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ABSTRACT

Objective Although severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) RNA was detected in faeces
of patients with COVID-19, the activity and infectivity of
the virus in the Gl tract during disease course is largely
unknown. We investigated temporal transcriptional
activity of SARS-CoV-2 and its association with
longitudinal faecal microbiome alterations in patients
with COVID-19.

Design We performed RNA shotgun metagenomics
sequencing on serial faecal viral extractions from 15
hospitalised patients with COVID-19. Sequencing
coverage of the SARS-CoV-2 genome was quantified. We
assessed faecal microbiome composition and microbiome
functionality in association with signatures of faecal
SARS-CoV-2 infectivity.

Results Seven (46.7%) of 15 patients with COVID-19
had stool positivity for SARS-CoV-2 by viral RNA
metagenomic sequencing. Even in the absence of Gl
manifestations, all seven patients showed strikingly
higher coverage (p=0.0261) and density (p=0.0094) of
the 3" vs 5" end of SARS-CoV-2 genome in their faecal
viral metagenome profile. Faecal viral metagenome

of three patients continued to display active viral
infection signature (higher 3" vs 5" end coverage) up to
6days after clearance of SARS-CoV-2 from respiratory
samples. Faecal samples with signature of high SARS-
CoV-2 infectivity had higher abundances of bacterial
species Collinsella aerofaciens, Collinsella tanakaei,
Streptococcus infantis, Morganella morganii, and higher
functional capacity for nucleotide de novo biosynthesis,
amino acid biosynthesis and glycolysis, whereas faecal
samples with signature of low-to-none SARS-CoV-2
infectivity had higher abundances of short-chain fatty
acid producing bacteria, Parabacteroides merdae,
Bacteroides stercoris, Alistipes onderdonkii and
Lachnospiraceae bacterium 1_1_57FAA.

Conclusion This pilot study provides evidence for
active and prolonged 'quiescent’ Gl infection even in the
absence of GI manifestations and after recovery from
respiratory infection of SARS-CoV-2. Gut microbiota

of patients with active SARS-CoV-2 Gl infection was
characterised by enrichment of opportunistic pathogens,
loss of salutary bacteria and increased functional
capacity for nucleotide and amino acid biosynthesis and
carbohydrate metabolism.
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Significance of this study

What is already known on this subject?

» Gl symptoms are present in a substantial
proportion of patients with COVID-19.

> Severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) RNA has been detected and
remained positive in the faecal samples of
some patients with COVID-19 even after
respiratory specimens were negative for viral
RNA.

» In vitro transcriptional analysis on SARS-CoV-
2-infected cell model showed that the 3" end of
SARS-CoV-2 genome was substantially highly
covered than the 5’ end indicating a signature
of active viral replication and infection.

What are the new findings?

» We found for the first time a signature of active
gut viral infection in a subset (47%) of patients
with COVID-19 even in the absence of Gl
symptoms, suggesting ‘quiescent’ Gl infection
of SARS-CoV-2.

» The transcriptional activity of viral infection
and replication persisted in the gut even after
respiratory clearance of SARS-CoV-2.

» Faecal samples with a signature of high SARS-
CoV-2 infectivity harboured a higher abundance
of opportunistic pathogens, Collinsella
aerofaciens, Collinsella tanakaei, Streptococcus
infantis, Morganella morganii and an enhanced
capacity for biosynthesis of nucleotide and
amino acid and carbohydrate metabolism
(glycolysis), whereas faecal samples with a
signature of low-to-none SARS-CoV-2 infectivity
had a higher abundance of short-chain fatty
acid producing bacteria, Parabacteroides
merdae, Bacteroides stercoris, Alistipes
onderdonkii and Lachnospiraceae bacterium
1_1_57FAA.

INTRODUCTION

COVID-19, an acute respiratory illness caused
by novel coronavirus (severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2)), is charac-
terised by active virus replication in the upper respi-
ratory tract.' Early reports from Wuhan showed
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Significance of this study

How might it impact on clinical practice in the foreseeable

future?

» Active and prolonged SARS-CoV-2 activity in the gut
of patients with COVID-19, even in the absence of Gl
manifestations and after recovery highlights the importance
of long-term coronavirus and health surveillance and the
threat of potential faecal-oral viral transmission.

» Therapeutic approaches including nullifying gut SARS-CoV-2
activity and modulating gut microbiome composition and
functionality should be explored.

that 29%-10% of patients with COVID-19 had GI symptoms
including diarrhoea, but a recent meta-analysis reported that up
to 20% had GI symptoms.> Moreover, faecal calprotectin, an
indicator of inflammatory responses in the gut, was found to
be elevated in patients with COVID-19 with diarrhoea.® These
evidence suggest that the digestive tract might be an extrapulmo-
nary site for SARS-CoV-2 infection in patients with COVID-19
with GI manifestations. However, viral activity and infectivity of
SARS-CoV-2 in the GI tract of patients with COVID-19 during
disease course and after disease resolution is largely unknown.
SARS-CoV-2 RNA has been detected in anal swabs and stool
samples based on RT-PCR in a substantial proportion of patients
with COVID-19.! 7 In addition, viral particles of SARS-CoV-2
were observed from faeces of patients with COVID-19 through
electron microscopy.® The presence of SARS-CoV-2 RNA in
faeces can last longer after respiratory specimens became viral
negative in a subset of patients with COVID-19” °. However,
it is unknown about the activity of SARS-CoV-2 virus in the
gut of those patients with COVID-19 with yet faecal positivity
for SARS-CoV-2 after respiratory clearance of SARS-CoV-2.
Currently, the viral activity of SARS-CoV-2 in the gut was mostly

extrapolated from indirect observations of findings based on
intestinal organoid and mammalian cell models: (1) SARS-CoV-2
receptor, ACE2, is highly expressed in intestinal enterocytes and
colonocytes'® ™ and (2) SARS-CoV-2 infects enterocyte lineage
cells in human and bat intestinal organoids.'* * To date, there is
a lack of data of replication-competent and infection-competent
SARS-CoV-2 virus in the human gut. Deeper understanding of
the life cycle and pathogenicity of SARS-CoV-2 in the human gut
is an urgent unmet need.

In this pilot observational study, we postulate that SARS-CoV-2
is active in the gut of patients with COVID-19, and therefore
depicted the temporal transcriptional activity and infectivity of
SARS-CoV-2 in the gut of hospitalised patients with COVID-19
both during disease course and after disease clearance. We
prospectively included 15 hospitalised patients with COVID-19
admitted between 16 February 2020 and 2 March 2020 in Hong
Kong, China, followed from hospital admission until discharge.
Faecal viral RNA was extracted, followed by shotgun metage-
nomics sequencing and profiling to investigate SARS-CoV-2
transcriptional activity.

METHODS

Study subject and design

This prospective study involved 15 patients with COVID-19
hospitalised with laboratory-confirmed SARS-CoV-2 infection
(table 1). SARS-CoV-2 infection was confirmed by two consec-
utive RT-PCR tests targeting different regions of the RdRp gene
performed by the local hospitals and Public Health Laboratory
Service (Hong Kong, China). All patients with COVID-19 were
admitted to the Prince of Wales Hospital or the United Chris-
tian Hospital, Hong Kong, between 5 February 2020 and 17
March 2020. They were followed until discharged from hospital
or until 4 April 2020. All patients provided informed consent
to participate in this study and agreed for publication of the
research results. Data including demographic, epidemiological,

Table 1 Clinical characteristics of subjects with COVID-19
Patients with Disease
COVID-19 severity Age Sex Comorbidities Respiratory symptom Gl symptom Chest X-ray findings
1 Critical 65 F Hypertension, chronic hepatitis ~ Fever, cough, sputum Nil Bilateral lung infiltrates
B carrier
Moderate 55 F None Fever, runny nose Nil Bilateral lung infiltrates
Critical 42 M None Fever, cough Nil Right lung infiltrates and
right lower lobe collapse
4 Severe 70 M Hyperlipidaemia, duodenal ulcer ~ Sputum, shortness of Nil Bilateral lung infiltrates
breath
5 Moderate 58 M None Fever, cough Diarrhoea Right lung infiltrates
6 Severe Al M None Fever, cough, shortness of  Nil Bilateral lung infiltrates
breath
7 Moderate 48 M Diabetes, hypertension, Fever, cough Nil Left lung infiltrates
hyperlipidaemia
8 Moderate 38 F None Fever, cough, sputum, Nil Bilateral lung infiltrates
runny nose
9 Mild 33 M None Fever, cough Nil Nil
10 Moderate 70 F Obesity, hypertension Cough Nil Bilateral lung infiltrates
1 Severe 62 M Diabetes, hyperlipidaemia, left ~ Fever, cough, sputum, Nil Bilateral lung infiltrates
subclavian artery occlusion shortness of breath
12 Moderate Al F Hypertension, renal impairment, Cough Nil Bilateral lung infiltrates
hyperlipidaemia
13 Moderate 47 F None Cough Nil Bilateral lung infiltrates
14 Moderate 22 F None Fever, runny nose Nil Bilateral lung infiltrates
15 Mild 46 F None Cough, shortness of breath Nil None
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clinical and laboratory results were extracted from the elec-
tronic medical records in Hong Kong Hospital Authority clin-
ical management system. Faecal samples from patients with
COVID-19 were collected serially until discharge.

Faecal viral RNA extraction and shotgun metagenomics
sequencing

The total viral nucleic acid was extracted from faecal samples,
using TaKaRa MiniBEST Viral RNA/DNA Extraction Kit
(Takara, Japan) following manufacturer’s instructions. Then
extracted total viral nucleic acid was then purified by RNA
Clean & Concentrator Kits (Zymo Research, California, USA)
to obtain viral RNA. After quality control procedures via Qubit
2.0, agarose gel electrophoresis and Agilent 2100 testing, the
qualified RNA was subject to library preparation using KAPA
RNA HyperPrep Kit (Illumina, USA). The library preparations
were then sequenced on Illumina NextSeq 550 platform (150bp
paired end).

Raw sequence reads were filtered and quality-trimmed using
Trimmomatic V.0.36'* as follows: 1) trimming low-quality base
(quality score <20); 2) removing reads shorter than 50bp; 3)
tracing and cutting off sequencing adapters. Contaminating
human reads were filtering using Kneaddata V.0.5.1 (reference
database: GRChg38) with default parameters.

Coverage and density of SARS-CoV-2 genome by
metagenomics sequencing

A total of 1666 complete genomes were downloaded from
the SAS-CoV-2 genome repository at National Center for
Biotechnology Information as of 20 April 2020. Clean faecal
viral metagenomic reads were queried against the customised
SARS-CoV-2 reference genomes by BBMap V.38.81."° Mapped
reads were manually checked, particularly those mapped to the
3’ end of the SARS-CoV-2 genome, and reads ended with Poly
A were discarded.

The 3’ end of the SARS-CoV-2 genome was defined as the
genomic region starting from the 25000 nucleotide base
through the full-length end of SARS-CoV-2 genome (~29 9000
nucleotide base), while the remaining genomic region (0-25
000 nucleotide base) was deemed as 5 end of the SARS-CoV-2
genome. Sequencing coverage was defined as the number of
shotgun reads mapped to a given genomic region (per 100 nucle-
otide base of the SARS-CoV-2 genome). Sequencing density was
defined as the frequency of sequenced sites in a given genomic
region of SARS-CoV-2 genome (number of metagenomic hits of
SARS-CoV-2 per 500 nucleotide base).

Faecal DNA extraction, metagenomics sequencing and
bacterial microbiome taxonomic and functional profiling
Approximately 0.1g faecal sample was prewashed with 1mL
ddH,O and pelleted by centrifugation at 13 000x g for 1min.
The faecal DNA was subsequently extracted from the pellet
using Maxwell RSC PureFood GMO and Authentication Kit
(Promega, Madison, Wisconsin, USA) following manufacturer’s
instructions. Briefly, faecal pellet was added 1 mL of cetyltrime-
thylammonium bromide (CTAB) buffer and vortexed for 30s,
then heating sample at 95°C for 5 min. After that, the samples
were vortexed thoroughly with beads at maximum speed for
15 min. Then 40 uL of proteinase K and 20 uL of RNase A was
added into sample and the mixture was incubated at 70°C for
10 min. The supernatant was then obtained by centrifuging at 13
000% g for 5 min and was added in Maxwell RSC machine for
DNA extraction. Extracted DNA was subjected to DNA libraries

construction, completed through the processes of end repairing,
adding A to tails, purification and PCR amplification, using
Nextera DNA Flex Library Preparation kit (Illumina). Libraries
were subsequently sequenced on our in-house sequencer Illu-
mina NextSeq 550 (150 bp paired-end) at Center for Micro-
biota Research, The Chinese University of Hong Kong. The
ratio of human reads in the faecal metagenome was generated
from aligning reads to the reference genome (human release 32,
GRCh38.p13, downloaded from Gencode) by Bowtie 2.'¢

Raw sequence reads were filtered and quality-trimmed using
Trimmomatic V.0.36' as follows: (1) trimming low-quality base
(quality score <20); (2) removing reads shorter than 50bp; 3)
removing sequencing adapters. Contaminating human reads
were filtering using Kneaddata (reference database: GRCh38.
p13) with default parameters. Taxonomic profiling of faecal
bacterial communities was performed using MetaPhlAn2 (V
2.9) by mapping reads to clade-specific markers.'” Functional
profiling of faecal bacterial communities was performed using
HUMANN2.0." Differential bacterial species between faeces
with high SARS-CoV-2 infectivity and faeces with low-to-none
SARS-CoV-2 infectivity were identified by LefSE across all time-
point stools corresponding to respective patients with COVID-
19. Only species with linear discriminant analysis(LDA) effect
size >2and false discovery rate (FDR)-corrected p value <0.05
were plotted. High SARS-CoV-2 infectivity was defined as
higher 3’ vs 5” end coverage of SARS-CoV-2 genome in faecal
viral RNA metagenome. Low-to-none SARS-CoV-2 infectivity
was defined as similar 3’ and 5’ end coverage or no coverage of
the SARS-CoV-2 genome in faecal viral RNA metagenome.

RESULTS

Patients with COVID-19

Fifteen hospitalised patients with COVID-19 with laboratory-
confirmed SARS-CoV-2 infection were recruited and followed up
(figure 1, table 1). Of the 15 patients, 7 were male. The median
age of hospitalised patients with COVID-19 was 55 years (IQR:
44-67). Eleven patients had moderate-to-severe COVID-19 and
two had critical disease with admission to intensive care unit. All
patients presented with respiratory symptoms but only one had
concurrent GI symptom of diarrhoea at presentation (patient 5).
None of the patients developed GI symptoms during hospital-
isation. Serial stool samples were collected from each patient
until nasopharyngeal or throat swab tests were negative on two
consecutive samples on which patient was discharged. Median
duration of hospitalisation was 21+2.4 days (mean=+SE).

Depiction of temporal faecal viral activity of SARS-CoV-2 in
patients with COVID-19

SARS-CoV-2 has a genome size of ~29.9kb nucleotides
(figure 2A)."" 2° After entering into the host cell, the full-length
genomic RNA that also serves as an mRNA, is translated to
ORF1a and ORF1b (5’ end of the SARS-CoV-2 genome). In
addition to the full genomic RNA, nine major subgenomic RNAs
(sgRNAs), which encode for structural proteins, S, E, M and N,
are produced (3” end of the SARS-CoV-2 genome).”’ A recent
study demonstrated that active viral replication and transcrip-
tion of SARS-CoV-2 resulted in substantially higher sequencing
coverage of the 3” end versus the 5’ end of the SARS-CoV-2
genome in an infected cell model (Vero cells) via high-throughput
transcriptomic sequencing.”’ Such high transcriptional expres-
sion of the 3’-end sgRNAs is a signature of active replication and
infection of SARS-CoV-2 in host cells.
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Figure 1  Timeline of patient symptom onset, hospitalisation, throat (nasopharyngeal) swab clearance of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and discharge, through the course of disease for 15 patients hospitalised with COVID-19.

Based on these transcriptomic patterns of replicative if SARS-CoV-2 does not exist in the gut, its RNA genome cannot
SARS-CoV-2, we hypothesised three potential scenarios of the be detected through metagenomics sequencing; (ii) scenario 2: if
existence of SARS-CoV-2 virus in the human gut and its detection free SARS-CoV-2 virions pass through the gut without infecting
by faecal viral RNA metagenomics (transcriptomics): (i) scenario 1: host cells, the full-length viral RNA genome should be equally
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Figure 2 Hypothetical scenarios for the fecal viral RNA metagenomic profile of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in
association with its infectivity in gut. (A) Schematic presentation of the full-length genome, transcribed subgenomic RNAs (sgRNA) and the virion
structure of SARS-CoV-2 virus. (B) Three scenarios hypothesised for the presence and infectivity of SARS-CoV-2 in the gut of patients with COVID-19,
and the detection of SARS-CoV-2 virus by faecal viral RNA metegenomics sequencing. If SARS-CoV-2 virus infects the host cells in the gut, its genomic
and sgRNAs should be highly expressed and released into the gut lumen on cytolysis, where the 3’ end of SARS-CoV-2 genome should be highly
covered by faecal viral RNA metagenomics sequencing.
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covered by metagenomics reads; (iii) scenario 3: if SARS-CoV-2
virus exists in the gut and infects host cells, the 3’ end regions of
the viral RNA genome should be more highly covered than the 5’
end genomic regions by metagenomics reads (figure 2B).

To depict the viral transcriptional activity of SARS-CoV-2 in the
gut of patients with COVID-19, we performed faecal viral RNA
shotgun metagenomics sequencing on chronological series of
faecal samples. Consequently, we obtained 18 773 883+420617
(mean=SE) reads on average from serial faecal viral RNA prepara-
tions of 15 patients with COVID-19. Seven patients were detected
positive for SARS-CoV-2 in the faeces at baseline (sampling date of
the first stool after hospitalisation), by metagenomics sequencing
(figure 3), indicating the presence of SARS-CoV-2 in the gut of a
subset of patients with COVID-19. None of these subjects had GI
symptoms. Metagenomics sequencing did not detect SARS-CoV-2
in faeces of the other eight patients (online supplementary Figure
1). Although our sequence depth did not allow us to identify the
full-length genome of SARS-CoV-2 in faecal samples, interest-
ingly we observed that all seven patients (metagenome positive
for SARS-CoV-2) displayed higher coverage and density of the 3’
end region than the 5’ end region of the SARS-CoV-2 genome, at
baseline (p=0.0261and 0.0094, respectively, figure 3D). Patient
12 with moderate COVID-19 and patient 15 with mild COVID-19
(normal chest findings) did not display GI symptoms, yet both
showed consistent 3” end coverage of the SARS-CoV-2 genome in
faecal viral metagenome across all time points during the disease
course (figure 3A and C). These findings suggest persistent exis-
tence of SARS-CoV-2 in the patients’ gut. Given that higher 3’ end
versus 5” end coverage of SARS-CoV-2 genome is a signature of
active viral replication and transcription (infection) in host cells,*
our data underscore ongoing active SARS-CoV-2 infection within
the gut of patients with COVID-19 despite the absence of GI symp-
toms and mild COVID-19. In contrast, patients 3 and 7 lost this
signature of active viral infection, 1day after and 10 days before
nasopharyngeal clearance of SARS-CoV-2, respectively (figure 3B),
suggesting discordance in the timeline of eliminating gut and respi-
ratory SARS-CoV-2 infection among patients with COVID-19
during the disease course.

Surprisingly, the faecal viral RNA metagenome of patients 4,
11 and 15 continued to display active viral infection signature
(higher 3* vs 5” end coverage and density of SARS-CoV-2 genome)
(figure 3C), at time points ranging from 1 to 6 days after clear-
ance of SARS-CoV-2 from throat swab. In patients 11 and 15,
the coverage and density of 5* end resembled that of the 3’ end
in the faecal viral metagenome, after throat swab turned negative
(exemplified at days 1 and 6 for patient 11, and day 2 for patient
15, figure 3C). These observations indicate a gradual loss of active
viral infection (shifting from scenario 3 to scenario 2) in the gut
of these patients after clearance of SARS-CoV-2 from the airway.
Our data suggest that SARS-CoV-2 virus is persistently detectable
and continued to display features of infectivity in the human gut
despite clearance of SARS-CoV-2 from the airway but its tran-
scriptional activity and infectivity may decline gradually after-
wards. Such prolonged presence of active SARS-CoV-2 in faeces of
patients without enteric involvement as well as recovered patients
highlight a potential for faecal-oral transmission.

Faecal microbiome features associated with faecal viral
activity of SARS-CoV-2

We then investigated the gut microbiome difference between faecal
samples with a signature of high SARS-CoV-2 infectivity and those
with a signature of low-to-none SARS-CoV-2 infectivity, to gain
insights into the interactions between SARS-CoV-2, microbiome
and the host. We performed faecal microbiome metagenomic

sequencing and compared the bacterial microbiome composition
between faeces with high SARS-CoV-2 infectivity and those with
low-to-none SARS-CoV-2 infectivity, across all time points in the 15
patients with COVID-19. We found that faecal samples with high
SARS-CoV-2 infectivity had a higher abundance of the bacterial
species Collinsella aerofaciens, Collinsella tanakaei, Streptococcus
infantis, Morganella morganii, compared with samples with low-
to-none SARS-CoV-2 infectivity (LefSE analysis, LDA effect size
>2, FDR p value <0.035, figure 4A). Among these species, C. aero-
faciens and M. morganii have been associated with opportunistic
human infections.?! ?* 8. infantis was an abundant coloniser in the
upper respiratory tract and oral cavity.”> Host (human) DNA ratio
in the faecal metagenome did not differ between faeces with high
SARS-CoV-2 infectivity and those with low-to-none SARS-CoV-2
infectivity (online supplementary figure 2). These tdata together
suggest that SARS-CoV-2 actively infected the gut and may pose
additional threat to the host.

In contrast, faecal samples with low-to-none SARS-CoV-2
infectivity had higher abundances of Parabacteroides merdae,
Bacteroides  stercoris, Alistipes onderdonkii and Lachnspira-
ceae bacterium 1_1 S7FAA, compared with those with high
SARS-CoV-2 infectivity (LefSE analysis, LDA effect size >2, FDR
p value <0.03, figure 4A). Bacteria members from Parabacteroides,
Bacteroides and Lachnospiraceae are known producers of short
chain fatty acids (particularly butyrate), which play crucial roles in
boosting host immunity.**>” Alistipes species are indole positive,
involved in the serotonin precursor tryptophan metabolism and
in maintaining gut immune homeostasis.”® ?° In addition, a high
abundance of B. stercoris was also marginally associated with low
faecal amount of SARS-CoV-2 virus (Spearman’s correlation coef-
ficient rho=—0.26, p=0.06). Our data highlight a potential bene-
ficial role of these intestine-resident salutary bacteria in combating
SARS-CoV-2 infection in the gut.

We further explored the difference in faecal microbiome func-
tionality between faeces with a signature of high SARS-CoV-2
infectivity and those with a signature of low-to-none SARS-CoV-2
infectivity. We found that faecal samples with high SARS-CoV-2
infectivity had a higher abundance of functional pathways involved
in nucleotide metabolism (superpathway of adenosine nucleo-
tides de novo biosynthesis I, purine ribonucleosides degradation,
superpathway of adenosine nucleotides de novo biosynthesis II,
superpathway of guanosine nucleotides de novo biosynthesis
II, adenosine deoxyribonucleotides de novo biosynthesis II and
guanosine deoxyribonucleotides de novo biosynthesis II), carbo-
hydrate metabolism (glycolysis II from fructose-6-phosphate) and
amino acid biosynthesis (L-lysine biosynthesis Il and superpathway
of L-serine and glycine biogenesis), compared with samples with
low-to-none SARS-CoV-2 infectivity (LefSE analysis, LDA effect
size >2, FDR p value <0.03, figure 4B). The increased nucleotide
and amino acid biosynthesis in gut microbiome functionality indi-
cate potential enhanced production of bacterial cellular building
blocks for macromolecules, while the increased glycolic activity
indicates enhanced energy extraction in bacteria, all essential life
activities for gut bacteria under immunopathological conditions.
Such alterations in microbiome functionality in association with
SARS-CoV-2 infectivity may underlie the pathogenesis and disease
course of COVID-19, although the cause versus consequence rela-
tionship merits further investigation.

Longitudinal changes of faecal microbiome in association
with faecal viral activity of SARS-CoV-2

We then investigated longitudinal changes of faecal microbiome in
association with clearance of active replicating SARS-CoV-2 virus
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Figure 3  Depiction of the viral infectivity of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in serial faeces of patients with
COVID-19. Infectivity of SARS-CoV-2 virus in gut was investigated by faecal viral RNA metagenomics coverage profile of SARS-CoV-2 genome. (A)

The subset of patients who manifested higher 3" vs 5" end coverage of the SARS-CoV-2 genome (signature of active SARS-CoV-2 infectivity) before
throat swab turned negative for SARS-CoV-2. (B) The subset of patients who manifested higher 3" vs 5" end coverage of the SARS-CoV-2 genome
(signature of SARS-CoV-2 infectivity) but gradually lost this signature over time of hospitalisation before throat swab turned negative for SARS-CoV-2.
(C) The subset of patients who manifested higher 3 vs 5" end coverage of the SARS-CoV-2 genome (signature of SARS-CoV-2 infectivity) after throat
swab turned negative for SARS-CoV-2. 'Day 0’ is defined as the date when throat swab turned negative for SARS-CoV-2, as measured by RT-PCR. (D)
The coverage and density of the 5" and 3" ends of the SARS-CoV-2 genome in COVID-19 faecal viral RNA metagenome. The baseline (the date of first
stool collection after hospitalisation) faecal viral RNA metagenomes of the seven patients who were detected faecal positive for SARS-CoV-2 were
plotted and subject to comparison. Coverage was defined as the number of shotgun reads mapped to a given genomic region of SARS-CoV-2 genome.
Density was defined as the frequency of sequenced sites in a given genomic region of SARS-CoV-2 genome.

from the faeces. We followed patients 3 and 7, who had serial stools substantial variations in faecal microbiome composition regard-
displaying positive to negative faecal SARS-CoV-2 infectivity, and less of presence of faecal viral infectivity (figure 5), indicating an
patients 11, 12 and 15, who had serial stools constantly displaying instable gut microbiome during the disease course of COVID-19.
a signature of high viral infectivity. Overall, all patients showed After the infectivity signature of SARS-CoV-2 turned negative in
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Figure 4 Differential bacterial species and functional capacities between faeces with high severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infectivity and faeces with low-to-none SARS-CoV-2 infectivity. Differential bacterial species (A) and functionality (B) were identified via LefSE
analysis across all time-point stools of 15 patients with COVID-19. Only species and functional modules with LDA effect size >2 and FDR-corrected

p value <0.05 were plotted. High SARS-CoV-2 infectivity was defined as higher 3" vs 5" end coverage of SARS-CoV-2 genome in faecal viral RNA
metagenome. Low-to-none SARS-CoV-2 infectivity was defined as similar 3" and 5" end coverage or no coverage of the SARS-CoV-2 genome in faecal

viral RNA metagenome.

faeces, patient 3 had an expansion of the salutary bacteria, Parabac-
teroides distasonis and Bacteroides uniformis, and a contraction of
inflammation-associated bacterium, Ruminococcus gnavus, in the
faecal microbiome. However, patient 7 had a transient increase
in P distasonis accompanied by a substantial expansion of the
bacterial pathogens, Klebsiella pneumoniae, Citrobacter koseri

and Bifidobacterium dentium, following clearance of infective
SARS-CoV-2 virus from faeces. Gut inflammation and nosoco-
mial infection-associated bacteria, R. gnavus, Clostridium hathe-
wayi and Enterococcus avium, were prevalent in patients’ faeces
who had persistently high SARS-CoV-2 infectivity (figure 5). Our
data suggest that although patients with COVID-19 may have
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Figure 5 Longitudal changes in the faecal microbiome of patients with COVID-19 in association with faecal severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infectivity. Patients 3 and 7 had serial stools displaying positive to negative faecal SARS-CoV-2 infectivity during follow-
up, while patients 11, 12 and 15 had serial stools constantly displaying a signature high viral infectivity during follow-up. Only the most abundant 20
species were plotted and shown in relative abundance.
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amelioration in gut microbiome dysbiosis after faecal clearance
of SARS-CoV-2 infectivity, secondary invasion of bacterial patho-
gens may become paramount during the disease course and clinical
surveillance is likely to be warranted.

DISCUSSION

We for the first time depicted the SARS-CoV-2 transcriptional
activity in gut of patients with COVID-19 over time of hospitalisa-
tion. The remarkable active viral infectivity in the gut of patients
with COVID-19, characterised by higher 3’ end versus 5’ end
coverage of SARS-CoV-2 genome via broad-target shotgun viral
metagenomic profiling, indicates active but quiescent GI infec-
tion of SARS-CoV-2, considering that most of our patients with
COVID-19 did not present with GI symptoms. Such transcrip-
tional feature of active viral infection and replication persisted
in the gut even after respiratory clearance of SARS-CoV-2 in a
proportion of patients with COVID-19. Our data suggest that
there appears to be a lagging window period of up to 1week,
perhaps even longer, between clearance of respiratory infection
and GI infection of SARS-CoV-2, in at least a subset of patients
with COVID-19. Whether this postrecovery period may be a
risk for transmission of the virus is unclear, but the life cycle
of SARS-CoV-2 in the gut appears longer than anticipated. Our
pilot observational study provides evidence for infective and
prolonged SARS-CoV-2 viral activity in the gut of patients with
COVID-19 even in the absence of GI manifestations.

Our prior study showed that 14 out of the 15 patients with
COVID-19 (93%) were detected positive for SARS-CoV-2 in
faecal samples by RT-PCR.” In comparison, seven (47%) of
them were detected positive for SARS-CoV-2 by faecal viral
RNA metagenomics. Only the faeces which had an abundance
of >3.2x10" copies per mL inoculum, as measured by RT-PCR,
were detected by faecal viral RNA metagenomics. Broad-target
sequencing of shotgun metagenomics may yield lower sensitivity
than RT-PCR test in detection of targeted virus (SARS-CoV-2),
however its upside is broader-spectrum detection of different
regions of SARS-CoV-2 genome, which enables us to depict the
viral transcriptional activity and infectivity. Although faecal RNA
viral metagenomecis may underestimate the proportion of patients
with COVID-19 who had presence of SARS-CoV-2 virus in the
gut, we found a robust transcriptional signature of SARS-CoV-2
infectivity in faeces of patients with COVID-19 even without
GI symptoms, indicating quiescent but active GI infection of
SARS-CoV-2. Increasing metagenomics sequencing depth and
throughput would identify more patients with active GI infec-
tion as well as more viral variants and mutants of SARS-CoV-2.
It is possible that the detected viral RNA of SARS-CoV-2 might
be residuals from swallowed viruses. However viral RNA was
still detected up to 6days after throat swab had turned nega-
tive for SARS-CoV-2 (figure 3C) suggesting that the detection of
SARS-CoV-2 in faeces were unlikely to be an artefact. Overall,
our data suggest that the human intestinal tract is an extrapul-
monary infected site.

Opportunistic bacterial pathogens, Collinsella aerofaciens
and Morganella morganii*' ** were enriched in faecal samples of
patients with COVID-19 who had high SARS-CoV-2 infectivity.
Streptococcus infantis, an abundant coloniser in the upper respi-
ratory tract and oral cavity,” was also enriched in these patients’
faecal samples. Its presence suggests the passage or transmission
of extraintestinal microbes into the gut in COVID-19 setting. In
contrast, short-chain fatty acids and tryptophan producers,**’
P. merdae, B. stercoris, A. onderdonkii and Lachnospiraceae
bacterium 1_1_S7FAA, were enriched in the faecal samples with

a signature of low-to-none SARS-CoV-2 infectivity. In favour
of this finding, our recent study also showed that a high abun-
dance of A. onderdonkii and L. bacterium was associated with
a less severe COVID-19.” B. stercoris is a bacterial species from
the phylum Bacteroidetes known to be associated with suppres-
sion of colonic expression of ACE2 (a host cell entry point for
SARS-CoV-2) in murine model.’” These data highlight a poten-
tial beneficial role of salutary bacteria in combating SARS-CoV-2
infection, and a potential detrimental role of opportunistic
pathogens in SARS-CoV-2 infection. However, whether or not
these species could be harnessed for diagnostic purposes are
unclear.

The faeces of high SARS-CoV-2 infectivity had a higher micro-
biome functional capacity for nucleotide de novo biosynthesis,
amino acid biosynthesis and glycolysis. Among them, pathways
for synthesising adenosine and guanosine were significantly
enriched. Adenosine and guanosine are two important metab-
olites that are involved in purine nucleotide metabolism.®!
Adenosine is physiologically present at low levels, while can
rapidly increase in response to pathological conditions, such as
hypoxia, ischaemia, inflammation or trauma, which functions
as an ‘alarm’ or danger signal.** Guanosine and its modified
derivatives, 8-hydroxydeoxyguanosine (8-OHdG), are endoge-
nous ligands for TLR7.* Importantly, 8-OHdG is a well-known
oxidative DNA damage marker and induced strong cytokine
production.* In addition, the bacterial biosynthesis pathway of
L-serine was increased in the faeces of high SARS-CoV-2 infec-
tivity. L-serine could fuel expansion of pathogenic bacteria in
the inflamed gut.** All these increased microbial functional-
ities in faecal microbiome are essential bioactivities for bacte-
rial survival, growth and metabolism. Such bacterial functional
enhancement could be a consequence of SARS-CoV-2 infectivity
in the gut, or potentiate the disease course of COVID-19, which
remain to be further studied.

Respiratory transmission is still the primary route for
SARS-CoV-2 and it is postulated that SARS-CoV-2 may transmit
through the faecal-oral route.®® % Studies have shown that
SARS-CoV-2 viruses released into the intestinal lumen were
inactivated by colonic fluid and infectious virus was not recov-
ered from the stool specimens of patients with COVID-19." ¥’
Although we were not able to titrate or isolate live viruses from
the faeces of patients with COVID-19 due to the methodogical
limitation that we preemptively added viricidal agent to nullify
SARS-CoV-2 virus when handling the faecal samples for safety
concerns, the robust high faecal viral transcriptional signature
of SARS-CoV-2 indicates its active infectivity in the gut of
patients with COVID-19. In accordance, a recent study was able
to isolate infectious SARS-CoV-2 virus from the stool specimen
of a patient with COVID-19," further supporting our findings.
Evidence is not yet sufficient to develop practical measures for
suppressing viral spreading and infection in the group of patients
with negative respiratory tract sample results but positive faecal
samples. Further research into revealing the infectivity and
pathogenesis of SARS-CoV-2 in the GI tract and measures to
combat systemic including GI infection, such as modulation of
human gut microbiome, are warranted.
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