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The puzzle of RNA recombination
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Abstract For more than three decades, RNA recombination
remained a puzzle and has only begun to be solved in the last few
years. The available data provide evidence for a variety of RNA
recombination mechanisms. Non-homologous recombination
seems to be the most common for RNA. Recent experiments in
both the in vitro and the in vivo systems indicate that this type of
recombination may result from various transesterification
reactions which are either performed by RNA molecules
themselves or are promoted by some proteins. The high frequency
of homologous recombination manifested by some RNA viruses
can be easier explained by a replicative template switch.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

RNA recombination was discovered in the early 60s as an
exchange of genetic material between closely related RNA
viruses which co-infect the same cell [1,2]. Since then, the
formation of recombinant RNAs was observed in infected
cells of every kingdom [3]. However, until recently, the mo-
lecular mechanism of this process remained an unsolved puz-
zle. In contrast to DNA recombination, no specific genes were
associated with the recombinant formation that precluded dis-
section of the recombination mechanism by genetic tools;
neither could the mechanism be studied biochemically because
of the absence of cell-free experimental models. There was no
answer even to such basic questions as to whether the recom-
bination is accomplished by viral proteins (e.g. replicase), by
host proteins or by RNA molecules themselves. Moreover,
since RNA recombination was only observed in vivo, the
possibility could not be excluded that the recombining species
were not RNAs, but their cDNA copies.

Since RNA recombination is a very rare event, it can only
be detected if there are means of selective amplification of
recombinant molecules. Therefore, for a long time, RNA re-
combinations were exclusively observed in viral systems, but
even in these systems, recombinants were occasionally de-
tected consisting partially or entirely of cellular RNA seg-
ments [3-5]. It remained unclear whether any factors accom-
panying viral infection (e.g. presence of viral replicase) are
required for recombinant formation or whether RNA recom-
bination can occur in uninfected cells as well.

Apart from experimental difficulties, progress in this field
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was partially retarded by common belief that any type of
RNA recombination must be due to a replicative template
switch [3,5-8]. A breakthrough has been made during the
last 2 years owing to the development of cell-free experimental
models. It has appeared that RNAs can indeed recombine
without DNA intermediates, that there are a variety of non-
replicative mechanisms and that the existence of such mecha-
nisms can be demonstrated in conventional in vivo systems.

2. Homologous versus non-homologous recombination

The easiest way to observe RNA recombination is to co-
infect a cell with two related viruses which carry non-comple-
menting genetic defects or selective markers, such that no
virus multiplication is possible unless the viral genomes ex-
change their segments [3]. Recombination may be homolo-
gous, if both the parents and the progeny are homologous
to each other around the cross-over site, or non-homologous,
if it occurs otherwise. While homologous recombination pre-
serves the genome structure, non-homologous recombination
changes it. Since most of the viral genome comprises coding
sequences or those essential for RNA replication and/or pack-
aging into a virion, it is clear that most of the non-homolo-
gous recombinants will not survive. Therefore, experiments of
this kind mostly reveal the homologous recombination pro-
ducing an impression that homologous RNA recombination
occurs more frequently than the non-homologous one [3]. As
will be seen below, such a view is incorrect.

Non-homologous recombination can be observed by cross-
ing deletion variants or fragments of viral RNAs which over-
lap at non-essential regions and whose recombination may
restore the intact genome [9-12]. It can also be observed by
using an engineered virus carrying an insert in a non-essential
region. Often, such an insert renders the virus viable but con-
fers onto it a small-plaque phenotype. Occasionally, the insert
is deleted by intrastrand recombination, resulting in the resto-
ration of the wild-type phenotype, but the deletions are not
necessarily precise [13-15]. Spontaneous deletions can also
occur in wild-type viruses, resulting in the generation of de-
fective interfering (DI) particles [16,17]. DI particles were first
described under the name of ‘inactive viruses’ as early as in
1943 [18], but only in the 70s was it recognized that these are
generated by non-homologous RNA recombination. Since the
deletions result in a defect or a lack of at least one of the viral
genes, DI particles can only propagate if the same cell is co-
infected with the intact authentic virus providing the missing
proteins in frans and are detected as particles contaminating
the virus preparation. DI particles have been named so due to
their ability to interfere with replication of the helper virus
[16,17].

An important characteristic of recombination is its fre-
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quency. The frequency of homologous recombination greatly
varies among different viruses. It is as high as 10~ /nucleotide
(nt) in crosses between coronaviruses or picornaviruses be-
longing to the same serological type [3], but in RNA phages,
the frequency is as low as 10~!'/nt [19]. The frequency of non-
homologous recombination was almost never reported, but it
can be roughly estimated from the data presented in some
papers. In each studied instance, the estimate gives the same
value, about 1075/nt, i.e. the same order as the frequency of
the most efficient homologous recombination. Surprisingly,
non-homologous recombination is equally efficient in picorna-
viruses [13,20] manifesting the highest rate of homologous
recombination, in RNA phages [15] producing homologous
recombinants a million times less frequently and even in al-
phaviruses [12] in which homologous recombination was not
detected at all [9].

The absence of any correlation in the frequencies of homol-
ogous and non-homologous recombination suggests that the
mechanisms of these two processes may be entirely different.
This conclusion conforms to the observation that some viral
polymerase mutations differently affect homologous and non-
homologous recombination [21].

3. Recombination in the purified QB system

Recently, several laboratories reported on the development
of cell-free systems for studying RNA recombination [22-26],
but only one paper describes a purified system in which the
entire process, from mixing the parental strands and up to
amplification of recombinant molecules, can be strictly con-
trolled [23]. The reported system utilizes the pure replicase of
RNA-containing bacteriophage QpB, a unique RNA-directed
RNA polymerase capable to exponentially amplify RNA in
vitro [27]. This ability has been employed in the molecular
colony technique where single RNA molecules are grown as
colonies in an agarose gel containing QP replicase and rNTPs
[28]. Like bacterial colonies, each RNA colony comprises the
progeny of a single molecule, i.e. a clone [29].

Not any RNAs can be amplified by Qf replicase, but only
those carrying special 5'- and 3’-terminal structures which
form the replicase recognition site and whose interaction pre-
sumably provides for the single strandedness of the template
and the nascent RNA, thereby ensuring many rounds of rep-
lication [27]. The reported system [23] used, as recombination
substrates, the 5'- and 3'-fragments of RQ135~! RNA [30], a
134 nt long QP phage satellite RNA [28] which had arisen by
recombination between cellular and viral sequences [30]. The
fragments were obtained by breaking the RNA at a natural
cross-over site and, to facilitate a replicase switch between the
fragments, extending their truncated ends with homologous
foreign sequences (Fig. 1). To initiate recombination between
the fragments, they were mixed and applied to the replicase-
containing agarose. The fragments themselves are not replica-
ble, but recombination between them may produce replicable
RNAs resulting in RNA colonies whose number reflects the
number of recombinant molecules generated in the system.

RNA colonies did appear, directly demonstrating that
RNA molecules can recombine without any DNA intermedi-
ates: those simply could not form because there were no de-
oxyribonucleotides. Recombination occurred under conditions
(pH, temperature, salt and Mg®* concentrations) similar to
those in the cell. The recombination frequency was propor-
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Fig. 1. Joining the parental sequences in the recombinants generated
in vitro in the presence of QB replicase and rNTPs (A), in the pres-
ence of AMV reverse transcriptase and dNTP (B) and in the ab-
sence of any enzyme and nt (C). Foreign extensions are shown in
white letters, capital letters indicate the regions of homology.

tional to the product of the concentrations of the fragments.
Extrapolation to the intracellular RNA concentration gives a
value of 107°—10~%/nt [23], i.e. close to the frequency of non-
homologous recombination in RNA phages in vivo [15].

Sequencing of the recombinants has shown that all of them
are indeed non-homologous despite the homology of the for-
eign extensions (Fig. 1A). In contrast, only homologous re-
combinants were formed in a control experiment, in which the
same RNA fragments were incubated in the presence of
dNTPs and a reverse transcriptase (Fig. 1B), an enzyme capa-
ble of switching between templates [31], implying that the
mechanism of RNA recombination in the presence of Qf
replicase is different from template switch. The structure of
recombinants suggested that they were generated by an attack
of the 3'-terminus of the 5'-fragment at the phosphoester
bonds within the 3'-fragment (Fig. 1A). Indeed, the recombi-
nation did not occur when the 3’-hydroxyl of the 5'-fragment
(but not of the 3’-fragment) was eliminated and returned to
the original level upon restoration of the hydroxyl (Fig. 2). In
contrast to what is claimed in a recent review [8], these mod-
ifications did not introduce any bulky or otherwise unusual to
RNA groups which could interfere with replicase binding (cf.
Fig. 2). Moreover, the fact that similar modifications of a
replicable RNA do not affect its replicability [23,32] eliminates
the possibility [8] that Q replicase requires the terminal 3'-
hydroxyl for binding or RNA synthesis. Considered together,
these results indicate that RNA recombination in the presence
of QP replicase occurs via a transesterification reaction, rather
than via a replicative template switch.

The 3'-terminal modifications have recently been used as a
tool for exploring the ability of RNAs to recombine in the
absence of replicase [33]. In these experiments, a mixture of
the RNA fragments was incubated in a salt buffer and, prior
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Fig. 2. Terminal modifications of the 5'-fragment and their effects on RNA recombination in the cell-free QB system. Signs + and — indicate
occurrence and absence of the recombination, respectively. Similar modifications of the 3’-fragment do not affect recombination.

to applying to the QP replicase-containing agarose, it was
melted (to destroy any non-covalent complexes) and oxidized
with periodate (to prevent further recombination by the above
mechanism). Thus, RNA colonies would only grow if recom-
bination had occurred before the oxidation step. It has turned
out that RNAs do recombine by themselves. The only require-
ment is the presence of Mg?t ions at a millimolar concentra-
tion. However, such a self-recombination is entirely different
from recombination in the presence of QP replicase. In this
case, the fragments recombine by internal segments (Fig. 1C),
the 3’-hydroxyls do not participate (Fig. 2) and the reaction is
several orders of magnitude slower (Table 1). Moreover, be-
cause the chemical step is slow, it becomes rate-limiting and
the reaction follows pseudo-first order kinetics. Similar reac-
tions can also occur in cis, resulting in deletions of internal
RNA segments [33].

A conceivable mechanism of self-recombination includes an
attack by 2’-hydroxyls, the attack being either intramolecular,
leading to intermediate formation of the 2',3’-cyclic phos-
phate and 5’-hydroxyl termini which are then cross-ligated,
or intermolecular, resulting in a branched structure which is

Table 1
Properties of the two recombination mechanisms in the in vitro Qf
system

Self- Replicase-assisted
recombination recombination
Reaction kinetics Pseudo-first Second order
order
Rate-limiting step Chemical Non-covalent
reaction interactions
Overall rate?, nt™! h™' 107° 1074-1073
Nucleophilic attack By 2’-OH By 3’-OH
Reacting nt Internal 3’-Terminal+internal

2The rates have been extrapolated to the intracellular phage RNA
concentration. Their values can be directly compared with the re-
combination frequency in RNA phages whose infection cycle takes
about 1 h.

then copied by QP replicase to produce the final recombinant
molecule. Distribution of cross-over sites revealed no sequence
specificity (Fig. 1C) and the recombination rate did not
change when the extension sequences were altered [33], indi-
cating that the ability of self-recombination is not associated
with some cryptic ribozyme structures. It follows that self-
recombination is a general property of RNA and, inasmuch
as it requires nothing but RNA itself and Mg>*, it must be
ubiquitous in nature and involve both viral and cellular
RNAs.

Despite its low rate, RNA self-recombination might play an
important evolutionary role both in the prebiotic RNA world
and in the contemporary DNA world. At a rate of 10~°/nt/h,
a new recombinant RNA could arise in a human cell every
minute, yielding up to 10%° recombinant molecules during the
life span of the human body. Reverse transcription and inte-
gration [34] of even a minute fraction of the rearranged se-
quences would change the genome significantly. Moreover,
the reaction rate in the cell milieu might be much higher:
cellular proteins might non-specifically enhance self-recombi-
nation as they promote the action of ribozymes [35,36].

Thus, the experiments in the cell-free Qf system have dem-
onstrated the existence of at least two different non-replicative
mechanisms of RNA recombination, one being performed by
RNA itself and the other being somehow promoted by Qf
replicase. The mechanism of the replicase action and whether
other viral or cellular RNA polymerases can similarly pro-
mote reactions between RNA molecules remain to be deter-
mined.

4. Template switch versus the breaking and joining mechanism

The generation of a recombinant sequence can be conceived
in two different ways: via breaking the parental sequences and
joining the resulting fragments or via de novo synthesis by
replicase which switches to another template after it has cop-
ied a portion of the first template.



The replicative template switch mechanism has been com-
monly accepted as the only possibility for generating recombi-
nant RNAs since the work of Kirkegaard and Baltimore on
homologous recombination in poliovirus [37], which is widely
cited as the most strong evidence in favor of this mechanism.
They crossed the wild-type virus (guanidine sensitive and tem-
perature resistant) with a double mutant (guanidine resistant
and temperature sensitive) and looked for a recombinant
progeny that was both guanidine and temperature resistant.
A peculiarity of their experiment was that viruses infected the
cells in two consecutive steps, so that superinfection was per-
formed under conditions inhibiting the replication of the first
virus, the duration of the steps being adjusted to ensure equal
yields of the parental viruses by the end of the experiment. An
unexpected observation was that the yield of recombinants
differed more than 100-fold depending on which restrictive
factor was applied at superinfection. Specifically, the number
of recombinants was high when the cells were superinfected
with the wild-type virus at an elevated temperature and low
when the cells were superinfected with the mutant virus in the
presence of guanidine. According to the authors, such an
asymmetric result could not be produced by a breaking and
joining mechanism inasmuch as the parental genomes were
equally abundant in each case, but was a consequence of
asymmetric action of the restrictive factors on RNA synthesis.
By referring to unpublished data, they claimed that while an
elevated temperature inhibited the synthesis of only the neg-
ative strands of the mutant virus, the synthesis of both the
negative and positive strands of the wild-type virus was sup-
pressed in the presence of guanidine. Hence, as required by
the template switch mechanism, recombination appeared to
depend on the ongoing RNA synthesis.

However, these arguments do not seem to be strong
enough. Since the negative strands comprise only 2% of the
total viral RNA [38] and are presumably involved in double-
stranded replicative intermediates [5], recombination by the
breaking and joining mechanism may entirely depend on the
availability of the positive strands. Yet, the positive strands
synthesized at the first step may not be available during super-
infection because of their packaging or involvement into poly-
ribosomes. Hence, recombination by this mechanism may de-
pend on whether the positive strands of each parental virus
are synthesized during superinfection and will not occur in the
presence of guanidine when synthesis of only the mutant pos-
itive strands is allowed. In addition, the possibility cannot be
ruled out that the observed asymmetry resulted from a direct
suppression of recombination by guanidine.

Thus, the template switch mechanism has never been un-
equivocally demonstrated for RNA recombination. Neverthe-
less, it may operate in some viruses, such as picorna- and
coronaviruses that manifest an unusually high rate of homol-
ogous recombination. Switching between templates was di-
rectly demonstrated for retroviral reverse transcriptases
[31,39] and for DNA polymerases during PCR [40]. In each
of these cases, template switch is possible due to a particular
mechanism for dissociating the nascent strand base-paired to
its template: the RNA template degradation by the RNAse H
activity of reverse transcriptase and the heat-induced melting
of DNA duplexes during PCR. Obviously, neither of these
means is available for RNA viruses. However, some RNA
viruses might have evolved special mechanisms to overcome
the duplex problem, e.g. the use of ATP-fueled helicases.
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While the involvement of the replicative template switch in
RNA recombination has yet to be demonstrated, evidence for
non-replicative mechanisms of the breaking and joining type
is now available from the in vitro experiments in the Qf
system. The question inevitably arises: to what extent are
the conclusions made from in vitro data valid for the natural
systems [8]? In this regard, recent experiments on recombina-
tion between non-replicable and non-translatable fragments of
the poliovirus RNA [41] deserve special attention. Upon
transfecting appropriate cells, the fragments did produce via-
ble viral genomes, demonstrating that non-replicative recom-
bination can occur in vivo. The results show that, similar to
self-recombination, the 3’-hydroxyls do not participate in the
reaction and suggest an involvement of the 2’,3’-cyclic phos-
phate intermediates. The recombination is non-homologous
and, importantly, its frequency is similar to the standard fre-
quency of non-homologous RNA recombination in vivo. The
results have also revealed recombinational ‘hot spots’ associ-
ated with ribozyme-like RNA structures. Apart from self-re-
combination, replicase- and ribozyme-assisted recombination,
there may exist other non-replicative mechanisms for rear-
ranging the RNA sequences. For example, a mechanism in-
cluding RNAse-catalyzed cleavage and ligation has been pro-
posed [42].
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