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Arné de Klerk,1,*,† Phillip Swanepoel,1 Rentia Lourens,2 Mpumelelo Zondo,1,‡ Isaac Abodunran,1 Spyros Lytras,3,§ Oscar A MacLean,3

David Robertson,3,** Sergei L Kosakovsky Pond,4 Jordan D Zehr,4 Venkatesh Kumar,5 Michael J. Stanhope,6,†† Gordon Harkins,7

Ben Murrell,5 and Darren P Martin1,‡‡

1Institute of Infectious Diseases and Molecular Medicine, Division Of Computational Biology, Department of Integrative Biomedical Sciences, University of Cape 
Town, Cape Town 7701, South Africa, 2Division of Neurosurgery, Neuroscience Institute, Department of Surgery, University of Cape Town, Cape Town, 7701, South 
Africa, 3MRC-University of Glasgow Centre for Virus Research, University of Glasgow, Glasgow G61 1QH, UK, 4Department of Biology, Temple University, Institute 
for Genomics and Evolutionary Medicine, Philadelphia, PA 19122, USA, 5Department of Microbiology, Tumor and Cell Biology, Karolinska Institutet, Stockholm, 
14186, Sweden, 6Department of Population and Ecosystem Health, College of Veterinary Medicine, Cornell University, Ithaca, NY, 14853, USA and 7South African 
National Bioinformatics Institute, University of the Western Cape, Cape Town, 7535, South Africa
†https://orcid.org/0000-0002-9525-6820
‡https://orcid.org/0000-0002-7670-5520
§https://orcid.org/0000-0003-4202-6682
**https://orcid.org/0000-0001-6338-0221
††https://orcid.org/0000-0002-4590-1529
‡‡https://orcid.org/0000-0002-8785-0870
*Corresponding author: E-mail: deklerkarne@gmail.com

Abstract 

Recombination contributes to the genetic diversity found in coronaviruses and is known to be a prominent mechanism whereby they 
evolve. It is apparent, both from controlled experiments and in genome sequences sampled from nature, that patterns of recombination 
in coronaviruses are non-random and that this is likely attributable to a combination of sequence features that favour the occurrence of 
recombination break points at specific genomic sites, and selection disfavouring the survival of recombinants within which favourable 
intra-genome interactions have been disrupted. Here we leverage available whole-genome sequence data for six coronavirus subgenera 
to identify specific patterns of recombination that are conserved between multiple subgenera and then identify the likely factors that 
underlie these conserved patterns. Specifically, we confirm the non-randomness of recombination break points across all six tested 
coronavirus subgenera, locate conserved recombination hot- and cold-spots, and determine that the locations of transcriptional reg-
ulatory sequences are likely major determinants of conserved recombination break-point hotspot locations. We find that while the 
locations of recombination break points are not uniformly associated with degrees of nucleotide sequence conservation, they display 
significant tendencies in multiple coronavirus subgenera to occur in low guanine-cytosine content genome regions, in non-coding 
regions, at the edges of genes, and at sites within the Spike gene that are predicted to be minimally disruptive of Spike protein folding. 
While it is apparent that sequence features such as transcriptional regulatory sequences are likely major determinants of where the 
template-switching events that yield recombination break points most commonly occur, it is evident that selection against misfolded 
recombinant proteins also strongly impacts observable recombination break-point distributions in coronavirus genomes sampled from 
nature.
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Introduction
Coronaviruses are a family of vertebrate-infecting single-
stranded, positive-sense RNA viruses with genomes ∼27–32 kb in 
length. The family has four genera—Alphacoronavirus, Betacoro-
navirus, Gammacoronavirus, and Deltacoronavirus—each of which 
has been further subdivided into a number of subgenera 
such as Pedacovirus in the genus Alphacoronavirus, and Merbe-
covirus, Embecovirus, Nobecovirus, and Sarbecovirus in the genus 
Betacoronavirus, and Igacovirus in the genus Gammacoronavirus

(Coronaviridae—Positive Sense RNA Viruses—Positive Sense RNA 
Viruses (2011)—ICTV 2011). Besides Severe Acute Respiratory Syn-

drome Coronavirus 2 (SARS-CoV-2), the Sarbecovirus member that 

causes Coronavirus Disease 2019 (COVID-19), there are four other 

known Betacoronavirus lineages and two known Alphacoronavirus

lineages that either cause—or have caused—epidemiologically 

significant disease outbreaks in humans.

Coronavirus genomes generally contain seven to ten genes, 

often with varying arrangements and compositions (Fig. 1)
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Figure 1. Variation across coronavirus genomes in the densities of detectable recombination break points. All detected break-point positions are 
indicated directly above each graph with vertical lines. A gene-map is shown as lines beneath the densities. The grey-lined, green areas indicate 99 per 
cent bounds of expected degrees of break-point clustering under random recombination. Areas where the dark/black lines (break-point number per 
200 nucleotide window) have emerged above the green areas, are considered potential recombination hotspots, and are marked (brightly) in red. Areas 
where the black lines drop below the green areas are considered potential recombination cold-spots, and are marked in (cold) blue.

(Lai 1996). The largest gene, ORF1ab, encodes multiple non-
structural proteins which are involved in viral transcription, 
replication, proteolytic processing, modulation of host gene 

expression, and the suppression of host immune responses 
(Emam et al. 2021). Directly downstream of ORF1ab in most 
known coronavirus genomes is the Spike (S) gene (although in 
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Embecoviruses, for example, a haemagglutinin-esterase gene sepa-
rates ORF1ab and the S gene). Spike is the structural glycoprotein 
found on the outside of coronavirus particles that gives them 
their iconic crown-like protrusions. Spike binds to cell membrane 
receptors and mediates virus entry into host cells. It is considered 
a class I fusion protein in that it contains both a receptor-binding 
domain (called S1) and a domain for mediating the membrane 
fusion process (called S2) (White et al. 2008; Xia et al. 2020). 
The Spike of SARS-CoV-2 has become a target in the develop-
ment of vaccines and therapeutic drugs for COVID-19, due both 
to its importance during the viral infection cycle and it being the 
primary target of host immune responses (Krumm et al. 2021).

Although coronaviruses have low mutation rates relative to 
those of other single-stranded RNA viruses (Denison et al. 2011; 
Jaroszewski et al. 2021), coronavirus populations are character-
ized by high degrees of genetic diversity (Liu et al. 2017). Much of 
this genetic diversity is likely generated and maintained by high 
rates of within-species (Dudas and Rambaut 2016; Su et al. 2016; 
Anthony et al. 2017; Forni, Cagliani and Sironi 2020) and between-
species genetic recombination (Wesley 1999; Decaro, Mari, and 
Elia et al. 2015; Wang, Lin, and Guo et al. 2015; Wang, Lin, and 
Zhang et al. 2020). The first credible reports of recombination in 
coronaviruses were made in the mid-to-late 1980s and focused on 
mixed in vitro and in vivo infections of different Murine mouse 
hepatitis virus strains (Makino, Keck, and SA et al. 1986; Keck, 
Matsushima, and Makino et al. 1988a; Keck et al. 1988b; Banner 
and Lai 1991). By the year 2000, comparative analyses of coro-
navirus genomes sampled from natural infections had yielded 
convincing evidence that recombination, particularly between 
divergent coronaviruses within individual subgenera, is a major 
contributor to coronavirus evolution (Kusters et al. 1990; Wang, 
Junker, and Collisson 1993; Jia et al. 1995; Lee and Jackwood 
2000). For example, a complex recombinant history is evident 
between the Alphacoronavirus-1 species involving canine coron-
avirus, which primarily infects dogs (however, see recent excep-
tions of canine CoV infections in humans: (Lednicky et al. 2021; 
Vlasova et al. 2021; Zehr, Kosakovsky Pond, and Martin 2021)), 
transmissible gastroenteritis virus, infecting pigs and feline coro-
navirus from cats (Herrewegh et al. 1998; Decaro et al. 2009).

The most common mechanism of recombination in coron-
aviruses (and many other RNA viruses too) is known as copy-
choice, where a viral RNA-dependent RNA polymerase (RdRp) 
is interrupted during replication, drops off the RNA template 
that it was copying, and re-engages with a different RNA tem-
plate at a homologous position before resuming replication 
(Cheng and Nagy 2003). Such template switches during replica-
tion yield recombinant daughter genomes with different regions 
of sequence being derived from two different ‘parental’ genomes. 
The genome sites at which template switches occur are referred 
to as recombination break points.

Recombination likely provides viruses with more evolution-
ary options than would be available to them by mutation alone 
(Crameri et al. 1998; Simon-Loriere et al. 2009). While it is 
expected that many newly arising mutations within genetically 
compact viral genomes (such as those of coronaviruses) will 
have negative fitness consequences, so too will many of the 
recombination events that occur between genetically divergent 
genomes (Banner and Lai 1991; Drummond, Silberg, and Meyer 
et al. 2005). By transferring pieces of genomes into genomic 
backgrounds with which they did not co-evolve, recombination 
will frequently run the risk of disrupting favourable co-evolved 
intra-genome interactions (commonly referred to as epistatic 
interactions). Examples of favourable co-evolved intra-genome 

interactions that could be disrupted by recombination include 
those between nucleotides that base-pair to form biologically 
functional genomic secondary structures, those between pairs 
of amino acids that interact to mediate protein folding, those 
between the binding domains on protein surfaces that mediate 
multi-protein complex formation, and those between sequence-
specific nucleic acid binding domains and nucleotide sequence 
motifs that mediate gene regulation and genome replication 
(Martin et al. 2005b). However, since recombination generally 
occurs between fully functioning genomes, the range of potential 
negative fitness consequences of recombination are, in general, 
expected to be less extreme than those that might occur due to 
newly arising mutations (Drummond et al. 2005). In fact, genetic 
recombination between closely related viruses almost certainly 
helps defend against the accumulation within genomes of mildly 
deleterious mutations that, in high enough numbers, might oth-
erwise have serious fitness consequences (Goldstein et al. 2021; 
Muller 1964; Woo et al. 2010; Hussin et al. 2015).

Here we analyse patterns of recombination evident in whole-
genome datasets drawn from one Alphacoronavirus subgenus, one 
Gammacoronavirus subgenus, and four Betacoronavirus subgenera. 
We confirm previous reports that natural recombination between 
genetically divergent coronaviruses is common and find strong 
evidence that detectable recombination break-point sites are not 
randomly distributed across coronavirus genomes. Specifically, 
we demonstrate the likely occurrence of break-point hot- and 
cold-spots, some of which are conserved across multiple coro-
navirus groups. Further, we find detectable associations across 
multiple different coronavirus subgenera between recombina-
tion break-point locations and various sequence features that 
might impact the mechanistic predisposition of certain genome 
sites to recombine more than others (such as decreased guanine-
cytosine content and the locations of transcriptional regulatory 
sequences). Concordant with observations made in some of the 
earliest reported coronavirus recombination experiments (Banner 
and Lai 1991), we also find evidence across multiple subgenera 
that selection differentially favours the survival of recombinants 
based on the genome sites at which break points occur (such as at 
the edges of genes or in intergenic regions relative to the middle 
portions of genes).

Methods
Data collection
All publicly available near full-length genomic sequences for 
viruses in six well-sampled coronavirus subgenera (Igacovirus, 
Embecovirus, Merbecovirus, Nobecovirus, Pedacovirus, and Sarbe-
covirus) were downloaded from the NCBI Virus (Hatcher et al. 
2017), CNCB (Song et al. 2021), and CoVDB (Zhu et al. 2021) 
databases between February and May 2021. Each of the six 
subgenus-level datasets was aligned with MAFFT using default 
settings (Katoh and Standley 2013). All but one sequence in groups 
of sequences sharing more than 99 per cent nucleotide sequence 
identity were removed to yield datasets for recombination anal-
ysis containing between 16 and 412 genome sequences sharing 
≥75 per cent similarity (Supplementary Table S1; Supplementary 
data).

Recombination detection
Recombination was detected and analysed using Recombination 
detection program 5 (RDP5) (Martin et al. 2021) with default 
settings except that sequences were treated as linear. Each of 
the six coronavirus datasets were analysed for recombination 
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using a fully exploratory automated scan with the RDP (Mar-
tin and Rybicki 2000), GENECONV (Sawyer 1989), and MaxChi 
(Maynard Smith 1992) methods to detect recombination signals 
(i.e. these were used as ‘primary scanning methods’), and the 
Bootscan (Martin et al. 2005a), Chimaera (Pettersen et al. 2004), 
SiScan (Gibbs, Armstrong, and Gibbs 2000), and 3Seq (Lam, Rat-
mann, and Boni 2018) methods to verify the signals (these lat-
ter four methods being used as ‘secondary scanning methods’). 
From among the individual recombination signals that were each 
detectable by four or more of these methods, RDP5 refined the 
positions of detected recombination break points using a hid-
den Markov model (HMM)-based approach (described in detail in 
the RDP manual at http://web.cbio.uct.ac.za/∼darren/RDP4Man-
ual.pdf) and determined a plausible near-minimal subset of 
unique recombination events that would be needed to account 
for all of the detected recombination signals. Each of the unique 
recombination events detected by RDP5 in each of the six anal-
ysed coronavirus subgenera datasets was characterized by: (1) a 
5′ and 3′ pair of maximum likelihood break-point locations and 
their associated probability distributions, (2) a list of one or more 
sequences carrying evidence of the recombination event (multiple 
sequences can have evidence of the same recombination event 
if the event occurred in a common ancestor), and (3) a list of 
analysed sequences that are closely related enough to the actual 
parents of the recombinant that they could be used as proxies 
for the actual parents to detect the recombination events. The 
overall-recombination patterns in the six subgenera datasets were 
visualized using recombination region count matrices produced 
using RDP5. These matrices indicate the numbers of detected 
recombination events that separated individual pairs of genome 
sites from one another.

Recombination break point hot- and cold-spot 
tests
For each of the subgenera, a recombination break-point distribu-
tion map was constructed from the lists of 5′ and 3′ break-point 
probability distributions associated with each detected recom-
bination event. This was done by sliding a 200-nt window, one 
nucleotide at a time, along the full length of the analysed align-
ment, summing the probabilities of all identified break points 
falling within the window, and plotting these counts at the 
nucleotide coordinate at the centre of the window. A previ-
ously used (Heath et al. 2006; Lytras et al. 2022) permutation 
test implemented in RDP5 was then used to identify recombina-
tion break-point clustering patterns that varied significantly from 
expectations under random recombination. This test involved:

(1) Randomly shuffling the break-point locations of each of 
the observed recombination events in the order in which they 
were ranked by RDP5 (primarily from most to least probable) 
while maintaining the spacing between 5′ and 3′ break-point 
pairs (all detected recombination events have two called break 
points) with respect to the numbers of polymorphic nucleotide 
sites separating the break-point pairs within the triplet of anal-
ysed sequences used to detect the recombination event. Specif-
ically, in the context of the isolated triplet of sequences used 
to detect a recombination event, the 5′ and 3′ break-point pairs 
of the detected event will be separated by a particular number 
of polymorphic nucleotide sites (d). If the number of sites that 
are polymorphic between members of the triplet is p then RDP5 
chooses a random number between 1 and p-d to place the 5′

break-point location, f (i.e. the break point is placed in relation to 
the number of polymorphic nucleotide sites). The 3′ break-point 
location, t, is placed at site f + d. The break points for this event 

in the permuted dataset are then tentatively placed at F and T, 
the sites in the original alignment that respectively fall midway 
between the coordinates in the alignment corresponding to poly-
morphic sites f  and f -1 for the 5′ break point and midway between 
the coordinates in the alignment corresponding to polymorphic 
sites t and t + 1 for the 3′ break point. Therefore, while the spac-
ing of the break points is maintained with respect to the string 
of polymorphic nucleotide sites that were used by RDP5 to orig-
inally detect a recombination signal, the spacing of the 5′ and 
3′ break points in the alignment will not necessarily be main-
tained. This break-point randomization approach accounts for 
varying frequencies across alignments of polymorphic nucleotide 
sites that could potentially reveal evidence of recombination and 
therefore also accounts for the fact that recombination events 
can be more easily detected, and the recombination break-point 
sites involved can be more accurately located, in genome regions 
containing higher frequencies of polymorphic nucleotide sites.

(2) Ensuring that in instances where individual recombinant 
sequences contained evidence of multiple independent recombi-
nation events, the regions bounded by 5′ and 3′ break-point pairs 
for those events did not overlap to a greater or lesser degree than 
those observed in the actual recombinants (i.e. the spacings of 
all the 5′ and 3′ break-point locations of all overlapping events 
detected within a single sequence were maintained). This meant 
that with each successive randomized recombination event within 
a sequence containing evidence of multiple recombination events, 
the valid locations of 5′ and 3′ break-point locations became more 
constrained. Specifically, if in a given sequence the genome region 
bounded by the 5′ and 3′ break points of a randomly placed recom-
bination event overlapped with the region bounded by the 5′ and 3′

break points of a previous randomly placed recombination event, 
then the current randomized 5′ break-point location was deemed 
to be invalid and other tentative random 5′ break-point locations 
were repeatedly chosen (as in (1) above) until a valid location was 
found.

(3) Ensuring that in instances where break points were flagged 
as having undetermined positions in the actual dataset (such 
as break points called at the start/end of the alignment or at 
sites that were overprinted by subsequent recombination events), 
these were excluded from break-point counts. This was neces-
sary because coronavirus genomes are linear and it is possible 
that recombination events between them will involve just one 
break point. In such instances a second ‘uncalled’ break point is 
placed at the start or end of the alignment (for accounting pur-
poses). These ‘uncalled’ break-point positions were labelled as 
such in the permuted datasets and did not contribute to break-
point counts. Similarly, in instances where a break-point was left 
uncalled in the actual dataset because a detected recombination 
event was immediately adjacent to the break point of another 
detected recombination event in the same sequence (indicating 
that one of the break points for one of the events was likely over-
printed by a subsequent recombination event), these break points 
were also labelled as uncalled in the permuted datasets.

(4) Making recombination break-point distribution maps for 
each permuted dataset using exactly the same approach as that 
used for the actual dataset.

(5) Identifying unusually high or low degrees of break-point 
clustering in the actual dataset as those window coordinates 
where the break-point probability sums of the actual dataset fell 
outside the bounds of those determined at that coordinate for 
99 per cent of the permuted datasets. With this test, unusually 
high degrees of break-point clustering (i.e. greater than 99 per cent 
of the permuted datasets at a given genome site) are suggestive of 
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recombination hotspots, whereas unusually low degrees of clus-
tering (i.e. lower than 99 per cent of the permuted datasets at a 
given genome site) are suggestive of recombination cold-spots.

It is important to stress, that this break-point clustering 
test is not conservative; because of an unavoidable multiple 
testing issue, given the lengths and degrees of diversity of 
the analysed coronavirus genomes, it is expected that between 
one and three hotspot-like clusters of break points would be 
detectable in each of the datasets even under completely ran-
dom recombination (Lytras et al. 2022). We, therefore, referred 
to hotspots detected by this test in individual datasets as 
‘potential hotspots’ and required that for a particular genome 
site to be defined as an actual statistically-supported hotspot, 
potential hotspots needed to be detectable at a homolo-
gous site in two or more of the different analysed subgenus
datasets.

Comparing recombination break-point counts 
between pairs of pre-defined genome regions
We used a version of the break-point clustering hot- and cold-
spot test that compared observed break-point numbers in two 
preselected groups of sites in an analysed alignment (Lefeuvre 
et al. 2009). Since the original recombination break-point dis-
tribution test determined whether the numbers of break points 
observed in 200-nt sliding windows were greater or lesser than 
chance under random recombination, the test relied on the detec-
tion of sufficient break points for statistically implausible clusters 
of break points to emerge. As the number of detected recombina-
tion break points varied widely between the different coronavirus 
datasets (ranging from 65 for the Merbecoviruses and 1703 for the 
Igacoviruses), the power of the test varied substantially. In an 
adapted version of the test, we partitioned the sites in each of the 
six datasets into two large subsets and directly compared observed 
break-point numbers in each of the site subsets to those expected 
under random recombination. We specifically compared densities 
of break points falling at: (1) non-protein-coding sites vs protein-
coding sites; (2) the beginning and ending 5 per cent of sites within 
individual protein-encoding regions vs the middle 90 per cent of 
these regions (in the case of ORF1ab we defined protein-encoding-
regions as those encoding individual post-translational protein 
cleavage products), (3) genome sites encoding a particular pro-
tein vs those encoding all other proteins within the genome and
(4) sites within a specified number of nucleotides (2, 9, 21, 46) of a 
transcriptional regulatory sequence vs those in the remainder of 
the genome.

Testing for associations between GC content or 
pairwise sequence similarity and recombination 
break-point sites
A further modification of the break-point clustering hot- and 
cold-spot test was used to test for associations between break-
point sites (specifically break-point probability distributions) and:
(1) guanine + cytosine (GC) content and (2) pairwise sequence sim-
ilarity (Simon-Loriere et al. 2010). In this test average GC propor-
tions or pairwise sequence similarities of sites between a specified 
number of nucleotides (either 10 or 20) of every site in the genome 
across all possible sequence pairs were determined. Break-point 
probabilities at each site were multiplied with the GC propor-
tion or pairwise similarity associated with that site and summed 
across all sites. These sums for the real datasets were then com-
pared with the corresponding sums from the permuted datasets. 
For each analysed subgenus dataset the proportion of permuted 
datasets with sums higher than or equal to the real dataset 

were reported as the probability that there was no association 
between break-point positions and either higher GC proportions 
or higher degrees of pairwise similarity. Conversely, the propor-
tion of permuted datasets with sums lower than or equal to those 
determined for the real dataset was reported as the probability 
that there was no association between break-point positions and 
either lower GC proportions or lower degrees of pairwise sequence 
similarity.

Identification of potential transcriptional 
regulatory sequences
SuPER was used to detect transcriptional regulatory sequence 
leader (TRS-L) sites and a custom Python (Rossum and Drake 
2010) script was used to infer transcriptional regulatory sequence 
body (TRS-B) sites (Yang et al. 2021). For the algorithm imple-
mented in SuPER to infer the subgenomic mRNA positions without 
RNA-seq data, annotation files and reference sequence files were 
downloaded from NCBI in September 2021 for the best-sampled 
species in each of the six coronavirus subgenus datasets. A Python 
script (https://github.com/phillipswanepoel/trsb-finder) was used 
to search for potential TRS-B sites in each subgenus dataset, fol-
lowing the methodology used in SuPER, which involved searching 
for all occurrences of sub-sequences with a Levenshtein distance 
of one or zero from the TRS-Leader sequence (Yang et al. 2021). 
These potential TRS-B sites were then filtered, removing all the 
sites not conserved across at least 75 per cent of the analysed 
sequences and removing upstream sites when multiple sites were 
found in close proximity 5′ of the start of the same ORF. This 
filtered siteset was then tested for association with break-point 
positions in each of the six analysed subgenera datasets using 
RDP5.

Given that neither the TRS distributions nor the break-point 
distributions were random in any of the analysed datasets and 
that both TRS sites and recombination break-point clusters 
occurred at the edges of coronavirus genes, we anticipated that the 
association test could have a high false-positive rate. To estimate 
the false discovery rate (FDR) of the break-point association test, a 
custom Python script (https://github.com/phillipswanepoel/trsb-
finder) was used to generate randomly permuted versions of TRS-B 
site locations, for each of the subgenera alignments. As input, 
the script takes a coronavirus subgenus alignment and associ-
ated TRS-B sites, then outputs an RDP5 readable siteset file con-
taining the permuted nucleotide positions. These positions are 
calculated by collectively shifting all the TRS-B sites by some 
number of nucleotides (which preserves their spacing), varied 
randomly between one and the length of the analysed align-
ment. If a new shifted TRS position was beyond the end of the 
genome, the position was ‘wrapped’ around to the other end of the 
genome. Two hundred permuted TRS-B site-sets were tested and 
the average estimated FDR across all datasets for the association 
between break point and TRS sites was 17.27 per cent (i.e. 17.27 per 
cent of the analyses with ‘shifted’ TRS-B sites yielded a signifi-
cant association—with a P-value < 0.05—between these sites and 
observed break-point positions). Given that the FDRs for individ-
ual subgenera datasets ranged from 5 per cent to 29 per cent, we 
only considered associations detected between TRS-B and break-
point sites as being significant if they were detected in multiple 
datasets.

Protein folding disruption test
To test whether the observed recombination events were less dis-
ruptive of protein folding than would be expected if recombination 
break points were randomly distributed, the SCHEMA test (Meyer 
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et al. 2003; Lefeuvre et al. 2007), implemented in RDP5, was used to 
examine all protein-coding regions with associated publicly avail-
able high-resolution atomic coordinate data (obtained from the 
Protein Data Bank; https://www.rcsb.org/ (Berman, Henrick, and 
Nakamura 2003)) and within which more than ten recombination 
break points were detected. These stipulations were required to 
ensure that the test would have sufficient power to detect whether 
observed recombinants displayed significantly lower degrees of 
protein folding disruption with the SCHEMA test than would be 
expected under random recombination. Of all 56 unique encoded 
proteins for which structural data was available (across all sub-
genera), only Spike was amenable to further analysis. Specifically, 
four subgenera (Pedacovirus, Merbecovirus, Sarbecovirus, and Iga-
covirus) had both available Spike atomic coordinate structural data 
and >10 detected recombination break points in the portion of the 
S gene corresponding to the structural data.

The SCHEMA test involves identifying potential interactions 
that occur between amino acid residues within folded proteins
(in our case pairs of non-hydrogen atoms from different amino 
acids within 4.5 Å of one another) and counting the numbers of 
interacting amino acid pairs within a chimaera of two parental 
amino acid sequences, where the chimaera has a different pair of 
amino acids than both parents. The 4.5 Å interaction cut-off (the 
default setting) corresponds to approximately five to eight poten-
tial pairwise interactions per residue. The counts of potentially 
altered pairwise amino acid interactions (called the disruption or 
E-score) that the SCHEMA method calculates have been shown to 
strongly correlate with observed degrees of fold disruption within 
chimaeric proteins (Meyer et al. 2003). To determine whether 
observed recombinants expressed chimaeric proteins with sig-
nificantly lower E-scores than expected under random recom-
bination, we used the permutation-based recombinant protein 
simulation approach of Lefeuvre et al. (2009).

Results and discussion
Conserved recombination break point hot- and 
cold-spots within coronavirus genomes
Using a combination of recombination detection methods imple-
mented in RDP5, we identified 416 unique recombination events in 
the Pedacovirus dataset, 255 in Embecovirus, 65 in Merbecovirus, 107 
in Nobecovirus, 282 in Sarbecovirus, and 1703 in Igacovirus. The vari-
able numbers of detected recombination events between datasets 
should not be considered evidence that the viruses in some sub-
genera recombine more than others. Rather, the variable numbers 
reflect differences in both the numbers of analysed sequences 
in each dataset (e.g. the Igacovirus and Pedacovirus datasets had 
the most sequences and the Nobecovirus dataset the fewest) and 
the genetic diversity of the sequences in the different datasets
(e.g. the Pedacovirus dataset had the least diverse sequences and 
the Nobecovirus and Embecovirus datasets the most; Supplementary 
Table S1).

To visualize the recombination break points associated with 
these events in each subgenus, break-point distribution plots 
(Fig. 1) and recombination region count matrices (Fig. 2) were con-
structed. The break-point distribution plots revealed clusters of 
break points that were either more or less dense at individual 
genome sites than those observed at corresponding sites in 99 per 
cent of permuted datasets where recombination break-point posi-
tions were randomly distributed (Fig. 1). Potential recombination 
hotspots were detected in all of the analysed subgenera (indicated 
by red shading in Fig. 1) and recombination cold-spots in three of 
them (indicated by blue shading in Fig. 1).

In all the subgenera other than Embecovirus and Merbecovirus, 
potential recombination hotspots were detected within 300 
nucleotides of the 5′ end of the genome. This non-coding region is 
upstream of ORF1ab, where the transcription and replication ini-
tiation sites are. These initiation sites prime the transcription of 
subgenomic mRNAs and contain extensive secondary structures 
that are partially conserved amongst the viruses belonging to a 
given coronavirus genus (reviewed in (Yang and Leibowitz 2015) 
(Siegfried et al. 2014; Manfredonia et al. 2020)). In various other 
viruses such as HIV, recombination break points tend to colocalize 
with highly structured genome regions (Simon-Loriere et al. 2010) 
and it is therefore plausible that recombination hotspots detected 
at the 5′ end of Pedacovirus, Nobecovirus, Sarbecovirus, and Iga-
covirus genomes might also be attributable to secondary-structure 
induced template-switching during replication.

Multiple other potential recombination hotspots were detected 
near the boundaries of various different genes in the 3′ genome 
regions of Sarbecoviruses, Nobecoviruses, and Igacoviruses. In Sarbe-
coviruses, four potential recombination hotspots were detected in 
the 3′ genome regions, between the M gene and ORF6, between 
ORF7AB and ORF8AB, and between ORF8AB and N. In Nobe-
coviruses, potential recombination hotspots were detected in the 
3′ genome regions, between the E gene and the M gene, and near 
the centre of the N gene. In Igacoviruses there were several poten-
tial hotspots in the 3′ genome region, the clearest of which fell 
towards the 3′ end of N.

Break-point distributions in and around the S 
gene are consistent with recombination 
facilitating host adaptation and/or immune 
evasion
Most noteworthy of all the detected potential break-point hotspots 
were those falling within 800 nucleotides upstream of the S gene 
start codon in all subgenera other than the Merbecoviruses. The 
conserved arrangement of recombination break-point clusters in 
relation to the S gene likely underlies the observation that, accord-
ing to our analyses, the S gene has been frequently transferred 
in its entirety during recombination events in Igacoviruses, Sarbe-
coviruses, and Embecoviruses (note red diagonals associated with 
the S genes of these subgenera in Fig. 2). However, in all analysed 
coronavirus groups other than the Embecoviruses and Igacoviruses, 
potential recombination hotspots were also detected within the 5′

half of the S gene (S1 domain), further suggesting that the 3′ half of 
the gene (S2 domain) is the portion that is most commonly trans-
ferred during recombination events as a complete module (note 
the red diagonals associated with the 3′ part of the S gene in Fig. 2). 
The locations of the detected recombination hotspots in, and 
immediately adjacent to, the S gene suggest that either the com-
plete S gene or its 3′ half, have been frequently transferred during
recombination.

The Spike proteins that are encoded by the S gene are 
composed of an amino-terminal subunit 1 (S1) and a carboxyl-
terminal subunit 2 (S2) (Wrapp et al. 2020) (Supplementary Dia-
gram 1; Supplementary data). The S1 contains the N-terminal 
domain (NTD) and a receptor-binding domain (RBD) which medi-
ates the binding of viral particles to host cell surface receptors. 
Different coronaviruses bind to different receptors. For exam-
ple, the Merbecovirus, MERS-CoV, binds dipeptidyl peptidase-4 
(DPP4), the Pedacovirus, PEDV, binds aminopeptidase N, and the 
Sarbecoviruses SARS-CoV and SARS-CoV-2 bind to angiotensin-
converting enzyme 2 (ACE2) (Wan et al. 2020; Yeager et al. 1992; 
Li, Ge, and Li 2007; Belouzard et al. 2012; Raj et al. 2013; Reusken 
et al. 2016). It is also likely that in some coronaviruses the NTD 
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Figure 2. Recombination region count matrices indicating genome regions that are most and least commonly transferred during detectable 
coronavirus recombination events. Unique recombination events for six coronavirus subgenera, mapped onto recombination region count matrices 
based on determined break-point positions. Each cell in the matrix represents a pair of genome sites with the colours (heat) of cells indicating the 
number of times recombination events separated the represented pairs of sites. Reference sequence gene maps of the most prevalent virus in each 
subgenus were obtained from the NCBI nucleotide database (https://www.ncbi.nlm.nih.gov/nuccore) and are plotted alongside each matrix. 
Nucleotide positions are plotted according to full analysed nucleotide sequence alignment (Supplementary material). Genome maps indicate the 
coding regions of individual protein products. Non-structure proteins encoded by ORF1ab are indicated in blue (cold) and other genes are indicated in 
orange (warm).

of Spike also interacts with cell surface receptors. For example, 
the NTD of the SARS-CoV-2 Spike interacts with the tyrosine-
protein kinase receptor UFO (AXL) which appears to function as a 
co-receptor for human cell entry (Wang et al. 2021). The S2 subunit 
contains a heptad repeat region (including subregions HR1 and 
HR2) which mediate the fusion of the virion envelope with the host 
cell membrane during viral entry (Liu et al. 2004; Cui, Li, and Shi
2019).

Being responsible for receptor binding and cellular entry, the 
evolution of the S gene is, therefore, key to host adaptation. It may 

be beneficial for coronaviruses to exchange either entire S genes, 
S1 subunit encoding portions of S genes, or smaller subdomains 
within the N-terminal domains of S1 during recombination, both 
because Spike is the main target of neutralizing antibodies (Ou 
et al. 2020) and because the S gene is the main determinant of 
host species and host cell-type specificity (Lu, Wang, and Gao 
2015). Although recombination frequently transfers the entire S1-
encoding region of the gene it is not uncommon in particular 
groups of viruses for it to transfer smaller subsections of the S1 
(as can be seen with the red diagonals associated with the S genes 
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of Pedacoviruses and Merbecoviruses in Fig. 2). In the Alphacoron-
aviruses, for example, recombination has involved a transfer of the 
5′ half of the NTD of S1 from transmissible gastroenteritis virus 
into canine coronavirus (type CCoV2b) (Decaro et al. 2009; Licitra, 
Duhamel, and Whittaker 2014).

In all subgenera other than the Igacoviruses, the S gene is also 
the only gene in which recombination cold-spots were detected in 
our break-point distribution analyses. Most noteworthy is that the 
5′ 500 nucleotides of the S gene is the site of a conserved cold-spot 
detected in the Igacoviruses, Pedacoviruses, and Sarbecoviruses. In the 
Igacoviruses, the coronavirus group with the richest full genome 
dataset in terms of both numbers of analysed sequences and their 
diversity, and within which the highest numbers of recombina-
tion break points were detected (n = 1703), our power to detect 
recombination cold-spots was greatest. Accordingly, recombina-
tion cold-spots were additionally detectable in the region of the 
S gene encoding the RBD, dispersed throughout the 3′ half of 
the gene encoding the S2 subunit, and at two sites in the ORF1a 
corresponding to the coding regions of non-structural proteins 
3 and 4.

It must be stressed that our inability to detect such cold spots 
in the other subgenera is clearly due to our break-point clustering 
test generally lacking sufficient power to detect these: note that 
the lower 99 per cent CI is at zero for >90 per cent of genome sites 
in all datasets other than that of the Igacoviruses.

With this caveat in mind, we note that the arrangement of 
recombination cold-spots in the S gene suggests that either basal 
recombination rates are suppressed within the NTD- and S2-
encoding regions of this gene or that recombination break points 
falling within these regions tend to yield S genes that encode 
defective chimaeric Spike proteins. The NTD-encoding region of 
the S gene is among the most genetically variable regions of coron-
avirus genomes and this alone might explain the relative absence 
of recombination break points near the 5′ end of the S genes of 
Igacoviruses, Nobecoviruses, Pedacoviruses, and Sarbecoviruses (Archer 
et al. 2008; Boni et al. 2020). Similarly, the S2-encoding region of 
the S gene also tends to be more variable than most other coro-
navirus genome regions. However, the S2 subunit of Spike also 
contains multiple co-evolved intra-protein amino acid interac-
tions that are crucial for the cell-fusion functions of Spike (Bosch 
et al. 2003; Tang et al. 2020). It is also plausible, therefore, that 
the relative absence of detectable recombination break points in 
the 3′ half of the S gene might be because recombinants carrying 
break points falling within this region commonly express defec-
tive Spike proteins. In this regard, the S2-encoding region of the 
S gene may be a functional module that, while tending to retain 
its functionality when transferred by recombination as a com-
plete unit into divergent genomic backgrounds (Wege et al. 1998), 
might be highly sensitive to recombination-induced disruptions 
of co-evolved amino acid interactions within S2 whenever recom-
bination break points fall within its boundaries (Supplementary 
Fig. S1; Supplementary data).

Selection likely disfavours recombinants 
expressing Spike proteins with disrupted folds
We used the SCHEMA method (Voigt et al. 2002; Lefeuvre et al. 
2007) to more directly test for evidence of the inferred coronavirus 
recombination break-point distributions in the S gene having been 
impacted by natural selection disfavouring the survival of recom-
binants that express chimeric Spike proteins with disrupted folds. 
The only coronavirus proteins for which high-resolution atomic 
coordinate data were available, and for which sufficient recombi-
nation break-point numbers were detected within their associated 

genome sites to perform the SCHEMA folding disruption test, were 
those of sequences in the Merbecovirus, Sarbecovirus, Pedacovirus,
and Igacovirus datasets.

We found that in the Igacoviruses and Sarbecoviruses, potential 
amino acid interactions within the Spike proteins expressed by 
observed recombinants have significantly fewer predicted struc-
tural impacts than would be expected under random recombi-
nation (P < 0.05; SCHEMA permutation test). It is noteworthy that 
the test result for the Pedacoviruses also approached significance 
(P = 0.079) but that for the Merbecoviruses displayed no such ten-
dencies (P = 0.875; although it should be noted that, of the four 
datasets tested, this dataset had the lowest number of detected 
break points in the S gene). This implies that, as has been sug-
gested previously with in vitro recombination experiments involv-
ing the Embecovirus, murine coronavirus (Banner and Lai 1991), the 
Igacoviruses, and Sarbecoviruses (and possibly also the Pedacoviruses) 
display lower degrees of predicted recombination-induced protein 
folding disruption in their expressed Spike proteins than would be 
expected under random recombination in the absence of selec-
tion. It should be stressed that our power to detect such ‘avoidance 
of protein folding disruption’ signals was restricted to Spike and 
that it remains plausible that, given enough additional sequence 
data and more extensive atomic-resolution 3D structure informa-
tion for other coronavirus proteins, many of these proteins might 
also display such signals.

Indirect evidence that selection against protein 
misfolding impacts observable break-point 
distributions throughout coronavirus genomes
It would be expected that if natural selection tended to disfavour 
recombinants with misfolded proteins then break points would 
tend to be found more frequently per non-coding nucleotide site 
than per amino acid encoding nucleotide site (Drummond et al. 
2005). Also, it might be expected that, of the recombination break 
points falling at amino acid encoding sites within genes, those 
falling at the edges of genes (for example, in the first and last 5 per 
cent of the coding sequence of a particular protein) might be less 
disruptive of co-evolved intra-protein amino acid contacts that 
were crucial for correct folding than break points falling within the 
middle regions of genes (Lefeuvre, Lett, and Reynaud et al. 2007). 
If selection against misfolded proteins was impacting the distri-
butions of recombination break points throughout coronavirus 
genomes we would, therefore, expect that observed break points 
might tend to fall more commonly: (1) in non-coding regions than 
in coding regions and (2) at the edges of genes than in the middle 
parts of genes.

Accordingly, we found that the intergenic regions of the Peda-
coviruses, Embecoviruses, Nobecoviruses, and Sarbecoviruses all had 
significantly higher break-point densities (P < 0.05; permutation 
test; Table 1) than those in the protein-coding regions. Similarly, 
we detected that in the Pedacoviruses, Embecoviruses, Sarbecoviruses,
and Igacoviruses, detectable break-point densities were signifi-
cantly higher in the beginning and ending 5 per cent of coding 
regions than in the middle 90 per cent of these regions (P < 0.05; 
permutation test; Table 2) with marginal significance observed in 
Nobecoviruses (P = 0.054; permutation test; Table 2). 

Taken together the lower densities of break points both within 
genes than in intergenic regions and within the middle parts of 
genes than in the ends of genes are reminiscent of similar break-
point distribution patterns detected in HIV (Simon-Loriere et al. 
2010) and the members of various single-stranded DNA virus fam-
ilies (Lefeuvre et al. 2009) and is consistent with the hypothesis 
that in coronaviruses natural selection generally disfavours the 
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Table 1. Comparison of detectable break-point numbers in non-
coding regions and coding regions with rows in bold indicating 
subgenera with significantly more break points in non-coding 
regions than would be expected under random recombination.

Subgenus
BPsa in non-
coding regions

BPs in coding 
regions

Permutation 
P-val

Pedacovirus 32 392 <0.001
Embecovirus 11 73 <0.001
Merbecovirus 1 66 0.660
Nobecovirus 4 79 0.012
Sarbecovirus 7 307 <0.001
Igacovirus 30 1683 0.650

aBPs = Break points.

Table 2. Break-point densities falling in the end 10 per cent (5 per 
cent each end) of genes vs the middle 90 per cent of genes with 
rows in bold indicating subgenera with significantly higher num-
bers of detectable break points in the ending 10 per cent of genes 
than would be expected under random recombination.

Subgenus
BPsa in the end 
10% of genes

BPs in the middle 
90% of genes

Permutation 
P-val

Pedacovirus 68 507 <0.001
Embecovirus 25 195 0.003
Merbecovirus 5 127 0.810
Nobecovirus 12 112 0.054
Sarbecovirus 47 612 0.007
Igacovirus 191 3369 0.004

aBPs = Break points.

Table 3. Individual genes and sub-gene regions with significantly 
lower numbers of detectable break points than would be expected 
under random recombination.

Subgenus
Genome 
region

BPsa inside 
region

BPs outside 
region

Permutation 
P-val

Pedacovirus ORF1a 114 278 0.001
Embecovirus ORF1a 43 130 0.001
Merbecovirus ORF1a 43 130 0.001
Nobecovirus ORF1a 14 65 <0.001
Sarbecovirus ORF1a 94 213 <0.001
Igacovirus ORF1a 667 1016 0.024

Nobecovirus plpro (nsp3) 7 72 0.039
Sarbecovirus plpro (nsp3) 49 258 0.031
Igacovirus plpro (nsp3) 282 1401 0.016

Merbecovirus nsp4 0 66 0.035
Igacovirus nsp4 78 1605 0.002

aBPs = Break points.

survival of recombinants that express chimeric proteins with 
disrupted folds.

ORF1a genome regions generally have lower 
break-point densities than other coding regions
There was a significantly lower density of break points detected 
in ORF1a than in other coding regions of the genome for all six of 
the analysed subgenera (P < 0.05; permutation test; Table 3). The 
relatively low number of recombination events involving trans-
fers of sequence fragments within this region is most notable in 
three of the Betacoronaviruses subgenera: Embecovirus, Nobecovirus,
and Sarbecoviruses (note the blue/cyan/green triangles associated 
with most of ORF1ab in these subgenera in Fig. 2). Our results here 

Table 4. Associations between decreased GC content and detected 
recombination break-point sites with rows in bold indicating sub-
genera displaying average GC contents in the vicinity of break-
point sites that are significantly lower than what would be 
expected under random recombination.

Within 20 nt of
break-point site

WIthin 10 nt of
break-point site

Subgenus P-val. Significant P-val Significant

Pedacovirus 0.047 Yes 0.019 Yes
Embecovirus 0.322 No 0.080 Marginal
Merbecovirus 0.590 No 0.051 Marginal
Nobecovirus 0.791 No 0.693 No
Sarbecovirus 0.005 Yes 0.004 Yes
Igacovirus 0.948 No 0.911 No

are therefore consistent with previous observations that there is 
a significant tendency for recombination break points to fall out-
side ORF1a in the human-infecting coronaviruses OC43 (an Embe-
covirus) and NL63 (an Alphacoronavirus in the subgenus Setracovirus) 
(Pollett et al. 2021).

Within ORF1a the regions encoding the non-structural pro-
teins (nsps) nsp3 (a papain-like cysteine protease), and nsp4 have 
particularly low densities of identified break points in multiple dif-
ferent subgenera (Nobecovirus, Sarbecovirus, and Igacovirus for nsp3 
and Merbecoviruses and Igacoviruses for nsp4). Together with nsp6, 
nsp3 and nsp4 cooperatively modify the endoplasmic reticulum 
(ER) of coronavirus-infected cells into vesicles with double mem-
branes to which viral replication complexes are tethered (Knoops 
et al. 2008; Hartenian et al. 2020; Klein et al. 2020; Mohan and 
Wollert 2021).

It is plausible that the relatively low numbers of recombi-
nation events detectable in ORF1a are attributable to the high 
degree to which these components interact with one another 
(Stark et al. 2006; Li et al. 2021). It is expected that these inter-
actions might rely on co-evolved interaction motifs and that these 
proteins might therefore not function optimally if transferred into 
a genomic background within which they did not co-evolve (Jain, 
Rivera, and Lake 1999; Martin et al. 2005b).

Break points tend to fall at sites with lower than 
average GC content
To further our understanding of why, irrespective of selection, 
some coronavirus genomic sites might be more mechanistically 
predisposed to recombination than others, we tested break-point 
positions detected in each of the six analysed coronavirus datasets 
for associations with local GC contents (i.e. calculated propor-
tions of all nucleotide residues that were G or C between 10 and 
20 nucleotide sites up and downstream of detected break-point 
locations). High GC content is expected to potentially impact the 
frequencies at which recombination break points occur in vari-
ous ways such as (1) predisposing genome regions to form stable 
secondary structures that could cause pausing of RNA-Dependent 
RNA polymerase (RdRP) (Stark et al. 2006) (Experimental Evidence 
Codes| BioGRID 2021), (2) increasing the energy needed to break 
base-pairs during replication, and increasing the amount of time 
taken for RdRP to traverse these regions (Petes and Merker 2002; 
Sershen et al. 2011) and, if RdRPs disengages during replication, 
(3) increasing the probability of re-engagement through annealing 
with the same or a different template molecule (Lai 1990).

Contrary to expectations, but consistent with a recent report 
on recombination in coronaviruses (Pollett et al. 2021), we found 
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Figure 3. Regional variations in average pairwise sequence similarity (green/ top x-axis parameter) and GC content (blue/ bottom horizontal X-axis 
parameter) across coronavirus genomes. The plotted values indicate the pairwise sequence similarity and GC proportions within a moving 
40-nucleotide window. Also indicated are the locations of the main genes (above each graph), transcriptional regulatory sequences (TRDs; in purple/ 
top stripes beneath gene boxes), identified break-point locations (in mustard/ beneath TRSB locations), potential recombination hotspots (in red/ 
Y-axis bright stripes through graphs) and potential recombination cold-spots (in blue/ Y-axis cold stripes through graphs).

that GC content within twenty nucleotides of break-point posi-
tions (Table 4) tended to be lower than expected under ran-
dom recombination in the Pedacovirus, Embecovirus, Merbecovirus

and Sarbecovirus datasets: significantly so in the case of the Sar-
becovirus and Pedacovirus datasets (P < 0.05; permutation test). 
When we repeated the test only considering GC contents within 

D
ow

nloaded from
 https://academ

ic.oup.com
/ve/article/8/2/veac054/6608204 by Tem

ple U
niversity user on 11 August 2022



10 nucleotides of recombination break points (20-nt window in
Table 4), the significant associations between break-point posi-
tions and lower GC content in Sarbecoviruses and Pedacoviruses
were strengthened, and additionally, marginally significant asso-
ciations with lower GC contents (0.05 < P < 0.1; permutation 
test) were detected in Merbecoviruses and Embecoviruses (Fig. 3, 
Supplementary Fig. S2 and Supplementary Fig. S3; Supplementary 
data).

It is unclear whether sequence similarity directly 
influences the locations of recombination break 
points
It has been previously found in other viruses that recombina-
tion break-point sites tend to occur more commonly at genome 
sites with elevated degrees of sequence conservation (van Vugt 
et al. 2001; Dazza et al. 2005; Archer et al. 2008). We, therefore, 
tested whether this pattern held for the six analysed coronavirus 
subgenera.

Although recombination break points in the Sarbecovirus and 
Igacoviruses datasets displayed a significant tendency to occur in 
genome regions displaying elevated degrees of average pairwise 
similarity among the analysed sequences (P < 0.007; permutation 
test; Table 5), for the Pedacoviruses and Embecoviruses the opposite 
was the case. In these subgenera, detectable recombination break 
points have tended to fall in genome regions with lower degrees 
of average pairwise sequence similarity (P < 0.005; permutation 
test; Table 5). It is therefore unclear from our test whether pair-
wise sequence similarity within 10 or 20 nucleotides of prospective 
recombination break-point sites is a direct determinant of where 
break points occur within coronavirus genomes.

It is noteworthy in this regard that there are substantial vari-
ations in degrees of sequence conservation across the analysed 
sequence datasets with, for example, the genome regions corre-
sponding to the recombination break-point hotspot immediately 
upstream of the S gene in the Nobecovirus, Sarbecovirus, and Iga-
covirus datasets (all with a tendency for break points to fall at 
more conserved sites) displaying among the highest degrees of 
sequence conservation within these datasets (Fig. 3). Conversely, 
for the Pedacovirus and Embecovirus datasets (both with a tendency 
for break points to fall at less conserved sites) the corresponding 
recombination hotspots upstream of the S gene start codon fall at 
genome sites that have among the lowest degrees of genome-wide 
conservation in these datasets (Fig. 3). It is therefore likely that, for 
this conserved hotspot at least, sequence similarity has not been 
a primary determinant of where break points have occurred.

Table 5. Association of break-point locations with higher/lower 
degrees of average pairwise sequence similarity with rows in bold 
indicating significant associations.

Within 20 nt of
break-point site

Within 10 nt of
break-point site

Subgenus

Association 
with higher/
lower 
similarity  P-val

Association 
with higher/
lower 
similarity  P-val

Pedacovirus Lower <0.001 Lower <0.001
Embecovirus Lower 0.006 Lower 0.007
Merbecovirus Higher 0.184 Higher 0.192
Nobecovirus Higher 0.465 Higher 0.475
Sarbecovirus Higher 0.005 Higher 0.005
Igacovirus Higher <0.001 Higher <0.001

Besides the obscuring influence of the recombination hotspots 
5′ of the S-gene start codon, the relationship between sequence 
similarity and break-point locations may have also been obscured 
by the fact that (1) recombination events are only detectable in 
genome regions with sufficient diversity to reveal alternating rela-
tionships between recombinants and their parental genomes, and 
(2) recombination break-point locations can be most accurately 
inferred when they occur between closely-spaced genome sites 
at which parental genomes differ from one another. This pos-
sibly underlies the discordant associations between degrees of 
pairwise sequence similarity and recombination break-point loca-
tions observed for the Sarbecovirus, Embecovirus, and Nobecovirus
datasets (Table 5): this despite the ORF1a regions of viruses in 
these three genera all having both lower degrees of genetic diver-
sity (Fig. 3) and lower numbers of detectable recombination break 
points (Fig. 2 and Table 3) than most other genome regions. Part 
of the reason for this may be that the overall diversity of the 
Embecovirus and Nobecovirus datasets (78 per cent and 75 per cent 
average pairwise identity, respectively) is substantially higher than 
that of the Sarbecovirus dataset (86 per cent average pairwise iden-
tity). As such, recombination events would likely have been more 
readily detectable in the lower diversity genome regions of Embe-
coviruses and Nobecoviruses than they were in the corresponding 
genome regions of Sarbecoviruses.

There is a strong association between 
recombination break-point locations and those of 
transcriptional regulatory sequences
Coronavirus transcription involves template switching at spe-
cific genome sites, called transcriptional regulatory sequences 
(TRSs) (Yang et al. 2021), previously called the intergenic sequence 
(Alonso et al. 2002). A possible link between template switching 
during gene expression and the genomic sites where recombi-
nation break points occur during genome replication has been 
noted previously for coronaviruses, in general, (Zúñiga et al. 2004; 
Sola et al. 2015) and SARS-CoV, specifically (Graham et al. 2018). 
Template switching is prone to occur during transcription of coro-
navirus negative genome strands whenever RdRp encounters the 
TRS sequences that are commonly found upstream of various 
genes. Because these ‘body TRS’ (or TRS-B) (Alonso et al. 2002; 
Sola et al. 2015) sites are involved in frequent template switch-
ing during transcription, it has been suggested that these sites 
might also promote template switching during genome replica-
tion (Graham et al. 2018) and, therefore, that they might colocalize 
with recombination hotspots (Yang et al. 2021).

We used the SuPER method (Yang et al. 2021) to detect potential 
TRS-B sites in each of our six coronavirus datasets. Whereas SuPER 
can use RNA-seq data to precisely locate TRS-B sites, in our case 

Table 6. Associations between transcription regulatory sequence 
(TRS) sites and the locations of detected recombination break 
points with P-values in bold indicating significant associations of 
TRS sites with higher break-point numbers.

Subgenus
Within 
46 nts P-val

Within 
21 nts P-val

Within 
9 nts P-val

Within 
2 nts P-val

Pedacovirus <0.001 <0.001 <0.001 <0.001
Embecovirus <0.001 <0.001 <0.001 <0.001
Merbecovirus 0.117 0.178 0.210 0.806
Nobecovirus 0.014 0.039 0.020 0.478
Sarbecovirus <0.001 <0.001 <0.001 0.005
Igacovirus <0.001 <0.001 <0.001 <0.001
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Table 7. Conserved patterns of recombination across various coronavirus subgenera. Rows each contain the result of either a statistical 
test or the presence/absence of a particular characteristic of recombination (such as the presence of a hotspot at a specific genome 
location): BP = break point; blue = significant association or presence of characteristic; light blue = marginally significant association; 
pink = no significant association or absence of characteristic; white = untested.

Pedacovirus Sarbecovirus Nobecovirus Embecovirus Igacovirus Merbecovirus

Hotspot at 5′ end of genome
Hotspot upstream of S gene
Hotspot in 5′ half of S gene
Cold-spot at 5′ end of S gene
More BPs in intergenic regions
Fewer BPs in middle of genes
Higher BP density in lower GC regions
Higher BP density near TRS-B sites
Avoidance of S gene fold disruption

we used previously identified TRS-L sequences (Yang et al. 2021) 
to find and annotate likely TRS-B sites within the six analysed 
coronavirus datasets.

We found strong evidence for associations between the loca-
tions of conserved TRS-B sites (i.e. those detected in >75 per cent 
of the analysed sequences in each dataset) and the locations 
of detected recombination break points in the Pedacoviruses, Iga-
coviruses, Embecoviruses, and Sarbecoviruses (P < 0.05; permutation 
test; Table 6). These associations were detectable when we varied 
the required proximity between break points and potential TRS-B 
sites to be considered a match from between 2 and 46 nucleotides.

Given the large detectable recombination break-point hotspots 
directly upstream of the S gene in most of the analysed subgenera 
datasets and the TRS-B sequences that map near these hotspots, it 
was possible that the associations detected between TRS locations 
and break-point positions could have been attributable entirely 
to the TRS-B sites upstream of the Spike gene. To determine if 
this was the case, we repeated the association test (25 nt window 
size) but this time with the TRS upstream of Spike removed from 
the analysis. We observed a minimal decrease in the significance 
of the association between TRS-B sites and recombination break-
point positions, indicating that the initial result was not simply 
being driven by the coincidental colocalization of the S-gene-
associated TRS-B site and the conserved recombination hotspot 
upstream of the S gene in most of the analysed datasets.

We reran the TRS-B association tests with the positions of the 
TRS-B sites randomly shifted along the genome. The script takes as 
input the alignment file for each of the six datasets and places five 
to ten ‘false’ TRS-B sites across each genome (the exact number 
corresponding for each subgenus dataset to the ‘true’ TRS-B num-
ber for that dataset). When considering break-point probability 
distributions and an analysis window of twenty-five nucleotides, 
there was a significant absence of break points within twelve 
nucleotides of TRS-B sites in the Embecovirus and Sarbecovirus
datasets and neither significantly more nor less break points in 
close proximity to TRS-B sites in any of the other datasets. Both 
these results, along with our previous tests, are strong evidence 
that recombination break points in coronaviruses generally tend 
to cluster at TRS-B sites.

However, given that detectable recombination break points 
tend to fall near the edges of genes, this association between 
break-point locations and TRS-B sites might simply be attributable 
to the fact that TRS-B sites also tend to fall at the edges of 
genes. We, therefore, attempted to determine whether the asso-
ciation between break-point locations and TRS-B sites was still 
evident if we controlled for the colocalization of these sites at 
the edges of genes. We were specifically interested in whether the

presence/absence of a TRS-B site immediately upstream of a gene 
was associated with the presence/absence of a recombination 
break-point hotspot upstream of the gene. Considering only the 
TRS-B sites and recombination break-point hotspots falling either 
in intergenic regions or within 300 nucleotides of the beginning 
of genes we found a significant association between the presence 
of a TRS-B site near the beginning of a gene and the presence of 
a hotspot near that location (P = 0.0392, Chi-square test with N−1 
correction). Therefore suggesting that, for the Pedacovirus, Sarbe-
covirus, Igacovirus, and Embecovirus datasets at least, the significant 
association we found between TRS-B sites and recombination 
break-point locations was not merely attributable to a coinciden-
tal tendency for break points and TRS-B sites to colocalize near 
the edges of genes.

Conclusion
Across all of the tests that we performed, viruses in the different 
analysed coronavirus genera displayed similar patterns of recom-
bination (Table 7). The most strikingly similar of these patterns 
were those observed in the Sarbecoviruses (members of the Betacoro-
navirus genus) and the Pedacoviruses (members of the Alphacoro-
navirus genus). These mostly concordant patterns indicate that 
the processes that yield and select recombinant coronaviruses are 
likely broadly conserved across the three analysed coronavirus 
genera.

The subgenus dataset displaying the least concordant recom-
bination patterns was that of the Merbecoviruses. It is unclear to us 
why the Merbecovirus dataset displays recombination break-point 
patterns that differ from the other analysed datasets: it is not an 
outlier among the datasets in terms of the numbers of sequences 
analysed or the average pairwise similarities of these sequences, 
but the dataset does have the lowest number of detectable recom-
bination events. It is therefore possible that either the processes 
that generate recombinant genomes, the genetic factors that 
determine the viability of recombinants, or the epidemiological 
and evolutionary processes that impact the survival of recom-
binants, might differ somewhat between the Merbecoviruses and 
most other coronaviruses.

Nevertheless, the non-random and mostly conserved recom-
bination patterns that we and others have detected in various 
coronavirus subgenera are likely shaped both by evolutionarily 
conserved variations in the mechanistic predispositions of dif-
ferent genome regions to recombination and by shared selective 
processes disfavouring the survival of recombinants that express 
improperly folded proteins. There are two non-exclusive explana-
tions for why coronavirus genome sites that are mechanistically 
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predisposed to recombination (such as those of TRS-B sequences) 
tend to coincide with sites where recombination seems to have 
had a minimal impact on protein folding: (1) negative selection 
over the short-term may be so efficient at purging all viral vari-
ants with recombination-induced protein misfolding that such 
variants are only rarely sequenced and/or (2) longer-term selec-
tion, possibly acting since the most recent common ancestor of all 
known coronaviruses, may have yielded coronavirus genomes that 
are configured such that they are mechanistically predisposed to 
only recombine at sites where recombination break points are 
minimally disruptive of protein folding. When high-resolution 
maps of amino acid contacts within coronavirus protein com-
plexes become available, and when the conserved nucleotide 
interactions within biologically functional RNA structural ele-
ments in a diverse enough array of coronavirus genomes have 
been identified, it should also be possible to determine the degree 
to which selection acting over the short- and/or long-terms to 
preserve these other categories of co-evolved intra-genome inter-
actions have impacted observable coronavirus recombination 
patterns.

Supplementary data
Supplementary data are available at Virus Evolution online.
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