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Transmission cluster of COVID-19 cases from Uruguay:
emergence and spreading of a novel SARS-CoV-2 ORF6 deletion
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BACKGROUND Evolutionary changes in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) include indels in non-
structural, structural, and accessory open reading frames (ORFs) or genes.

OBJECTIVES We track indels in accessory ORFs to infer evolutionary gene patterns and epidemiological links between outbreaks.

METHODS Genomes from Coronavirus disease 2019 (COVID-19) case-patients were Illumina sequenced using ARTIC V3. The
assembled genomes were analysed to detect substitutions and indels.

FINDINGS We reported the emergence and spread of a unique 4-nucleotide deletion in the accessory ORF6, an interesting gene
with immune modulation activity. The deletion in ORF6 removes one repeat unit of a two 4-nucleotide repeat, which shows that
directly repeated sequences in the SARS-CoV-2 genome are associated with indels, even outside the context of extended repeat
regions. The 4-nucleotide deletion produces a frameshifting change that results in a protein with two inserted amino acids,
increasing the coding information of this accessory ORF. Epidemiological and genomic data indicate that the deletion variant has
a single common ancestor and was initially detected in a health care outbreak and later in other COVID-19 cases, establishing a
transmission cluster in the Uruguayan population.

MAIN CONCLUSIONS Our findings provide evidence for the origin and spread of deletion variants and emphasise indels’
importance in epidemiological studies, including differentiating consecutive outbreaks occurring in the same health facility.
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Human severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) is a novel member of the genus
Betacoronavirus (subgenus Sarbecovirus) that causes
the pandemic coronavirus disease 2019 (COVID-19).)

Like other coronaviruses, SARS-CoV-2 has a rela-
tively large RNA genome (~30 kb) with well-characterised
open reading frames (ORFs) coding for proteins involved
in replication and transcription of the viral genome (nspl-
16) and the structure of the virion (spike, matrix, small
envelope, and nucleocapsid). The genome also contains
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ORFs that code for accessory proteins (3a, 6, 7a, 7b, 8, and
10) that are not directly required for virus viability in cell
culture but interfere with cellular processes or modulate
the infection process in the natural host.??

The coronavirus genome has high plasticity, as evi-
denced by the fast evolution driven by point mutations,
deletions and insertions (indels), and recombination. This
feature contributes to the ongoing rapid transmission and
global spread of SARS-CoV-2 in humans and animals and
the emergence of strains with new biological properties.®

Examining the entire repertoire of genetic variants is
crucial to understand better the evolutionary, pathogenic,
and antigenic potential of SARS-CoV-2647 and to detect
changes in primer and probe binding sites that affect the
sensitivity of diagnostic tests.® In addition, identifying
mutations is acquiring more relevance with the emer-
gence of genetic variants of concern that potentially im-
pact virus control and vaccine development.®1%1D

The most common changes in SARS-CoV-2 are sin-
gle nucleotide polymorphisms (SNPs),!%! but indels are
also detected at high frequency. Indels evidence another
aspect of genomic evolution and provide additional data
about the virus’s capability to maintain its functional-
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ity regardless of changes in genome size. Indels are also
valuable and stable markers to use in conjunction with
SNPs to establish and characterise transmission clus-
ters (i.e., groups of individuals infected with similar
or identical variants that derive from a recent common
ancestor). Short indels are unevenly distributed in the
SARS-CoV-2 genome and are particularly common in
the S gene that encodes the spike glycoprotein, the virus
surface protein that determines the infectivity and host
range of coronaviruses.!*!> Some of these indels might
increase the variability of the S gene and help adapta-
tion to the human host. Indels are also common in other
structural and non-structural coding regions (N, E, OR-
Flab).0%1"1® Accessory genes also harbor indels, particu-
larly in the ORFs 3a, 6, 7a, and 8.1°2021.22.29

Tracking indels in accessory ORFs is interesting from
an evolutionary perspective and may also provide clues
about their functionality.®® Furthermore, given the poten-
tial involvement in pathogenesis and virulence, indels that
alter protein function may represent the ongoing viral ad-
aptation to humans through natural attenuation.?>2%)

The present study identified and described a 4-nu-
cleotide deletion in the ORF6 coding for protein 6 (p6).
The 61-amino acids p6 plays a critical role in viral repli-
cation, counteracting host antiviral response, and inhib-
iting type I interferon production and downstream sig-
naling.?*?” Phylogenetic analysis and deletion presence
allow identifying a transmission cluster of COVID-19
cases from Uruguay and provide insights into the origin
and spreading of gene deletions in SARS-CoV-2.

MATERIALS AND METHODS

Eleven COVID-19 case-patients were diagnosed as
part of the ongoing laboratory surveillance at the Nation-
al Reference Centre for Influenza and other Respiratory
Viruses (DLSP-MSP, Uruguay). Five cases had an epi-
demiologic link and were diagnosed between September
28th and October 6th (2020) associated with an outbreak
in a health care centre. The second group of cases did not
share a clear epidemiological nexus and were diagnosed
from October 1st to November 10th (2020) (Supplemen-
tary data - Table I).

Combined nasopharyngeal and oropharyngeal swab
samples were obtained, and the diagnosis was performed
by RNA extraction (Qiamp Viral RNA Minikit, Qiagen
USA) followed by real-time reverse transcription-poly-
merase chain reaction (RT-qPCR) using the protocol
recommended by the Panamerican Health Organiza-
tion (PAHO-WHO).?®» SARS-CoV-2 RNA samples were
then submitted to the Genomic Platform at the Faculty of
Science, University of the Republic, Uruguay (UdelaR),
for genome sequencing and analysis.

Multiplex PCR was performed using ARTIC primer
scheme version 3; primer sequences and protocols are
available at the ARTIC network repository (https:/ar-
tic.network/ncov-2019). Complementary DNA (cDNA)
and Nextera DNA Flex library preparation were per-
formed following previously published conditions.*?
Whole-genome sequencing was performed on an Illu-
mina MiniSeq (Illumina, USA) platform using MiniSe-
d™ Mid Output Reagent Cartridge (300-cycles, paired-

end reads). Adapter/quality trimming and filtering raw
data were performed with BBDuk, and clean reads
were mapped to the consensus genome using Geneious
Prime 2020.1.2 (https:/www.geneious.com). Complete
genomes with broad average coverage (> 200) were ob-
tained, annotated, and submitted to the GenBank.

The deletion was confirmed using RT-PCR with
ARTIC primers flanking the deleted region (forward:
TCTTGCTTTGCTGCTGCTTG, reverse: TGAAATG-
GTGAATTGCCCTCGT) and further Sanger sequencing
of the generated amplicon (~370 bp) in Macrogen (Korea).

The online web application CoV-GLUE (http://cov-
glue.cvr.gla.ac.uk/#/deletion) was used to assess amino
acid replacement and indels in SARS-CoV-2 genomes
and to analyse the frequency and geographic location of
detected deletions.®” Lineage was assigned according to
the nomenclature system proposed by Rambaut et al.C?
using the Pangolin COVID-19 Lineage Assigner server
(https://pangolin.cog-uk.io/).

All B.1.1.33 and N.7 lineages sequences (about 2000
sequences) were retrieved from the GISAD EpiCoV da-
tabase®) and the GenBank database to create the dataset
for phylogenetic analysis. Multiple alignments were per-
formed with MAFFT.? With a 1000-replicate bootstrap
to support internal nodes, maximum-likelihood trees
were inferred in Geneious using the FastTree plugin®®
and visualised with the ggTree package in R.

The structure model of the ORF6 protein was ob-
tained from the I-TASSER server (https:/zhanglab.
ccmb.med.umich.edu/COVID-19/).

RESULTS

Detection of deletions and Sanger characterisa-
tion - We identified a novel 4-nucleotide deletion (A4)
in eleven SARS-CoV-2 genomes from Uruguayan pa-
tients collected from September to November 2020 (Fig.
1). The A4 change is located at 27378-27381 position
in the accessory ORF6 and constitutes a frameshifting
change (i.e., a mutation that shift the reading frame used
for translation of the protein) that was found in 100% of
the reads in all eleven full-length-genomes and Sanger
sequences (Fig. 2).

The frameshifting deletion (GATT) involves the last
Aspartate codon (GAT) and the first base of the stop co-
don (TAA) of the ORF6. It extends the reading frame
to a new stop codon (TGA) located seven nucleotides
downstream. Therefore, the deletion produces a substi-
tution of the last amino acid (Asp—Lys) and increases
the coding region of the ORF6 by two amino acids (Arg,
Thr) at the end of the 61-amino acid protein, resulting in
a putative protein of 63 amino acids. The new stop codon
(TAA — TGA) overlaps with the initial codon of the fol-
lowing ORF7a (Fig. 2).

The I-TASSER theoretical model of p6 is structured
as two a-helices separated by a flexible random coil or
turn (Fig. 3). The first helix begins at Phe2 and extends
to Phe22, while the second helix is predicted to begin
at I1e26 and extend to Glu44; a more disordered region
extends from Ser50 to Asp61 (the last two residues are
structured in a coil). The deletion here described is lo-



cated in the disordered coil region and is part of a larger
functional domain (ten last residues of the disordered
region) involved in nuclear import obstruction in the ho-
mologous p6 in SARS-CoV-1.69

Lineage classification and phylogenetic analysis of
complete genomes - The complete eleven genomes of the
A4 variant were classified as belonging to the SARS-
CoV-2 phylogenetic lineage B.1.1.33 using the Pangolin
web application.

Phylogenetic analysis revealed that the A4 variant
clustered with six Brazilian strains from Rio Grande do
Sul, the southernmost state of Brazil [Fig. 4, Supplemen-
tary data (Fig. 1)]. These six Brazilian sequences have
four unassigned bases (NNNNGs) in the deletion position.

Other Uruguayan strains belonging to the B.1.1.33 lin-
cage fell in a separate clade (Fig. 4). The A4 change was
not detected in any of the Uruguayan strains available at
GISAID nor any South American, European, or Asiatic
available sequences in the CoV-GLUE database by May
2021. A single North American sequence has the same
deletion (MT520188) but belongs to the phylogenetically
unrelated lineage B.1 [Supplementary data (Table II)].

Comparison with a previous outbreak in the same
health care centre - Sequences were compared with
those of a previous outbreak from the same care centre
(health care centre A in this study), where the five initial
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Fig. 1: schematic timeline of the transmission cluster analysed in this
study. The timeframe spanned 28th September to 10th November
2020. Darker red dots correspond to cases from health care centre A,
and lighter red dots correspond to cases with no documented epide-
miological link to health care centre A. Epidemiological data of the
samples is available in Supplementary data (Table I).
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cases of the A4 variant were detected (Fig. 1). The first
outbreak corresponded to the Uruguayan B.1.1.33.7 lin-
eage, also known as N.7, with a 12-nucleotide deletion
(A12) in the ORF7a.?? The second outbreak comprised
only viruses from the B.1.1.33 lineage with the 4-nucleo-
tide deletion (A4 variant). Both lineages appear widely
separated in the phylogenetic tree [Fig. 4, Supplemen-
tary data (Fig. 1)]. Besides, unlike deletions in differ-
ent genes, they have 17 SNPs, including ten non-synon-
ymous changes affecting ORFlab (six residues), ORF8
(one residue), and N (two residues).

DISCUSSION

The present study identified a novel A4 variant that
extends the reading frame to a new stop codon (TGA)
and then increases the coding region of the ORF6 by two
amino acids (Arg, Thr), resulting in a putative protein of
63 residues. The new stop codon (TAA — TGA) over-
laps with the initial codon of the following ORF7a (Fig.
2). The most used stop codon in SARS-CoV-2 is TAA,
the most efficient stop codon in humans, being used
by highly expressed proteins in the lung cells.®> How-
ever, TGA is associated with functional read-through
phenomena in humans.®® In other viruses, it has been
proposed that codon usage bias that mimics those of the
highly expressed genes in the host has implications for
pathogenesis, given the translational competition for
tRNAs.C® The change observed here from a TAA to a
TGA stop may indicate a less adapted codon usage®>3#0
or a quasi-neutral alternative evolutionary path for ac-
cessory gene divergence.

Deletions of diverse size and prevalence have been
described in the ORF6 [Supplementary data (Table II,
Fig. 2)]. A 27 nucleotide in-frame deletion emerged dur-
ing passaging in cell culture, possibly due to the in vitro
removal of selective pressure eliminating nine amino
acids near the centre of the protein.®) Two frameshifting
deletions of 26 and 34 nucleotides resulted in truncated
proteins.®® An identical 4-nucleotide deletion to the one
reported occurs in a single sequence from the United
States (Accession number: MT520188), but mutation
was described as an insertion because the analysis was
performed using protein sequences.“?
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Fig. 2: top: complete severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) genome organisation is schematised. The Mdeo-1 se-
quence (MT466071) was used as a reference. Bottom: zoomed diagram to show the location of the deletions in the ORF6 detailing nucleotide
deletion and amino acid changes. Chromatogram peaks of the A4 variant showed the validation by Sanger sequencing.
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Fig. 3: structure of the 61-amino acids ORF6 protein (p6) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Top: amino
acid sequence and functional protein domains and folds. Pink cylinders represent a-helices, and blue arrows denote B-strands. Bottom: three-
dimensional model. The green circle denotes the deletion region detected in Uruguayan samples.

Several deletions are likely random and sporadic
events that lead the virus to a loss in coding informa-
tion that might alter protein function and thus generate
a potential reduction in fitness.?” However, in relative-
ly few cases, the deletion persists and becomes a circu-
lating form that successfully spreads in the population.
The A4 change is remarkable because it is a gene dele-
tion that increases p6 coding information that does not
seem to affect the viral transmission, converting the
A4 variant into a SARS-CoV-2 circulating form in the
Uruguayan population.

SARS-CoV-2 p6 binds karyopherins (KPNA1 and
KPNBI) and leads to a disruption of the nucleocyto-
plasmic transport, preventing the nuclear translocation
of STAT! (signal transducer and activator of transcrip-
tion 1) in response to interferon signaling. It also inter-
feres with STAT1 translocation by binding to Nup98, a
crucial component of nuclear pore complexes.“? This
disruption ultimately blocks the expression of inter-
feron-stimulated genes (ISGs) that display multiple
antiviral activities and play a fundamental role in the
pathogeny of COVID-19.¢4344

The effect of deletions on protein functionality is
difficult to determine, especially when there is no crys-
tallographic structure of the protein, as is the case of
p6. The I-TASSER theoretical model of p6 is structured
as two a-helices separated by a flexible random coil or
turn (Fig. 3). The first helix begins at Phe2 and extends
to Phe22, while the second helix is predicted to begin
at [1e26 and extend to Glu44; a more disordered region
extends from Ser50 to Asp61 (the last two residues are
structured in a coil). The deletion here described is
located in the disordered coil region and is part of a
larger functional domain (ten last residues of the dis-
ordered region) involved in nuclear import obstruction
in the homologous p6 in SARS-CoV-1.Y This func-

tional domain is critical for karyopherins binding and
STATI1 blockage.“> A recent study indicates that the
C-terminal tail of p6 (positions 53 - 61) is essential for
inhibiting IFN-I production through the interaction
with IRF3 and STAT-1 proteins, whereas amino acids
49 to 52 are dispensable.?® This study also suggests
that the C-terminal residues in p6 from SARS-Cov-1
and 2 were enriched in negative-charged amino acids,
promoting their interaction with cellular proteins and
thus favoring its antagonistic activity.?® The A4 dele-
tion found in the sequences reported here results in a
C-terminus bearing positive charged (Lys 61, Arg 62)
and neutral (Thr 63) amino acids [Fig. 3, Supplemen-
tary data (Fig. 3)]. Based on these data and our results,
the A4 deletion may produce subtle changes in p6 that
modify the ability of SARS-CoV-2 to evade the host’s
innate immune system.

The complete eleven genomes of the A4 variant
were classified as belonging to the B.1.1.33 lineage that
emerged in Brazil and spread in several South Ameri-
can countries during the early pandemic phase.“**? This
lineage is defined by two non-synonymous substitutions
in ORF6 (T27299C/133T) and the nucleocapsid protein
(T29148C/1292T), markers that are also strongly con-
served in all Uruguayan strains of this lineage.

The high nucleotide identity of the eleven A4 vari-
ant genomes (seven sequences were identical, two have
1 SNP, and the remaining two have 2 SNPs), the close
phylogenetic relationship between them (Fig. 4), and the
epidemiological data (Fig. 1) strongly suggest that the
A4 variant emerged once from a recent B.1.1.33 ancestor
[Supplementary data (Fig. 1)]. Thus, the emergence and
spreading of the A4 variant (initial cases from a defined
outbreak and later cases without a confirmed epidemi-
ological link) established a transmission cluster in the
Uruguayan population.
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Fig. 4: maximum likelihood phylogenetic analysis including the A4 and the previously reported Al12 sequences from Uruguay, together with
B.1.1.33 and B.1.1.33.7 (or N.7) sequences available at GISAID from South America (A). Subclades including A4 and A12 sequences are depicted
in detail (B). The most related to the A4 sequences reported in this paper are B.1.1.33 sequences from Brazil. A large version of the phylogenetic

tree with labeled tips is available in Supplementary data (Fig. 1).

Notably, the six Brazilian sequences more closely re-
lated to the A4 variant have unassigned bases (four Ns
track) in the deletion position, and we cannot discard
that they were deleted strains.

The same deletion observed in the A4 Uruguay-
an variant was also observed in the North American
MT520188 strain that belongs to a different lineage
(B.1), indicating that this 4-nucleotide emerged inde-
pendently in the United States. The occurrence of the
same deletion in phylogenetically unrelated sequences
suggests a common molecular mechanism for its ori-
gin. In other organisms, indels occur preferentially at

homo-polymeric tracts and short repeated sequences.
“® Repeated sequences may induce replication slip-
page, in which the template strand and its copy shift
their relative positions so that part of the template is
either copied twice or missed out. The A4 alteration de-
letes one repeat unit (GATT) of a two 4-nucleotide re-
peat (GATT-GATT). Our result shows that deletion of
directly repeated sequences also occurs in the SARS-
CoV-2 genome, even outside the context of extended
repeat regions (n = 2). Accordingly, the repeated region
might represent a putative initiator of an indel event in
the SARS-CoV-2 genome.
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A previous report identified a 12-nt deletion (A12)
in the ORF7a detected two months earlier in the same
health care centre as the A4 variant.?” However, these
two outbreaks do not belong to the same transmission
cluster because, aside from different deletions (A12 and
A4), sequences belong to different phylogenetic clades
(N.7 and B.1.1.33) that differ in more than 14 SNPs [Sup-
plementary data (Fig. 1)].

This finding indicates that successive outbreaks
in this care centre were caused by infection of a new
lineage and not by the persistence of viruses from the
initial outbreak.

The detection of two deletions in a small sample of
COVID-19 cases in Uruguay is surprising. We hypoth-
esise that during the current epidemic phase in the naive
human host, SARS-CoV-2 did not have intense compe-
tition and successfully attempted different variability
strategies, including a high frequency of deletions.

The analysis of deletions in the Uruguayan population
can track changes in the pandemic course, providing new
insight into the evolutionary dynamics of SARS-CoV-2.
During the early stages of the pandemic in Uruguay,
most cases were restricted to outbreaks associated with
social events, workplaces, and health or residential care
centres, where the origin and epidemiological connec-
tions of the transmission network were readily inferred.
@ In that context, we described the A12 variant restricted
to a single outbreak. However, in late 2020, there was a
gradual increase in the number of cases of SARS-CoV-2
in Uruguay, leading to an extensive community circula-
tion and the subsequent loss of the epidemiological nexus
for a considerable fraction of COVID-19 cases. An early
signal of this new epidemiological scenario may be ex-
emplified by the A4 variant, which was initially associ-
ated with a specific outbreak and later detected in indi-
viduals without apparent epidemiological links (Fig. 1).
In this new phase, genomic surveillance acquired even
more relevance to inferred transmission networks, and
indels became robust markers that bring precise informa-
tion and are easy to analyse. Furthermore, indels provide
a fine-scale resolution when the genomes are closely re-
lated, as observed in Uruguay with the B.1.1.33 lineage,
which included viruses with or without the deletion [Fig.
4, Supplementary data (Fig. 1)].

Our results reinforce the importance of indel analysis
to evidence epidemiological changes in the populations
and contribute to understanding the origin and spread-
ing of variants in the host population. We emphasise that
more epidemiologically helpful deletions are monophy-
letic and occur in a specific geographic area.

Even though there are hundreds of indels in SARS-
CoV-2, deletions in repeat regions like the here described
in the ORF6 provide new data about the molecular ori-
gin of indels and deserve our special attention. Moreover,
deletions with a known spreading pattern are uncommon
and relevant to establishing the origin of reinfections and
detecting transmission chains with a high prevalence and
genome homogeneity. Integration of high-resolution ge-
nomic data, including SNPs and indels, with epidemiolo-
cal data and gene function, is a successful approach to
investigate the genome evolution of SARS-CoV-2.

Ethics - The research described in this study was
performed in adherence to the Declaration of Helsinki;
no specific authorisation was required because the ac-
tivities were conducted as part of routine virological
surveillance (anonymously, without identification of pa-
tients) by the Uruguayan official Institution for surveil-
lance of Influenza and other respiratory viruses of the
Ministry of Public Health (DLSP-MSP).

Data availability - Viral sequences were depos-
ited in the GenBank (accession numbers: MZ312086—
MZ312096).
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