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1 | INTRODUCTION

Abstract

Peru has become one of the countries with the highest mortality rates from the
current coronavirus disease 2019 (COVID-19) pandemic caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). To investigate early transmis-
sion events and the genomic diversity of SARS-CoV-2 isolates circulating in Peru in
the early COVID-19 pandemic, we analyzed 3472 viral genomes, of which 149 were
from Peru. Phylogenomic analysis revealed multiple and independent introductions
of the virus likely from Europe and Asia and a high diversity of genetic lineages
circulating in Peru. In addition, we found evidence for community-driven trans-
mission of SARS-CoV-2 as suggested by clusters of related viruses found in patients

living in different regions of Peru.
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Lima city as one of the major epicenters of SARS-CoV 2 infections in
Peru, as of September 11, 2020.* As a consequence, Peru has be-

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV 2) is a
novel Betacoronavirus responsible for coronavirus disease 2019
(COVID-19) that originated in December 2019 in Wuhan, China."
Since then, the virus has rapidly spread across the globe and was
declared a pandemic on March 11, 2020.? Immediately, the Peruvian
government carried out a series of sanitary interventions to prevent
disease transmission including schools' closure (March 11, 2020) and
travel restrictions from Europe and Asia (March 12, 2020), country
border closures (March 16, 2020), and a nationwide curfew (March
18, 2020).° Despite these measures, SARS-CoV-2 has managed to
rapidly spread causing over 702,776 cases and 30,236 deaths with

come one of the countries with the highest mortality rate from the
current COVID-19 pandemic. SARS-CoV-2 whole-genome sequence
(WGS) data has rapidly become publicly available, revealing insights
into genome structure as well as the temporal evolution and global
transmission of the virus.” However, the sources of epidemic trans-
mission and genomic diversity of SARS-CoV-2 strains circulating in
Peru in the early COVID-19 pandemic remains poorly investigated.

We analyzed a total of 3472 SARS-CoV-2 genomes (149 from Peru)
to investigate how this novel virus became established in the country and
to dissect its spread in this area, which will help to orient effective pre-
vention measures to control the COVID-19 epidemic in Peru.
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2 | MATERIALS AND METHODS

2.1 | Sample collection and WGS of SARS-CoV-2

We obtained RNA from nasal and pharyngeal swab samples collected
from confirmed COVID-19 patients at the National Institute of
Health, Peru (NIH-Peru), between March 5, 2020, and July 4, 2020,
from departments of Lima, Callao, Ancash, Lambayeque, Ica, Are-
quipa, and Junin. Cases were randomly selected regardless of disease
severity and hospital origin from samples that tested positive for
SARS-CoV-2 RNA by quantitative reverse-transcription polymerase
chain reaction and with Ct less than 25. The WGS of SARS-CoV-2
isolates (n=96) were performed on MiSeq (lllumina) at NIH-Peru
using the CleanPlex® SARS-CoV-2 Panel (Paragon Genomics)

through amplicon-based target enrichment.

2.2 | Sequence quality analysis and SARS-CoV-2
genome assembly

The quality of the obtained sequences was evaluated through the
software FastQC v0.11.5 (https://www.bioinformatics.babraham.ac.
uk/projects/fastgc). Contaminant residues, low-quality, and dupli-
cated reads were trimmed off using the program fqCleaner v.0.5.0,
with a Phred quality score of 28. Filtered reads were mapped against
SARS-CoV-2 reference (NC_045512) using the Burrows-Wheeler
Aligner MEM algorithm (BWA-MEM) v0.7.7. SAMtools v1.9¢ and
Geneious Prime were used to sort BAM files, generate alignment
statistics, and obtain consensus sequences. Previous to the con-
struction of the consensus sequence, we removed primer adapters
with the software fgbio (https://github.com/fulcrumgenomics/fgbio)
using the primer sequence coordinates provided by Paragon

Genomics.

2.3 | Peruvian and global collection of SARS-COV-
2 genome sequences retrieved from GISAID

The SARS-CoV-2 genomes from Peru (n = 62) available in GISAID
as of August 26, 2020, were selected getting a data set of 149
Peruvian genomes that cover a period from March 5, 2020 (of-
ficially first reported case) to July 4, 2020, of 12 Peruvian re-
gions. To place the Peruvian sequences into a global context and
avoiding dealing with a large data set computationally in-
tractable, we retrieved sequences from other countries by means
of a subsample (n = 3323) from viral genomes publicly available in
GISAID randomly choosing one genome per country per day
(collection date) between December 24, 2019 (including Wuhan-
01 genome) and July 1, 2020. The final genomic data set com-
prised 3472 sequences to investigate the origins and genomic
diversity of SARS-CoV-2 isolates circulating in Peru by
Maximum-Likelihood (ML) phylodynamic approaches.

2.4 | Phylogenetic analysis of SARS-CoV-2 in Peru
The full genomic data set (n = 3472) was aligned using MAFFT v7.17 with
default parameters. The alignment was manually curated, trimming the 5’
and 3’ ends and ambiguous regions obtaining an alignment length of
29520 bp. We estimate an ML tree of 3472 aligned sequences using
IQ-tree v1.6° under the HKY nucleotide substitution model, with a
gamma distribution of among-sites rate variation (HKY +G+1) as se-
lected by ModelFinder.” The EPI_ISL_406801 sequence (Wuhan/WHO04/
2020), a basal A lineage sequence, was used as an outgroup for the ML
tree.'® To measure branch support, we used the Shimodaira-Hasegawa
and approximate likelihood-ratio test with 1000 replicates. TempEst
v1.5.1" was used to assess the strength of the temporal signal and
inspect for outliers in the data set by a root-to-tip regression of genetic
distance against sampling date. We used the program TreeTime v0.7.6*2
to estimate an ML time tree. The analysis was performed using the HKY
substitution model and a coalescent Skyline prior under a strict clock.*®
We also passed the flag-confidence to retrieve node dates with 90%
confidence intervals (Cls).

The clades were analyzed with Next Strain classification for SARS-
CoV-2 (https://nextstrain.org/ncov) and clade-specific nonsynonymous
mutations were identified. Introductions or local transmission events
were designated as nodes (1-18) with more than or equal to 70% of
statistical support value in the ML tree and the time to the most recent
common ancestor (tMRCA) was estimated for each node with 90% Cls.
Introduction events were defined as Peru sequences that clustered with
non-Peru sequences across different clades. Local transmission events
were defined as Peru-exclusive clusters with at least five or more se-
quences that were reproduced in the time-scaled inference.'* Statistical
analyses and tree visualization using ggtree package were carried out in
R v3.6.2.

The lineages were determined using the nomenclature of Phyloge-
netic Assignment of Named Global Outbreak LINeages (PANGOLIN)
(https://pangolin.cog-.io/)."> Next strain classification helps to reference
origins of sequence patterns while the nomenclature of PANGOLIN
provides a convenient scheme for genomically detectable introductions
of SARS-CoV-2 into new regions.

3 | RESULTS AND DISCUSSION

Peru has one of the world's highest levels of contagion and deaths by
the COVID-19 pandemic despite early national lockdown decreed by
the government on March 15, 2020, when the country just had
71 cases reported. We sequenced 96 SARS-CoV-2 genomes obtained
from patients with confirmed COVID-19 diagnosis up to July 4,
2020, at NIH-Peru, yielding 87 high coverage-quality genomes. We
removed nine sequences with low coverage or too many private
mutations/ambiguous sites indicative of sequencing error. These
87 cases were drawn from seven Peruvian regions including Lima,
Callao, Ancash, Lambayeque, Ica, Arequipa, and Junin. Additionally to

these sequences, we obtained 62 Peruvian SARS-CoV-2 genomes
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FIGURE 1 Geographic distribution of the Peruvian SARS-CoV-2 isolates circulating across regions of Peru. (A) Distribution of sequenced
cases across Peru departments. (B) Breakdown of sequenced cases according to phylogenetic clades across Peru departments. SARS-CoV-2,
severe acute respiratory syndrome coronavirus 2
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from the GISAID database, bringing our total genomic data set to
149 Peruvian isolates from 12 regions that cover a period from the
first official case on March 5, 2020, until July 4, 2020 (Figure 1A).
Total Peruvian isolates were obtained from nasal and pharyngeal
swab samples collected from 71 females (47.65%) and 78 (52.35%)
males ranging in age between less than 25 years (14.37%), 25-35
years (17.36%), 36-46 years (22.65%), 47-59 years (21.56%), and
more than 60 (24.06%) years.

Ninety-four (63%) out of 149 Peruvian sequences were obtained
from Lima Metropolitana, the Peruvian capital, and 10 genomes from
Callao, a neighbor city of Lima, where the Jorge Chavez International
Airport is located and the only one in the country with flights to and
from Asia, Europe, and North America (Figure 1A). Moreover, Lima-
Callao is considered the epicenter of the COVID-19 pandemic for
Peru presenting 47% of total cases until September 5, 2020.* Our
genomic data set also contains 25 isolates from regions located in
the North of Peru (Lambayeque, La Libertad, Ancash, and Caja-
marca), 10 sequences from southern regions (lca, Arequipa, and
Cuzco), five genomes from Loreto (the hardest-hit region by the
pandemic in the Peruvian Amazon), and five from central regions of
Peru (Junin and Huanuco) (Figure 1B).

We constructed a time-scaled phylogenetic tree from 3472
SARS-CoV-2 genomes sampled between December 24, 2019, and
July 4, 2020, including 149 Peruvian isolates (Figure 2A) to in-
vestigate early transmission events and genomic diversity of SARS-
CoV-2 strains circulating in Peru. We found a strong temporal
structure in our data set by regressing genetic distance from tips to
root in the ML tree against sample dates, resulting in a relatively high
positive correlation (r? = 0.51) (Figure S1). ML phylodynamic analysis
revealed that the tMRCA of the analyzed full genomic data was
November 28, 2019 (November 20, 2019-December 14, 2020, 90%
Cl) and the inferred ancestral root being Asia. These observations
are in line with the known epidemiology of the pandemic.” Fur-
thermore, the analysis of genomic data has shown that Peruvian
isolates were widely distributed across the phylogenetic tree sug-
gesting multiple and independent introductions, designed as nodes
(1-18) with over 70% of statistical support from ML (Figure 2A and
Table 1). Similar introductions have been reported in other countries
such as Brazil,"® Colombia,” and the USA.'* Most of these putative
introductions of SARS-CoV-2 into Peru occurred between mid-
February and early March, likely sourced from Europe, Asia, North
America, and South America (Table 1). Concordantly, the COVID-19
pandemic reached Latin America in February 2020 expanding into
the region until March 2020, when the COVID-19 incidence curve
started to grow more rapidly.® Also, our results coincide with initial
analysis based on minimum spanning tree (MST) of 36 Peruvian
SARS-CoV-2 genomes that suggested the introduction of multiple
isolates from Europe and Asia.'® However, similar to genome-based
analyses, the MST model must be supported by an exhaustive
clinical-epidemiological investigation to identify the root of trans-
mission in an outbreak of infectious diseases.*”

Peruvian isolates (57%) were mainly clustered with clade 20B
according to the Next strain nomenclature. This clade is

predominantly composed of isolates obtained from patients with
COVID-19 in Europe (51%), suggesting that introductions from
Europe account for the majority of cases found in Peru between
February and early March 2020 (Figure 2B and Table 1). Surprisingly,
as of March 12, 2020, the Ministry of Health reported 11 confirmed
cases (out of 22 total cases) in Lima with recent travel history to
Spain, France, and ItaIy.20

We also identified within clade 20B, five putative introductions
(node 1-5) where the most Peruvian isolates were interspersed
without grouping by country or geographic regions. Within this clade,
we also identified SARS-CoV-2 Peruvian sequences that were re-
produced in the time-scaled inference with mutations T12461 and
G3278S in the ORF1a gene that distinguish clusters of sequences
from Peru and elsewhere, suggesting a local transmission event that
likely occurred in early March (tMRCA 90% Cl: 27 February-2
March) (Table 1, node 1, Figures 2A and S1B).

Similar to clade 20B, SARS-CoV-2 isolates positioned in clade 20A
were distributed among isolates from multiple regions and mainly com-
posed of European isolates (54%) (Figure 2 and Table 1). These results
are in line with the earliest sequences observed at the base of this clade
(France, Russia, and the Czech Republic). Thus, it is highly likely to be
sourced of European origin. Within this clade, we also identified a Per-
uvian cluster (Table 1, node 10) which includes the first official COVID-
19 case in Peru (Peru/INS-01-02) identified in Lima City on March 5,
2020, and with travel history to France, Spain, and the Czech Republic.20
The SARS-CoV-2 sequence of this patient clustered with other Peruvian
isolates (from March 6, 2020, to July 4, 2020) conforming a “Peruvian
cluster,” all of which were closely related with European isolates con-
firming its likely origin (Figures 2 and S1B).

The tMRCA of this cluster (node 10) was estimated to be March 4,
2020 (February 25, 2020-March 4, 2020, 90% Cl) and contains two
specific amino acid substitutions: H604Y in the ORF1b gene and 1119V
in the spike protein (Table 1). Within the cluster, we also observed 6
identical genomes to Peru/INS-01-02 reported in Lima until March 17,
(Figures 2C and S1B).
Interestingly, two identical sequences to Peru/INS-01-02 reported in

2020, suggesting local  spread
Cuzco, in southern Peru, on March 10, 2020, were identified, suggesting
a regional introduction of SARS-CoV-2 derived from the first case from
Lima (Figures 2C and S1B). Although by March 18, 2020, the Peruvian
government had implemented a nationwide curfew, the phylogenomic
analysis revealed cases derived from the “Peruvian cluster” reported
between April and July to Lima, Ica, and Junin, suggesting an epidemic
spread of SARS-CoV-2 into Peru's regions likely by local mobility.?*
These results, together with the nationwide widely distributed Peruvian
isolates within a clade, support that the community spread likely origi-
nated from Lima. However, it should be noted that although genetic
linkage provides evidence of community transmission, epidemiological
linkage is required for confirming it.

For the remaining clades (19A, 19B, and 20C), we inferred SARS-
CoV-2 virus putative introductions to Peru between mid-December
2019 and early March 2020 (Figure 2A and Table 1). The clades 19A and
19B have mainly included Asian isolates (72% and 54%, respectively)
suggesting that likely introductions from Asia account for the majority of
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FIGURE 2 Phylogenetic relationships of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from Peru and other global strains. (A)
Maximum-Likelihood phylodynamic inference of 149 SARS-CoV-2 sequences from Peru in a global background of 3323 sequences available in the
GISAID database as of 4 July 2020. Branches are colored according to the region of origin. Tip circles (red) indicate the position of the 149 Peruvian
isolates. Clades that contain Peru sequences are highlighted, with names shown on the left. The node positions for the transmission events are
marked by the numbers in white circles. (B) Stacked bar plot showing the fraction of genome sequences per location by clade.

(C) Local transmission clusters on the ML tree showing the source of cases by departments. Bootstrap support values = 70% are shown; sibling
clusters are collapsed for easier visualization. The mutations identified specific to the community transmission cluster are indicated (ORF1b: H604Y;
S: Y119V). The scale bar at the bottom indicates the number of nucleotide substitutions per site

cases found in Peru in the early pandemic period (Figure 2AB and
Table 1).

To identify the genetic diversity of SARS-CoV-2 circulating in
Peru, all Peruvian sequences were classified using the PANGO-
LIN nomenclature resulting in nine lineages: A.1, A.2, A.5, B.1,
B.1.1, B.1.1.1, B.1.5, B.1.8, and B.2. The main lineages found in
Peru were B.1 and B.1.1.1 grouping 97 (65%) of all 149 Peruvian
sequences. Similar results were found by Padilla et al. in a study
based on 39 Peruvian sequences identifying a relatively high
prevalence of the viral lineage B.1 (38%, n=13), and the viral

sub-lineage B.1.1.1 (29.4%, n=10).*® Previous studies have re-
ported relevant differences in the geographical distribution of
the three most represented lineages (B.1, B.1.1, and B.1.5) in
Lombardy, Italy.?? Conversely, in our study, Lima-Callao presents
all nine lineages found in Peru, whereas the rest of the region's
harbor lineages B.1, B.1.1, B.1.1.1, and B.1.5 (Figure 1B). Ad-
ditionally, until March 2020, we observed the nine PANGOLIN
lineages in Lima-Callao including A lineages; however, after April
2020, only B.1.1.1, B.1.1, B.1, and B.5 were registered by WGS
(Figure 2A).
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A similar behavior pattern had the lineages of SARS-CoV-2 in
Chile starting with the lineage A.5 in early March, turning to the
predominant sub-lineages B.1 (41.8%), B.1.1 (20.5%), and B.1.5
(18.4%) in April.?®
Furthermore, we identified non-synonymous mutations in all Per-
uvian SARS-CoV-2 sequences from sampled regions from which the most
frequent and relevant mutation was the D614G (S gene, n = 136/149)
(Figure S2). The spread of B sub-lineages into Peru might be associated
with the nonsynonymous mutation D614G at spike protein, hypothe-
sizing that the D614G mutation provides the virus to be more in-
fectious®* as there is evidence that the G614 variant may enhance the
virus transmission by increasing viral load in the upper respiratory tract
from patients with COVID-19.2° These results are supported by the
global epidemiological information that showed the predominance of the
G614G variant after SARS-CoV-2 spread into Europe in late February
and March. Concordantly, most introductions into South American
countries (e.g., Colombia or Brazil) included European B lineage isolates
showing the predominance of the G614 variant in March and
April. 16172426 1t s known that the carriage of SARS-CoV-2 mutations
into naive populations might be due to the neutral founder effect.
Nevertheless, the ratio of nonsynonymous to synonymous mutations in S
protein (0.25-0.5) is consistent with an emerging virus undergoing pur-
ifying selection.?” However, any other factors might be involved in the
global predominance of the G614 variant including uneven sampling,
chance, and epidemiological reasons.?® Although the G614 variant has
not been associated with disease severity, it correlated strongly with the
mortality rate of COVID-19 (Pearson's correlation coefficient (r) = 0.43,
p =0.022) during the early pandemic in a global survey of countries.””*°
One of the limitations of this study is the difference in the
sequenced genomes between countries. It is well known that some
locations (e.g., UK) are sequencing SARS-CoV-2 genomes much
more intensively than others while other countries are not se-
quencing at all. This means that some locations may appear to be
infection sources simply because they provide more sequences,
rather than actually being the source of infection for a particular
disease. In addition, due to the relatively long incubation period and
low mutation rate of SARS-CoV-2, two genome sequences may be
identical despite having last shared a common ancestor 4-6 weeks
ago—during which time the pathogen might have been transmitted
through one or multiple missed nodes and locations (e.g., Germany
to the USA to Peru, rather than directly Germany to Peru).
Another limitation is the differences between the number of
Peruvian isolates from cases identified within Peru regions.
Specifically, there were more SARS-CoV-2 representative' se-
quences in Lima than in the other Peruvian departments. More-
over, in the absence of epidemiological information such as travel
history and contact tracking, it is hard to associate periods of
untracked transmissions with any specific regions or countries.
Although our estimates might be biased due to the above-
mentioned, it was possible to obtain an important group of
samples that allowed getting valuable information about the
spread and genomic diversity of the virus during the early
COVID-19 pandemic in Peru.

MEDICAL VIROLOGY

4 | CONCLUSION

We provide a first snapshot of the sources of epidemic transmission and
genomic diversity of SARS-CoV-2 lineages circulating in Peru during the
early COVID-19 pandemic, revealing multiple and independent in-
troductions of the virus likely from Europe and Asia, and high diversity of
genetic lineages. In addition, we found evidence that the early spread of
the virus in Lima City was sustained by community transmission. The
data also underscore the limited efficacy of travel restrictions in a place
once multiple introductions of the virus and community-driven trans-
mission had already occurred.

Finally, we highlight the need for early and continuous nationwide
testing as well as the implementation of a real-time national surveillance
system based on Whole-Genome Sequencing to identify untracked
transmission clusters and to unscramble the evolution of the SARS-CoV-
2 virus into Peru and assess its impact on disease severity, all of which
will provide insights on Public health interventions to limit and control
the spread of SARS-CoV-2.
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