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Keywords: Introduction: Coinfection with two SARS-CoV-2 viruses is still a very understudied phenomenon. Although next
SARS-CoV-2 generation sequencing methods are very sensitive to detect heterogeneous viral populations in a sample, there is
Co_inf_em‘m no standardized method for their characterization, so their clinical and epidemiological importance is unknown.
;’ng:itm Material and methods: We developed VICOS (Viral COinfection Surveillance), a new bioinformatic algorithm for
Evolution variant calling, filtering and statistical analysis to identify samples suspected of being mixed SARS-CoV-2 pop-
Virus ulations from a large dataset in the framework of a community genomic surveillance. VICOS was used to detect

SARS-CoV-2 coinfections in a dataset of 1,097 complete genomes collected between March 2020 and August
2021 in Argentina.

Results: We detected 23 cases (2%) of SARS-CoV-2 coinfections. Detailed study of VICOS’s results together with
additional phylogenetic analysis revealed 3 cases of coinfections by two viruses of the same lineage, 2 cases by
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viruses of different genetic lineages, 13 were compatible with both coinfection and intra-host evolution, and 5
cases were likely a product of laboratory contamination.

Discussion: Intra-sample viral diversity provides important information to understand the transmission dynamics
of SARS-CoV-2. Advanced bioinformatics tools, such as VICOS, are a necessary resource to help unveil the hidden

diversity of SARS-CoV-2.

Key points

The new informatic pipeline VICOS revealed 2% of SARS-CoV-2
coinfections during the first COVID-19 wave in Argentina.

VICOS output together with additional metadata help to differ-
entiate between coinfection by 2 SARS-CoV-2, intra-host evolution
or sequencing contamination.

SARS-CoV-2 inter- and intra-lineage coinfections need to be
monitored as the driving force of recombination and evolution.

Data availability

Data will be publicly available in EBI/NCBI accession
PRJEB56223 upon when the publication is released. Also the code
and scripts used in the project are in: https://github.com/
ProyectoPAIS/VICOS

Introduction

Genomic sequencing of SARS-CoV-2 has proven to be fundamental
for detection and response to the pandemic by providing valuable in-
formation on the biology and evolution of the causal agent of COVID-19.
According to the GISAID database (www.gisaid.org), more than 13
million full-length SARS-CoV-2 sequences have been generated up to
October 1%, 2022, allowing real-time monitoring of the genomic di-
versity of SARS-CoV-2 around the world. The rapid implementation and
sharing of laboratory protocols and bioinformatic analysis pipelines
among the scientific community leveraged the use of high-throughput
sequencing technologies for SARS-CoV-2 full-length sequencing. Of the
different next-generation sequencing (NGS) technologies, Illumina was
the most commonly adopted, accounting for 80% of the SARS-CoV-2
genomes [1]. While highly sensitive, NGS is usually analyzed using
simple bioinformatic platforms that can readily provide a single
consensus sequence but fail to detect and inform polymorphisms that
occur at low frequency in the samples (also called sub-consensus or
intra-host single nucleotide variations, iSNVs). In some cases, consensus
sequences contain IUPAC letters that account for a “mixture” of nucle-
otides at any given position along the viral genome but population
abundance and haplotypes are lost. Thus, the lack of easy-to-use bio-
informatic pipelines applicable to laboratories in charge of genomic
surveillance hinders the potential of NGS methods to unveil SARS-CoV-2
diversity and evolution. In addition, there is no consensus as to what the
minor allele frequency threshold should be for identification of mixed
populations of SARS-CoV-2 in clinical samples.

In COVID-19 infected patients, iSNVs can occur as a consequence of:
i) coinfection or superinfection by more than one SARS-CoV-2 virus; ii)
intra-host viral evolution during infection or; iii) laboratory cross-
contamination or PCR amplification artifacts prior to sequencing. The
simultaneous infection by two different lineages of SARS-CoV-2 was first
proven soon after the start of the pandemic in a previously healthy 17-
year-old female from Portugal that developed severe COVID-19 disease
[2]. As opposed to coinfections, that may be facilitated by an environ-
ment of high exposure to multiple viruses, superinfections by
SARS-CoV-2 are commonly associated to prolonged viral shedding and
underlying conditions of the host such as immunosuppression [3]. In

both cases, identification of the mixed SARS-CoV-2 populations is easier
when viral divergence is high, but can be cumbersome to detect in set-
tings of low genetic heterogeneity. Therefore, real frequency and factors
conditioning coinfections/ superinfections by multiple SARS-CoV-2 in
any given population remain largely unknown, and more studies are
needed to determine their occurrence in the population.

SARS-CoV-2 is a positive-sense single-stranded RNA virus of the
Coronaviridae family with a low evolutionary rate, estimated around
1.8x102 substitutions per site per year [4]. Because SARS-CoV-2 trig-
gers an acute and usually self-limited respiratory infection with a me-
dian viral shedding of 16 days, within-host viral evolution is expected to
be minimal. Importantly, a number of studies have shown presence of
viral quasispecies in COVID-19 patients [5-16], and high intra-host
SARS-CoV-2 evolution, [17] underscoring the role of iSNVs as molecu-
lar markers of viral population dynamics during SARS-CoV-2 infection.
Identification of SARS-CoV-2 coinfections is more important considering
the emergence of viral variants with potential immune escape and
greater transmissibility, which the WHO has called variants of concern
(VOQ) or variants of interest (VOI), and the possibility of viral recom-
bination between them [18]. Thus, the identification and study of iSNVs
in patients with SARS-CoV-2 has great potential to identify mutations
associated with the antibody escape as well as for monitoring viral
spread, identifying susceptible populations and guiding evidence-based
policies in public health.

In this work we present VICOS (Viral COinfection Surveillance), an
integrated bioinformatic pipeline that allows the characterization of
iSNVs in SARS-CoV-2 sequences obtained by Illumina technology.
Through the analysis of 1,097 SARS-CoV-2 sequences from clinical
samples obtained between March 2020 and August 2021 for genomic
surveillance by the Argentine Inter-Institutional SARS-CoV-2 Genomic
Consortium (Proyecto PAIS), VICOS allowed the identification and
detailed characterization of mixed SARS-CoV-2 populations in 2% of the
samples. Our results not only add a new powerful bioinformatic tool for
viral genomic analysis but also provide important evidence of SARS-
CoV-2 diversity and intra-host evolution.

Methods

VICOS: a novel bioinformatic pipeline for iSNV identification from
Illumina NGS outputs

A new bioinformatic pipeline called VICOS was developed for the
identification of viral genomic positions with iSNV in sequences ob-
tained by Illumina technology. The input for the analysis is a set of BAM
files generated from the mapping against a reference sequence. The
output includes the generation of tables and graphics, helping the user to
identify cases of suspected mixed viral populations (https://github.
com/ProyectoPAIS/VICOS). VICOS analysis starts with the haplotype
calling and VCF (Variant Call Format) files generation using GATK
software [19] (Fig. 1). Then, the VCFs of all samples are joined into one
single multi-sample VCF file, followed by a joint genotyping call
considering the detection of more than one possible “allele”. Variant
annotation and amino acid change annotation, when applicable, is
performed with SNPEff [20]. Then, genome positions with more than
one “allele” are kept considering a minimum depth of coverage of 10X
and a minimum frequency of 20% for each nucleotide detected. Finally,
in surveillance mode, VICOS calculates the distribution of samples by
the amount of detected iSNVs and fits a Poisson distribution. That fitted
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distribution’s lambda ()\) parameter, which represents its median value
and standard deviation will be used as threshold to mark a sample for
further analysis. This means that all samples with more iSNVs than this
lambda value will be included as “candidates for mixed viral pop-
ulations”. Subsequently, VICOS builds a set of charts and report files for
every candidate with the genome position, frequency and depth of
coverage of each iSNV (Fig. 1). When working with data that does not
meet the assumption that most samples do not have mixed viral pop-
ulations, the threshold can be set manually in the script.

Evaluation of VICOS performance

In silico positive controls were generated using pooled ratios of
FASTQ reads from the following SARS-CoV-2 sequences (GISAID
accession numbers in Supplementary Material 1, GenBank SRA
PRJEB56223): PAIS-A0830: lineage B.1.1.7, Alpha variant, 99.9%
coverage, 1,611X mean depth; PAIS-A0910: lineage B.1.1.7, Alpha
variant, 99.9% coverage, 2,446X mean depth; and PAIS-A0856: lineage
P.1, Gamma variant, 99.9% coverage, 1,832X mean depth.

Genetic inter-lineage (PAIS-A0830 and PAIS-A0856 mixture) and
intra-lineage (PAIS-A0830 and PAIS-A0910 mixture) coinfections were
generated in silico from the FASTQ read ratio mixtures 10:90, 20:80,
30:70, 40:60 and 50:50. Each mixture was performed by 60 replicates
for analyzing both the detection of iSNVs and the accuracy on the iSNV
frequency. In addition, an in vitro control was generated from a 60:40
mixture of ARTIC v3 PCR products from two different clinical samples
previously identified as lineage B.1.1.7 or Alpha variant (PAIS-A0828)
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and lineage P.1 or Gamma variant (PAIS-A0833) (GISAID accession
numbers in Supplementary Material 1, GenBank SRA PRJEB56223). The
mixed library was sequenced in an Illumina NextSeq 500 sequencer.
Mutations characterizing different lineages were obtained from
cross-reference nucleotide markers using outbreak.info [21].

Clinical samples and SARS-CoV-2 sequencing

A total of 1,097 nasopharyngeal swabs from symptomatic patients
testing positive for COVID-19 from March 2020 to August 2021 in
Argentina underwent SARS-CoV-2 genome sequencing using ARTIC v3
protocol and Illumina technology (MiSeq and NextSeq 500 platforms).
The FASTQ files were filtered by quality >Q30 and read length >50nt
using Trimmomatic [22], and then mapped against the WIV04 reference
(GISAID accession number EPI_ISL_402124) with BWA [23] software
generating the BAM files.

The coverage range of the viral genomes was between 57% and
100% referred to the WIV04 reference sequence (Supplementary Fig. 1).
The average depth of coverage was 812X for samples sequenced in the
MiSeq and 2,077X for those sequenced in the NextSeq 500. Majority
consensus genomes of all analyzed samples are shared in GISAID (Sup-
plementary Material 1).

All samples analyzed in this work were produced by the SARS-CoV-2
genomic community surveillance in Argentina by the Argentine Inter-
Institutional SARS-CoV-2 Genomic Consortium (PAIS Project) created
by the Ministry of Science and Technology in 2020 (http://pais.qb.fcen.
uba.ar/). All samples were anonymized prior to sampling procedure.

VICOS Pipeline
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Figure 1. Algorithm of work used by VICOS to identify and report the number, frequency, and position of iSNVs in SARS-CoV-2 genomes obtained using Illumina
technology. The pipeline requires a set of BAM files as input. The details on the algorithm of work are described in the article.
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Phylogenetic analysis

Minority and majority consensus nucleotide sequences were recon-
structed considering low-frequency (<50%) iSNVs reported by VICOS
for the minority consensus, and high-frequency (>50%) for the majority
consensus. A phylogenetic analysis was performed on a dataset of SARS-
CoV-2 sequences including the majority and minority consensus se-
quences for the VICOS candidates, the majority consensus sequences of
the non-candidate samples, the reference sequences according to the
PANGO lineages and the ten sequences with the lowest number of SNPs
for each majority/minority consensus sequence retrieved using Audac-
ityInstant (GISAID on to June 1st, 2022).

The alignment was built with MAFFT v7.486 [24], inspected and
edited with BioEdit (available at: https://bioedit.software.informer.co
m/), and the maximum likelihood tree was built with IQ-TREE v.2.1
[25]. The molecular evolution model was estimated with ModelFinder
[26] and the reliability of sequences clusters was evaluated using
UFBoot2 method (1000 replicates) [27] and the SH-approximate like-
lihood ratio test (1000 replicates) [28].

Results
VICOS performance

To evaluate the performance of VICOS when a minor viral popula-
tion is present at different frequencies, we first performed in-silico
mixtures of two SARS-CoV-2 genomes from different lineages (B.1.1.7
or Alpha variant, and P.1 or Gamma variant) that differ at 67 positions
along the viral genome. The analysis of B.1.1.7:P.1 mixtures showed that
only 1% of iSNVs could be detected by VICOS when the minority viral
population represents 10% of the total sequences. Instead, while mi-
nority viral population frequency raises to 20% the average detection
improved to 52.22% of the iSNVs (Supplementary Fig. 2a). When the
minority viral frequency is at 30%, an average detection of 99.25%
iSNVs was already obtained, and finally, viral frequencies at 40% and
50% resulted in a detection of 100% iSNVs. In addition to the iSNVs
detection, the accuracy in the correct assignment of the minority and
majority nucleotide was analyzed. As expected, 100% certainty in the
iSNVs detected at viral ratios of 10:90, 20:80 and 30:70 was found, and
slightly decreased for the 40:60 ratio (average certainty 94.77%) (Sup-
plementary Fig. 2b). The assignment for the 50:50 ratio was not
analyzed since no majority and minority nucleotide can be defined.

Next, we analyzed the performance of VICOS using two SARS-CoV-2
genomes of the same lineage B.1.1.7 or Alpha variant. In this case, the
genomes differed at 16 nucleotide positions. As in the previous case, an
average of 53.33% of iSNVs could be detected when present at a 20%
frequency, and 93.75% of the iSNVs were detected when present at a
30% frequency (Supplementary Fig. 2¢). Minor viral frequency of 40%
resulted in 96.87% detection and a viral frequency of 50% had 100% of
the iSNVs detected. The correct assignment of the minority and majority
nucleotide decreased when the minor viral population frequency
increased from 10% to 40%, as it was also seen in the inter-lineage in-
silico coinfection (Supplementary Fig. 2d). Mixture ratios of 10:90 and
20:80 resulted in 100% correct assignment on the detected iSNVs; 30:70
ratio had an iSNVs detection certainty of 93.33% of the and 40:60 ratio,
an 87.08%.

Last, we performed an invitro control by mixing PCR products from
clinical samples previously known to carry an Alpha or Gamma SARS-
CoV-2 variant. To study stochasticity of the laboratory work during
the routine sample preparation, PCR products were mixed at a 60:40
ratio. From a total of 58 iSNVs expected from the genetic differences
between the genomes, VICOS detected 54 (93%) and the correct
assignment of iSNV frequencies was 59% (32/54 iSNVs detected).

Virus Research 325 (2023) 199035

Detection of mixed SARS-CoV-2 intra-sample population during the
COVID-19 pandemic in Argentina

In order to investigate the presence of mixed SARS-CoV-2 intra-
sample populations during the first 18 months of COVID-19 pandemic in
Argentina, we used VICOS to analyze a total of 1,097 BAMs generated
using Illumina sequencing platforms for genomic surveillance of SARS-
CoV-2 in Argentina.

Results showed that 302 of the 1,097 analyzed samples (27.5%)
presented at least 1 iSNV at any of the 567 positions along the SARS-
CoV-2 genome in which they were detected (Supplementary Table 1,
Fig. 2a). In most cases, iSNVs were detected in a single sequence.
However, 100 iSNVs were shared between two to ten sequences. Inter-
estingly, the same iSNV was found at the genomic position 11,083
(mixture of Thymine “t” and a nucleotide deletion) in 32 samples
sequenced at different times and using different Illumina equipment.

Analysis of the iISNVs genomic location showed that while 25 cases
were found in the intergenic region, 542 iSNV were located in the viral
genes ORFlab, S, ORF3a, E, M, ORF6, ORF7a, ORF7b, ORF8 and N.
From those, 299 cases (55% of iSNV in viral genes) the iSNV was also
reflected in an amino acid change. At the same time, 44 iSNVs comprised
a nucleotide insertion or deletion generating a frameshift (located in
viral genes ORFlab, S, ORF3a, E, M, ORF8 and N), while in other 27
cases the insertion or deletion did not affect the open reading frame
(viral genes ORFlab, S, ORF3a, ORF7b and ORF8) (Supplementary
Table 1). In addition, iSNVs in single sequences involving protein
truncation were also found at genes ORFlab (GIn283*, Glul801%*), S
(Cys1254*), ORF3a (Gly254*) and ORF8 (GIn18*, GIn27%*, Glu110%).

As expected, distribution of sequences according to the number of
iSNVs showed that only a few sequences have a high number of iSNVs.
After adjusting the data to a Poisson distribution, we used the VICOS
calculated cut-off value to consider the candidates of mixed SARS-CoV-2
populations. For our dataset, VICOS determined a threshold of six iSNVs.
Thus, 23 samples (2%) were considered to contain mixed SARS-CoV-2
populations. The number of detected iSNVs in the selected cases
ranged from seven to 60 per sample (Fig. 2b and Table 1), and the mean
iSNVs frequencies per sample ranged from 23% to 43% (Fig. 2¢). To
further characterize the mixed SARS-CoV-2 genomes, we reconstructed
the majority and minority consensus viral sequences according to VICOS
information and compared the phylogenetic relationship between them
and to a set of 1,336 reference sequences downloaded from GISAID. Of
the 23 candidates, 13 cases showed a high degree of similarity between
majority SARS-CoV-2 genome sequence (with high frequency poly-
morphism, hfSNP) and minority sequence (with low frequency poly-
morphism, IfSNP) clustering monophyletically and suggesting possible
within-host evolution (Table 1 and Fig. 3). At the remaining ten cases,
the majority and minority consensus sequences clustered independently
in the phylogenetic tree, suggesting possible coinfections of distantly
related viruses. Further analysis of these ten cases revealed that the
minority consensus sequence at five of them (PAIS-A0403, PAIS-A0703,
PAIS-A0707, PAIS-A0880, PAIS-A0992) was closely related to another
sequence from the genomic surveillance of the PAIS Project (Fig. 3).
Internal laboratory records about which samples were processed
simultaneously during the wet-lab experiments suggested that those five
cases may represent possible laboratory contaminations. Thus, the
remaining five cases with mixed SARS-CoV-2 populations were consid-
ered possible coinfections (PAIS-A0216, PAIS-A0850, PAIS-A0872,
PAIS-0973, and PAIS-A0994). Two of them (PAIS-0850 and PAIS-0994)
involved different SARS-CoV-2 lineages (C.37 + B.1.1.7, and C.37 + N.3,
respectively), while the remaining three cases (PAIS-A0216, PAIS-
A0872, and PAIS-0973) involved the same genetic lineage or a diver-
gent sub-lineage (B.1.499 + B.1, P.2 + P.2, and B.1.499 + B.1.499,
respectively) (Table 1).

The presence of iSNVs, including VOC/VOI amino acid markers
defined by the WHO, were analyzed in all 23 candidates. Seven candi-
dates with iSNVs involving VOC/VOI amino acid markers were detected,


https://bioedit.software.informer.com/
https://bioedit.software.informer.com/

S. Goya et al.

Q
~

35
30
25
20

Number of sequences

Virus Research 325 (2023) 199035

Position in the SARS-CoV-2 genome (nt)

(=)
~

Number of sequences

0 K o 50 60
Number of iISNVs

c)
0.5 |

c .

S 0.45 | ﬁ

8 .

= .

Q.

O 04|

a [ o .

S .

5 035 {

>

: T

g 03 LAH

o

o

c;)0.25- I

- 0

0.2 ! ° I

TeIRNG2E3IBI 32 s8RY
TN N OFTIETINRNNDODODDODDNDDDH N O OO
FTITLILILILILIIIILILIIIIIRLIERER
bdrdbbbbdbddbbdbbddbdbddbdddhh
S R R

Figure 2. VICOS result for the analysis of genomic surveillance in Argentina. For a dataset of 1,097 whole genome sequences by Illumina collected from March 2020
to August 2021 the results on the number, frequency and position of iSNVs are shown. a) Number of sequences containing an iSNVs in a specific location at the SARS-
CoV-2 genome. b) Distribution of sequences containing at least one iSNV in the dataset. The red line identifies the cutoff value defined by VICOS according to a
Poisson distribution. C) Dispersion of the frequency values of iSNVs per sample, the boxes highlight 95% HDP and the red line indicates the mean.

in three of them a significant number of markers was related with a
particular VOC/VOI (Supplementary Table 1). In PAIS-A0850 sequence,
14 Alpha amino acid markers were detected at high frequency out of 19
reported for this VOC, and 10 Lambda markers were found at low fre-
quency out of 19 reported for this VOI. The results were in agreement
with the lineage classification of the majority (lineage B.1.1.7 — Alpha
variant) and minority (C.37 — Lambda variant) consensus sequences of
this sample (Table 1). Similarly, 12 out of 19 Lambda markers were
detected at a low frequency in PAIS-A0994 sequence, in which the mi-
nority consensus sequence phylogenetically classified as C.37 lineage.
Interestingly, despite monophyly of majority and minority consensus
genomes in PAIS-A0940 sequence associated with N.5 lineage, 13 out of
22 Gamma amino acid markers were found, mainly at low frequency. It
is important to note that this candidate has a remarkable amount of
iSNVs (37 iSNVs) comparing with the other samples of the same
monophyly category, which showed <14 iSNVs (Table 1).

Lastly, we assessed the correlation between SARS-CoV-2 lineages
detected as intra-sample mixed populations in the 23 sample candidates
and the prevalence of the different lineages that circulated in Argentina
during the analyzed period (Fig. 4). As in other countries, the pandemic
in Argentina occurred as outbreaks or “waves” (Fig. 4a). The first wave
occurred from 2020 to early 2021 when the largest number of cases of
mixed populations with viruses of the same lineage were detected,
together with most of the cases of mixed populations whose majority
and minority consensuses were monophyletic in the phylogenetic tree.
Finally, all lineages found in majority and minority consensus sequences
matched with the lineages circulating at the time and place of clinical
sample collection, discarding further motif of suspected contamination
(Fig. 4b).

Discussion

The detection of low frequency mutations in clinical samples has
potential relevance both at the epidemiological level and in public
health. However, there is no agreed method for their identification from
NGS, thus low frequency mutations have been underestimated in com-
parison to the use of majority consensus viral genomes. In this study, we
present VICOS, a novel and powerful open-source tool for the analysis,
interpretation and quality control of SARS-CoV-2 sequences obtained by
[llumina NGS platforms. This bioinformatic pipeline not only allows the
detection and characterization of iSNVs but, most importantly, provides
a list of suspected cases with mixed SARS-CoV-2 viral populations. We
used VICOS to assess 1,097 SARS-CoV-2 sequences obtained by [llumina
technology during a community epidemiological surveillance frame-
work in Argentina over an 18-months period covering the first two
waves of SARS-CoV-2 pandemic and the introduction of the first VOC/
VOIs in the country. Detection of mixed SARS-CoV-2 populations in 2%
of the cases highlights the importance of further characterizing muta-
tions occurring at a sub-consensus level to further understand their role
in SARS-CoV-2 evolution and adaptation within hosts and in the
population.

Previous studies performed in-depth analysis of iSNVs on SARS-CoV-
2 full-length genomic data during genomic surveillance to reveal
important evolutionary aspects of SARS-CoV-2 associated with trans-
mission bottlenecks [29,30], evolutionary dynamics of variant spectra in
COVID-19 patients [7], and also to identify coinfections by SARS-CoV-2
viruses of different lineages [31]. While the basis of these analyses
shared the same logic as VICOS, in most of the cases the workflow was
not automated in a single pipeline, and a validated criterion to define the
iSNV threshold was lacking. One of VICOSs main features rely on the
massive analysis of datasets of thousands of samples at the same time,
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Table 1
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VICOS candidates to SARS-CoV-2 coinfections. The 23 candidate samples identified by VICOS, including the number of intra-sample nucleotide variations (iSNV)
detected, the proportion and average of depth of coverage for the low frequency iSNVs and the sample collection date. Based on phylogenetic analysis of the majority
and minority consensus sequences reconstruction, the lineage assignment is informed as well as the classification of the samples when the majority and minority

consensus sequences were monophyletic.

Candidate Number of Mean proportion of Depth of coverage Sample Collection High-freq Low-freq
Sample iSNVs Low-freqiSNVs of Low-freqiSNVs Date (MM-YYYY) lineage (VOC/ lineage (VOC/
vorI) voI)
Monophyletic PAIS-A0164/ 8 28% 65.38X 05-2020 B.1.499 B.1.499

consensus sequences 2020
PAIS-A0262/ 9 34% 116.67X 05-2020 N.5 N.5
2020
PAIS-A0372/ 7 29% 140.57X 08-2020 B.1.499 B.1.499
2020
PAIS-A0410/ 9 28% 166.89X 12-2020 N.5 N.5
2020
PAIS-A0425/ 11 26% 279.09X 11-2020 N.3 N.3
2020
PAIS-A0841/ 7 36% 29.57X 06-2021 C.37 (Lambda) C.37 (Lambda)
2021
PAIS-A0920/ 12 37% 588.5X 01-2021 N.5 N.5
2021
PAIS-A0940/ 37 34% 472.89X 04-2021 N.5 N.5
2021
PAIS-A0967/ 14 35% 360.71X 12-2020 N.5 N.5
2021
PAIS-A0974/ 11 38% 291.36X 12-2020 N.5 N.5
2021
PAIS-FO001/ 11 27% 103.91X 07-2020 B.1.1.442 B.1.1.442
2020
PAIS-F0028/ 7 36% 117.71X 08-2020 B.1.1.442 B.1.1.442
2020
PAIS-F0043/ 13 32% 122.85X 04-2020 C.22 C.22
2020

Non-monophyletic Inter- SARS-CoV-2 lineage divergence

consensus sequences PAIS-A0403/ 30 37% 328.97X 12-2020 P.2 (Zeta) N.5
2020*
PAIS-A0850/ 47 29% 251.26X 06-2021 B.1.1.7 (Alpha) C.37 (Lambda)
2021
PAIS-A0880/ 60 36% 413.18X 06-2021 B.1.1 B.1.499
2021*
PAIS-A0994/ 30 43% 799.67X 05-2021 N.3 C.37 (Lambda)
2021
Intra-SARS-CoV-2 lineage divergence
PAIS-A0216/ 7 34% 66.57X 05-2020 B.1 B.1.499
2020
PAIS-A0703/ 12 34% 383.33X 08-2020 B.1.499 B.1.499
2021*
PAIS-A0707/ 11 26% 266.45X 09-2020 B.1.499 B.1.499
2021*
PAIS-A0872/ 8 23% 284.25X 02-2021 P.2 (Zeta) P.2 (Zeta)
2021
PAIS-A0973/ 15 35% 339X 11-2020 B.1.499 B.1.499
2021
PAIS-A0992/ 16 38% 292.75X 01-2021 B.1.499 B.1.499
2021*

(*) possible laboratory cross-contaminations

the selection of candidate cases based on a statistical parameter, and an
easy-to-interpret table and graphical output that contain all relevant
details of iSNVs detected in candidate sequences -such as genome
location, depth of coverage and amino acid change in the protein
sequence-. Recently, a bioinformatic pipeline called ViralFlow was
developed by Dezordi et al for identification of contaminations and
coinfections by SARS-CoV-2 [32]. A few key differences distinguish
VICOS from ViralFlow. First, VICOS was designed to work with samples
a depth of 50, since a lot of our samples (and of those around the world)
do not reach a depth of 100 per position (2000 in the sample) required
by ViralFlow, but there is a trade off with the minor allele frequency,
20% in our case, and 5% in ViralFlow. According to our in vitro cali-
bration, VICOS allows the detection of iSNVs minority variants when
present at a frequency of 20% or higher, while minority variants
occurring at a frequency of 10% or less are undetectable. The perfor-
mance of VICOS for minority variants between 10% and 20% was not

evaluated. Differences in the percentage of detection according to the
frequency of the minority population mostly rely on the use of read
depth as cutoff by the variant caller GATK for detection of iSNVs in
SARS-CoV-2 genomes, an adaptation that produced a small sacrifice in
sensitivity, but that did not alter the expected purpose of the tool. Sec-
ond, ViralFlow uses an in-house script for iSNV calling, while VICOS
uses GATK providing a more complex and widely tested probabilistic
framework. Third, ViralFlow output directly generates minority and
majority consensus sequences together with PANGO lineage classifica-
tion while VICOS focuses only on the detection and detailed description
of iSNVs present in the samples. As shown in our study, also in a study of
1.462 SARS-CoV-2 Brazilian sequences using ViralFlow [33],
inter-lineage coinfections still require confirmation by phylogenetic
challenge analysis and visual inspection.

VICOS can be applied to monitor and quantify the presence of iSNVs
of interest in a population, to evaluate the frequency of iSNVs in



S. Goya et al.

,,,,,, o sosaopaes swe A

Virus Research 325 (2023) 199035

Possible intra-host evolution:

w19 s oes st

2.0E-4

[—  hCov- 19/Argenﬁna/P/A\S Aa7sz/2021 . [++]
g 37202 s
hCoV-15/Ar PAIS-A0788/2021
hCoV-: lgh/Arg/e"ng??E;;}\ﬂ‘% AU/;?&S/ZAUUZ/% -H
87.8/86 %/ ngrgenﬂna/PAIS A0974/2021 msup A 2 !A
74/2021 1iSNP h w
bl £
[
“Pgssible cross-contamination during laboratory work: 3
Q.
A ]
81/92 hCoV 19/Algentma/PAIS AD4]4/ZDZD\ EPI_ISL_ ]395218| 12-29 =]
/Argennna/PA\S CDZ71/2021| EP\ ISL. 7955435\2021 -02-19 2 -
19/Argentina/PAIS-C0273/2021 EPI_ISL 795644312021-02-25 o <
15 Enﬂni/\NE\097697/ZDZD\ EPI_ISL_856773]2020-12-02 Q
hCoV-: 19/Argenma§|>ms €0062/2020 (8] )
<
(1]
w
@
o
. . . . . ., =B
Possible co-infection by two different lineages(1): N In
=
nisne AN s "
cav 19/Argennna/PA|5 AUDSB/ZUZl
63/ hto\/ 19/Ar /enér?;l;'vmépﬂso@glgzl()oz/1o 3
et o by
i
hCoV- 19/Argenng:an/PZTS A0909/2021 = o
d B
N
[
.
X <
. . . . . o o
.. Possible co-infection by two viruses of the same lineage: | ia
u kc 0V-19/Brazil/AM- 1039/2021; EPI_ISL_9060702021-01-18
PaInCov19/acai) 5 00689/20201 91 51 77062512090 11,27
94.3/24 hCoV- 19/USA/NC £Cl-CORVASEQL07 027/1011 EPI_ISL,5589472|2021-03-16
67 hCoV-19/Argenti o S AOBY3/a021 SN A
- hCoV-’ IQ/AI%‘EHUHE/PNS -A0916/202;
— / razil/PA-IEC-177046/2020 | EPI_ISL_918526|2020-12-06
hCoV-: 19/Argennna/PA|s A0B72/2021 fSNP
9
N
Possible co-infection by two different lineages(2): 8
C.37| hC: | EPI_ISL_1111328]2021-01-17 ~N
e L §3D|C SR1910/2021 | EPLIL_1ds0231 20210312
-28.8/100 | czﬁncw 15/ peru/CALINS 667/ 011\ EPI_ISL. 111112 \ P
C.37|hCoV-19/Chile/LL-75151/2021| EP\ \SL 1633397\1021 04-05 N
hCoV-: 19/CME/RM 0263 04930765/2021\ EPIL_ISL 2457149 ZUZI -04-
. THfSN “A N
w
=
S
[(-]
w0

Majority consensus sequence
Minority consensus sequence

A Co-infection by two different lineages

A Co-infection by two viruses of the same lineage
A Intra-host evolution

A Possible cross-contamination

Figure 3. Phylogenetic analysis of SARS-CoV-2 suspected coinfection cases. The names of the sequences of the 23 “candidate” cases by VICOS are shown in red
(majority consensus reconstruction, hfSNP) and green (minority consensus reconstruction, IfSNP). In black are shown the reference sequences downloaded from
GISAID and the majority consensus sequences of the non-candidate samples analyzed (details in text). The support value (SH-aLRT/UFB) is shown only for selected
groups of relevance. The color of the triangles next to the sequence name indicates blue, coinfection with two viruses of different SARS-CoV-2 lineage; light blue,
coinfection with two viruses of the same SARS-CoV-2 lineage; green, possible intra-host evolution; red, possible laboratory cross-contamination. Examples of cases of
each category found are shown in larger size, where in the case of coinfection by two different lineages, the pair of sequences is reported in different boxes with the
numbers (1) and (2). The names of the various lineages and sub-lineages are described to the right of the phylogenetic tree.

longitudinal samples, detect laboratory cross-contamination, or quan-
titatively compare the distribution of iSNVs between different epide-
miological outbreaks, among other uses. The sensitivity assessment of
VICOS pipeline showed that low frequency iSNVs of minor viral pop-
ulations have low probability of being detected but, at the same time,
those iSNVs have higher probability of correct assignment as minority or
majority variant. Thus, VICOS criteria of considering a minimum fre-
quency of 20% and depth of coverage higher than 10X ensures to
identify the majority of the iSNVs in a sample with the minimum fre-
quency possible. As expected, within-host viral populations frequencies
close to 50% may mix up majority and minority iSNVs. VICOS generates
reports per sample indicating the individual iSNVs frequencies,
providing the user all the information associated to sequence diversity
either to be used directly, or to facilitate further ad-hoc studies. We
hypothesize that the errors in iSNVs detection and frequency assignment

are related with either low sequencing depth of coverage or “dropout™
during sequencing, and GATK variant calling interpreting the position as
an error. In addition, during the wet-lab experiments the sample treat-
ment may also bias the original frequency of iSNVs, for example due to
differences in the annealing of specific primers in within-host viral
populations during genome amplification.

In our study of 1,097 samples collected in Argentina from March
2020 to August 2021 we detected 23 cases (2%) carrying more than
6iSNVs - the number of iSNVs calculated by VICOS from the input
sequence data-. This frequency of mixed SARS-CoV-2 populations is in
agreement with a previous report conducted on 1,313 samples obtained
during the first wave of COVID-19 in the United Kingdom that estimated
a SARS-CoV-2 coinfection rate of 1-2% [29]. In that study, the authors
were unable to distinguish between real coinfections and laboratory
cross-contaminations, leading to a possible overestimation of the
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Figure 4. Seasonality of SARS-CoV-2 coinfection cases in Argentina. a) Seasonality of SARS-CoV-2 cases from the beginning of the pandemic to June 2022, the arrow
indicates the sample collection period analyzed with VICOS. Triangles mark the temporality of the suspected cases identified with VICOS: in blue the coinfections by
two different lineages, in light blue the cases of intra-lineage coinfections, in green the undetermined cases categorized as intra-host evolution. b) Frequency of the
SARS-CoV-2 lineages in which the reconstructed majority and minority sequences were associated for each suspected VICOS case. The seasonality of all the VOC/VOI
circulating in the analyzed period is also indicated. Details on phylogenetic results are mentioned in the manuscript and Table 1.

coinfection rate. Due to the availability of internal experimental reports
during sequencing, and phylogenetic analysis of minority or majority
consensus sequences with SARS-CoV-2 sequences obtained by PAIS
Project in the same day or sequencing run, we were able to distinguish
possible cross-contaminations in five of the 23 samples with high
number of iSNVs, thus restricting the coinfections to 1.6%. Of the
remaining 18 cases with significant intra-sample viral diversity, 2 rep-
resented coinfections with viruses of different lineages, and 3 repre-
sented coinfections with viruses of the same lineage. We were unable to
distinguish between same-lineage coinfections and intra-host viral
evolution in the remaining 13 cases that presented a monophylogenetic
relationship between minority and majority consensus sequences. Un-
fortunately, information related to the patients clinical and immune
status and time of symptoms onset was unavailable to us in these cases.

The epidemiological information about COVID-19 pandemic in
Argentina supported the lineage assignment of the VICOS candidates, i.
e., the lineages detected coincided with the lineages circulating in the
population at the time of sample collection. The first wave in Argentina
occurred prior to the massive availability of vaccines (between March
2020 and December 2020) affecting 1.25 million people. During this
period, the molecular epidemiology of SARS-CoV-2 was characterized
by a low genetic diversification and with circulation of lineages highly
similar to the index virus. In this setting, new mutations are expected to
accumulate at a rate of approximately 25-30 mutations per lineage, per
year [34]. However, at the end of 2020 new lineages of SARS-CoV-2
emerged worldwide, including the VOC/VOI variants that were intro-
duced to Argentina during the first months of 2021 [35]. These drove
thesecond wave of COVID-19, which affected 2.75 million people.
During this period, we found two SARS-CoV-2 coinfections involving at
least one VOC/VOI (Alpha + Lambda, N.3 + Lambda). As expected,
these cases showed a high number of iSNVs (47 and 30, respectively)
and are usually easier to identify even by non-sequencing methods such
as real time qPCR specific for SARS-CoV-2 VOCs [36]. In light of recent
findings that show that 2.7% of SARS-CoV-2 genomes have detectable
recombinant ancestry [37], our results further highlight the importance

of recognizing SARS-CoV-2 coinfections in real-time to monitor the
spread of emerging recombinant variants with improved transmission
efficiency and ability to evade immune response.

In summary, detection of low frequency SARS-CoV-2 viral pop-
ulations is of increasing epidemiological and clinical importance. With
VICOS development we demonstrated that the power of NGS has much
more to offer than the usual majority consensus genomes. Here we easily
showed the detection of SARS-CoV-2 coinfections in the genomic sur-
veillance framework. Comprehensive analysis with bioinformatic tools
such as VICOS provides insights into the evolution and adaptation of
SARS-CoV-2.
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