consent was waived because archived 
specimens were used for the study. The differentiated intestinal organoids of bat 
and human were sheared mechanically and incubated with the clinical specimens 
for 2 h at 37 °C. The inoculated organoids were re-embedded into Matrigel and 
then maintained in the differentiation medium. To assess replication kinetics, 
SARS-CoV-2 was inoculated in bat and human organoids at an MOI of 0.1.  
At the indicated hours after inoculation, cell-free culture media were harvested 
and applied to RNA extraction using the MiniBEST Viral RNA/DNA Extraction 
Kit (Takara) and detection of viral loads (viral gene copy numbers) by one-step 
RT–qPCR assay (QuantiNova Probe RT–PCR kit, Qiagen; Table 3), as well as viral 
titration by TCID50 assay, as described previously37. Briefly, serial ten-time dilution 
of culture media was inoculated in Vero cell monolayer in sextuplet and cultured 
in penicillin–streptomycin-supplemented DMEM. The monolayers were observed 
for CPE for 2–3 days. Viral titer was calculated with the Reed–Munch endpoint 
method. One TCID50 is interpreted as the amount of virus that causes CPE in 50% 
of inoculated wells.

The infected or mock-infected human enteroids harvested at 48 hpi, 
undifferentiated and differentiated human enteroids of the same donor, were 
applied to RNA extraction, followed by reverse transcription using oligo(dT).  
The resultant cDNAs were used to measure mRNA expression levels of IFN, ACE2, 
TMPRSS2 and CTSL by qPCR assay (Table 4) or to detect 84 human inflammatory 
cytokines and receptors with RT2 Profiler PCR Array (Qiagen). All experiments 
with live viruses were conducted in biosafety level 3 laboratories after approval by 
the Faculty of Medicine, The University of Hong Kong.

Histology examination, immunofluorescence staining and transmission 
electron microscopy. Bat intestinal tissues and bat organoids were applied 
to conventional tissue processing and hematoxylin and eosin staining after 
fixation with 4% paraformaldehyde (PFA). The virus-inoculated or mock 
organoids, after fixation, were applied to immunofluorescence staining using 
in-house-made antibodies against SARS-CoV NP and the goat-anti-rabbit IgG 
Alexa Fluor 488  
(A-11034, Invitrogen) or goat-anti-mouse IgG Alexa Fluor 488 (A-11001, 
Invitrogen) to identify SARS-CoV-2-infected cells. The NP antibodies are 
cross-reactive to SARS-CoV-2 NP owing to the 93% amino acid identity to 
SARS-CoV NP (validation result provided upon request). To assess cellular 
tropism, at 24 h after SARS-CoV-2 inoculation with an MOI of 3, the 
differentiated human enteroids were fixed with 4% PFA and co-labeled with a 
mouse NP antibody and α-Villin (ab130751, Abcam) overnight at 4 °C, followed 
by staining with secondary antibodies. Other antibodies used in the study 
included α-ACE2 (AF933, R&D Systems), α-TMPRSS2 (PA5-14264, Invitrogen), 
goat anti-rabbit IgG Alexa Fluor 594 (A-11037, Invitrogen) and donkey 

Table 1 | Composition of the expansion medium and 
differentiation medium for intestinal organoid culture

Composition (concentration) expansion 
medium

Differentiation 
medium

Advanced F12/DMEM + +
Wnt3a conditioned medium 
(50%)a

+ —

Rspondin1 conditional medium 
(20%)a

+ —

Noggin conditional medium (10%)a + —
B27 supplement (1×) + +
Nicotinamide (10 mM) + —
A8301 (500 nM) + +
SB202190 (10 μM) + —
hEGF (50 ng ml−1) + +
Y-27632 (10 μM) + +
hGastrin I (10 nM) + +
N-acetylcysteine (1 mM) + +
HEPES (10 mM) + +
GlutaMAX (2 mM) + +
Primocin (50 μg) + +
Penicillin–streptomycin (100 U ml−1) + +
aPercentage of total volume.

Table 2 | Information on patients and the donated tissue from 
which the organoids were derived

Organoid 
type

Gender Age Intestine segment Derivation time

Enteroid line 1 Female 28 months Small intestine July 2017
Enteroid 
line 3

Male 3 months Small intestine August 2017

Colonoid line 3 Female 25 months Colon August 2019

Table 3 | RT–PCR assay for detection of SARS-Co-2 viral load 
with QuantiNova Probe RT–PCR kit

Primer/probe sequence
F: 5′-CGCATACAGTCTTRCAGGCT-3′
R: 5′-GTGTGATGTTGAWATGACATGGTC-3′
Pb: 5′ FAM-TTAAGATGTGGTGCTTGCATACGTAGAC -lABkFQ-3′

Components Volume (μl)
2× buffer 10
Water 1.2
RT mix 0.2
Forward primer (10 μM) 1.6
Reverse primer (10 μM) 1.6
Probe (10 –M) 0.4
Subtotal 15

RNA 5

Cycling profile
Temperature Time Cycle
45 °C 10 min 1
95 °C 5 min 1
95 °C 5 s 45
55 °C 30 s 45

40 °C 30 s 1
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anti-goat IgG Alexa Fluor 488 (A-11055, Invitrogen). Nuclei and actin filaments 
were counterstained with DAPI (Thermo Fisher Scientific) and Phalloidin-647 
(Sigma-Aldrich), respectively. The confocal images were acquired using a Carl 
Zeiss LSM 800 confocal microscope.

The differentiated bat enteroids were embedded in resin after sequential 
fixation in 2.5% glutaraldehyde and 1% osmium. The ultrathin sections were 
stained with uranyl acetate and examined under a Philips CM 100 transmission 
electron microscope. All images presented in this manuscript, including 
photomicrographs of histology and electron microscopy and confocal images, were 
selected from at least five similar pieces with the same settings.

Statistical analysis. Statistical analysis was conducted using GraphPad Prism 
7.0. The two-tailed Student’s t-test was used to determine statistical significance. 
Numbers of replicates are indicated in the figure legends.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available from the corresponding 
authors upon written request.
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Table 4 | Primer sequence for detection of cellular gene 
expression by RT–qPCR

Gene Sequence

IFNL2 5′-TCCAGTCACGGTCAGCA-3′
5′-CAGCCTCAGAGTGTTTCTTCT-3′

IFNL3 5′-TAAGAGGGCCAAAGATGCCTT-3′
5′-CTGGTCCAAGACATCCCCC-3′

ACE2 5′-CATTGGAGCAAGTGTTGGATCTT-3′
5′-GAGCTAATGCATGCCATTCTCA-3’

TMPRSS2 5′-CTTTGAACTCAGGGTCACCA-3′
5′-TAGTACTGAGCCGGATGCAC-3′

CTSL 5′-TGGTGGCCTAATGGATTATGC-3′
5′-CCTTCTCCTGCTTAGGGATGT-3′
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Extended Data Fig. 1 | Summary. A brief summary of clinical specimens and experiment results.
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Wild animals Three female and male horseshoe bats (Rhinolophus sinicus) were captured in roosting caves with hand-nets on long pole by bat 
experts of Agriculture, Fisheries and Conservation Department, the Government of Hong Kong Special Administrative Region.  
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Field-collected samples no field-collected sample involved. 

Ethics oversight Approved by Agriculture, Fisheries and Conservation Department, the Government of Hong Kong Special Administrative Region, 
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Human research participants
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