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Abstract
Background SARS-CoV-2 has been detected not only in respiratory secretions, but also in stool
collections. Here were sought to identify SARS-CoV-2 by enrichment NGS from fecal samples, and to
utilize whole genome analysis to characterize SARS-CoV-2 mutational variations in COVID-19 patients.
Results Study participants underwent testing for SARS-CoV-2 from fecal samples by whole genome
enrichment NGS (n = 14), and RT-PCR nasopharyngeal swab analysis (n = 12). The concordance of SARS-
CoV-2 detection by enrichment NGS from stools with RT-PCR nasopharyngeal analysis was 100%. Unique
variants were identi�ed in four patients, with a total of 33 different mutations among those in which
SARS-CoV-2 was detected by whole genome enrichment NGS. Conclusion These results highlight the
potential viability of SARS-CoV-2 in feces, its ongoing mutational accumulation, and its possible role in
fecal-oral transmission. This study also elucidates the advantages of SARS-CoV-2 enrichment NGS,
which may be a key methodology to document complete viral eradication.

Background
December 2019, the virus, which would cause a worldwide pandemic, was �rst identi�ed in the city of
Wuhan, China [1]. In January 2020, it was implicated in various pneumonia cases, and was rapidly
isolated from a bronchoalveolar lavage sample, analyzed via next-generation sequencing (NGS), and
identi�ed to be a novel betacoronavirus [2,3], the same family of viruses responsible for severe acute
respiratory syndrome (SARS) and middle east respiratory syndrome (MERS) [4-6]. This new virus, named
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) on February 11, 2020 by the
International Committee on the Taxonomy of Viruses (ICTV), has now been implicated in over 13.4 million
cases worldwide, and over 580,000 deaths [7,8]. Over 138,000 of these deaths have been in the United
States alone.

Early diagnosis of SARS-CoV-2 has been challenging and may contribute to its high mortality rates. Due
to the similarities between SARS-CoV-2 and SARS-CoV, a similar diagnostic approach utilizing real time
polymerase chain reaction (RT-PCR) from nasopharyngeal swabs has been adopted as the standard of
care [9]. Contributing to the spread of the disease, has been the viral load being below the threshold of
detection in some individuals [10]. Additionally, acquired mutations may assist in its evasion of detection
from speci�cally targeted PCR primers [11]. Further, samples collected soon after infection, or after
symptoms have resolved, have resulted in high false negative rates. Samples collected in these
timeframes have been shown to have false-negative rates as high as 33% [12]. The exact rate of false
positives has not been established for SARS-CoV-2, however in a study by Cohen and Kessel, the rate was
extrapolated based on known false-positive rates from other viral RT-PCR tests. The mean false-positive
rate in the study was found the be 3.2%, ranging from 0% to 16.7%, and an interquartile range of 0.8 to
4.0% [13].

Symptoms of SARS-CoV-2 infection cover a broad range including fever, malaise, body aches, chills,
headaches, cough, and shortness of breath, as well as gastrointestinal symptoms such as diarrhea,
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nausea, and vomiting [14,15]. Research from SARS and MERS has shown that coronaviruses can be
present in stool of infected patients, and that the fecal-oral route may be a mode of transmission. Wang
et al in 2005 demonstrated that SARS-CoV was not only present in stool samples collected from patients,
but also in the wastewater of two hospitals [16]. In review of this data, with inclusion of SARS-CoV-2, a
meta-analysis by Parasa et al. found that 40% of patients with positive RT-PCR for SARS-CoV-2 from
nasopharyngeal swabs or respiratory secretions were also found to be positive from stool samples [17].
This data was supported by two recent studies documenting positive SARS-CoV-2 fecal samples from
“recovered” COVID-19 patients with negative nasopharyngeal swabs [18,19].

In view of the large percentage of SARS-CoV-2 detectible by RT-PCR in stools of infected patients, we
sought to identify the presence of the SARS-CoV-2 by NGS of fecal samples from symptomatic study
participants positive for SARS-CoV-2 by nasopharyngeal sample RT-PCR, in addition to asymptomatic
individuals (with or without prior nasopharyngeal sample RT-PCR). We also aimed to execute whole
genome analysis to characterize SARS-CoV-2 mutational variations to identify potentially signi�cant
nucleotide changes.

Results
We evaluated the results from patients that had their stool samples tested by whole genome enrichment
NGS, and their nasopharyngeal swabs tested by RT-PCR for the presence of SARS-CoV-2. Of the 14 study
participants, ten were symptomatic and tested positive for SARS-CoV-2 by RT-PCR, two asymptomatic
individuals tested negative, and two other asymptomatic individuals did not undergo RT-PCR testing
(Table 1). While all patients were asked to collect stools at baseline, the samples were collected from 2-38
days after RT-PCR testing. Patients 5, 7, and 13, who all tested PCR positive by nasopharyngeal swab,
were treated by their primary care physicians. Patients 5 and 7, were treated with Hydroxychloroquine
(HCQ), Azithromycin (Zpack), vitamin C (3000mg), vitamin D (3000IU), and zinc (50mg) for 10 days.
Stools from patients 5 and 7 were collected 5 and 6 days respectively after therapy regimens were
initiated, at which time, both patients reported symptom clearance. Similarly, after positive
nasopharyngeal swab, patient 13 began treatment consisting of high dosages of vitamin C (up to
10,000mg), vitamin D (up to 3000IU), and zinc (up to 50mg). This patient’s stool was collected 4 days
after beginning the 10-day treatment regimen. Again, dosage changes were not recorded; however,
symptom clearance was noted before fecal collection.

The concordance of SARS-CoV-2 detection by enrichment NGS from stools among positive non-treated
patients tested by RT-PCR nasopharyngeal analysis was 100% (7/7). Patient 8, who did not undergo
nasopharyngeal analysis, tested positive for SARS-CoV-2 by NGS. The three patients (5, 7, 13) that
received treatment and were asymptomatic prior to providing fecal samples, were tested negative by
NGS. Asymptomatic patients 2 and 9, who tested negative by nasopharyngeal swab, were also negative
by NGS, as was asymptomatic patient 14.

Table 1.  Symptoms and SARS-CoV-2 testing results
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Patient
ID

Age Sex Baseline Symptoms RT-PCR
Date

RT-PCR
Results

Symptoms at
Stool Collection

Stool
Collection

Date

Fecal
NGS

Results

Location
by 
US

State
1 21 F Fever, diarrhea,

anosmia, O2 sat. <90%
03/15/20 + Diarrhea 04/21/20 + PA

3 23 F Fever, diarrhea, O2 sat.
<90%

03/23/20 + Diarrhea 04/05/20 + CA

4 58 M Fever, diarrhea,
anosmia, O2 sat. <90%

03/30/20 + Same as at
Baseline

04/05/20 + AZ

6 26 F Fever, anosmia, cough 04/02/20 + Same as at
Baseline

04/04/20 + AZ

8 91 M None N/A N/A N/A N/A + CA
10 53 M Fever, cough, headache 04/29/20 + Same as at

Baseline
05/03/20 + GA

11 23 M Fever, cough, headache 04/29/20 + Same as at
Baseline

05/03/20 + GA

12 23 M Fever, cough, anosmia 04/29/20 + Same as at
Baseline

05/04/20 + GA

5 26 F Fever, cough, diarrhea  03/23/20 + None 03/29/20 - CA
7 45 F Fever, cough 04/08/20 + None 04/13/20 - GA

13 20 M Fever, cough 04/29/20 + None 05/02/20 - GA
2 66 M None 04/21/20 - None 04/30/20 - CA
9 55 F None 03/13/20 - None 05/05/20 - CA

14 45 M None N/A N/A None 05/08/20 - CA
US State Abbreviations: PA, Pennsylvania; AZ, Arizona; GA, Georgia, CA, California

 

The enrichment NGS analysis of fecal samples collected from RT-PCR-positive patients demonstrated
mean read depths of 1129.8x, 31.7x, 318.6x, 1924.6x, 1206.7x, 15.6x, 3075.3x, and 92.7x, against the
SARS-CoV-2 genome in patients 1, 3, 4, 6, 8, 10, 11, and 12, respectively. The ATCC SARS-CoV-2 served as
a positive control in this study, with 7856.3x mean read depth. The sequencing read mapping results are
depicted in Figure 1 (read depths are denoted on the y-axis and speci�c genomic coordinates on the x-
axis). At 10x minimum read depth, all but two samples achieved a 100% breadth of coverage of the
Wuhan-Hu-1 SARS-CoV-2 reference genome (Table 2). In patients 3 and 10, only 35% and 59% of genome
completeness were achieved, respectively. 

The total number of SARS-CoV-2 mapped reads for patients 1, 3, 4, 6, 8, 10, 11, and 12 were 465645,
5984, 131582, 793603, 496852, 5929, 1270734, and 38256 respectively (ATCC SARS-CoV-2 positive
control, 94693754 reads).

Table 2.  Enrichment NGS metrics
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Sample ID Genome Coverage
(10x minimum read depth)

Number of Variants Mapped Reads Mean Depth

Patient 1 100% 11 465645 1129.8x
Patient 3 35% 11 5984 31.7x
Patient 4 100% 9 131582 318.6x
Patient 6 100% 10 793603 1924.6x
Patient 8 100% 10 496852 1206.7
Patient 10 59% 9 5929 15.6x
Patient 11 100% 10 1270734 3075.3x
Patient 12 100% 10 38256 92.7x

 

Following alignment and mapping of SARS-CoV-2, patient genomes were compared to the Wuhan-Hu-1
(MN90847.3) SARS-CoV-2 reference genome via One Codex’s bioinformatics pipeline to identify
mutational variations (see Methods for details). This analysis identi�ed nucleotide variants at positions
nt241 (C → T) and nt23403 (A → G) across all positive patients, and variants at positions nt3037 (C → T)
and nt25563 (G → T) in seven of the eight patients (Table 3). Interestingly, patients 8, 11, and 12 harbored
the same set of variants, as did patients 4 and 6 (who were kindreds). Unique variants not identi�ed in
any of the other individuals were detected in patients 1, 3, 6, and 10, with patient 3 harboring the most
distinct SARS-CoV-2 genome with eight unique variants, followed by patient 1 with seven. Collectively,
there were thirty-three different mutations among the patients in which SARS-CoV-2 was detected by
whole genome enrichment NGS. One limitation to the variant analysis was that the One Codex SARS-
CoV2 pipeline does not identify putative amino acids changes. As a result, Table 3 only captures
nucleotide level resolution, making it di�cult to assess mutations effect and evolutionary relationships.

Table 3. SARS-CoV-2 genomic positions, variant changes, and frequencies across the positive patient cohort
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Region (ORF) Position Variant Patient
1

Patient
3

Patient
4

Patient
6

Patient
8

Patient
10

Patient
11

Patient
12

5’-UTR 241 C → T 100% 100% 100% 100% 100% 100% 100% 100%
1a 833 T → C x x x x 100% x 100% 100%

1a 1059 C → T x x 100% 100% 99% 100% 100% 100%
1a 1758 C → T x x 100% 100% x x x x
1a 1973 C → T x x x 87% x x x x

1a 3037 C → T 100% x 100% 100% 100% 100% 100% 100%
1a 3078 C → T x 89% x x x x x x
1a 4866 G → T 75% x x x x x x x
1a 6720 C → T 93% x x x x x x x
1a 8102 G → T x 100% x x x x x x
1a 9401 T → C x x x x x 64% x x
1a 9403 T → A x x x x x 64% x x
1a 10870 G → T x x 100% 100% x x x x
1a 11123 G → A x x 100% 100% x x x x
1b 14408 C → T 100% x 100% 100% 100% x 100% 100%
1b 14877 C → T x 100% x x x x x x
1b 16616 C → T x x x x 100% x 100% 100%
1b 16848 C → T 100% x x x x x x x
1b 18652 C → A x x x x x 83% x x
1b 19989 T → G x 100% x x x x x x

Spike 21576 T → G x 83% x x x x x x
Spike 23264 G → A x 75% x x x x x x
Spike 23403 A → G 100% 100% 100% 100% 100% 100% 100% 100%
Spike 23603 C → T 82% x x x x x x x

3a 25563 G → T x 100% 100% 100% 100% 100% 100% 100%
3a 25976 C → A x x x x 100% x 100% 100%
8 27964 C → T x x x x 100% x 100% 100%

Nucleoprotein 28881 G → A 100% x x x x x x x
Nucleoprotein 28882 G → A 100% x x x x x x x
Nucleoprotein 28883 G → C 100% x x x x x x x
Nucleoprotein 28997 C → T x 100% x x x x x x
Nucleoprotein 29019 A → T x 100% x x x x x x
Nucleoprotein 29364 C → G x x x x x 85% x x

Discussion
Coronaviridae is a family of enveloped, single-stranded, positive-sense RNA viruses [20,21].The total
length of the genome is 30 Kb, consisting of a 5’-terminal noncoding region, an open reading frame (ORF)
1a/b-coding region, an S region encoding the spike glycoprotein (S protein), an E region encoding the
envelope protein (E protein), an M region encoding the membrane protein (M protein), an N region
encoding the nucleocapsid protein (N protein), and a 3’-terminal noncoding region [22-25]. Among them,
the poly protein encoded in the ORF1a/b region of the nonstructural protein can be cut by 3CLpro and
PLpro of the virus to form RNA-dependent RNA polymerase and helicase, which guides the replication,
transcription, and translation of the virus genome. The M and E proteins are involved in the formation of
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the envelope, while the N protein is involved in assembly. The spike protein binds to the receptor of the
host cell and confers speci�city for viral invasion into susceptible cells.

Once decoded, the SARS-CoV-2 genome was found to share high sequence identity with the bat
coronavirus, BatCoV RaTG13 (96.2%) (2). Upon further investigation, it was discovered that SARS-CoV-2
harbored signi�cant sequence homology with the viruses responsible for SARS and MERS, with a notable
exception found in the receptor binding domain (RBD) [26]. Shang et al. elucidated the RBD structure of
the human ACE2 receptor (angiotensin-converting enzyme 2) [27], demonstrating that the replacement of
several residues within the protein caused it to have a much more compact hydrophobic pocket. This
change increased the binding a�nity of SARS-CoV-2 to ACE2 as compared to SARS-CoV. While this has
contributed to its greater virulence, it also represents a potential therapeutic target [28]. This concept was
detailed in the mini-review by Yang and Shen, wherein they proposed that SARS-CoV-2 may be
susceptible to the inhibitory effect of chloroquine (CQ), a lysosomotropic agent, via its accumulation in
the acidic organelles [29]. The therapeutic effect of CQ may be a result of its ability to neutralize the
endosome-lysosomal acidic pH and block the protease activity necessary for viral entry [30]. This could
possibly be evidenced by the HCQ treated patients in this study that appeared to have cleared the virus
having tested negative by enrichment NGS for SARS-CoV-2 while having testing positive by
nasopharyngeal analysis prior to treatment. While the small sample size and lack of randomization
preclude any statistical signi�cance for this �nding, the sequencing test demonstrated the capacity to
detect SARS-Cov-2 in stool, as well as to detect viral clearance, which warrants further study. We make no
assertion whether the viral clearance was due to treatment received or was natural clearance.

Two recent studies that support targeting the endocytic pathway and autophagy as therapeutic strategies
are by Arshad et al. and Lagier et al., both of which show that HCQ was associated with a signi�cant
reduction of in-hospital mortality compared to those not receiving HCQ [31,32]. Numerous other studies
have also reported the e�cacy of CQ and/or HCQ in various treatment regimens for COVID-19 [33-39].
Adding to the complexity of COVID-19 treatment and prevention, is that SARS-CoV-2 appears to be
mutating at an alarming rate, as reported in the Icelandic study which identi�ed the presence of 291
sequence variants that were not present in the Global Initiative on Sharing All In�uenza Data (GISAID)
reference database as of March 22 (11).

Although previous studies have identi�ed SARS-CoV-2 in fecal collections by RT-PCR [40,41], this is the
�rst to our knowledge, to report whole genome sequencing (WGS) of SARS-CoV-2 from stool samples.
Herein we were able to identify SARS-CoV-2 in patients that tested positive by nasopharyngeal swab RT-
PCR analysis and obtained complete viral genomes in 6 out of 8 NGS-positive patients. The overall
homology among the genomes was high (99.97%), with variations identi�ed in the ORF regions 1a, 1b, S,
3a, 8, and N. Of particular interest, was the adenine to guanine change in the S protein at position
nt23403 which converts aspartic acid to glycine (D → G). Although the signi�cance of this variation is
unclear, it warrants further investigation to understand its effect on spike glycoprotein ACE2 binding and
virulence. The conversions of glycine to arginine (nt28883) and proline to arginine (nt29364) in the
nucleoprotein also necessitate further examination. While enrichment NGS is both costly and time
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consuming, these striking results highlight the potential viability of SARS-CoV-2 in feces, its possible role
in transmission, and may accurately document complete eradication of the virus.

Conclusion
Next generation sequencing identi�ed the SARS-CoV-2 whole genome sequence in 100% of patients with
positive nasopharyngeal RT-PCR and did not detect it in asymptomatic post-treatment patients, or those
with negative RT-PCR. Of notable interest, was that patient 1 still tested positive for SARS-CoV-2 by NGS
from stool, 38 days after positive nasopharyngeal RT-PCR test. This information suggests that the virus
may linger for longer than anticipated in the GI tract and warrants further longitudinal investigation to
understand if the virus is viable and/or transmissible via fecal material, and if so, for how long is it
contagious in this capacity. Collectively, these results highlight the importance of metagenomic analysis
of the SARS-CoV-2 viral genome, and present an alternative diagnostic methodology that may help with
viral identi�cation, and tracking of its evolutionary progression through the population, as well as its
clearance.

Methods
Study participants (n = 14) underwent testing for SARS-CoV-2 from fecal samples by whole genome
enrichment NGS. Following fecal collection in Zymo Research Shield Fecal Collection Tubes, stool
samples were transported to the laboratory where RNA was extracted utilizing the Qiagen Allprep Power
Fecal Kit from 200 ml of stool material that was suspended in the DNA/RNA Shield stabilization solution
present in the Zymo collection vials. Zymo’s DNA/RNA Shield is designed to preserve RNA genetic
integrity and prevent degradation at ambient temperature for > 1 month, or > -20 °C inde�nitely. All
samples were adhered to manufacture’s speci�cations to assure sample stability. Included throughout
sample processing was the SARS-CoV-2 positive control from ATCC (Heat-inactivated SARS-CoV-2, VR-
1986HK; strain 2019-nCoV/USA-WA1/2020), and the no template control (NTC) to monitor extraneous
nucleic acid contamination. Following puri�cation,  all available viral RNA was reverse transcribed (New
England Biolabs NEBNext 1st and 2nd Strand Synthesis Modules), library prepped (Illumina Nextera Flex
for Enrichment and IDT for Illumina-Nextera DNA UD Indexes Set), enriched (Ilumina Respiratory Virus
Oligo Panel), and sequenced with Illumina’s NextSeq 500/550 High-Output v2.5 300 cycle kit on the
Illumina NextSeq 550 System. Run set-up parameters on the NextSeq Control Software (Illumina Local
Run Manager) included paired-end sequencing set to 76 cycles with both Index 1 and 2 at 10 bp (base
pair). The 76 bp selection is appropriate due to the size of the baits in the Illumina Virus Oligo Panel.
Although the sequencing kit utilized has the capacity to sequence at 2 x 150 bp, selection above 76
cycles would begin to sequence into the adapters, negatively impacting NGS quality metrics. Sequencing
acceptance criteria were a Q-score (AQ30) ³ 75%, cluster density between 120 - 240 K/mm2, and clusters
passing �lter (PF%) ³ 80%. Following successful NGS QC, sequences were then mapped utilizing the
minimap2 sequencing alignment tool in One Codex's SARS-CoV-2 bioinformatics analysis pipeline. SARS-
CoV-2 positive samples were further analyzed for mutational variants that differed from the reference
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genome. The complete analysis pipeline for SARS-CoV-2 is open source and available at
http://github.com/onecodex/sars-co-v-2. A detailed description of the bioinformatics methods is
available at http://docs.onecodex.com/en/articles/3793936-covid-10-sequencing-analysis. SARS-CoV-2
genome sequencing data (in patients from which complete viral genomes were obtained) are deposited in
NBCI's GenBank database (Accession IDs: MW425856, MW425855, MW425854, MW425853, MW425852,
MW425851 for patients 1, 4, 6, 8, 11, and 12 respectively). The SARS-Cov-2 amino acid changes reported
in the discussion section were manually analyzed utilizing the NCBI database
(http://ncbi.nlm.nih.gov/gene). Of the 14 study participants, 12 also had their nasopharyngeal swabs
tested for SARS-CoV-2 by RT-PCR.
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Figure 1

Mapping outcomes of patient NGS data against the SARS-CoV-2 Wuhan-Hu-1 (MN90847.3) complete
genome. The x-axis depicts the genomic coordinates and the y-axis represents the read depth at speci�c
loci.


