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Abstract: Dissemination of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in health-
care institutions affects both patients and health-care workers (HCW), as well as the institutional
capacity to provide essential health services. Here, we investigated an outbreak of SARS-CoV-2 in a
“non-COVID-19” hospital ward unveiled by massive testing, which challenged the reconstruction
of transmission chains. The contacts network during the 15-day period before the screening was
investigated, and positive SARS-CoV-2 RNA samples were subjected to virus genome sequencing.
Of the 245 tested individuals, 48 (21 patients and 27 HCWs) tested positive for SARS-CoV-2. HCWs
were mostly asymptomatic, but the mortality among patients reached 57.1% (12/21). Phylogenetic
reconstruction revealed that all cases were part of the same transmission chain. By combining contact
tracing and genomic data, including analysis of emerging minor variants, we unveiled a scenario of
silent SARS-CoV-2 dissemination, mostly driven by the close contact within the HCWs group and
between HCWs and patients. This investigation triggered enhanced prevention and control measures,
leading to more timely detection and containment of novel outbreaks. This study shows the benefit
of combining genomic and epidemiological data for disclosing complex nosocomial outbreaks, and
provides valuable data to prevent transmission of COVID-19 in healthcare facilities.

Keywords: COVID-19; SARS-CoV-2; nosocomial outbreak; genome sequencing; contact tracing;
healthcare institution
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1. Introduction

The pandemic coronavirus Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2), the causative agent of COVID-19 [1,2], is a highly contagious respiratory virus
that has rapidly spread globally, having caused more than 105 million reported cases
and 2.3 million deaths, as of 13 February 2020 [3]. The clinical presentation of COVID-19
ranges from asymptomatic or mild symptomatic infections to severe respiratory symp-
toms, multiorgan failure, or death, which is more frequent in elderly generally presenting
comorbidities [1,2,4]. SARS-CoV-2 transmission within healthcare institutions is of utmost
public health concern at a global level [5–8], with several studies reporting high infection
rates among healthcare workers (HCW) and/or hospitalized patients [9–13]. Nosocomial
COVID-19 outbreaks can have a tremendous negative impact at the individual health
level, such as detrimental effects on HCW well-being and increased morbidity and mor-
tality among patients. At the community level, they implicate the loss of institutional
capacity, namely staff and resources, to provide non-COVID-19 and COVID-19 clinical
assistance to the community. In this context, several recommendations have been launched
by national and international health authorities [5,6] to place robust preventive (e.g.,
guarantee sufficient supplies of personal protective equipment; promote routine testing
among HCW) and control measures to timely detect and limit SARS-CoV-2 transmission
within healthcare institutions. With the recent advances in sequencing technologies, it is
now possible to strengthen outbreak investigations by performing timely virus genome
sequencing [10,14–16]. This tool can be key not only to detect and reconstruct nosocomial
transmission chains, but also to guide outbreak control actions and/or prospective pre-
ventive measures. Here, we performed an in-depth investigation of a high-fatality rate
nosocomial outbreak through the combination of vast genomic and epidemiological data to
unveil routes and modes of transmission of SARS-CoV-2 within a non-COVID-19 hospital
ward.

2. Materials and Methods
2.1. Study Population, Specimen Collection and RT-PCR Testing

This study describes a COVID-19 outbreak occurring in a large hospital (313 beds) from
the Regional Health Administration of the Lisbon and Tagus Valley (Portugal) that employs
around 1500 employees and provides healthcare assistance to around 250,000 people. The
outbreak occurred in a hospital ward (36 rooms, 73 beds) dedicated to internal medicine
(“non-COVID-19” ward B) in Summer 2020. The epidemiological investigation covered
348 health-care workers and 92 patients. SARS-CoV-2 laboratory tests were performed on
a total of 245 individuals following the international recommendations. Briefly, naso and
oropharyngeal swabs were collected from patients and HCW, and RNA was subsequently
extracted using m2000sp Abbott (Abbott Laboratories, IL, U.S.A) and then subjected
to real-time reverse transcription PCR (RT-PCR) assay targeting using m2000rt Abbott
(Abbott Laboratories, IL, U.S.A). SARS-CoV-2 positive RNA samples (from 27 HCWs and
21 patients) were sent to the National Institute of Health (INSA) Dr. Ricardo Jorge for
SARS-CoV-2 whole-genome sequencing and bioinformatics analysis.

2.2. Genome Sequencing and Bioinformatics

Genome sequencing was performed at the INSA following an amplicon-based whole-
genome amplification strategy using tiled, multiplexed primers, according to the AR-
TIC network protocol (https://artic.network/ncov-2019, accessed on 20 February 2020;
https://www.protocols.io/view/ncov-2019-sequencing-protocol-bbmuik6w, accessed on
24 March 2020) [17]. In brief, after cDNA synthesis (SuperScript IV Reverse Transcrip-
tase #18091050, Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA), whole-genome
amplification (NEBNExt Q5 HotStart HiFi Master Mix, #M0543S, New England Biolabs,
Ipswich, MA, USA) was performed using two separate pools of tiling primers (pools
1 and 2; primers version V3 (218 primers) was used for all samples: https://github.
com/artic-network/artic-ncov2019/tree/master/primer_schemes/nCoV-2019, accessed

https://artic.network/ncov-2019
https://www.protocols.io/view/ncov-2019-sequencing-protocol-bbmuik6w
https://www.protocols.io/view/ncov-2019-sequencing-protocol-bbmuik6w
https://github.com/artic-network/artic-ncov2019/tree/master/primer_schemes/nCoV-2019
https://github.com/artic-network/artic-ncov2019/tree/master/primer_schemes/nCoV-2019
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on 24 March 2020). The two pools of multiplexed amplicons were then pooled for each
sample, followed by post PCR clean-up and Nextera XT dual-indexed library prepa-
ration (Nextera XT DNA Library Prep, #15031942, Illumina, San Diego, CA, USA), ac-
cording to the manufacturers’ instructions. Sequencing libraries were paired-end se-
quenced (2 × 150 bp) on an Illumina NextSeq 550 apparatus (Illumina, San Diego, CA,
USA), as previously described [18]. All bioinformatics analysis (from reads quality con-
trol to variant detection/inspection, sequence consensus generation and minor variants
analysis) was conducted using the online platform INSaFLU (https://insaflu.insa.pt/,
accessed on 21 October 2020) [19], as previously described [18]. The obtained mean
depth of coverage was 4248-fold (ranging between 1001- and 5838-fold). All outbreak-
associated genome sequences included in the study had >88% of the genome covered by
at least 10-fold. Regions with a depth of coverage below this threshold were automati-
cally masked in the INSaFLU pipeline by placing undefined bases “N” in the consensus
sequence (whenever these regions enroll SNP phylogenetic markers, these were inspected
to ensure the correct phylogenetic placement of all genomes). Phylogenetic analysis
was performed using the SARS-CoV-2 Nextstrain pipeline [20] version from March 23,
2020 (https://github.com/nextstrain/ncov, accessed on 23 March 2020), as previously
described [18]. Coronapp (http://giorgilab.dyndns.org/coronapp/, accessed on 16 De-
cember 2020) [21] was applied to refine the impact of mutations at the protein level. Clade
and lineage assignments were performed using Nextclade (https://clades.nextstrain.org/)
and Phylogenetic Assignment of Named Global Outbreak Lineages (Pangolin) (https:
//pangolin.cog-uk.io/, accessed on 16 December 2020) [22], respectively. Outbreak-related
SARS-CoV-2 genome sequences generated in this study were uploaded to the GISAID
database (https://www.gisaid.org/, accessed on 11 December 2020). Accession numbers
can be found in Supplementary Table S1.

3. Results and Discussion
3.1. Detection of a COVID-19 Nosocomial Outbreak

A patient, who attended the emergency department of a large hospital in Portugal
in Summer 2020 three days after being discharged from the same hospital, tested positive
for SARS-CoV-2 on re-admission. During the previous hospital stay (in ward A), this
patient (patient 35) had had close contact with an inpatient (patient 3) from a “non-COVID-
19” internal medicine ward (ward B) in a hemodialysis unit (Figure 1). Patient 3 and a
clinician (HCW 36, working in ward B) presenting suggestive symptoms for COVID-19
were screened on the following day, also testing positive. These cases triggered a large
screening of inpatients and HCWs in both wards (Figure 1). Further testing was performed
during the following days for individuals having either close contacts with positive cases
or compatible symptoms. In total, no cases were detected in ward A among 51 tested
individuals, whereas 27 out of 102 HCW and 21 out of 92 inpatients linked to ward B
tested positive (Figure 1, Table 1). Most HCWs (all except HCWs 13, 31 and 36) were
asymptomatic at the time of testing and all recovered from the infection (Table 1). Although
most patients (n = 15) were also asymptomatic at the time of testing, the mortality rate
among COVID-19 patients was 57.1% (12/21) (Table 1).

https://insaflu.insa.pt/
https://github.com/nextstrain/ncov
http://giorgilab.dyndns.org/coronapp/
https://clades.nextstrain.org/
https://pangolin.cog-uk.io/
https://pangolin.cog-uk.io/
https://www.gisaid.org/
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Figure 1. Timeline of events during the SARS-CoV-2 nosocomial outbreak. The figure summarizes the main events occurring
during the study period, in which day 1 corresponds to the first day of the 15-day period before the large screening. It
depicts the day of hospital admission (•), rooms transfer, sample collection for the last negative SARS-CoV-2 test (green),
sample collection for the first positive test (pink), transfer to the COVID-19 ward (dark blue) and clinical outcome (death
(black), hospital discharge (orange)) for each of the 21 infected patients. The patient numbers are colored according to the
phylogenetic reconstruction (as in Figure 2A), where numbers colored in grey indicate samples for which virus genome
data could not be obtained. To facilitate the identification of patient-to-patient contact, patient timelines (rows in the figure)
are grouped by room (identified by capital letters, see Figure S1). The hospitalization days are highlighted in light blue and
the room numbers are indicated on the day a given patient was transferred to that room (the room stay extends until a new
transfer appears on the timeline). With the exception of patient 35 (Ward A), all patients and room numbers are relative to
Ward B. The presence in other hospital areas is also indicated when relevant (Hemodialysis (⊕), Emergency department
(‡)). The date of sample collection for healthcare workers (HCWs) testing positive is also presented at the bottom. The
timeline presented starts two weeks before the large test screening and extends until the date of sample collection of the
last outbreak-related positive case. Light grey fields (on both sides of the timeline) are included to show events occurring
outside the study timeline. (†) List of HCWs with a positive test on large screening: 1,2,4,5,11,13,14,17,18,22,24,27,28,29,31,33
and 40 (no sequencing data). (*), Patient admission before study period; (**), Patient admission and last negative test before
the study period.
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Table 1. Descriptive characteristics of outbreak-related health-care workers (n = 27) and patients
(n = 21) testing positive for SARS-CoV-2 RNA in a large hospital in Portugal, Summer, 2020.

Health-Care Workers (n = 27)

Sex

Male 4 (14.3%)

Female 24 (85.7%)

Age, years 32 (22–54)

Activity

Medical 3 (11.1%)

Nurse 10 (37.0%)

Operational assistant 12 (44.4%)

Other 2 (7.4%)

Symptoms *
(time of testing)

Yes 3 (11.1%)

No 24 (88.9%)

Clinical outcome

Recovery 27 (100%)

Death 0 (0%)

Patients (n = 21)

Sex

Male 10 (47.6%)

Female 11 (52.4%)

Age, years 82 (46–92)

>70 19 (90.5%)

Comorbidities

Yes 18 (85.7%)

No 3 (14.3%)

Symptoms *
(time of testing)

Yes 6 (28.6%)

No 15 (71.4%)

Clinical outcome

Recovery 9 (42.9%)

Death 12 (57.1%)
Data are presented as: n (%) or median (range), * Symptoms: Fever, cough or shortness of breath.

3.2. Investigation of Nosocomial Transmission of SARS-Cov-2 with In-Depth Contact Tracing and
Viral Genomic Data

An in-depth investigation was carried out to identify contacts during the 15-day
period before the large screening. We collected vast data regarding HCW visits to patient’s
rooms, patient’s room transfer and circulation to other treatment areas, which, in general,
reflected a complex contact network commonly found in highly “populated” hospital
wards. While HCW-patient and patient-patient contacts could be robustly traced back
(Figure 1; Figure S1), the frequent contact between HCWs in common areas (inside and
outside the ward B) and vast equipment/material sharing led us to assume a high likelihood
of contact/transmission between all HCWs in ward B during the evaluated period. To
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strengthen the investigation, positive RNA samples were sent to the National Institute of
Health for SARS-CoV-2 genome sequencing and analysis.

3.3. Genomic Characterization of the SARS-CoV-2 Outbreak Variant

High-quality SARS-CoV-2 genome sequences were acquired from 39 positive samples,
enrolling 22 out of the 27 infected HCWs and 17 out of 21 infected patients (Figure 2;
Supplementary Table S1). Phylogenetic reconstruction revealed that all cases were part
of the same transmission chain, thus confirming a single-origin behind this nosocomial
outbreak (Figure 2A). The outbreak-associated SARS-CoV-2 variant belongs to COG-UK
lineage B.1.1 and Nextstrain clade 20B, carrying the Spike amino acid changes D614G
and L176F (Supplementary Table S2). It diverges from the clade 20B root by seven SNPs,
five of which are shared with two SARS-CoV-2 viruses (Portugal/PT1550/2020 and Por-
tugal/PT1614/2020) also identified in Lisbon and Tagus Valley region in June–July 2020
(https://insaflu.insa.pt/covid19/; accessed on 11 December 2020) (Figure 2A; Supple-
mentary Table S2). This suggests that the virus leading to the nosocomial outbreak is a
descendent variant that had been circulating in this geographical region for several months.
The introduction in hospital ward B might have occurred a few weeks before the large
screening, which is supported by considerable phylogenetic ramification and mutation
accumulation during the nosocomial outbreak (five SNPs from the common ancestor to
the more divergent virus) (Figure 2A). In fact, the phylogenetic reconstruction revealed
two main descendent branches (both with further sub-branch diversification), enrolling
nine (cases 24–31 and 39; yellow-like) and 14 (cases 11–23 and 38; blue-like) cases, and
six singletons diverging from the ancestral genetic profile (cases 1–10, green) (Figure 2A).
Notably, all clusters enrolling identical genetic profiles included both patients and HCWs.

Figure 2. Cont.

https://insaflu.insa.pt/covid19/
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Figure 2. Combined genomic and epidemiological investigation of a SARS-CoV-2 nosocomial outbreak. (A) Maximum
likelihood phylogenetic tree of SARS-CoV-2 genome sequences analyzed during the investigation of SARS-CoV-2 positive
cases detected in a hospital ward in August 2020, Portugal. The tree includes viral consensus sequences obtained from 22 out
of the 27 infected health-care workers (HCWs) and 17 out of 21 infected patients (colored nodes). To provide better phyloge-
netic context, the two closest sequences of the outbreak SARS-CoV-2 variant detected in Portugal (Portugal/PT1550/2020,
collected in 21 June 2020, and Portugal/PT1614/2020, collected on 8 July 2020; https://insaflu.insa.pt/covid19/; as of
9 November 2020) and the SARS-CoV-2 reference genome sequence (used as root; Wuhan-Hu-1/2019; MN908947.3) were
also included. Bar graphs next to the tree depict the within-patient frequency fluctuation of three SNP phylogenetic
markers (also highlighted in the respective branch) that were detected either as minor variants (<50% in frequency) or as
(nearly-)fixed variants in viral populations collected from distinct infected individuals (bars are colored according to the
phylogenetic placement of the respective SARS-CoV-2 consensus sequences). The SNP profile of the outbreak-related SARS-
CoV-2 is provided in Supplementary Table S2. (B) HCW-patient contacts occurring during the 15-day period before the
large screening. HCW and patient codes are colored according to the phylogenetic placement of the respective SARS-CoV-2
consensus sequences (panel A), with exception of those without SARS-CoV-2 genome data (gray numbers in white fields).
The “contact tracing matrix” summarizes the visits of infected HCWs to patient’s rooms (more details about the timeline
of the visits is provided in Figure S1) (colored fields). Fields are colored according to virus sequence similarity between
HCW and patients, as follows: (i) if a given HCW visited a room with a patient with the identical viral consensus sequence
(i.e., same genetic profile), the field is colored according to the genetic profile (as in panel A) (high likelihood of direct
transmission); (ii) if the contact involved ascendent/descendent genetic profiles (plausible transmission) and there was no
other contact with an individual with an identical virus genetic profile, the field is colored in black with a colored arrow
indicating the potential direction of transmission; (iii) if the contact HCW-patient is not supported by viral genetic evidence
(implausible transmission), the fields are colored in gray. HD, hemodialysis. N, patients testing negative for SARS-CoV-2;
Underlined patient number means that the patient stayed in different rooms during the study period.

3.4. Reconstructing SARS-CoV-2 Nosocomial Transmission Trajectories

The integration of genomic and epidemiological data indicated that SARS-CoV-2 noso-
comial dissemination was mainly driven by HCW-patient and HCW-HCW transmission
(Figure 2B; Figure S1). Specifically, this scenario is supported by: (i) the frequent detection
of identical consensus viral sequences among HCWs and between HCW and patients
contacting with each other; (ii) absence of identical viral sequences in patients that shared
the same room; and, (iii) detection of identical viral sequences collected from patients that
did not contact with each other. Indeed, the patient-to-patient direct transmission was more
limited, which is also corroborated by the frequent observation of one single patient testing
positive in rooms with more than one patient (which occurred in eight rooms) (Figure 2B;
Figure S1). Notwithstanding, in a few cases, we found strong genetic evidence of direct
patient-to-patient transmission. For instance, besides the “patient 3-patient 35” trans-
mission during hemodialysis, patient 20 most likely transmitted SARS-CoV-2 to patient
19 during their joint isolation (both were also infected with Clostridium difficile) (Figure 2).

https://insaflu.insa.pt/covid19/
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In order to disclose intricate transmission events, we sought to verify whether mutations
accumulating during the transmission chain (phylogenetic markers) were already present
as minor variants (sub-populations) in samples with ascendant or identical consensus
virus sequences. Remarkably, increasing frequencies were detected in three mutations
(C233T, C12970T and G17478A) that turned out to fix throughout the nosocomial outbreak
(Figure 2A), For instance, the mutation G17478A (synonymous SNP in ORF1ab/NSP13)
defining one of the two main branches (detected at frequencies 55.5–100.0% in that sub-
cluster) was already present at a frequency of 5.5% (patient 3) and 23.7% (patient 9) in
individuals presenting the viral ancestral profile. This observation suggests, for instance,
that patient 3 was most likely one of the first infected individuals in the outbreak and
places patient 14 in the potential origin of the “G17478A” sub-cluster transmission chain.
Likewise, the mutation C12970T (synonymous SNP in ORF1ab/NSP9), which was found
with a minor frequency in HCWs 13 and 14 (9% and 45%, respectively), became fixed (100%)
in the HCW 22 and patient 21, likely indicating consecutive direct transmission enrolling
these individuals (concordantly, all HCWs 13, 14, and 22 contacted each other and visited
patient 21 during the study period). Finally, although the mutation defining the other main
sub-branch (C233T; extragenic SNP in 5′ UTR) was already present as a minor variant in
the ancestral populations, it was also unexpectedly detected in samples with consensus
sequences falling within the other main branch (G17478A). This observation illustrates how
difficult it can be to interpret sub-populations transmission and frequency fluctuations
when retrospectively reconstructing outbreaks detected after massive screening at a given
time point (i.e., the viral population signature at the time of testing may not reflect the
population profile at the time of transmission/infection). Even though, our minor variants
analysis provided valuable clues about probable transmission trajectories that would be
hard to disclose using solely epidemiological and consensus sequence data, especially in a
scenario of a complex contact network enrolling a multitude of transmission events.

3.5. Searching for the Index Case

Considering that most infected individuals were detected by large screening (likely
a few weeks after the virus introduction in hospital ward B), it is highly challenging to
identify the “index” case of this nosocomial outbreak. According to the timeline (Figure 1),
contact tracing data and virus phylogenetic analysis (Figure 2; Figure S1), we can indeed
launch several plausible hypotheses. Among the infected patients presenting the most
ancestral viral sequences (patients 3, 7, 8 and 9), we hypothesize that patient 3 and 8 have a
higher likelihood of being the index case as they were admitted to hospital (testing negative)
a few days before patients 7 and 9. In particular, patient 3 should have been infected shortly
before or just after the hospital admission, as she/he most likely transmitted SARS-CoV-2
to patient 35 (his/her single contact) during hemodialysis six days later (Figures 1 and 2).
Likewise, several HCWs might have also been the index case, namely HCW 1, 2, 4, 5, 6
or 10. If one assumes that the index case is an HCW that transmitted SARS-CoV-2 to a
patient with the same viral genetic profile at the beginning of the study period (namely to
patient 3 or 8), we can point out HCW 2 and 6 as the most likely HCWs being the index as
they visited these patients’ rooms on day 2 and 3 of the study period (Figure 2; Figure S1).
In contrast, HCWs 1 and 4 visited those patients on day 5 and HCWs 5 and 10 have not
contacted any patient presenting identical viral sequences (Figure 2). Finally, given the
time span between the infection and testing, we cannot completely exclude as a potential
index case patients or HCWs showing a virus variant directly descendant from the most
ancestral one. In this case, the additional mutations detected at the time of testing would
represent within-patient evolution after the first transmission events. While this scenario
would fit, for instance, the hypothesis of patient 35 (first patient testing positive) being
the index case (i.e., patient 35, coming from ward A, would have introduced the virus
in ward B by contacting patient 3 during hemodialysis), this is unlikely considering that
patient 35 tested negative on day 7 of the study period (Figure 1). Indeed, as stated above,
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assuming this hypothesis would considerably shrink the outbreak timeline, making it
incongruent with the observed virus genetic diversification.

3.6. Outbreak Follow-Up: Implemented Measures and Impact on Subsequent Outbreaks

The combined genomic and epidemiological investigation unveiled a scenario of rapid
and unnoticed SARS-CoV-2 dissemination within the hospital ward B, mostly driven by
HCW-to-HCW or HCW-patient/patient-HCW transmission. In this context, this outbreak
led to the implementation of novel measures to minimize the risk of introduction and dis-
semination of SARS-CoV-2 within a “non-COVID” ward. In particular, communication and
educational activities were reinforced to promote compliance with standard precautions,
emphasizing the need for frequent hand hygiene, maintenance of safe physical distance
(1.5–2 m) and mandatory use of respiratory protection within the ward (at least a surgical
mask). Targeted and specific training events among hospital employees and visitors were
carried out and further divulgation was performed through the hospital intranet and
website, as well as by displaying information at strategic places of the facility. Furthermore,
the movement of people within the facility was limited and restricted to essential and staff
break periods were recommended to be made individually. The maximum capacity of com-
mon areas, namely break rooms, HCWs changing rooms and elevators, was also reduced.
Other administrative measures included changing the layout of the hospital cafeteria, with
a maximum of two people allowed per table (with a distance of 1.5 m). All HCWs and
visitors were instructed about the need to wear a mask immediately after finishing meals
and to avoid staying in these meal places longer than the period required. Visits to all
internal medicine wards were canceled during the outbreak period and up to 28 days after
the last positive case. As an indirect observation of the success of implementing such
measures, subsequent SARS-CoV-2 positive cases within the same non-COVID-19 ward
were detected more timely, leading to limited transmission chains (Supplementary Figure
S2) In fact, virus genome sequencing of 11 out of 15 new positive cases detected between
9 September and 1 October not only confirmed that these cases were not related with the
previous outbreak, but also that they represented four independent introductions with
none or very limited transmission (Supplementary Figure S2).

4. Conclusions

In the present study, SARS-CoV-2 genome data was key to confirm that a single
introduction of SARS-CoV-2 in the non-COVID-19 ward, followed by prolonged silenc-
ing transmission, resulted in 48 infected individuals (27 HCW and 21 inpatients). As
reported for other nosocomial COVID-19 outbreaks, we observed a high mortality rate
(57.1%) among patients, which certainly reflects the comorbidities and demographics
of the patients’ population [10,12]. The combination of vast contact tracing disclosed a
complex scenario of SARS-CoV-2 transmission, consolidating the expectation that highly
“populated” hospital wards, marked by the extensive circulation of HCWs, pose great
challenges to reconstruct direct transmission events and the exact virus spread trajectory.
These challenges were even more pronounced given: (i) the SARS-CoV-2 relatively low sub-
stitution rate (around one mutation every 2 weeks) (https://nextstrain.org/ncov/global,
accessed on 16 December 2020), which renders identical or nearly-identical sequences
in several individuals enrolled in the transmission chain; (ii) that most cases were only
detected upon massive screening, meaning that the viral genetic profile detected at the
time of testing may not reflect the one at the time of transmission/infection; and (iii) that
most cases were asymptomatic at time testing, hampering any reconstruction based on the
chronology of incubation period and symptoms onset. We cannot discard that mild disease
symptoms might have occurred (particularly among HCWs), having been disregarded in
the context of HCW’s high workload and fatigue during the COVID-19 crisis, as widely
reported [8,13,23,24]. Notwithstanding, our results clearly demonstrated that SARS-CoV-2
dissemination within the hospital ward was mostly mediated by HCW-to-HCW and HCW-
patient/patient-HCW transmission. This emphasizes the need for compliance with the
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current guidelines for infection prevention and control and preparedness for COVID-19
in healthcare settings, given the HCWs increased risk of virus exposure, intensive circu-
lation within hospital facilities and close contact with frail patients [5,6]. In the studied
outbreak, as currently recommended [6], all patients were tested upon admission to the
hospital and massive laboratory testing of ward residents and the staff was performed
after the detection of a first case. Nonetheless, the observed scenario of prolonged silencing
transmission points that periodic screening of HCWs and patients, even in the absence of
known cases, could have anticipated the detection of the nosocomial outbreak. Importantly,
the reinforcement of control and prevention measures during and after this outbreak was
shown to be effective towards the mitigation of transmission and a more timely detection
and containment of novel nosocomial outbreaks. Altogether, the present study shows the
benefit of combining genomic and epidemiological data for the investigation of complex
nosocomial outbreaks, while providing valuable data to minimize the risk of transmission
of COVID-19 in healthcare facilities.
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