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ARTICLE INFO ABSTRACT
Keywords: We aimed to describe SARS-CoV-2 strains in Iranians from nine distributed cities infected during two months
SARS-CoV-2 expanding late 2020 and early 2021 by genotyping known informative single nucleotide in five PCR amplicons.
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Two variants associated with haplotype H1 (clade G) and nine additional variants associated with other hap-
lotypes were genotyped, respectively, in RNA isolates of 244 and 85 individuals. The variants associated with the
Hla (GR) and H1b (GH) haplotypes were most prevalent, indicating a significant change in infection pattern with
passage of time. The most important findings were that recombinant genomes and co-infection, respectively,
were surmised in 44.7% and 12.9% of the samples extensively genotyped. Partners of many of the re-
combinations were relatively common strains. Co-existing viruses were among those currently circulating in Iran.
In addition to random mutations, co-infection with different existing strains and recombination between their
genomes may significantly contribute to the emergence of new SARS-CoV-2 strains.
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P. Taghizadeh et al.
1. Introduction

The first SARS-CoV-2 infected individuals from China were described
in December 2019, and the first SARS-CoV-2 genome sequence (Wuhan-
Hu-1; https://www.ncbi.nlm.nih.gov/nuccore/NC_045512.2) retrieved
from an individual infected during that period was published on
February 3, 2020 (Wu et al., 2020; Zhou et al., 2020). Rapid person to
person transmission of the virus resulted in increased numbers of in-
fections in countries throughout the world, and the designation of the
disease caused by the virus as the coronavirus disease 2019 (COVID-19)
pandemic by the World Health Organization (WHO) on March 11, 2020
(Cucinotta and Vanelli, 2020). Meanwhile, more SARS-CoV-2 genomes
pertaining to infected individuals from various countries/territories, but
not all, were sequenced and the sequences were submitted to public
databases. It is expected that the dearth of whole genome sequence data
from some countries/territories was related to cost and technical limi-
tations. This is the case for Iran, a country in which infected individuals
were reported in early February 2020, soon after the start of the
pandemic (Yavarian et al., 2020). By November 21, 2020 when the
present study was initiated, there were only 18 complete high coverage
SARS-CoV-2 genome sequences from Iran available at GISAID (Global
Initiative on Sharing All Influenza Data; https://plarform.gisaid.org)
(supplementary Table S1).

Early studies grouped available SARS-CoV-2 genome sequences from
throughout the world into haplotype groups (Forster et al., 2020;
Pachetti et al., 2020; Tang et al., 2020). In an extension on these studies,
after analysis of all 2790 SARS-CoV-2 genome sequences from 56
countries/territories available at the GISAID database pertaining to vi-
ruses isolated from patients prior to the end of March 2020, we
described 66 haplotypes (Safari et al., 2021a). The vast majority of the
2790 sequences were associated with these. Each haplotype was defined
by the co-segregation of two or more nucleotide sequence variations.
The haplotypes were distributed in 13 major haplotype groups, H1-H13;
the majority of the sequences were associated with H1-H3. Several
major haplotypes had one or more sub-haplotype, each of which had
specific distinguishing variation(s) in addition to the defining sequence
variations of the major haplotype group. For example, Hla and H1b
were two common sub-haplotypes of H1. Later, analysis of 74,992 se-
quences from individuals infected between June 1, 2020 and November
15, 2020 led to the discovery of rapid expansion of a new haplotype
(H1r) that had evolved during this interval (Safari et al., 2021b). The
analysis also showed that by mid-November 2020, Hla, H1b, and Hl1r
were the most common haplotypes associated with SARS-CoV-2 se-
quences available at GISAID.

Others have labeled haplotypes and sub-haplotypes as clades, clus-
ters, or lineages, and the members of the variously labeled groups often
correspond (Liu et al., 2020; Rambaut et al., 2020) (GISAID; Nextstrain
(https://nextstrain.org/blog/2021-01-06-updated-SARS-CoV-2-cla
de-naming)). For example, haplotypes H1, Hla, H1b, and H1r corre-
spond, respectively, to clades G, GR, GH, and GV in GISAID, and to
clades 20A, 20B, 20C, and 20E in Nextstrain. Here, the haplotype
nomenclature in references Safari et al. (2021a and 2021b) will be used
as these haplotypes are defined very completely and stringently; all the
variations associated with each haplotype that consistently
co-segregated were described.

The 18 SARS-CoV-2 genome sequences from Iran that were referred
to above pertained to viruses isolated from individuals infected between
March 2, 2020 and June 26, 2020. Fifteen of the 18 sequences were
associated with the major haplotype group H5 as they had the variant
nucleotide at positions 1397 and 28688 (Table S1) (Safari et al., 2021a).
Two of the sequences with collection dates in May and June were
associated with the major haplotype group Hl. We now report the
haplotypes associated with genomes of SARS-CoV-2 viruses isolated
from more recently infected Iranians (individuals infected in the interval
spanning November 21, 2020-January 19, 2021) based on genotypes of
Tag and other informative nucleotide variations (Safari et al., 2021a,
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2021b). Additionally and importantly, we note evidence for simulta-
neous presence of more than one virus strain in some infected in-
dividuals and multiple instances of recombination between genomes of
different SARS-CoV-2 strains.

2. Methods

This research was performed with the approval of the ethics boards
of the National Institute of Genetic Engineering and Biotechnology and
the University of Tehran.

2.1. RNA samples

In all, 244 RNA isolates from nose and/or throat swabs of individuals
confirmed by PCR to be infected with SARS-CoV-2 in the interval be-
tween November 21, 2020 and January 19, 2021 were obtained from
laboratories of 9 cities in Iran (Supplementary Fig. S1). The cities are the
capitals of provinces well dispersed in Iran, and one of the cities, Tehran,
is also the capital of the country. All the participating laboratories were
authorized by the Ministry of Health and Medical Education of Iran to
perform diagnostic tests for SARS-CoV-2 infection. Only one sample
from any single family was obtained. Samples were gathered irre-
spective of age, sex, or the severity of disease presentations of infected
individuals.

Fifty RNA isolates from individuals infected during the interval that
spans November 21, 2020 and December 20, 2020 (hereafter called
Month 9 samples in accordance with the Iranian solar calendar) were
obtained from laboratories of each of three cities, Tehran, Rasht, and
Ahvaz. Twelve samples from individuals infected during the same time
interval were also obtained from each of four additional cities. Subse-
quently, 46 RNA isolates from individuals infected during the interval
between December 21, 2020 and January 19, 2021 (hereafter called
Month 10 samples) were obtained. Fourteen were from Tehran, 17 were
from Sari which is the capital of the province of Mazandaran, and 15
were from three other cities.

2.2. Genotyping of SARS-CoV-2 genome sequence variations of interest

Five PCR primer pairs were designed such that the amplification
products would include positions of previously identified Tag/signature
nucleotide variations for various SARS-CoV-2 genome haplotypes or
sub-haplotypes (H1, Hla, H1lb, and H1r) that had been shown to be
commonly associated with SARS-CoV-2 genome sequences retrieved
from individuals throughout the world infected by mid-November 2020
and available at GISAID (Table 1, Fig. 1) (Safari et al., 2021a, 2021b).
Some amplicons also included other sequence variants of potential in-
terest, including a Tag variation of haplotype H5 that was apparently
prevalent in Iran during the early stage of the COVID-19 pandemic
(Table S1). The sequences from the early stage of the pandemic from
Iran were aligned as described before (Safari et al., 2021a, 2021b). In
addition to formal description of the variants, eleven of the variant
positions that will be repeatedly referred to are designated V1-V11 for
the sake of brevity. The V1-V11 designations correspond to their order
in the virus genome (Tables 2-4 and S2). Each RNA was used as template
in one or more cDNA synthesis reaction using a cDNA synthesis master
mix (BIOFACT, Korea; Cat no.: BR441-096). Some cDNA synthesis re-
actions contained the reverse PCR primer of each of two primer pairs
(Table 1). The cDNAs were subsequently used in routine PCR reactions
that contained PCR primer pairs designed for genotyping of the nucle-
otide variations of interest. The PCR products were sequenced by the
Sanger protocol, and sequences were analyzed using Sequencher soft-
ware (Gene Codes Corporation, Ann Arbor, MI, USA). The genome
sequence of the Wuhan-Hu-1 isolate (NC_045512.2) was used as the
SARS-CoV-2 reference sequence.

Amplicons 1 and 3 were amplified and sequenced in all these sam-
ples. These amplicons include Tag single nucleotide variations (SNVs;
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Table 1
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Sequences of primers used for synthesis of PCR amplicons that include SARS-CoV-2 genome sequence variations of interest”.

Other sequence variations of interest within the

Amplicon Genomic region within Primer sequences (5'- 3)" Target Tag SNV/haplotype
no. amplicon amplicon
1 13961-14601 F: TATACGCCAACTTAGGTGAACG 14408C>T/H1
R: TAGATTACCAGAAGCAGCGTG
2 21770-22446 F: GTCTCTGGGACCAATGGTAC 22227C>T/H1r 21991-21993delTTA/B.1.1.7
R: GGGTCAAGTGCACAGTCTAC
3 22855-23562 F: CTGCGTTATAGCTTGGAATTCT 23403A>G/H1 23012G>A/B.1.351; 23063A>T/B.1.1.7 & B.1.351;
R: CCAATGGGTATGTCACACTCA 23271C>A/B.1.1.7
4 25318-25940 F: CTGCTGCAAATTTGATGAAGAC 25563G>T/H1b
R: TCATGTTCAGAAATAGGACTTGT
5 28497-29161 F: ACACCAATAGCAGTCCAGATG 28881_28883GGG>AAC/ 28688T>C/H5; 28932C>T/H1r; 28977C>T/B.1.1.7

R: AGTTCCTTGTCTGATTAGTTCCT

Hla

2 | The cDNAs pertaining to amplicons 1 and 3 were usually synthesized together in a single cDNA synthesis reaction, as were the cDNAs pertaining to amplicons 4

and 5.
b Reverse (R) primers were used in all of the cDNA synthesis reactions.

:Amplicon 1

=
&
o
&
&
>
g
=

14408C>T (V1) and 23403A>G (V4)) associated with the major
haplotype group H1. Amplicons 4 and 5 were amplified and sequenced
in Month 9 samples from Tehran and in four samples from Rasht.
Amplicon 5 includes Tag SNVs associated with sub-haplotype Hla
(28881_28883GGG>AAC (V9-V10-V11)), sub-haplotype Hilr
(28932C>T), and the major haplotype group H5 (28688T>C (V6)). A
Tag variation associated with sub-haplotype H1b (255563G>T (V5)) is
positioned in amplicon 4. A second Tag SNV of Hlr (22227C>T) in
amplicon 2 was genotyped in a subset of 12 samples from Tehran.
Various combinations of amplicons 1-5 in the Month 10 samples were
amplified and sequenced. In addition to Tag SNVs associated with

65

Fig. 1. Schematic presentation of parts of the
SARS-CoV-2 genome that were PCR amplified
and sequenced. The span of each of the amplicons
1-5 is shown. V1-V11 that are the positions of
various informative sequence variations and the
positions of six other variations that were geno-
typed are indicated with filled circles. The virus
strains that associate with the sequence variations
are also designated. V3 (22992G>A) is not shown
because it is observed on both the Hla and Hlb
backgrounds (see text). The genes of the virus
genome are shown, and the names of several of the
encoded proteins are written in parentheses.

haplotypes H1, Hla, H1lb, Hlr, and H5, four sequence variations
(21991_21993delTTA, 23063A>T, 23271C>A, and 28977C>T) associ-
ated with the B.1.1.7 strain that towards the end of our survey was re-
ported to be expanding in the United Kingdom and some other European
countries were positioned in the amplicons sequenced. Therefore, these
were also genotyped in the Iranian samples.

2.3. Inference of co-infection and recombination

Co-infection with more than one viral strain in an individual was
inferred upon visualization of heterozogosity at one or more nucleotide
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positions. All samples with heterozygosity were amplified and
sequenced at least twice. Some sequences were inferred by visual in-
spection to be products of recombination events.

3. Results

3.1. Genotyping results of month 9 samples: high frequency of variant
nucleotides of Hla (GR) and H1b (GH); evidence of co-infection and
recombination

All 198 RNA isolates of Month 9 from seven cities had the V1 and V4
variations associated with haplotype H1 (Tables S2 and 2). Two of the
samples (R-1 and R-2) were heterozygous for variation V1, suggesting
co-infection with two virus strains (Fig. 2). Among the 50 samples from
Tehran, 14 had the variant genotype at V9-V10-V11 which is associated
with Hla. One of these (T-3), also had the variant allele 22992G>A (V3).
Variant V3 was of interest because it was also observed twice (T-42 and
T-18) on an H1b background, whereas Nexstrain includes this variation
as a marker for clade 20F that is derived from clade 20B (corresponding
to Hla). Thirty-four of the non-Hla Month 9 samples from Tehran had
the variant nucleotide at the H1b Tag V5. Therefore, 48 (96% of) the

Reference

Heterozygous /\«" \ /\/\/\/ /\/\
Mutated AWV,
utate il /\/\/\/’\‘" A‘,‘ \ J\/

1t

V1; 14408C>T

GTTTTTCAGAGT CGCTTSC

N
Reference /\
‘ ' \ /

Heterozygous /\ YAY,
-“'"‘ ‘/\L\ / \\/\/\/\/\l ‘.‘\ w/\

Mutated /\’
V5, 25 563G>T

/\M V\/\A““A/ J“‘M\

Mutated / '\M m"’l \| M/\A;‘f "‘.K“. /\ /\‘ /\’I‘ /f ‘.,"“ ’ﬂ \/\ /.\.\’
1t

V6; 28688T>C

Fig. 2.
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samples from Tehran had variant nucleotides at Hla or H1b Tag posi-
tions, and the ratio of these was 1H1a: 2.4H1b. Neither the Hla nor the
H1b variants were seen in two samples (T-47 and T-51). It was observed
that a variant nucleotide at position 28854 (V8) in amplicon 5 was
strongly linked to the H1b Tag SNV (V5) in the samples from Iran, as
only two of the 34H1b samples lacked the variant allele at this position.
One of these (T-35) was a “pure” H1b in the sense that only Tag variants
of the H1 (V1 & V4) and H1b (V5) haplotypes were observed in the
genome. The other (T-4) proved to be more interesting (see below). The
Tag variant nucleotide of haplotype H5 (V6) was observed in one sample
from Tehran (T-47) and also in four samples from Rasht (R-1, R-2, R-3,
and R-4), and this observation also proved to be interesting (see below).
The variant nucleotide at position 28835 (V7) was present in all five
samples with the V6 variant, indicating possible linkage between the
two. R-3 among the samples from Rasht showed heterozygosity at V5,
suggesting infection with two viruses in a third sample from this city
(Fig. 2). The Hlr associated Tag variant at position 28932 was not
present in the 54 samples in which amplicon 5 was sequenced. Also,
amplification and sequencing of amplicon 2 in 12 samples from Tehran
evidenced that none of these had the H1r Tag variant at position 22227.
However, a variant three nucleotide deletion 22189_22191delTAT (V2)

G TTCCTCATCACGTAG

~ N l-'ﬁ‘ \'FIK A /
Reference _,‘f \ ‘/\/\" \\/\[\.‘J \’/\/ \/\/\;"ﬁ"\;’r \/\

Heterozygous
Mutated
_____________________ c AACAGTTCAAGAAATT
reteence—/\ VA VAAA/N WL “‘/\ / A
Heterozygous /\L:\#'/\‘N\\/\f y\f/ \"“’/,;\\Aj IU \‘/\(
f\
Mutated
_____________________ AGCAGTAGGGGAACT
N\ \ V’\ /\ “ ‘.“ I\ é
Reference |/ \/\/\/_\/l‘_\/ \
Heterozygous \\/\/\[ VAN J \/ /\ V /\ i
A / N A /\ /\ I‘"‘fi‘l'w l."ﬁ\‘w‘ ;
Mutated / \/\/\/ \/l/»\ / \uf \,/ i / \/\ \ s“ IA'AY

V9-V10-V11; 28881_28883GGG>AAC

DNA sequence chromatograms of PCR amplicons of the SARS-CoV-2 genome indicative of co-infection with two virus strains. Chromatograms that

include variant positions with sequences that correspond to the reference sequence and a mutated sequence, and chromatograms of apparently heterozygous status
that are suggestive of co-infection are shown. A sequence at V1 with the reference sequence was not observed among the samples sequenced.
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Table 2
Genotyping of genome sequence variations associated with SARS-CoV-2 haplotypes in viruses isolated from Iranians infected between November 21 and December 20, 2020 (Month 9)*.

Sequence variation 14408C>T 22189 2219 22992G>A 23403A>G 25563G>T 28688T>C 28835T> 28854C>T (N: p. 28881G>A (N:  28882G>A (N: p. 28883G>C
(RdRp: p.Pro 1delTAT (S: (S: p.Ser477Asn) (S: p.Asp614Gly) (ORF3a: p.GIn57His) (N: p.Leu C (N: p.Ser188Pro) Ser194Leu) p.-Arg203Lys) Arg203Arg) (N: p.Gly
312Leu) p.Ille210del) 139Phe) 204Arg)

Associated haplotype*/Virus strain** H1/G H1/G H1b/GH H5 H5 linked H1b linked Hla/GR Hla/GR Hla/GR

Variation ID Vi1 V2 V3 v4 V5 (3 v7 V8 Vo V10 Vi1

Genome type” No. Samples in Tehran

(Total: 50)

A (=Hla) 13 + + . + + +

Hlb 1 (T-35) + + +

B (=H1b+V8)® 8 + . + + +

C (=H1b+ 21 + + + + +

V2+V8)©@

Tehran samples proposed to be infected with viruses whose genomes are products of recombination

No. Samples (ID)

D 1 (T-47) + + + + .
E 1 (T-51) + + + .
F 1(T-3) + + + . . . . + + +
G 1(T-42) + + + + . . +
H 1 (T-18) + + + + + . . +
I 1 (T-4) + + + + .
Rasht samples proposed to be infected with two viruses and/or with viruses whose genomes are products of recombination
D 1 (R-4) + + . + +
Dand J 1 (R-3) + + G/T + +
D and K 2 (R-1 &R-2) C/T + . + +
Other samples from provinces
outside of Tehran
Rasht 46 samples + +
Ahvaz 50 samples + +
Kashan 12 samples + +
Tabriz 12 samples + +
Kermanshah 12 samples + +
Shiraz 12 samples + +

X Summary of data presented in Table S2; *, Haplotypes described in Safari et al, (2021a); **, virus strains described in GISAID; #, each type refers to a genome with a unique combination of sequence variations; @,
number of sequences with and without the variant nucleotide at position V2 extrapolated on basis of results on 12 samples in which amplicon 2 was amplified and sequenced.
+: variant sequence:., reference sequence, empty cell: not sequenced.

0 32 YapozN3], *d

££-€9 (1207) 795 (301017
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in amplicon 2 was observed in nine of the 12 subset of H1b samples,
including the H1b sample T-4 described above that did not have variant
V8. By extrapolation, it is expected that the deletion at V2 would be
present in approximately three fourth of the H1b sequences from Teh-
ran. (The deletion at V2 causes an in frame deletion p. Ile210del in the
spike protein.) Variant alleles at the two SNVs within amplicon 3 that
are associated with strain B.1.1.7 were not observed in the 198 Month 9
samples in which this amplicon was sequenced, and the linked nucleo-
tide at the third B.1.1.7 marker within amplicon 5 was not seen in 54
samples from Tehran and Rasht. The data suggest that the Hlr and
B.1.1.7 stains did not have a significant presence in Iran during Month 9.

Among the 54 samples (50 from Tehran and four from Rasht) that
were genotyped more extensively than the other Month 9 samples, A, B,
and C were the most frequent genome types. A corresponds to Hla. B
and C presumably evolved by addition of one or two mutations on H1b
backgrounds. Genome type C may correspond to the very recently
described B.1.36 lineage of the Phylogenetic Assignment Named Global
Outbreak (PANGO) Lineages (GISAID). Like genome type C, B.1.36 is
defined by the variant nucleotides at V1, V2, V4, V5, and V8. The
sequence data pertaining to ten samples (18.5%) suggested infection
with viruses that had recombinant genomes (Table 2). Parsimony

A potential XO origin

V4
Vo-Vil1

>

Genome type
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models for the recombination events that produced the presumed re-
combinant genomes are presented in Fig. 3. For each putative recom-
binant genome, at least one possible driving recombination event is
described in which one or both partners have genome types that are
among common Month 9 genome types (genome types A and C) or was
apparently common among genome sequences from Iran during earlier
stages of the pandemic (H5) (Table 2 and S1, Fig. 3). Even the uncom-
mon genome types that are proposed recombination partners were each
independently recorded at least once in the sequences reported here.
Recombination was surmised for the proposed recombinant genomes
because of co-existence of sequence variations that were previously
established to be Tag or tightly linked nucleotides of various haplotypes.
Consistent with some mosaic genomes being products of recombination,
most of the possibly recombinant genomes had long stretches of thou-
sands of nucleotides defined by multiple variant nucleotides associated
with the respective partners of the respective recombination events. The
possibility of recurrent mutation rather than recombination as the origin
of these sequences seems unlikely precisely because the co-existing
variations were not random.

Alternative XO origins

Hla (A = g g5
& T — 5 5 B d— H1 or H1b x H5
H5 oo H1,HlaorHlbxJ,K, L, or M
25 FxK
=
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X —» E ° ° ° E <4— HlorHIbx C
C - e o o ° H1,Hlaor Hlbx B, G, or H
s g T 2 2.
s Ed g z
Hla(A) o s og E
a | — F o T «— Hl or HIbx G
s pr B £
S
= 23 S !
F s g 2 2
| — G G 4— FxB
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Fig. 3. Schematic presentation of potential recombination events between genomes of SARS-CoV-2 strains that produced putative observed recombinant

genomes. XO, cross over.
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Table 3
Genotyping of genome sequence variations associated with SARS-CoV-2 haplotypes in viruses isolated from Iranians (Tehran, Mashhad, Ahvaz, Shiraz) infected between December 21, 2020 and January 19, 2021 (Month
10)*.
Sequence variation 14408C>T 22189_22191delTAT 22992G>A 23403A>G 25563G>T 28688T>C 28835T>C 28854C>T 28881G>A 28882G>A 28883G>C
(RdRp: p. (S: p.Ile210del) (S: p. (S: p. (ORF3a: p. (N: p. (N: p. (N: p. (N: p. (N: p. (N: p.
Pro312Leu) Ser477Asn) Asp614Gly) GIn57His) Leul39Phe) Ser188Pro) Ser194Leu) Arg203Lys) Arg203Arg) Gly204Arg)
Associated haplotype*/ H1/G H1/G H1b/GH H5 H5 linked H1b linked Hla/GR Hla/GR Hla/GR
Virus strain**
Variation ID A% 1 V2 V3 v4 V5 A% v7 V8 V9 V10 Vi1
Genome No. Samples
type* in Tehran
(Total: 14)
D 4 + . + . + +
L 3 + + + + + +
M 2 + + + + +
Tehran samples proposed to be infected with two viruses
No. Samples
(ID)
D and H1 1 (T-30) + + T/C T/C . . .
Aand D 1 (T-20) + + . T/C T/C . G/A G/A G/C
Cand L 1(T-13) + + + + T/C T/C C/T
M and L 1(T-18) + + + G/T + +
Mand N 1 (T-26) + + + T/C T/C
Samples from provinces outside of Tehran
Mashhad 4 samples + + +
Mashhad 1 samples + . +
Ahvaz 5 samples + + +
Shiraz 5 samples + +

X Summary of data presented in Table S2; *, Haplotypes described in Safari et al, (2021a); **, virus strains described in GISAID; #, each type refers to a genome with a unique combination of sequence variations. +: variant

sequence:., reference sequence, empty cell: not sequenced.

0 32 YapozN3], *d
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shown that this variation and the associated major haplotype H1 are also
highly prevalent in the genomes of virus isolates from individuals of
various regions of Iran who were infected between November 2020 and
January 2021. This signifies a shift from earlier prevalence of the H5
haplotype. Analysis at the sub-haplotype level proved to be more
complicated because of putative recombination events that created
novel genome types and because of instances of co-infection with two
virus strains. Even though sample sizes were not very large, the data that
are described in detail in the Results section do suggest that the allele
frequencies of various informative genome positions associated with
sub-haplotypes may change within the short time span of one month.
For example, the frequencies of the variant nucleotides at the Hla Tag
V9-V10-V11 among Month 9 and Month 10 samples from Tehran were
significantly different. Whereas universal overtake of the 23403A>G
variation has been attributed to biological parameters associated with
this variation including virus load and possibly infectivity, we suspect
that the changes observed here are most likely due to demographic
behavior patterns and stochastic events (Gobeil et al., 2021; Korber
et al., 2020b; Plante et al., 2020; Volz et al., 2021; Yurkovetskiy et al.,
2020).

The most important findings of this study are the frequent observa-
tion of genomes that are possibly the products of recombination events
between the genomes of different SARS-CoV-2 strains, and the simul-
taneous presence of more than one virus strain in some infected in-
dividuals (see postscript). Recombination occurs in many RNA viruses,
more frequently in those with positive-sense genomes (Simon-Loriere
and Holmes, 2011). The contribution of recombination to the evolution
of Betacoronaviruses is well established (Bobay et al., 2020; Graham and
Baric, 2010; Lai and Cavanagh, 1997; Su et al., 2016). Among the
coronaviruses, the recombinatory origins of the clinically important
human SARS-CoV, MERS-CoV, and 2019 SARS-CoV-2 are well docu-
mented (Hon et al., 2008; Li et al., 2020; Wang et al., 2015; Zhang et al.,
2016; Zhu et al., 2020). And, despite its relatively recent emergence,
there already exists evidence that recombination between co-existing
SARS-CoV-2 strains may contribute to the genome diversity of this
virus (Giorgi et al., 2021). In fact, recombination events may have
contributed to the origin of some common haplotypes or strains (e.g.
strain B.1.1.7) that are defined by co-segregation of multiple sequence
variations. Of course, it is possible that such complicated haplotypes
may have evolved by accumulations of sequential mutations and sub-
sequent expansion due to stochastic events or selection. A more probable
scenario is that these haplotypes are products of one or more recombi-
nation event between virus strains that each contained a subset of the
variations. To the best of our knowledge, the first report of recombina-
tion between SARS-CoV-2 strains was published in August of 2020 (Y1,
2020). Recombination in that study was deduced on the basis of
haplotype network analysis. In a few subsequent studies, recombination
events between SARS-CoV-2 strains have been surmised on the basis
defining markers of major clades or sequence variations in locally
circulating strains (Korber et al., 2020a; Vanlnsberghe et al., 2020;
Varabyou et al., 2020). The distinguishing feature of our results is that a
relatively high fraction (38/85; 44.7%) of the samples surveyed con-
tained recombinant genomes. Technical issues in sequence analysis in
other studies may have resulted in underestimation of recombinant
genomes (Varabyou et al., 2020). The detailed scrutinizing visual
approach applied in this study readily allowed recognition of potential
recombination events; this approach is not suitable for analysis of large
numbers of sequences and has presumably not been applied. Finally, it is
evident that detection of recombination depends on co-existence of
different strains within the same infected individual. Co-existence of
different strains is more likely with the evolvement of more novel strains
and as infection rates increase. With the passage of time, novel strains
have increasingly evolved and infection rates have increased. For these
reasons, recombinant genomes may have been less common in the past.

Till now, there have only been a few reports of co-infection with two
SARS-CoV-2 strains (Baang et al., 2021; Choi et al., 2020; da Silva
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Francisco Jr et al., 2021; Pedro et al., 2021). The co-infections in these
cases were proposed to demonstrate within host evolution of the virus or
independent infections. It is notable that our sequencing data suggest
the presence of two virus strains in 11 of the 85 (12.9%) samples that
were relatively more extensively genotyped. The sequencing data is
consistent with the proposal that the co-existing viruses are among those
circulating in Iran during Months 9 and 10. A virus with the H5
haplotype was not present in the co-infected samples, suggesting that
the frequency of this haplotype has significantly decreased. The rela-
tively frequent A and C genome types among Month 9 samples of Tehran
were present in five of the eleven co-infected samples. The presumably
locally evolved genome types D, G, J, K, L, and/or M genome types were
identified in all of the co-infected samples. Of course, the putative re-
combinant genome types D-J, L, and M that were observed in some
samples infected with a single virus must themselves have evolved in
cells that were co-infected with two virus strains. Again, it is possible
that technical issues in sequence analysis may have resulted in not
detecting some instances of co-infection in previous studies. For
example, heterozygosity at various positions that would reflect
co-infection may be reported as ambiguous reads (N). Also, as was
suggested for recombination, increases in present rates of infection may
have increased the likelihood of co-infection and thus facilitated iden-
tification of co-infected samples.

In light of the fact that new strains of SARS-CoV-2 may have changed
pathogenicity and because new strains must be taken into consideration
in the framework of design and testing of efficacy of vaccines, drugs, and
diagnostic tools, it is important to recognize that in addition to random
mutations, co-infection with different existing strains and recombina-
tion between their genomes may contribute to the emergence of new
strains (Faria et al., 2021; Korber et al., 2020b; Tang et al., 2021; Tegally
et al., 2020). Our study evidences that in lieu of whole genome
sequencing, genotyping informative sequence variations can be useful
for identification of new strains and for describing the distribution of
infecting virus strains in a population. This approach was here used for
Iran.

Postscript: Due to technical and financial issues, whole genome
sequencing was not performed on the samples screened in this study (see
Introduction). Fortunately, limitations have been partially alleviated in
the interim after the reported study, and 110 SARS-CoV-2 complete
whole genome sequences from Iran were available at GISAID on June 1,
2021. These sequences may serve as an acceptable resource for assess-
ment of presence and frequency of possible recombinant genomes based
on data of whole genome sequences (in lieu of variant nucleotide gen-
otyping by PCR and Sanger sequencing as in our study). Of the 25
samples collected prior to May 1, 2020, 23 had a pure H5 genome type,
consistent with the prevalence of that genotype in Iran during the early
phase of the pandemic. Because of lack of heterogeneity, recombination
events in this phase of the pandemic would not have been recognized. Of
the remaining 85 sequences, 24 and 10, respectively, were associated
with the B.1.1.7 and B.1.617+ lineages. All these samples were collected
and genotyped in 2021 precisely because the infected individuals had
recently been in the UK or India. Therefore, recombination was sought
among the 51 remaining sequences. Based on co-existence of sequence
variations that were previously established to be Tag or tightly linked
nucleotides of various haplotypes or clades, thirteen potentially re-
combinant genomes were observed among these 51 sequences (25.5%).
This estimate is consistent with the relatively high frequency of possible
recombinant genomes that was estimated among the Month 9 and
Month 10 samples. The genome type of nine of the thirteen recombinant
genomes (GISAID IDs: EPIISL 514753, EPIISL 959279, EPI -
ISL_862075, EPI_ISL_862081, EPI ISL_1014686, EPI_ISL_2254719, EPI -
ISL,_2253220, EPI ISL 2227281, and EPI ISL_2227280) were reported
among the Month 9 and Month 10 samples, and the genome types of four
(EPIISL_1398364, EPIISL 815256, EPIISL 1014678, and EPI-
ISL._2254498) were not earlier observed.
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