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Background. The coronavirus disease 2019 (COVID-19) pandemic poses many epidemiological challenges. The investigation of
nosocomial transmission is usually performed via thorough investigation of an index case and subsequent contact tracing. Notably,
this approach has a subjective component, and there is accumulating evidence that whole-genome sequencing of the virus may pro-
vide more objective insight.

Methods. 'We report a large nosocomial outbreak in 1 of the medicine departments in our institution. Following intensive ep-
idemiological investigation, we discovered that 1 of the patients involved was suffering from persistent COVID-19 while initially
thought to be a recovering patient. She was therefore deemed to be the most likely source of the outbreak. We then performed whole-
genome sequencing of the virus of 14 infected individuals involved in the outbreak.

Results.  Surprisingly, the results of whole-genome sequencing refuted our initial hypothesis. A phylogenetic tree of the samples
showed multiple introductions of the virus into the ward, 1 of which led to a cluster of 10 of the infected individuals. Importantly,
the results pointed in the direction of a specific index patient that was different from the 1 that arose from our initial investigation.

Conclusions.
tigations as it may reveal unexpected connections between cases and aid in understanding transmission dynamics, especially in the

These results underscore the important added value of using whole-genome sequencing in epidemiological inves-

setting of a pandemic where multiple possible index cases exist simultaneously.
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Since the beginning of the coronavirus disease 2019 (COVID-
19) pandemic, epidemiological investigations have proven key
in both curbing viral transmission chains and furthering our
understanding of how the virus spreads in order to improve in-
fection prevention measures. These investigations rely on the
thorough questioning of an index case and evaluation of other
relevant information in order to establish the source of infec-
tion and identify possible contacts who may have been infected
by the index patient. Notably, this type of investigation has a
subjective component, and despite efforts to control for this, it
is often difficult to reach definite conclusions.

Whole-genome sequencing has been used in investigations
of hospital outbreaks of drug-resistant bacteria [1, 2]. Since the
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beginning of the COVID-19 pandemic, sequencing has played
an important role in tracking the spread of the disease within
countries and across borders [3-10]. However, there are lim-
ited data on the use of whole-genome sequencing to determine
the dynamics of nosocomial transmission of severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) [11-13]. Here,
we performed sequencing of viral isolates coupled with phy-
logenetic analysis in order to determine the origins and direc-
tion of transmission of a nosocomial outbreak in a medicine
department.

Setting
We report a large-scale outbreak of COVID-19 that occurred
in a medicine department at the Tel Aviv Sourasky Medical
Center, a 1500-bed tertiary care hospital in Tel Aviv, Israel.
Considering the role of asymptomatically infected individ-
uals in SARS-CoV-2 transmission [14-18], periodic screening
of patients and health care personnel is performed in our in-
stitution using nasopharyngeal swabs for real-time poly-
merase chain reaction (RT-PCR) of SARS-CoV-2. Any case of
COVID-19 that is detected among patients outside the desig-
nated COVID-19 departments or among health care personnel
undergoes a structured investigation in an effort to minimize

further transmission.
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Outbreak Description

On September 22, 2020, routine screening revealed 2 positive
results for COVID-19. One subject was a patient admitted to
the medium-care room (Patient 9), and the other was a member
of the nursing team (Staff member 1). Patient 9 had a cycle
threshold (CT) value of 36. He tested negative 5 days earlier
upon admission. This patient had no signs or symptoms sug-
gestive of COVID-19, so his positive result was interpreted as
reflecting remnants of RNA at the end of an unnoticed infection
or a false-positive test. Staff member 1 was asymptomatic at the
time of screening but upon questioning appeared to have had
minor symptoms that could be attributable to COVID-19 the
week before. Coincidentally, another staff member on the ward
(Staff member 2) had developed symptoms on that same day
and had subsequently tested positive for SARS-CoV-2.

As a rule, when 2 or more infections are found in 1 depart-
ment, we perform screening of all patients and staff members
on that ward. We thus discovered that 15 out of 30 patients were
infected with SARS-CoV-2, as well as 2 additional staff mem-
bers. The infected patients were located in rooms throughout
the entire ward (Figure 1). Only 6 out of 15 infected patients
had symptoms attributable to COVID-19. Five of the infected
patients had walked around the ward, while the other 10 were
either bedridden or admitted in isolation (for reasons other
than COVID-19) and had not left their rooms. Thirteen of the
15 patients had tested negative upon admission (Figure 2). Only
1 patient (Patient 1) had tested positive upon admission, but as
she was known to be recovering from a prior SARS-CoV-2 in-
fection diagnosed 8 weeks earlier, she was interpreted as being

no longer infectious and was therefore not transferred to a des-
ignated COVID-19 ward. Another patient (Patient 2) had not
been screened upon admission.

On further assessment, Patient 1 was noted to suffer from
follicular lymphoma and was receiving maintenance therapy
with obinutuzumab (an anti-CD20 monoclonal antibody). The
patient had ongoing respiratory symptoms and infiltrates on
chest imaging since testing positive for SARS-CoV-2 in July,
suggesting persistent COVID-19. Recent evidence has high-
lighted the occurrence of protracted SARS-CoV-2 infection
in patients receiving B-cell-depleting therapy [19-21]. When
admitted, this patient was evaluated using guidelines from the
Israeli Ministry of Health, based on international guidelines
[22], to determine active vs past infection. As she had 4 neg-
ative tests before her positive test upon admission, according
to these criteria she was considered a recovering patient and
was therefore initially overlooked in our investigation. During
the department-wide screening, she tested positive again, but
this time with decreasing CT values. Also, SARS-CoV-2 was re-
covered in cell culture performed on her nasopharyngeal swab
(methods in the Appendix). In the absence of other leads as
to how the outbreak started, we hypothesized that this patient
was the index case and examined several possible scenarios
explaining means by which SARS-CoV-2 could have been
transmitted from her to other patients and staff. As she was
bedridden and had not left her room, these theories included
aerosol transmission originating from oxygen therapy through
high-flow nasal cannula (which is considered an aerosol-
generating procedure) combined with potential defects in local
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Figure 1.

Floor scheme of the medicine department involved in the outbreak, with a map of the patients who tested positive for SARS-CoV-2. Yellow circle, immobile pa-

tient. Abbreviations: P, infected patient; P1 (red), originally assumed index patient; P5 (blue), index patient as suggested by sequencing; S, infected staff; SARS-CoV-2, severe

acute respiratory syndrome coronavirus 2.
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Figure 2.  Schematic overview of hospital stay, onset of symptoms, and diagnosis of COVID-19 of patients involved in the outbreak. Top row, dates of stay in the month of
September 2020. Purple, hospital stay in the described medicine department. Blue, hospital stay in another department in the hospital. Patient 1 (red), initially assumed index
case. Patient 5 (blue), index case as suggested by sequencing. ©, SARS-CoV-2 PCR negative. @, SARS-CoV-2 PCR positive. Abbreviations: COVID-19, coronavirus disease
2019; S, onset of symptoms; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

air filtering. Finally, in order to obtain a better understanding
of the dynamics of this department-wide outbreak, we per-
formed whole-genome sequencing of all available SARS-CoV-2
amplicons.

METHODS

Virus Genome Sequencing

Samples were obtained from 15 of the 17 infected individ-
uals, including 3 samples at different time points from Patient
1. SARS-CoV-2 RNA that was extracted from nasopharyngeal
swabs underwent whole-genome sequencing using the V3 artic
protocol (https://artic.network/ncov-2019). Briefly, reverse
transcription, multiplex PCR, and adaptor ligation were per-
formed, and samples were run on an Illumina Miseq using 250-
cycle V2 kits in the Technion Genome Center (Israel).

Determining Genome Consensus Sequences

(https://
bmcbioinformatics.biomedcentral.com/articles/10.1186/
§12859-019-2854-x) and mapped to the typical reference
genome of SARS-CoV-2 (GenBank ID MN908947) using
our AccuNGS pipeline. We performed quality control of all

Raw reads were trimmed using pTrimmer

sequences, requiring that >95% of the genome was sequenced,
at coverage >10. This led to the exclusion of 1 sample and to
the retainment of 16 samples. Consensus sequences were deter-
mined for each sample using 2 different approaches. The first
and main approach required a substitution (compared with

the reference) to be present in 80% of the reads to be added
to the consensus. Positions with coverage <10 or a substitution
appearing at between 50% and 80% of the reads were deemed
unknown and assigned Ns. Additionally, short stretches (<20)
of “known” bases appearing between unknown areas (Ns) were
masked with Ns as well in order to not interfere with align-
ments. The second, more lenient approach, used to deal with a
sequence that was not optimally sequenced, was to use the ma-
jority rule, meaning every position was assigned the base that
appeared most frequently (coverage <10 still receiving Ns).

Phylogenetic Analysis

We further gathered an additional 85 sequences from Israel
from similar time points (June to September 2020). We used
MAFFT to align the sequences and reconstructed a phyloge-
netic tree using PhyML, which relies on a maximum likelihood
approach. Bootstrap values were assigned to each split (node)
of the tree as a measure of confidence (n = 1000). The more le-
nient approach for consensus creation was used to validate the
clustering of the sequence of Patient 5 with the rest of the de-
partment cluster, which raised the bootstrap of this cluster from
486/1000 to 840/1000.

RESULTS

We set out to explore the relationship between the 16 sam-
ples successfully sequenced from the described outbreak, with
a larger set of sequences from Israel serving as a reference.
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We first noted that the 16 samples were spread across 5 inde-
pendent clades (Figure 3). The branches separating these clades
were equivalent to at least 9 substitutions, strongly suggesting
that there were 5 independent introductions of the virus into
the ward. One of these introductions led to a tightly linked
cluster, composed of 8 sequences that were 100% identical
to each other, and 2 additional sequences (of Patient 2 and
Patient 5) that differed by 1-2 substitutions from this cluster.
The sequences obtained from the hypothesized index case,
Patient 1, were very distant from the cluster and from all other
sequences from the outbreak: At least 11 substitutions separ-
ated the purported index case and the cluster. Given that there
is on average 1 substitution every second transmission, this

roughly translates to 22 transmission events, making it highly

unlikely that the suspected index case is indeed the source of
the outbreak. When focusing on the cluster, we noted that 1
sequence (that of Patient 5) appeared to be slightly ancestral to
the rest of the cluster. This was based on 2 substitutions absent
in this sequence and present in the rest. We thus cautiously sug-

gest that Patient 5 may be the source of the outbreak, because of
the assumption that it is more likely to gain mutations (substi-

tutions) over time rather than to lose them.

Cross-referencing this information with our epidemiological in-
vestigation, Patient 5 appeared to have developed mild symptoms
that could be attributed to COVID-19 2 days after his admission.
During his hospital stay, he interacted with multiple other pa-
tients and caregivers while refusing to don a face mask despite re-
peated reprimands from the staff. Additionally, before this patient
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Figure 3.  Phylogenetic tree of SARS-CoV-2 sequences obtained in the epidemiological investigation. Samples from the investigation are in color; each of the 5 clades col-
ored differently indicates a separate introduction into the ward. Sequences in gray are unrelated samples from Israel from a similar time point. Bootstrap values are shown
on branches (n = 1000). Abbreviations: P, patient; P1, originally assumed index patient; P5, index patient as suggested by sequencing; S, staff member; SARS-CoV-2, severe

acute respiratory syndrome coronavirus 2.
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was diagnosed with COVID-19, he was transferred to another
department, where 5 staff members were subsequently infected.
Therefore, this patient was identified as a likely superspreader.

CONCLUSIONS

In this
sequencing provided us with a number of new and unforeseen

epidemiological  investigation, ~whole-genome
insights. First, the results showed that the patient we had as-
sumed to be the most likely index case apparently had infected
no one on the ward. Our assumption was based on laboratory
data and clinical circumstances. Specifically, the patient had a
positive SARS-CoV-2 PCR on admission with decreasing CT
values on subsequent sampling and a positive viral culture, all
the while being treated with an aerosol-generating procedure. If
not for the results of the sequencing, the investigation may have
likely concluded that she was the source of the outbreak via aer-
osol transmission, a conclusion with dramatic implications for
future infection control measures.

Remarkably, the phylogenetic tree suggested a different and
surprising potential index case, namely Patient 5. This patient
had a negative test upon his admission a week earlier but de-
veloped mild symptoms 2 days later. With the results of the
sequencing in hand, we hypothesized that he was infected at
home and introduced SARS-CoV-2 into the ward. His negative
test upon admission could either reflect him still being in the
incubation period of the infection, or the test could have been
falsely negative. The fact that so many people were infected by
him could plausibly be explained by the fact that he was known
to interact with many people while consistently refusing to wear
amask. Furthermore, the patients in the cluster could have been
infected directly by the index patient or through secondary in-
fection by others in the cluster, including Staff member 2.

Our epidemiological investigation has a number of limita-
tions. First, for technical reasons, we were unable to perform
whole-genome sequencing of 3 out of 17 specimens of the in-
volved cases. Even though we consider it unlikely, the results of
sequencing of these missing specimens may have led to different
conclusions. Second, assessing the direction of spread by the re-
sults of whole-genome sequencing is based on the assumed ev-
olution of mutations and therefore cannot be determined with
absolute certainty. However, whole-genome sequencing can be
used more definitively to rule out hypotheses on a source of in-
fection, as we show here.

We conclude that whole-genome sequencing is an important
and powerful tool in epidemiological investigations, as it may
reveal unexpected connections between cases and aid in under-
standing the dynamics of spread of a disease. Especially during
the COVID-19 pandemic, with high prevalence of disease both
outside and inside the hospital, it can be challenging to de-
termine the origins of an outbreak when many possible index
cases exist simultaneously. Furthermore, establishing infectivity

alone is not enough to identify the source of nosocomial trans-
mission, as not every patient who is capable of infecting in fact
does so.

APPENDIX. METHODS FOR CELL CULTURE

Viral swabs were inserted into refrigerated transfer buffer—
containing tubes (Copan). Tubes containing the swabs were
vortexed for 1 minute. Two mL of the buffer was transferred
to a new 15-mL tube and centrifuged (5000 G, 5 minutes, 4°C),
and the supernatant was transferred through a 0.22-um filter.
Vero E6 (ATCC CRL-1586) was cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS), MEM nonessential
amino acids, 2 mM of L-Glutamine, 100 units/mL of penicillin,
0.1 mg/mL of streptomycin, and 12.5 units/mL of nystatin
(Biological Industries, Israel). Each supernatant sample was
added in duplicate to cells’ monolayers in 12-well plates (Costar;
0.2 mL/well) for 1 hour, followed by the addition of 2 mL of
MEM containing 2% FBS, MEM nonessential amino acids,
2 mM of L-Glutamine, 100 units/mL of penicillin, 0.1 mg/mL
of streptomycin, 12.5 units/mL of nystatin, and 0.15% sodium
bicarbonate (Biological Industries, Israel). Plates were further
incubated at 37°C, 5% CO,, for 5 days. SARS-CoV-2 (GISAID
accession EPI_ISL_406862), kindly provided by Bundeswehr
Institute of Microbiology, Munich, Germany, was used as the
positive control at a concentration of 60 pfu/mL. Cytopathic ef-
fect (CPE) was microscopically determined. To confirm that the
cytopathic effect was due to SARS-Cov-2, a real-time RT-PCR
for the virus was performed on cell supernatant.
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