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SUMMARY

Recombination is thought to be a mechanism that facilitates cross-species transmission in coronaviruses,
thus acting as a driver of coronavirus spillover and emergence. Despite its significance, the mechanism of
recombination is poorly understood, limiting our potential to estimate the risk of novel recombinant corona-
viruses emerging in the future. As a tool for understanding recombination, here, we outline a framework of the
recombination pathway for coronaviruses. We review existing literature on coronavirus recombination,
including comparisons of naturally observed recombinant genomes aswell as in vitro experiments, and place
the findings into the recombination pathway framework. We highlight gaps in our understanding of corona-
virus recombination illustrated by the framework and outline how further experimental research is critical for
disentangling the molecular mechanism of recombination from external environmental pressures. Finally, we
describe how an increased understanding of the mechanism of recombination can inform pandemic
predictive intelligence, with a retrospective emphasis on SARS-CoV-2.
INTRODUCTION

Despite exponential advances in medical knowledge in the last

century, emerging infectious diseases still pose a major threat

to global human health.1,2 The urgent need to further charac-

terize the drivers of disease emergence has never been

understood more clearly than in the last three years since the

emergence of SARS-CoV-2 and the onset of the COVID-19

pandemic. Viruses in the family Coronaviridae are of particular

importance for disease emergence, not only because of SARS-

CoV-2 but also because of the numerous examples of other

coronaviruses that infect humans, livestock, and companion

animals. Examples in humans include epidemics of SARS-

CoV-13,4 and MERS-CoV,5 as well as several strains of ‘‘com-

mon cold’’ viruses that have fully established within human

populations and obtained worldwide distributions (HCoV-

229E,6 HCoV-NL63,7 HCoV-OC43,8 HCoV-HKU1,9 and the

lesser-known human enteric coronavirus 4408 [HECV-4408]10).

Notable pathogenic coronaviruses in domestic animals include

transmissible gastroenteritis virus (TGEV), porcine epidemic

diarrhea virus (PEDV), swine enteric coronavirus (SECoV), bovine

coronavirus (BCoV), and avian infectious bronchitis virus (IBV).

Coronaviruses also cause severe disease in the animals we

keep as pets, including multiple serotypes of feline coronavirus

(FeCoV) in cats, multiple serotypes of canine coronavirus (Ca-

CoV) in dogs, and additionally canine respiratory coronavirus

(CRCoV) in dogs. The majority of mammalian coronaviruses

are within the Alpha- and Betacoronavirus subgenera, which

are mostly evolutionarily associated with bats.11–14 Conversely,

Gamma- andDeltacoronavirus subgenera are largely associated

with birds.15 Because closely related bat alpha- and betacorona-

viruses have been found for many human and mammalian
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coronaviruses,16–25 a thorough understanding of the pathways

of cross-species transmission from bats to other mammals is

critical for mitigating the potential for coronavirus outbreaks in

humans and non-avian domestic animals in the future.

Host tropism in coronaviruses is primarily mediated by the

receptor-binding domain of the spike gene,26,27 but other fac-

tors, such as host cell proteases and the S2 domain of the spike

gene, have been shown to play a role as well.28–32 Coronaviruses

are hypothesized to expand or alter their range into more

distantly related hosts (bat and non-bat) via mechanisms such

as receptor-independent entry,33,34 adaptation to intermediate

hosts,35–37 and genomic recombination38 (Box 1). Signatures

of recombination within coronavirus genomes are extremely

common, and a single genome can have evidence of mosaic

ancestry in multiple genomic regions and from different

evolutionary sources for each region.39,40 Growing evidence

points to the frequent occurrence of recombination between co-

ronaviruses as one of the driving forces of host switching and

disease emergence of coronaviruses into novel host species,

particularly when it occurs in the spike gene.39–41 Nearly all of

themajor human coronaviruses have evidence of spike recombi-

nation in their evolutionary history (SARS-CoV-1,42–44 MERS-

CoV,18,45 HCoV-229E,46 HCoV-NL63,46,47 HCoV-HKU1,48 and

HCoV-OC4349). Many coronaviruses responsible for epidemics

in domestic and companion animals also have an evolutionary

history of recombination in the spike gene (SECoV,50 Ca-

CoV,51,52 and FeCoV53,54), strengthening the evidence that

recombination may be associated with cross-species coronavi-

rus spillover.

Although recombination may facilitate spillover, it is not strictly

required nor does it universally increase the potential for

cross-species transmission to occur. For example, there is
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disagreement in the literature concerning the role of recombina-

tion in the emergence of SARS-CoV-2. Some studies suggest

evidence of recombination in the receptor-binding domain of

the spike gene of SARS-CoV-2 with a closely related pangolin vi-

rus,55,56 while others, such as Boni et al., offer evidence that

recombination was not a prominent force in shaping the evolu-

tionary history of the SARS-CoV-2 spike.57 Lytras et al. and

Temmam et al. have also offered evidence that suggests recom-

bination between SARS-CoV-2 and a pangolin virus may not

have actually occurred.58,59 Even if recombination did occur

with a pangolin virus in the receptor-binding domain of the

SARS-CoV-2 progenitor, it likely did not result in a receptor-bind-

ing phenotypic change, as the pangolin coronaviruses have also

been demonstrated to efficiently utilize ACE2.60 That ACE2 us-

age is an ancestral trait of SARS-CoV-2-like viruses is also

supported by Boni et al.,57 Wells et al.,61 and Starr et al.62 Impor-

tantly, while there is no evidence that recombination contributed

to the emergence of SARS-CoV-2, this does not mean that

recombination has not occurred elsewhere in the genome or at

finer phylogenetic scales, such as between different SARS-

CoV-2 variants circulating in humans.

Although there is limited evidence that recombination was

associated with SARS-CoV-2 spillover, there is compelling ev-

idence supporting a role of recombination in the emergence of

SARS-CoV-1 in 2003. Wells et al. suggested that the SARS-

CoV-1-like clade of viruses ancestrally did not have the ability

to utilize ACE2, instead gaining this trait on more than one

occasion via recombination.61 SARS-CoV-1-like viruses that

cannot use ACE2 have broadly been shown to have little to

no capacity for human infection.63 Thus, the implication is

that recombination may have been a critical factor in the even-

tual emergence of SARS-CoV-1. Similarly, recombination is

also thought to have contributed to the emergence of MERS-

CoV.18,64,65 Many MERS-CoV-like viruses, including NeoCoV

and PDF-2180, have been shown to have limited capacity for

infection of human cells despite their phylogenetic proximity

to MERS-CoV.18,66 Evidence of recombination in the MERS-

CoV spike gene suggests that recombination is responsible

for the phenotypic change in receptor binding that conferred

the capacity to use human DPP4.18,66 With other human coro-

naviruses, such as 229E and NL63, there is clear evidence that

recombination in the spike gene has occurred, but whether

recombination resulted in altered receptor-binding phenotypes

critical for cross-species transmission has not yet been demon-

strated.

Despite the clear role of recombination in the evolution of co-

ronaviruses and the growing evidence of its role as a driver of

cross-species transmission, how and why recombination oc-

curs in coronaviruses remains largely undescribed. At the

most basic level, the molecular mechanism of recombination

in coronaviruses is not definitively known. The leading hypoth-

esis is that of ‘‘copy-choice’’ recombination (Box 1), whereby,

during replication, the viral RNA-dependent RNA polymerase

(RdRp) is dissociated from one RNA template before reassoci-

ating and continuing replication on a different template, result-

ing in a nascent RNA molecule that was replicated from two

different templates.67–69 The ways in which ecological and

evolutionary forces interact to shape which recombinant vi-

ruses might eventually be successful after recombination is
also a largely unanswered question. But perhaps an even

more interesting question is why coronaviruses recombine at

all. Quick and efficient repair of deleterious mutations via

recombination with functional genomes is one hypothesis for

why this mechanism persists over time.70 But beyond repairing

replicative mistakes, recombination also has the potential to act

as an evolutionary ‘‘fast-forward’’ by quickly shuffling genetic

material between vastly different viruses.68,71 For the same

result to be produced by mutation alone, long spans of time

would be needed for selective forces to shape such extensive

nucleotide changes, especially considering the high proof-

reading capacity of coronaviruses. Given that the shuffling of

genetic material has a very high probability of producing ge-

nomes that are no longer functional, the selective pressure

for the underlying mechanism of recombination to be evolution-

arily maintained must presumably be very strong.

THE RECOMBINATION PATHWAY

As a hypothetical framework for understanding the various

molecular and environmental determinants of coronavirus

recombination, the recombination pathway can be considered

as a series of barriers that must each be overcome in order for

a recombinant virus to be observed in nature. These barriers

occur across varying environmental and molecular scales, both

before and after the recombination event itself occurs (Figure 1).

Each step in the pathway differentially impacts the potential for

recombination between two viruses to be observed or to even

occur in the first place. Broadly, two viruses must first be in the

same place at the same time to recombine: in the same host,

the same cell, and the same point of replication within the cell.

Once barriers to co-occurrence and co-localization have been

overcome, two viruses still likely have molecular constraints on

being able to recombine. The determinants of such molecular

compatibility are currently unknown, but sequence homology

or RNA secondary structure are hypothesized to play a role.

Once a recombinant RNA genome has been synthesized, it

must successfully encapsulate into a virion, escape the cell,

and infect enough neighboring cells within the host to amplify

to sufficient levels to be shed back into the environment by

that host. Finally, the recombinant must infect new host individ-

uals and overcome the forces of natural selection to gain a high

enough prevalence in the population such that it has a reason-

able probability of being sampled and observed by scientists.

Some steps in this pathway are better described than others,

but, in general, the factors that distinguish success from failure

in all steps of this pathway are poorly understood.

Step 1: Co-occurrence in geographic and host space
At the broadest environmental scale, patterns of recombination

are shaped simply by which viruses have the opportunity to

occur together in space. Viruses which circulate freely in the

same host species will have the highest opportunity for co-

infection of a single host individual, but viruses with differing

host ranges that occur in the same geographic space may still

recombine if it is possible for different hosts in that space to

share viruses. Studies have shown that coronaviruses have

strong co-phylogenetic associations with the genus of their

associated chiropteran hosts but that this concordance tends
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Box 1. Acronyms, terms, and definitions

gRNA (genomic RNA): a full-length genomic RNA molecule including the 5ʹ and 3ʹ ends of the genome and all existing sequence

between.

sgRNA (subgenomic RNA): an RNA transcription molecule where the 5ʹ UTR sequence (the ‘‘leader’’) of the genome is transcribed

until being interrupted at a transcription regulatory sequence, after which transcription continues at a discontinuous downstream

gene (the ‘‘body’’) and ends at the 3ʹ UTR and polyA tail.

dRNA (defective RNA): an RNA molecule including the 5ʹ and 3ʹ ends of the genome but missing internal segments of sequence.

TRS (transcription regulatory sequence): a conserved set of 8 nucleotides which, when encountered during transcription, induce

template switching of the polymerase and production of sgRNAs.

Homologous recombination: recombination occurring between two parental viruses such that the crossover occurs at homolo-

gous genomic positions between the two viruses.

Breakpoint: the crossover point between two parental genomes in a homologous recombination event.

Non-homologous recombination: recombination occurring between one or two parental viruses such that a crossover occurs at

non-homologous genomic positions.

Junction: the crossover point where discontinuous regions of the genome are brought together; may be a leader-body junction in a

sgRNA or a deletion junction in a dRNA or in a non-homologous recombinant gRNA.

Intra-molecular recombination: recombination occurring within a single molecule of RNA; typically mediated by secondary struc-

ture which is required to bring distant regions of the genome into close enough proximity for RNA-RNA interactions to occur.

Inter-molecular recombination: recombination occurring between two different molecules of RNA; typically mediated by RNA-RNA

interactions between two different molecules or by RNA-protein interactions bringing two molecules into close proximity.

Intra-species recombination: recombination occurring between two different strains of virus within the same species.

Inter-species recombination: recombination occurring between two different species of virus.

Copy-choice recombination: amechanism of recombination where the replicating polymerase undergoes template switching from

one RNA molecule to another.

Similarity-essential recombination: a proposed molecular model of copy-choice recombination where the polymerase pauses or

dissociates during replication of one parental strand and the nascent strand being synthesized is free to hybridize with a second

parental strand in regions of high sequence complementarity; the polymerase then continues replication on the second parental

strand.67

Similarity-nonessential recombination: a proposed molecular model of copy-choice recombination where similarity between the

parental strands is not required; rather, features such as secondary structure or polymerase binding sites promote dissociation of

the polymerase and template switching between parental strands.67

Similarity-assisted recombination: a proposed molecular model of copy-choice recombination where a combination of similarity

and other features such as secondary structure interact to promote recombination.67
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to break down at the host species level.72,73 This can clearly be

seen in the example of the coronavirus subgenus Sarbecovirus,

which is strongly associated with the host genus Rhinolophus

but has almost no co-phylogenetic signal for specific species

of bats within this genus.61,73 This suggests that closely related

viruses may be frequently switching between species of bats

from the same genus, which would increase opportunities for

recombination between them. Frequent host switching of

coronaviruses in bats is well-documented14,72,73; though coro-

navirus co-occurrence does not have to be exclusively in bats

in order for recombination to occur. Multiple types of coronavi-

ruses thought to have evolutionarily originated in bats are

known to circulate in several species of domesticated animals

(e.g., TGEV, PEDV, and SECoV in pigs), providing novel oppor-

tunities for coronavirus co-occurrence outside their bat reser-

voir hosts.

Steps 2 and 3: Co-infection of a single individual and a
single cell
Not onlymust two viruses be circulating in the same host species

but they also must co-infect the same host individual and repli-

cate within the same cell to recombine. There are multiple bar-

riers to recombination in this respect. The probability of co-infec-
876 Cell Host & Microbe 31, June 14, 2023
tion of a single host will depend on the prevalence of each virus

within a population, with the greatest probability occurring when

prevalence of both viruses is high. This can be shaped by differ-

ences in seasonality between viruses, by the size of the host

population, or by population-level cross-reactive immunity

induced against the second virus after infection with the first.

Furthermore, once the probabilistic barrier of infecting a single

host has been overcome, the two viruses must then infect the

same cell within that host individual. Tissue tropism is variable

within coronaviruses,74 meaning that many pairs of viruses will

never have any opportunity for recombination if one replicates

exclusively in the respiratory tract and the other in the gastroin-

testinal tract, for example. The spike proteins of both viruses

must be compatible with molecular receptors on the surface of

the host cell, which can be complicated when the viruses utilize

different receptors altogether. The timing of the two infections

may also restrict the potential for recombination, especially if

one virus has had the opportunity to establish a robust infection

before the second virus is able to infect the same host. Superin-

fection exclusion, a phenomenon where a virus actively prevents

infection by a second virus, is a well-documented but poorly un-

derstood mechanism that may further limit the potential for co-

infection of a single cell.75,76



Figure 1. The hypothetical framework of recombination pathway of
coronaviruses
(1) Co-occurrence: two viruses must co-occur in geographic space and share
at least one species in their respective host ranges.
(2) Host co-infection: two viruses must co-infect the same individual at the
same time.
(3) Cellular co-infection: two viruses must co-infect the same cell at the
same time.
(4) Double membrane vesicle (DMV) encapsulation: gRNA from each virus
must be encapsulated into the same DMV.
(5) Template switching: the gRNA from each virus must be compatible for
RdRp to switch templates during replication. Recombination occurs at step 5.
(6) DMV egress: recombinant gRNA must exit the DMV.
(7) Virion assembly: recombinant gRNA must be encapsulated into a virion.
(8) Cell-to-cell transmission: the recombinant virus must infect neigh-
boring cells.
(9) Viral shedding: the recombinant virusmust be shed by the host to infect new
individuals.
(10) Host-to-host transmission: the recombinant virus must transmit to addi-
tional hosts.
Only once all 10 steps have been passed can a virus have reasonable prob-
ability of being observed during wildlife surveillance studies.
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Step 4: Co-localization in a double membrane vesicle
Like all positive-strand RNA viruses, coronaviruses induce

organelle membrane changes in the host to form replication or-

ganelles.77–79 Viral proteins nsp3, nsp4, and possibly nsp6 cause
convolution of the endoplasmic reticulummembrane and the for-

mation of double membrane vesicles (DMVs),80 which encapsu-

late viral genomic RNA (gRNA) in the cytoplasm and protect it

from host recognition and degradation during replication.81

Thus, if two viruses have managed to infect the same cell at

the same time, gRNA from each virus must also co-localize to

the same DMV in order for recombination to occur between

them during replication or transcription. The mechanism by

which gRNA gets inside the DMVs is unknown, and could be

either an active (e.g., transport of gRNA from the cytoplasm

through a transmembrane pore after DMVs have been formed)

or a passive mechanism (such as encapsulation of gRNA in the

cytoplasm during the DMV formation process). The timing of

co-infection could also significantly impact the potential for co-

localization in the same DMV if the first virus is much later in its

replication cycle than the second.

Step 5: Polymerase template switching
The precise mechanism by which RdRp template switching

occurs during coronavirus replication and transcription is

currently unknown. There are three hypothetical models for this

mechanism: similarity-essential recombination, similarity-nones-

sential recombination, and similarity-assisted recombination67

(Figure 2). In similarity-essential recombination, complementary

base pairing or sequence homology is required for polymerase

switchingbetween the templateandnascent strands.Conversely,

similarity-nonessential recombination does not require sequence

similarity but instead relies on other signals to trigger template

switching, such as RNA secondary structure or signaling

sequences. Similarity-assisted recombination can be considered

a hybrid model where both sequence similarity and additional

triggers, such as secondary structure, play a role in directing

recombination. Under all mechanistic hypotheses, a resulting re-

combinant molecule will be homologous if the polymerase reas-

sociates with the second template in the same genomic position

and non-homologous if it does not (Box 1).

During transcription, coronaviruses generate sub-gRNAs

(sgRNA), which are a set of nested co-terminal RNAs encoding

structural and accessory proteins82,83 (Figure 3). Coronaviruses

also generate defective RNAs (dRNAs) during replication, also

referred to as ‘‘defective interfering’’ RNA (DI-RNA) or ‘‘defective

viral genomes’’ (DVGs) in the literature.84–86 It is thought that

sgRNAs are generated via a process of intra-molecular non-ho-

mologous recombination during negative strand synthesis,

whereby the viral polymerase pauses and dissociates from

the RNA template once reaching a transcription regulatory

sequence (TRS)-B before reassociating downstream at the

TRS-L of the same molecule, finishing synthesis at the 50 leader
sequence87,88 (Figure 3). Interestingly, sgRNAs can also act as

replication templates and can be the source of additional recom-

binant RNAs, such as smaller sgRNAs or dRNAs.89 dRNAs are

also thought to arise by a mechanism of non-homologous

recombination,84–86,90 but the genomic signal for the dissocia-

tion of the RdRp in this case is unknown.91

During sgRNA formation, complementary base pairing is

required to form a structural complex that initiates leader-body

joining, forming between an exposed RNA loop containing the

TRS-L on the positive-sense gRNA template and the nascent

negative-sense TRS-B being synthesized.92,93 The sequence
Cell Host & Microbe 31, June 14, 2023 877



Figure 2. Three proposed molecular
mechanisms for RNA recombination
(A) Similarity-essential recombination, where the
polymerase dissociates, and the two parental
strands hybridize in regions of high homology, al-
lowing the polymerase to switch templates.
(B) Similarity-nonessential recombination, where

the polymerase dissociates because of RNA secondary structure.
(C) Similarity-assisted recombination, where both homology and secondary structure promote recombination. Adapted from Nagy and Simon.67.
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similarity of TRS sites and secondary structure required for

sgRNA transcription is reminiscent of similarity-assisted recom-

bination,67 where sequence homology in combination with RNA

secondary structure direct the RdRp to dissociate from its tem-

plate. This similarity has led to the tempting hypothesis that the

TRS sequences required for the generation of sgRNAs may

also play a role in homologous and non-homologous recombina-

tion of gRNAs or dRNAs as well.94–96 Despite the clear link

between TRS signaling and sgRNA production during transcrip-

tion, it is not known whether the mechanism resulting in homol-

ogous recombinant gRNA occurs via a similar process. It is also

possible that similarity-assisted recombination is contingent on

complementary sequences other than TRSs.

The mechanism of recombination is also either an intra-mo-

lecular mechanism, where a single molecule of RNA folds

back on itself to facilitate polymerase template switching, or in-

ter-molecular, where the polymerase separately associates

with two entirely different RNA molecules. The production of

sgRNAs is known to be an intra-molecular mechanism facili-

tated by complementary base pairing between TRSs, but it is

not known whether non-homologous recombination of dRNAs

is occurring via a similar intra-molecular mechanism or via an

inter-molecular mechanism requiring two different molecules

of RNA. Conversely, by definition, homologous recombinant

gRNA requires two different parental viruses and therefore

two different RNA molecules. Thus, similarities may exist in

the generating mechanisms of sgRNAs, dRNAs, and homolo-

gous recombinant gRNAs, but there are parts of these mecha-

nisms that we must infer are different. As homologous

gRNA recombination is likely one of the key forces in cross-

species transmission, understanding this specific mechanism

is of particular importance. The roles of TRS sites, sequence

homology, and secondary structure in acting as barriers to

homologous gRNA recombination, if any, remain to be

determined.

Steps 6 and 7: DMV egress and virion assembly
Replicated gRNA fromwithin DMVsmust return to the cytoplasm

to be packaged into a forming virion during the process of virus

assembly. Transcribed sgRNAs also must be transported to the

cytoplasm for translation. In this case, active transport through a

transmembrane pore is a requirement to get to the cytoplasm

from within the DMV. Viral protein nsp3 is known to form this

pore in the walls of DMVs.97 It may be the case that the nsp3

pore will transport any molecule of RNA from the DMV to the

cytoplasm, but if the transportation mechanism is partial to

particular signals on specific RNA molecules, then the signals

of any recombinant RNAs must be compatible with the nsp3

pores in the DMV. If, for example, a recombinant gRNA inherited

a transportation signal from the first parental virus but the nsp3

pores on the DMV are formed by proteins from the second, it
878 Cell Host & Microbe 31, June 14, 2023
is possible that this incompatibility will prohibit the recombinant

gRNA from exiting the DMV.

In the event that recombinant genomes are able to escape

the DMV, additional barriers may then limit packaging of these

genomes into new virions. The molecular mechanisms and

exact sequence of events involved in coronavirus RNA pack-

aging have yet to be fully determined98; however, it has been

established that specific packaging signals present in gRNA

interact with the viral nucleoprotein (N) and/or the membrane

(M) protein to drive the preferential packaging of gRNA.98,99

These packaging signals are not conserved across the corona-

virus family and can also vary in their genomic location.98

Limited evidence suggests that closely related viruses (i.e.,

those within the same subgenus) may have enough conserva-

tion in their packaging signals to be functionally interchange-

able and allow packaging of heterologous gRNAs,100 while

more distantly related viruses are less likely to package gRNA

from a heterologous virus.101 In the context of a co-infected

cell where two sets of N and M proteins are available, it is

conceivable that recombinant genomes would be packaged

by whichever N or M is most compatible with the packaging

signal present on the recombinant genome. In this case, pack-

aging may not be a significant post-recombination barrier.

However, in the event that recombination breakpoints interrupt

packaging signals, or if more than one specific packaging

signal is required but not contained (in cis) in the same recom-

binant genome, then functional restrictions imposed by gRNA

interaction with structural proteins may prevent packaging

into a new virion.

Steps 8 and 9: Cell-to-cell transmission and viral
shedding
A virion with a recombinant genome would have the functionality

to infect at least one neighboring cell, as the proteins on the sur-

face of the virion were generated during infection of the previous

cell by non-recombinant parental RNAs. Once the recombinant

gRNA has entered the cell, however, the recombination break-

point within the genomemust be in a position that does not inter-

fere with the function of that genome as it begins a new cycle of

replication. Given themany epistatic interactions both within and

between genes in the coronavirus genome, a breakpoint that lies

between critical interacting regions could easily render a recom-

binant genome non-functional in this respect. For example, the

nonstructural proteins within orf1ab that are first transcribed

and translated need to be able to facilitate cellular changes

required for replication and transcription of the structural genes,

such as the formation of DMVs via interactions between nsp3,

nsp4, and nsp6.

Even if replication and transcription are not interrupted, func-

tions which are critical for continued transmission of the recom-

binant virusmay be impaired. For example, interactions between



Figure 3. The structures of genomic RNA (gRNA), subgenomic RNA (sgRNA), and defective RNA (dRNA)
Colored polygons represent ORFs and are labeled by gene on the gRNA above. Transcription regulatory sequence (TRS) signals aremarkedwith red lines. Dotted
lines indicate regions where genomic sequence is missing at either leader-body (sgRNA) or deletion (dRNA) junctions. For sgRNA, junctions are always between
the TRS-L and a TRS-B. For dRNA, junctions can be randomly located throughout the genome and vary in size.
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structural proteins required for virion assembly could be affected

if structural genes inherited from the opposite parent are not

compatible with one another, which has been shown between

the M and S proteins.102 It also goes beyond protein-protein in-

teractions to include the conservation of protein-RNA interac-

tions. For example, Kuo et al. showed that by substituting the

C-terminal domain of the mouse hepatitis virus (MHV) N gene

with that of SARS-CoV-1, the ability of the N protein to interact

with gRNA could be abolished.101 Thus, while it is conceivable

that a recombinant gRNA with a breakpoint in the N gene could

be generated in step 5 and even packaged into virions in steps 6

and 7, its ability to interact with the packaging signals found else-

where on the recombinant gRNA will not be tested until it has

been transmitted to a new cell.

Even still, if the recombinant virus remains functional, it must

continue transmitting to additional cells and amplify to sufficient

levels to be shed by the host. In this regard, it must compete with

both parental viruses for cellular resources, which have already

had ample time to establish robust infections and will far

outnumber the recombinant. Even the slightest deleterious trait

of the recombinant virus could inhibit it from ever being able to

exit the host, despite its functionality. Even a recombinant virus

of equal fitness to the parental viruses has a steep hill to climb

to be shed by its host.
Step 10: Host-to-host transmission and population
spread
Finally, a functional recombinant virus has emerged from its host,

but more barriers await to inhibit its success. Although recombi-

nation may not have hindered cell-to-cell transmission, addi-

tional traits required for environmental transmission must also

remain intact in the recombinant for continued spread. The envi-
ronmental conditions in which the recombinant virus emerges

will also have a significant impact on its continued transmission.

For example, unless recent host switching into a naive popula-

tion is involved, the recombinant virus is likely emerging into a

population with some degree of widespread immunity against

one or both parental viruses, which have already reached suffi-

cient levels of prevalence to co-infect the same individual.

Unless the recombination event has resulted in a large enough

antigenic shift away from the parental viruses, such a landscape

will result in strong competition for immunologically naive hosts.

Even in the absence of competition, it is also quite possible that a

recombinant virus in this situation could simply be lost to genetic

drift because its population size is so small. Recombinant viruses

that are most likely to succeed under competitive circumstances

with small population sizes are those for which the recombina-

tion event has conferred a strong selective advantage over

both parental viruses.

EXISTING RESEARCH ON CORONAVIRUS
RECOMBINATION

Comparative genomics
Studies comparing genomic sequences to detect recombination

between coronaviruses can be found in the literature spanning

back to the 1990s.53,103–105 Once the recombinant origin of

SARS-CoV-1 had been established,106,107 however, focus

began to shift toward detecting recombination at a much

broader scale, between coronavirus genomes that were not of

the same species.43,108 The consensus that bats were the

evolutionary origin of alpha- and betacoronaviruses also solidi-

fied in the late 2000s,11,13 spurring an increase in bat virus

surveillance and the generation of novel genomes and more de-

tections of recombination.42,109,110 Similarly, the emergence of
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Figure 4. Hypothetical scenarios of coronavirus recombination and possible observations in nature associated with each
Left: observations in nature of the probabilities of recombination between two viruses are impacted by natural selection and environmental co-occurrence in a
similarity-essential model of recombination scenario (top) and a similarity-nonessential model of recombination scenario (bottom).
Right: observations of recombination breakpoints across genomic positions are impacted by natural selection in a randommodel of recombination scenario (top)
and a hotspot model of recombination (bottom).
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MERS-CoV in 2012 also brought increased attention to corona-

viruses, recombination, and the utility of comparative geno-

mics,18 and small-scale comparative genomics studies that

identified specific recombination events within single genomes

continued to be relatively frequently published in the following

years.46,111–114

It was not until the emergence of SARS-CoV-2 that compara-

tive genomics studies began to examine patterns of recombina-

tion at an even broader scale. By compiling recombination data

across entire classes of coronaviruses, these studies intended to

illuminate broad, emergent patterns of recombination. One of the

first genus-wide comparative genomics studies was published

by Bobay et al. in 2020.115 Rather than using typical similarity-

based recombination detection methods, they use a previously

unpublished method that tests observed shared polymorphisms

against a null model where sequence similarity can only arise via

convergent mutations to determine where recombination likely

occurred. Using this strategy, they found that recombination is

probably occurring exclusively between viruses in the same be-

tacoronavirus subgenus. They also identified that recombination

is strongly overrepresented in the spike genewithin theSarbeco-

virus subgenus. A finding of increased recombination signals in

the spike gene of sarbecoviruses was similarly demonstrated

by Lytras et al. using the RDP5 program for recombination

detection.58 Forni et al. also examined natural patterns of recom-

bination on a set of complete betacoronavirus genomes using
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the 3SEQ detection method,116 and they also found an increase

in recombination in the spike gene. Additionally, they show that

breakpoints tend to occur as pairs within genomes, such that

an entire section of a genome is recombined in a modular

manner. Forni and coauthors conclude that, generally, the ma-

jority of recombination events across coronavirus genomes are

shaped by the viability of the recombinant genome and natural

selection rather than in a mechanistic manner, which is similar

to conclusions raised by Bobay et al. Yang et al. also performed

comparative genomics using a dataset of alpha- and betacoro-

navirus coronavirus genomes using RDP4. The authors had the

specific intention of examining the relationship between TRS se-

quences and recombination.96 They found a statistical associa-

tion between the position of the TRSs and the distribution of

breakpoints over what would be expected by chance, but not

all breakpoints could be explained by a proximally posi-

tioned TRS.

In perhaps the most comprehensive comparative genomics

study to date, de Klerk et al. also identified recombination events

in a large dataset of alpha- and betacoronavirus genomes using

RDP5.117 They found variable rates of recombination across the

genome for all coronavirus subgenera they examined; in partic-

ular, they show that the S gene appears more recombinogenic

than other regions of the genome. Similar to the findings of

Yang et al., the authors found a statistical association between

TRSs and breakpoints compared with what would be expected
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by chance. However, they also found a significant increase in the

presence of breakpoints immediately upstream of genes. As

TRSs also lie immediately upstream of genes, whether the TRS

is involved or whether natural selection prefers recombination

events that do not interrupt genes is unclear. In addition, there

are a vast number of recombination events that do not occur in

proximity to any TRS, such as at the S1/S2 junction, which

was also identified as a potential ‘‘hotspot’’ of recombination

by de Klerk and coauthors. In this study, the authors also inves-

tigated the association between sequence similarity and break-

point positions, but they were unable to identify a significant rela-

tionship. They did, however, identify a hotspot cluster at the 50

end of the genome where secondary structure is highly

conserved, which perhaps offers some support to a similarity-

nonessential model of recombination.

Together, these studies highlight strong evidence for

increased rates of recombination in the spike gene and at posi-

tionswhere gene function is least likely to be interrupted. It is crit-

ical, however, that findings of comparative genomics studies are

interpreted in light of the multiple environmental and molecular

factors involved in shaping the naturally observed viruses that

are used for these studies. Inferring that any patterns identified

are attributable to the molecular mechanism of recombination

is highly confounded by the fact that the environment also plays

a role in shaping which viruses have the opportunity for recom-

bination and which resulting recombinants will successfully

amplify in a population and eventually be observed, which

each group of authors acknowledge in their findings. For

example, it is unclear whether a hotspot of recombination in

the spike gene is the result of a mechanistic predisposition

(step 5 in the pathway) or of natural selection favoring spike re-

combinants (steps 8–10). Likewise, the absence of observed re-

combinants across certain taxonomic scales cannot be conclu-

sively attributed to a limitation of the molecular mechanism of

recombination (step 5), as a lack of co-occurrence between

two viruses in the environment before recombination could

occur (step 1) andwould result in the same pattern (this limitation

is also raised in the discussion by Bobay et al.). Thus, compara-

tive genomics studies can be valuable for highlighting hotspots

of recombination in the coronavirus genome or for defining taxo-

nomic boundaries beyond which recombination has never been

observed, but, ultimately, the distinction between a mechanistic

origin versus environmental shaping of patterns of recombina-

tion cannot be resolved through comparative genomics ap-

proaches alone.

Experimental studies
Despite the important role recombination plays in coronavirus

evolution and host switching, recombination between two

different coronaviruseshasnot beenstudiedexperimentally inde-

cades. In contrast to comparativegenomics,whichareessentially

investigating patterns produced by the recombination pathway at

large, experimental studiesof recombinationbenefit from the abil-

ity to isolate the molecular steps in the recombination pathway

from environmental ones. By co-infecting viruses in vitro, the re-

quirements for co-occurrence in geographic space, co-infection

of the same host individual, and to some extent co-infection of

the samecell are circumvented. In thismanner, patternsemerging

from experimental studies of recombination will much more
closely represent the actual molecular mechanism of recombina-

tion and not the predispositions of the environment or of post-

recombination influences of natural selection.

The majority of the existing literature on in vitro coronavirus

recombination is from a series of experiments throughout the

1980s and 1990s that used different strains of MHV (genus Beta-

coronavirus, subgenus Embecovirus) to investigate patterns of

intra-species recombination.88,118–128 The earliest study of

in vitro coronavirus recombination by Makino et al. in 1986118

showed that a temperature-sensitive strain of MHV could be

restored during mixed strain infection with temperature-permis-

sive strains and that this event occurred at least five independent

times during their experiments. in 1988, Keck et al. followed

these experiments with an in vivo study of MHV infection in

mouse brain tissue and demonstrated that recombination also

occurs not only in culture but also under more natural circum-

stances.122 Several additional studies of coronavirus recombina-

tion using MHV were also performed around this time, and

recombination events observed in orf1ab,120 spike (S),124 enve-

lope (E),123 nucleocapsid (N),123 and in the 30 UTR121 led to the

conclusion that recombination was possible anywhere along

the genome.126 Recombination was also observed more than

once in a single molecule120 and at a rate of up to 25% at high

multiplicity of infection (MOI).125,128 This rate was soon

shown to vary in different regions of the genome, particularly

the S gene, where one study by Fu and Baric in 1992 recorded

three times the rate of recombination in S compared with

orf1ab.124,127

The observation of varying rates of recombination along the

genome led to the development of a hotspot model of recombi-

nation, where the presence of intrinsic molecular signals in the

genome increased the odds of recombination at specific

sites124; however, the identification of the mechanism respon-

sible for the generation of hotspots has remained elusive. Hypo-

thetical models of recombination proposed by Nagy and Simon

in 1997 suggested that either nucleotide homology, RNA sec-

ondary structure, or both could potentially act as a molecular

signal for recombination.67 Some lines of evidence during this

time supported the similarity-nonessential model, where RNA

secondary structure but not nucleotide homology define poten-

tial sites of recombination.90,129 A significant amount of evidence

showing the importance of RNA secondary structure for

genomic replication and transcription also arose during this

time.130–132 Banner and Lai in 1991 went as far as to suggest

that recombination was instead an entirely random mechanism

at the genomic level and that hotspots were simply an emergent

property of the purging of defective recombinants via natural se-

lection.126

In the late 1990s and early 2000s, studies of coronavirus

recombination spread beyond studies of MHV, eventually being

observed in additional in vitro experiments between two different

strains of avian IBV (genus Gammacoronavirus) and in experi-

ments between two different strains of porcine TGEV (genus Al-

phacoronavirus). Some of the first evidence of recombination

between viruses that weremore distantly relatedwas the discov-

ery of a naturally circulating recombinant coronavirus in 1998,

when FeCoV type II was shown to be the result of recombination

between FeCoV type I and CaCoVtype II.53 More evidence that

recombination could occur across larger taxonomic scales
Cell Host & Microbe 31, June 14, 2023 881



ll
OPEN ACCESS Review
began to emerge from studies of 50 and 30 replication signals,

which were shown to be incompatible across certain taxonomic

boundaries. Hsue andMasters showed in 1997 that the 30 UTR of

MHV could be replaced through targeted recombination by that

of BCoV (also genus Betacoronavirus, subgenus Embecovirus),

which shared the same secondary structure but not the same

nucleotide sequence, with no loss of viability.131 Wu et al. in

2003 replicated these studies for the 50 UTR by demonstrating

that a BCoV helper coronavirus could successfully replicate

MHV.133 Goebel et al. took this one step further in 2003, showing

that the SARS-CoV-1 30 UTR (genus Betacoronavirus, subgenus

Sarbecovirus) can also functionally replace that of MHV, but the

30 UTR of either TGEV (Alphacoronavirus) or IBV (Gammacorona-

virus) cannot.134

Taken together, these results demonstrate a clear taxonomic

boundary for recombination between coronaviruses of different

genera, and it has been suggested that any co-infecting corona-

viruses from within the same genus should, in theory, be able to

successfully recombine.133,134 Though theoretically possible

given the studies by Goebel et al., inter-species homologous

recombination between betacoronavirus subgenera has not

yet been observed in nature,96 although, interestingly, inter-spe-

cies recombination has been shown to occur across subgenera

in alphacoronaviruses.24 In contrast with the Alphacoronavirus

subgenera, which each have the same arrangements of acces-

sory proteins, each Betacoronavirus subgenus has a different

genomic structure and accessory proteins,135 which perhaps

has some bearing on their potential for recombination. Incom-

patibilities between 50 and 30 UTRs may act as a barrier for

recombination between genera, while incompatibilities medi-

ated by genome structure or accessory proteins may introduce

an additional barrier to recombination for the betacoronaviruses.

After the mid-2000s and the emergence of SARS-CoV-1,

studies examining undirected in vitro recombination between

two different coronaviruses did not appear in the literature again.

Recently, a study by Gribble et al. examined recombination via

the production of dRNAs; however, their study did not assess

recombination between two co-infecting viruses.95 Instead,

they individually cultured SARS-CoV-2, MERS-CoV, and MHV

and examined the resulting dRNAs (i.e., non-homologous

recombination events). They found some evidence of ‘‘microho-

mology,’’ where the �2–7 bp flanking deletion junctions showed

higher than expected sequence similarity. They also showed

that, statistically, there is evidence that non-homologous recom-

bination near TRSs is more frequent than would be expected by

chance; however, TRSs or complementarity alone could not

explain all non-homologous recombination. It is not known

whether the non-homologous, single-virus recombination stud-

ied by Gribble et al. and the homologous recombination that

occurs between two co-infecting viruses are occurring via the

same molecular mechanism. Thus, the roles of homology,

secondary structure, and TRSs in homologous inter-species co-

ronavirus recombination still remain unclear.

THE FUTURE OF CORONAVIRUS RECOMBINATION
RESEARCH

The limitations of comparative genomics support a clear need for

additional experimental evidence of recombination to resolve the
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confounded relationship between molecular mechanism and

environmental pressure in shaping patterns of coronavirus

recombination. Nearly all existing experimental studies, whether

recent or not, are limited strictly to the study of intra-species

recombination. Those involving more than one species have

used sequences that were generated with targeted recombina-

tion,131,133,134,136–138 where recombinants can be purposefully

designed to have genetic components such as the 30 or 50 UTR
from heterologous viruses and their functionality can then be

assessed. Undirected recombination, where two species of

coronaviruses are allowed to freely recombine, has not been per-

formed. We know, however, that inter-species recombination is

quite commonwithin the coronavirus family due to the vast num-

ber of recombinant virus genomes that have been found

naturally.18,21,42,43,45,46,48–52,54,61,139–143 The uncertainty of the

molecular boundaries of recombination, such as incompatibility

between different taxonomic groups or requirements for specific

genomic sequence similarities, can ultimately only be ascer-

tained experimentally, and thus this direction of further research

promises to provide a wealth of important knowledge.

Early experimental evidence also has relied completely on

PCR (which has low sensitivity for detecting recombination un-

less primers are designed to specifically span a recombination

breakpoint) for the identification of recombination events. There

is much to be gained from more thorough analyses with next-

generation sequencing, where current technology allows

sequencing of single RNA molecules without amplification and

even sequencing of RNA molecules from within a single cell.

This vastly expands the types of recombination events we

have the ability to observe in vitro and the patterns that might

be possible to identify.

Perhaps paradoxically, experimental patterns of recombina-

tion in vitro also allow for insights into the environmental pres-

sures shaping recombination patterns in nature, even though

recombinant RNAs detected in laboratory experiments essen-

tially represent patterns generated only by steps 3–5 of the

recombination pathway. A recombinant RNA presumably does

not have to successfully exit a DMV, assemble into a virion, or

be functional for replication to be observed, particularly when

single-molecule sequencing is employed. Essentially, this kind

of experimental design isolates almost as closely as possible

the ‘‘true’’ molecular potential of recombination between two vi-

ruses, without any post-recombination barriers filtering what is

ultimately observed. Using this framework, by effectively

subtracting patterns observed in laboratory settings from

recombination patterns in nature, we can attribute the differ-

ences directly to environmental circumstances or post-recombi-

nation natural selection (Figure 4).

For example, in a scenario where recombination occurs via a

similarity-essential mechanism, we would expect to see higher

rates or probabilities of recombination between viruses that are

genetically more similar in laboratory experiments. In nature,

we would expect to see much the same pattern, but greatly

reduced in strengthbecauseof thebarriers that exist for recombi-

nants to be successful after recombination occurred.

Conversely, in a similarity-nonessential mechanism, we might

expect to see a relatively uniform probability of recombination,

regardless of genetic similarity between the two viruses being

tested. If in nature,we instead observe a pattern such that closely
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related viruses appear to recombine more frequently than

distantly related ones, it can be inferred that the driver of this

pattern exists outside of steps 3–5. It may be such that closely

related viruses tend to occur in closely related species and

have higher chances of crossing species barriers and co-infect-

ing the same host, making recombination between them appear

more frequent. Alternatively, recombinants between viruses that

are quite distantly related may be suffering strong fitness deficits

and being filtered out post-recombination by natural selection.

Critically, further ecological experiments have the potential to

answer whether closely related coronaviruses are more likely to

co-occur, which would further whittle downwhether the patterns

we observe are driven by natural selection or not.

The same theoretical framework applies for investigation of a

hotspotmodelof recombinationversusa randommodel of recom-

bination. If recombination is indeed random, experimental evi-

dence will show relatively equal frequencies of recombination

breakpoints across theentiregenome. Thus, hotspotsof recombi-

nation observed in naturally occurring viruses can be directly

attributed to the effects of post-recombination natural selection

and provide valuable insight into the types of recombination

events that confer selective advantages. An observed increase

in recombination in thespikegene, for example,wouldbeclear ev-

idence that this type of event has strong evolutionary implications.

Onecanalso imagine that, even if experimental evidencesupports

a hotspot model of recombination where events are directed to

particular regions of the genome via some type of signaling, there

will still likely be differences in hotspot distributions in the lab

compared with those observed in natural viruses and still much

tobe inferredaboutpost-recombinationselectivepressure. Taken

together, this framework supports that a rangeof experimental ev-

idence of recombination in coronaviruses in vitro in combination

with continued broad comparative genomics studies will be

immensely valuable in illuminating barriers of recombination

across multiple steps of the recombination pathway.

In light of the COVID-19 pandemic and increased scrutiny on

coronavirus research, we emphasize here that coronavirus

recombination research can be safely undertaken and remain

firmly outside of gain-of-function territory. Careful consideration

should be given to which pairs of viruses are chosen for study as

well as to any necessary and appropriate safety precautions. For

viruses that have not been assessed for the potential for human

infection (i.e., uncharacterized bat coronaviruses), we recom-

mend higher biosafety precautions, such as performing work

under Biosafety Level 3 (BSL-3) containment. Perhaps more

importantly, cultures in which viruses have been co-infected to

allow for recombination can be chemically inactivated, thus elim-

inating the potential for any novel recombinant coronaviruses to

remain infectious. This of course does not allow for investigation

of many of the molecular post-recombination barriers, such as

the functionality of the recombinant genome, which we suggest

could be more safely evaluated using other methods.

INFORMING PANDEMIC PREDICTIVE INTELLIGENCE

Genomic recombination facilitates rapid, large-scale shuffling of

genotypes in coronaviruses, often resulting in viruses with novel

combinations of phenotypic traits. When it comes to predicting

spillover risk, recombination poses the particular challenge that
a viral community at one time point may be entirely different at

another, with evolution occurring in multiple, nonlinear directions

in a short period of time. Thus, even if surveillance were to cap-

ture all viruses within a community at a given time and charac-

terize the risk of each one causing a pandemic in humans, the

true overall risk of a virus with pandemic potential occurring in

that population would not be fully realized because of the poten-

tial for large genotypic shifts to generate such a virus at any time

in the future. Assessing risk on any scale beyond that of a single

virus must consider the additional evolutionary dimension that

recombination allows within a group of co-circulating viruses.

The ability to predict the potential for recombination between

any two given viruses will be crucial for evaluating the total risk

at larger scales.

Prediction of recombination potential between any two viruses

requires a much more complete understanding of the recombi-

nation pathway. Perhaps most importantly, the molecular mech-

anism by which recombination occurs must be conclusively

elucidated. With a more accurate picture of how recombination

is occurring at the molecular level, we can begin to build statis-

tical models predicting the probability of recombination between

any two viruses. This is particularly important when coronavi-

ruses with known potential for human infection overlap in

geographic space and host range with coronaviruses that do

not—any co-occurring coronavirus could presumably gain

this ability nearly immediately through recombination with a

human-infecting virus. The ability to predict the potential for

recombination between co-occurring viruses would thus be

invaluable in targeting surveillance efforts to geographic hot-

spots of recombination where novel human-infecting recombi-

nant viruses are most likely to arise. This of course requires an

expansive knowledge of where coronaviruses are currently

circulating, underscoring the need for continued broad-scale

wildlife coronavirus surveillance.

With the recent emergence of SARS-CoV-2, we have learned

that the sarbecoviruses are a perfect example of why this type

of knowledge and surveillance is so important. SARS-CoV-2

and the discovery of other SARS-CoV-2-like viruses in bats

and pangolins highlighted that ACE2 usage is an ancestral trait

in the SARS-CoV-2 clade57,61,62 and that a virus from this clade

likely transferred the ACE2 usage trait to SARS-CoV-1-like vi-

ruses via recombination,61 leading to the emergence of

SARS-CoV-1 in 2003. Notably, all closest known non-ACE2-us-

ing relatives of SARS-CoV-1 and many of the ACE2-using rela-

tives of SARS-CoV-2 have all been found in or near Yunnan

Province in China,43,61,111,112,144 demonstrating that viruses

that use ACE2 indeed overlap with viruses that do not in

geographic space. The majority of sarbecoviruses are also

found in closely related rhinolophid hosts,42,73,145 demon-

strating a strong potential for overlapping host ranges as well.

Given that the recombinogenicity of sarbecoviruses is already

well established,57,61,96,117,146 there is extremely strong evi-

dence supporting that continued sarbecovirus surveillance in

and around this region of Southeast Asia is critical. Once

broad-scale surveillance can provide a more detailed picture

of the sarbecoviruses that currently exist, where they circulate,

and in which hosts, we can begin to identify interfaces that are

at the highest risk of producing recombinant viruses, and spe-

cifically those that may have the capacity to use ACE2 and
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infect humans. Identifying potential hotspots of recombination

at such a fine scale can vastly increase the effectiveness of

aggressive surveillance efforts.

Predictive intelligence about coronavirus recombination will

also be valuable for designing surveillance strategies for

coronaviruses in domesticated animals. In pigs, for example, SE-

CoV is known to have arisen from a recombination event be-

tween TGEV and PEDV.50 The knowledge that multiple

coronaviruses were circulating in pigs has been known for

some time, but the potential for recombination between them

was unrealized until it had already occurred. Similar circum-

stances exist surrounding feline and canine alphacoronaviruses

co-circulating in cats and dogs, which have recombined to form

new serotypes multiple times.51,53,54 Recombination is also

thought to have contributed to the emergence of MERS-

CoV,18,65,66 potentially facilitated by co-occurrence of different

coronaviruses in camelids.45,147 Monitoring for co-occurring co-

ronaviruses in domesticated animals will be a far easier task than

surveillance in wildlife, and preventing coronavirus recombina-

tion in domesticated animals has strong implications for the

health of both humans and animals.

Surveillance and prediction of recombination in coronavi-

ruses will be a dynamic and continuously evolving endeavor.

This is highlighted by the broad host range of SARS-CoV-2,

which has been shown to infect a multitude of wildlife and

domesticated animal species.148–150 The spread of SARS-

CoV-2 across the globe has given a sarbecovirus unprece-

dented access to novel host species outside of the Rhinolo-

phus genus, such as white-tailed deer151,152 and mink.153,154

Many of these hosts harbor their own species of coronaviruses,

such as mink coronavirus (genus Alphacoronavirus, subgenus

Minacovirus)155 and strains of BCoV (genus Betacoronavirus,

subgenus Embeccovirus) in white-tailed deer,156,157 each of

which has unknown recombinogenic potential with SARS-

CoV-2. Mink coronavirus is an alphacoronavirus and BCoV is

in the betacoronavirus subgenus Embecovirus, and given

what we currently know about the taxonomic boundaries of

recombination, neither are likely to recombine with SARS-

CoV-2, which is a sarbecovirus. However, this example high-

lights how quickly the host range of a virus can change and

massively impact the ecological circumstances of co-circu-

lating viruses, especially when anthropogenic forces are at

play. If and when new coronaviruses emerge in humans, the as-

tronomical increase in access to novel hosts facilitated by

pandemic spread will be an important factor to monitor to

keep track of the potential for recombination with other existing

coronavirus species.

Ultimately, surveillance alone will be insufficient in

measuring the true risk of the pandemic potential of a commu-

nity of co-occurring viruses because there will always be

continued generation of novel combinations of genotypes

via recombination. Only in combination with predictive recom-

bination intelligence can we begin to fully explore the evolu-

tionary dimension of spillover risk. But before the potential

for recombination between two co-occurring coronaviruses

can be accurately predicted, the molecular mechanism of

recombination must be more definitively known. Some of the

biggest remaining unanswered questions are (1) whether

sequence homology is indeed required for recombination, (2)
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whether it occurs randomly across the genome or not, and

(3) where epistatic incompatibilities are most likely to render

recombinants non-functional. Comparative genomics as a

method of study for coronavirus recombination offers a quick,

inexpensive, and comprehensive solution toward that goal,

but ultimately will never be a tool that can definitively separate

the molecular mechanism from ecology and natural selection.

The barriers to performing comparative genomics studies are

much lower than those of performing experimental recombi-

nation, but experimental studies of recombination will be

pivotal in disentangling the molecular mechanism of recombi-

nation from the rest of the recombination pathway. Answering

these critical remaining questions, among others, is essential

for modeling and predicting potential recombination events in

the future.
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