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Abstract 

Viral recombination has the potential to bring about viral genotypes with modified phenotypic 10 

characteristics, including transmissibility and virulence. Although the capacity for recombination 

among Betacoronaviruses is well documented, SARS-CoV-2 has only been circulating in 

humans for approximately 8 months and thus has had a relatively short window of opportunity 

for the occurrence of recombination. The ability to detect recombination has further been limited 

by the relatively low levels of genetic diversity in SARS-CoV-2. Despite this, two studies have 15 

reported recombinants among SARS-CoV-2 strains. Here we first revisit these findings with a 

new analysis approach, arguing that neither presents a clear case of within-SARS-CoV-2 

recombination. Applying this same approach to available SARS-CoV-2 sequences, we then 

identify five recombinant genomes. Each of these genomes contain phylogenetic markers of two 

distinct SARS-CoV-2 clades. Further, the predicted parent clades of these recombinant genomes 20 

were, with one exception, documented to be co-circulating in the country of infection in the two 

weeks prior to the sample being collected. Our results indicate that recombination among SARS-

CoV-2 strains is occurring, but is either not widespread or often remains undetectable given 

current levels of viral genetic diversity. Efforts to monitor the emergence of new recombinant 

genomes should therefore be sustained. 25 

Introduction 

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) emerged in December of 

2019 in China but has since spread worldwide, cumulatively infecting more than 17 million 

people by August, 2020. Laboratories around the world have been sequencing and rapidly 

sharing SARS-CoV-2 genomes throughout the pandemic, providing researchers the rare 30 

opportunity to study the evolution of SARS-CoV-2 in real-time. As of June 20, 2020, 68019 

complete viral genomes and 47390 unique genotypes are available on the online repository 

GISAID (Elbe et al., 2017).  

In addition to point mutations and insertions/deletions, coronavirus evolution is heavily driven 

by recombination (Su et al., 2016). Recombination events create chimeric genotypes between 35 

two viral strains that infect the same cell. This process occurs when RNA polymerase 

prematurely stops replicating the first genotype before reassembling and resuming replication 

with the second genotype as template. The end result is the unlinking of mutations across the 

genome, creating novel combinations of existing mutations and allowing selection to operate 
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more efficiently. The clinical and epidemiological relevance of these new combinations is 40 

substantial as they have the potential to create genotypes with unique virulence and 

transmissibility characteristics. 

Measurements of the frequency of this process among coronaviruses in cell culture suggest it is 

very common (Schaad et al., 1990; Banner et al., 1991). There have further been attempts to 

detect and measure the magnitude of recombination among naturally circulating SARS-CoV-2 45 

genomes. Based on four single nucleotide polymorphisms (SNPs), an early analysis reported 

recombinants among the first 85 sequenced SARS-CoV-2 genomes (Yi, 2020). A more recent 

analysis has reported the identification of recombination among sympatric SARS-CoV-2 strains 

(Korber et al., 2020). Together, these studies suggest that SARS-CoV-2 recombination may be 

commonly occurring. In contrast, three reports identified evidence of strong linkage 50 

disequilibrium among SARS-CoV-2 polymorphic sites and no disruption of the clonal pattern of 

inheritance that would accompany widespread recombination (Maio et al., 2020; Nie et al., 2020; 

Wang et al., 2020).  

In an effort to reconcile these findings, we developed a systematic, four-step approach to identify 

recombinant SARS-CoV-2 genomes. This approach involves (1) characterizing the mutations 55 

that define the clonal pattern of inheritance in SARS-CoV-2 clade structure, (2) identifying 

genomes that violate this pattern, (3) identifying and refining the boundaries of genetic transfer 

by analyzing lower frequency SNPs shared by predicted parent sequences, and (4) assessing the 

plausibility of transfer by determining if the predicted parental clades were co-circulating in the 

country of infection. Using this approach, we find that none of the putative recombinants 60 

identified by Korber et al. (2020) contain combinations of clade-defining SNPs that are 

indicative of recombination. However, by analyzing the 47,390 unique sequences available on 

GISAID by June 20 2020, we find five viral genomes that contain unique combinations of clade-

defining SNPs that are indicative of recombination. Non-clade-defining SNPs present in these 

genomes further support their chimeric origins and help refine the region of transfer. Finally, the 65 

parental clades of four putative recombinants were co-circulating in the country of infection two 

weeks prior to sampling, while an insufficient number of genomes sequenced in proximity to the 

fifth putative recombinant precludes this analysis. Ultimately, our results suggest that 

recombination among SARS-CoV-2 genomes is occurring, but that the resultant genotypes are 

not widespread. 70 

Results 

The limited genome-wide diversity among SARS-CoV-2 strains restricts the ability to 

detect recombinants 

Given the relatively low mutation rate of coronaviruses and the limited amount of time since the 

pandemic began, only a small amount of genetic variation is currently present in SARS-CoV-2 75 

genomes. This diversity falls largely into 14 monophyletic clades (Fig. 1 A). We screened all 

biallelic sites in the reference genome alignment to identify clade-defining SNPs, defined as 

positions where <5% of genomes in at least one clade have the dominant allele, and >95% of 

genomes in remaining clades have the dominant allele. In total, we identified 37 clade-defining 
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SNPs that reliably distinguish all 14 clades (Fig. 1 ABC). Of the 67167 complete, human-derived 80 
strains available on GISAID as of July 20, 2020, fewer than 0.5% of genomes differed from the 
14 clade-defining SNP profiles by more than one nucleotide.  

 

 
Figure 1. The clade structure of SARS-CoV-2 is structured predominantly by 37 clade-defining SNPs. 
(A) Maximum likelihood phylogeny based on the General Time Reversible model with invariant sites of 9783 
high quality unique genome sequences with <1% Ns. 14 monophyletic clades were identified manually. These 
clades generally correspond to SARS-CoV-2 clades defined in Nextstrain (Hadfield et al., 2018), although a 
fraction of them are at higher resolution than Nextstrain clades. Clades defined here are named by Nextstrain 
clade designation (e.g., 20B) followed by a subclade number (e.g., -1). Scale bar is in substitutions per site. (B) 
Pairwise differences between the clade-defining SNP profiles of all 14 clades. (C) Location and nucleotide 
identity of clade-defining SNPs and (D) their frequency among SARS-CoV-2 genomes. 
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Since the clade structure of SARS-CoV-2 is driven by such a limited number of SNPs, it is often 

impossible to distinguish recombination from de novo mutation. Indeed, the limited number of 85 

SNPs that distinguish certain clades are also often clustered in short regions of the genome, 

further restricting our ability to reliably identify recombinant genomes. For instance, clades 20B-

2 and 20A-2 are primarily distinguishable based on four SNPs (25563 and 28881-3), but those 

four positions span only 3.3 kb of the viral genome. As a result, recombination between strains 

from clades 20B-2 and 20A-2 throughout the first 80% of the genome would not be detectible. 90 

Further, a recombination event that unlinks the nucleotides at positions 25563 and 28881-3 

would be more parsimoniously explained as a de novo T to G mutation at position 25563 in a 

clade 20A-2 genome or a de novo G to T mutation at this position in a clade 20B-2 genome.  

Nevertheless, there are many circumstances where recombination could be more reliably 

detected and distinguished from de novo mutation. In particular, all major clades are most 95 

strongly differentiated from each other based on 11 SNPs that are distributed throughout the 

genome (sites 241, 3037, 8782, 11083, 14408, 23403, 25563, 28144, 28881-3). Rearrangement 

of multiple of these clade-defining markers would be among the strongest indication of 

recombination between SARS-CoV-2 strains. For instance, the triple mutation GGG to AAC at 

positions 28881-3 is uniquely found in clade 20B, and would be a strong marker of 100 

recombination between clade 20B and clades 19A and 19B when combined with positions 241, 

3037, 14408, and 23403.  

Although one report has suggested that the triple GGG to AAC mutation at positions 28881-3 is 

found in multiple clades (Maio et al., 2020), by our analysis this mutation was restricted to clade 

20B. We find that any ambiguity about the distribution of AAC is related to the limited number 105 

of SNPs outside of positions 28881-3 to distinguish clade 20B from clades 20A and 20C. In fact, 

without positions 28881-3, none of the clade defining SNPs we identified can distinguish clade 

20B-2 from 20A-3, and only one can distinguish 20B-2 from 20A-2 (position G25563T).  

Previously identified recombinant genomes have no rearrangements of clade-defining SNPs  

The first report of recombination among SARS-CoV-2 genomes was a correspondence article by 110 

Huiguang Yi (2020), prepared at a time when there were 84 SARS-CoV-2 genomes in GISAID. 

This article argued the distribution of 4 SNPs in those early genomes could be explained by 

multiple recombination events. With such little information, it is difficult to evaluate the strength 

of these claims. However, three of the four polymorphic sites on which they base their argument 

are, by our analysis, monophyletic traits. The remaining site, C29095T is not one of the clade-115 

associated SNPs we identified, but is a low frequency allele that is found in multiple clades 

(Hadfield et al., 2018) and is thus very likely a homoplasy.  

A second report used a three-way sequence comparison tool, RAPR, on geographically 

constrained subsets of GISAID genomes to identify recombination involving strains in the 

United States (Washington State), in the Netherlands, and in Iceland (Korber et al., 2020). 120 

However, all but two of the sequences that Korber et al. (2020) identified as recombinant pairs 

match our clade SNP profiles (Fig. 2) and thus squarely fall into only one major SARS-CoV-2 

clade.  The two exceptions (EPI_ISL_422850 and EPI_ISL_422679) each have clade-defining 
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SNP profiles that differ from the nearest clade by only a single clade-defining SNP substitution 
(Fig. 2). As such, while these genomes could be explained by recombination, a more 125 
parsimonious explanation would be de novo mutation.  

 

Clade-defining and low-frequency SNPs support recombination in five genomes 

We next aimed to determine if any of the genomes available on GISAID have combinations of 
clade-defining SNPs that can be most parsimoniously explained by recombination. In total, we 130 
screened 47390 unique genomes and identified five genomes that are strong candidates for 
having evolved through recombination between two distantly related parental clades (Fig. 3). 
These sequences were associated with infections from the USA, from the United Kingdom, and 
from China, and between seven to ten clade-defining SNPs support transfer between two clades. 
These genomes were sequenced on Illumina Novaseq and NextSeq, and Nanopore GridION and 135 
MinION instruments. Although assembly quality information is not consistently indicated in the 
sequence metadata, three of the five genomes contain no ambiguous nucleotides, one genome 
(USA/CA-CZB-1437/2020) has 2, and the last genome (England/201090235/2020) has 952 
(3.2% of all positions). Each recombinant sequence occurs in the GISAID database only once. 

 140 

 

Figure 2. Genomes previously suggested to be recombinant do not show evidence of clade-
defining SNP re-arrangement. The clade-defining SNP profiles of each sequence identified as 
recombinant by Korber et al. (2020) are compared to the SNP profile of the genetically most similar 
clade (highlighted in grey). Nucleotide differences are highlighted in red. Sequences are named 
according to GISAID accession number. 
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In addition to clade-defining SNPs, minor SNPs that are only present in a subset of strains in 
each clade support recombination in the five putative recombinant sequences (Fig. 4). The 
nearest parent sequences of each putative recombinant were identified by searching for genomes 
that have the fewest nucleotide differences across each proposed region of transfer. The location 145 
of these minor SNPs helped further refine the boundaries of transfer. Interestingly, three of the 
five candidate recombinants require multiple transfers to explain the pattern of SNPs we observe 

Figure 3. Five sequences parsimoniously generated through recombination between strains from two 
parental clades. The clade-defining SNP profile of each putative recombinant sequence is compared with the 
profiles of all 14 clades. Nucleotides that match the putative recombinant are denoted with a dot. Regions 
boxed in blue and red show potential parental clades, with left and right boundaries indicating potential 
transfer regions. SNPs that support recombination are highlighted with vertical blue and red windows.  
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(Beijing/DT-travelIT05/2020, USA/CA-CSMC109/2020, and Wuhan/HB-WH6-246/2020). 
While this might suggest that these sequences are not true recombinants, these findings could 
reflect a high frequency of recombination in co-infected cells. In support of this latter 150 
interpretation, a high frequency of transfer was documented in experiments measuring 
recombination among murine Betacoronaviruses (Schaad et al., 1990; Banner et al., 1991).  

 

To visualize the empirical support for recombination in the 5 genomes we identified, we performed 
phylogenetic analysis on subsets of the SARS-CoV-2 viral genome corresponding to stretches of 155 
the genome bounded by inferred regions of transfer (Fig5).  These trees support the pattern of 
clade-defining and low-frequency SNPs shared by the most closely related parent sequences 

 

Figure 4. Low frequency polymorphisms support transfer between parental clades to generate 
identified recombinants. The two parent genomes were chosen as the most closely related sequences 
to each putative recombinant genome across the shaded regions of transfer. The locations of SNPs that 
are shared or unique to each strain are indicated by color, where grey indicates a SNP unique to the 
recombinant. Light red and light blue ticks indicate clade-defining SNPs, while dark red and dark blue 
ticks indicate low frequency, non-clade defining SNPs. One parent sequence from each region of 
transfer is shown, but for Beijing/DT-travelIT05/2020, USA/CA-CSMC109/2020, and 
England/201090235/2020, multiple strains from both clades 20B-1 and 20B-2 are equally distant to 
the recombinant genomes across the blue regions of transfer. Likewise, multiple genomes from clades 
19B-2 and 19B-3 are equally distant to USA/CA-CZB-1437/2020 across the blue region of transfer.  
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shown in Figure 4. They show that across the regions of transfer, each recombinant genome 
clusters tightly with the predicted parent clades. 

 160 

We next sought to assess, based on geographic considerations, the plausibility of transfer 
between the predicted parental clades to generate the observed recombinants. We counted all 
genomes that map to the 14 clades that were sequenced in the region of infection in the two 
weeks prior to the collection date of each recombinant (Fig. 6). For all but one of the putative 
recombinants, both parental clades were detected, and often at high frequencies. Although only 165 
one of the parent clades was detectible for Wuhan/HB-WH6-246/2020, there were only 45 
genomes sequenced in China in the two weeks prior to sampling that have a full sample date 

 

Figure 5. Phylogenies inferred using restricted regions of the SARS-CoV-2 viral genome provide 
visual support for the five identified recombinants. Maximum likelihood phylogenies were inferred 
under the General Time Reversible model with invariant sites. For clarity, the shown phylogenies 
include only 15 representative genomes from each of the 14 clades.  
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listed and passed our quality filters. As such, it is possible that with greater sequencing 
frequency, clade 19B-1 could have been detected.  

  170 

Discussion 

The small number of polymorphic sites in the SARS-CoV-2 genome that are phylogenetically 
informative means detecting recombinant genomes is difficult, and highly dependent on the 
identity of the parent clades. By identifying the nucleotide changes that underpin the clonal 
phylogeny of SARS-CoV-2, we established criteria for identifying putative recombinant 175 
genomes, and for evaluating their plausibility. Although there is limited evidence by these 
criteria to support transfer among genomes previously identified as recombinant sequences by Yi 
(2020) and by Korber et al. (2020), we analyzed  approximately 68,000 SARS-CoV-2 genomes 
from GISAID and found five viral sequences that presented strong evidence of recombination. 
These genomes have rearrangements of between 7 and 10 clade-defining SNPs that point to 2-3 180 
clades as potential parental clades (Fig. 3) Many lower frequency non-clade-defining SNPs 
resolve which 2 of the identified clades are more likely parents and refine the genomic regions of 
transfer (Fig. 4). Each of the five recombinants identified here occur only once in GISAID.  

It is unlikely that the chimeric sequences we identified are the result of multiple non-recombinant 
genomes present in mixed infections or of low-quality sequences. In the event of co-infection of 185 
a person by two different SARS-CoV-2 strains, if both strains are present at approximately equal 
levels, polymorphic sites in the final sequencing assembly are most likely to be called as 
ambiguous nucleotides. If one strain predominates within a mixed infection, then polymorphic 

 

Figure 6. Identified parental clades generally circulated in geographic regions of identified 
recombinants. Sample Beijing/DT-travelIT05/2020 (EPI_ISL_452334) was isolated in Beijing, but 
the infection was acquired in the United Kingdom during travel.  
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sites in the final assembly will be more likely to match this more abundant strain, and the less 

abundant strain will be undetectable at the consensus level. Although two of the five putative 190 

recombinants have ambiguous nucleotides in their assembly (2 in USA/CA-CZB-1437/2020 and 

952 in England/201090235/2020), none of the ambiguous nucleotide sites overlap with clade-

defining SNPs. 

While we were able to identify five recombinant SARS-CoV-2 genomes, the fraction of 

recombinant genomes in the set of sequences we analyzed was extremely low (0.007%). This 195 

observation supports reports that have found no evidence of widespread recombination among 

SARS-CoV-2 genomes (Maio et al., 2020; Nie et al., 2020; Wang et al., 2020). Indeed, 

examining the pattern of clade-defining SNPs suggests none of these lineages emerged through 

recombination (Fig. 1). The only site that does not strictly follow the pattern of vertical decent is 

C14805T, which occurs in both clades 19A-4 and 19B-4. However, none of the seven other 200 

clade-defining SNPs that differentiate these clades support recombination, suggesting C14805T 

is a homoplastic trait. 

The low frequency of strongly-supported recombinant sequences in GISAID could be due to 

multiple factors. First, due to the limited genetic diversity of SARS-CoV-2 at this point in time, a 

large fraction of viral recombinants may not be detectable. This is particularly the case if the 205 

parental clades share a large number of clade-defining SNPs. Second, recombinant genomes may 

be rare because coinfections only rarely occur, or because recombinant genomes that may arise 

in coinfected individuals rarely transmit. Coinfection may be infrequent for SARS-CoV-2 given 

the acute nature of the infection and that some regions (but not others) have managed to keep the 

level of virus circulation low. In instances when coinfections do occur, recombinant genomes 210 

may be generated late in the infection or have lower fitness, resulting in rare onward 

transmission.  

Each of the five recombinant SARS-CoV-2 genomes we identified was also a singleton. While 

this may appear surprising at first, it may be the case that there are recombinant lineages 

circulating at low frequencies that have gone undetected. Alternatively, the recombinant 215 

genomes we identified may not be part of larger, persistent recombinant lineages. Instead, the 

identified genomes may be fleeting observations into lineages that have gone extinct or not 

successfully established. This is a clear possibility given the extent of SARS-CoV-2 transmission 

heterogeneity, with estimates of 5-10% of infected individuals being responsible for upwards of 

80% of secondary infections (Bi et al., 2020; Endo et al., 2020; Miller et al., 2020). Transmission 220 

heterogeneity results in a lower chance for any given viral infection to establish a persisting 

lineage. Indeed, with the level of transmission heterogeneity that has been estimated for SARS-

CoV-2, only 20% of recombinant genomes that have been transmitted from a coinfected 

individual to a singularly infected individual would be expected to successfully establish a viral 

lineage (Lloyd-Smith et al., 2005).  225 

Ultimately, our results suggest that recombination between SARS-CoV-2 strains is occurring, 

but these chimeric genotypes remain rare. As the pandemic continues to expand, the population 

genetic diversity of SARS-CoV-2 will increase, making it easier to detect recombinant genomes. 

With an increasing number of mutations, the possibility for recombinant genomes to have altered 
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phenotypic characteristics that impact fitness will also increase. Given our finding that 230 

recombination is already occurring in SARS-CoV-2, surveillance efforts and real-time analyses 

to detect recombinants, such as the one here, should be sustained to monitor the circulation and 

potential spread of high-fitness recombinant genotypes. 

 

Materials and Methods 235 

Genome quality filtering and alignment 

Genomes were downloaded from the GISAID genome databases (Elbe et al., 2017), and filtered 

to exclude low quality sequences. All genomes were trimmed relative to positions 118 and 29740 

in the NCBI reference sequence (accession NC_045512) to exclude low coverage sites. Genomes 

with less than 10% Ns and a final trimmed length greater than 29,610 bp and less than 29,660 bp 240 

were included in further analysis. Genomes were aligned to the NCBI reference sequence 

genome using MAFFT v7.464 (Katoh et al., 2013).  

Identifying clade-defining SNPs in SARS-CoV-2 genomes 

Clades were identified as monophyletic groups within a maximum likelihood phylogenetic tree 

built from 9783 unique high quality genome sequences with <1% Ns using PhyML (Guindon et 245 

al., 2010). Clade-specific SNPs were subsequently identified as SNPs that are present in >95% of 

all members of a clade while >95% of the members in remaining clades had another nucleotide 

at that position. Recombinant genomes were identified by manually screening the SNP profiles 

of any genome that differed from the nearest clade profile by more than 1 base difference for 

evidence of reassortment between the profiles of any two clades. In total, 68,019 genomes were 250 

screened.  

Code availability 

All custom computer code necessary to reproduce our results are available on GitHub 

(https://github.com/davevanins/Sars-CoV-2_CladeSNP). 
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