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One of the most un usual fea tures of RNA vi ruses is their enor mous ge netic vari abil -
ity. Among the dif fer ent pro cesses con trib ut ing to the con tin u ous gen er a tion of new
vi ral vari ants RNA re com bi na tion is of spe cial im por tance. This pro cess has been ob -
served for hu man, an i mal, plant and bac te rial vi ruses. The col lected data re veal a
great sus cep ti bil ity of RNA vi ruses to re com bi na tion. They also in di cate that ge netic
RNA re com bi na tion (es pe cially the nonhomologous one) is a ma jor fac tor re spon si ble
for the emer gence of new vi ral strains or spe cies.

Al though the for ma tion and ac cu mu la tion of vi ral recombinants was ob served in nu -
mer ous RNA vi ruses, the mo lec u lar ba sis of this phe nom e non was stud ied in only a
few vi ral spe cies. Among them, brome mo saic vi rus (BMV), a model (+)RNA vi rus of -
fers the best op por tu ni ties to in ves ti gate var i ous as pects of ge netic RNA re com bi na -
tion in vivo. Un like any other, the BMV-based sys tem en ables ho mol o gous and
nonhomologous re com bi na tion stud ies at both the pro tein and RNA lev els. As a con se -
quence, BMV is the vi rus for which the struc tural re quire ments for ge netic RNA re -
com bi na tion have been most pre cisely es tab lished. Nev er the less, the pre vi ously pro -
posed model of ge netic re com bi na tion in BMV still had one weak ness: it could not re -
ally ex plain the role of RNA struc ture in nonhomologous re com bi na tion. Re cent dis -
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cov er ies con cern ing the lat ter prob lem give us a chance to fill this gap. That is why in
this re view we pres ent and thor oughly dis cuss all re sults con cern ing nonhomologous
re com bi na tion in BMV that have been ob tained un til now. 

RNA vi ruses and retro virus es are the only
known liv ing spe cies which use RNA to store
their ge netic in for ma tion. An other fea ture
com mon to both types of vi ruses is their enor -
mous ge netic vari abil ity [1, 2]. There is a lot of 
data sug gest ing that an in di vid ual RNA vi rus
or retro virus does not form a ho mog e nous
pop u la tion but rather a set of dif fer ent vi ral
vari ants. That is why, ac cord ing to some au -
thors, the term spe cies used to clas sify higher
or gan isms does not ap ply to RNA-based vi -
ruses [3–5].
Sev eral pro cesses con trib ute to the con tin u -

ous gen er a tion of new vi ral vari ants. Point
mu ta tions are most fre quently in tro duced
into the vi ral ge nome dur ing the rep li ca tion
pro cess (be cause of the low fi del ity of RNA de -
pend ent polymerases that lack proof read ing
ac tiv ity) [6–10] while RNA re com bi na tion is
re spon si ble for some more pro found changes
within the vi ral ge nome (se quence de le -
tion/in ser tion or strand ex change) [11–14].
The lat ter pro cess was ob served for hu man,
an i mal, plant and bac te rial vi ruses [12]. Ex -
change of the ge netic ma te rial be tween the
same vi ruses, be tween dif fer ent vi ral strains
or be tween dif fer ent vi ruses has been dem on -
strated. Ad di tionally, it was shown that vi ral
RNA can re com bine with host RNA [15, 16] as 
well as with trans gen ic mRNA that is formed
in cells ex press ing vi ral genes [17]. The data
above re vealed that RNA re com bi na tion is a
ma jor fac tor re spon si ble for the emer gence of
new, of ten dan ger ous vi ral strains or spe cies.
Basing on the struc ture and func tion of RNA 

mol e cules, two gen eral types of ge netic RNA
re com bi na tion were dis tin guished: ho mol o -
gous and nonhomologous [12]. Ho mol o gous
RNA re com bi na tion in volves two iden ti cal or
sim i lar mol e cules and is called pre cise if re -
com bi nant junc tion sites are lo cated ac cu -
rately at the cor re spond ing nu cleo tides or im -
pre cise when the junc tion sites oc cupy dif fer -
ent po si tions within re com bin ing mol e cules.

As a re sult of pre cise cross overs pa ren tal mol -
e cules are re gen er ated, whereas im pre cise re -
com bi na tion pro duces mol e cules in which
some se quences are du pli cated or de leted.
Nonhomologous re com bi na tion cross overs oc -
cur be tween two dif fer ent RNA mol e cules,
and so the re sul tant recombinants dif fer sig -
nif i cantly from the pa ren tal mol e cules.
De spite ex ten sive stud ies, the mo lec u lar

mech a nism of RNA re com bi na tion is still not
well un der stood. Most of the data col lected
with dif fer ent ex per i men tal sys tems sug gest
that re com bi na tion cross overs oc cur ac cord -
ing to the copy-choice hy poth e sis [11, 18–20].
This hy poth e sis pos tu lates that recombinants
are formed dur ing rep li ca tion, when the vi ral
replicase-nascent strand com plex switches
from one RNA tem plate (called RNA do nor) to 
an other (called RNA ac cep tor). The mo lec u lar
ba sis of tem plate switch ing events is better
un der stand able if they in volve two ho mol o -
gous RNA mol e cules, when the na scent strand 
syn the sized on the RNA do nor is com ple men -
tary to the RNA ac cep tor [21, 22]. The prob -
lem be comes more com pli cated if non -
homologous re com bi na tion is taken into con -
sid er ation. Ac cord ing to the def i ni tion, re com -
bi na tion of this type oc curs be tween two RNA
mol e cules of dif fer ent se quences. The gen er -
ated recombinants dif fer dis tinctly from the
pa ren tal mol e cules, and be ing dys func tional,
they rarely ac cu mu late in vivo. Some data sug -
gest that vi ral polymerases use pro moter-like
struc tures to switch from the do nor to the ac -
cep tor tem plate [23]. Other re sults em pha size
the role of lo cal hy brid iza tion (for ma tion of lo -
cal heteroduplexes) be tween re com bin ing
mol e cules [24, 25], leader se quences [26] or
tem plate break age [11, 27]. Re cently, it was
shown that in some cases RNA can re com bine
ac cord ing to an al ter na tive mech a nism, that
is by tem plate break age and re join ing [28].
First, cleav age of the vi ral ge nome gen er ates
two RNA frag ments. Next the 3′ end of the
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newly formed mol e cule can be joined with an -
other RNA in the li ga tion or trans esteri fica -
tion pro cess.
Dur ing the last de cade sev eral ex per i men tal

sys tems for RNA re com bi na tion stud ies have
been de vel oped. How ever, only that cre ated
with brome mo saic vi rus (BMV) reached the
level en abling com pre hen sive in ves ti ga tions
of nonhomologous and ho mol o gous re com bi -
na tion at both the RNA and pro tein lev els. As
a re sult, the BMV-based sys tem was ap plied to 
elab o rate a model of ge netic re com bi na tion in
(+)RNA vi ruses (de scribed in de tails in our
ear lier re view [22]). This model pre sumes that 
tem plate switch ing events are me di ated by vi -
ral replicase and it well ex plains how ho mol o -
gous re com bi na tion is af fected by the RNA
struc ture. How ever, the data col lected at that
time did not en ti tle us to make some gen eral
con clu sions on the role of RNA struc ture in
nonhomologous re com bi na tion. Re cent dis -
cov er ies con cern ing the lat ter prob lem let us
sig nif i cantly im prove our model by sup ply ing
its miss ing part. That is why in this re view all
the avail able re sults con cern ing the role of
RNA struc ture in tem plate switch ing by BMV
replicase be tween nonhomologous RNA mol e -
cules are ex ten sively dis cussed, whereas other 
as pects of ge netic RNA re com bi na tion that
were thor oughly de scribed in sev eral ear lier
re views [12, 14, 22, 29] are only shortly pre -
sented.

EX PER I MEN TAL SYS TEMS FOR
GE NETIC RNA RE COM BI NA TION
STUD IES

Al though ge netic RNA re com bi na tion has
been well doc u mented in nu mer ous RNA vi -
ruses, its mo lec u lar mech a nism has been ex -
am ined in only a few vi ral spe cies. Such a sit u -
a tion well il lus trates how dif fi cult it is to cre -
ate an ef fi cient sys tem for ge netic RNA re -
com bi na tion stud ies. To in ves ti gate the mo -
lec u lar ba sis of this pro cess we use an es pe -

cially well-established ex per i men tal sys tem
de vel oped with BMV. But be fore we pres ent
our re cent ob ser va tions con cern ing ge netic
RNA re com bi na tion in BMV we would like to
de scribe shortly the most im por tant re sults
ob tained with other vi ruses.

RE COM BI NA TION IN POLIOVIRUS
AND FOOT-AND-MOUTH DIS EASE
VI RUS (FMDV)

Both poliovirus and FMDV be long to
picornaviruses — small, icosahedral, sin -
gle-stranded (+)RNA vi ruses in fect ing hu -
mans and an i mals [30]. In ves ti ga tions con -
ducted with picornaviruses are of spe cial his -
tor i cal im por tance. They cre ated proper
grounds for fur ther RNA re com bi na tion stud -
ies, caus ing re com bi na tion to be come a rec og -
nized fact in the RNA world. Al ready in the
early 1960s it was shown that mixed in fec -
tions with two strains of poliovirus, each car -
ry ing a spe cific ge netic marker, re sulted in
prog eny ex hib it ing si mul ta neously both fea -
tures char ac ter is tic to pa ren tal vi ruses [31,
32]. A sim i lar phe nom e non was ob served for
FMDV [33]. The ob tained data sug gested that
about 10–20% of vi ral genomes un dergo re -
com bi na tion dur ing a sin gle rep li ca tion cy cle
[29]. More over, Kirkegaard and Bal ti more
dis cov ered that sup pres sion of poliovirus ge -
nome rep li ca tion in hib its RNA re com bi na tion 
[18]. This ob ser va tion pro vided the first ex -
per i men tal ev i dence sup port ing the copy-
choice mech a nism of RNA re com bi na tion.
The pro posed model for ge netic re com bi na -
tion in picornaviruses as sumes that tem plate
switch ing events oc cur pref er en tially but not
ex clu sively dur ing the (–) strand syn the sis. If
RNA poly mer iza tion is in ter rupted (be cause
of RNA sec ond ary struc ture or nu cle o tide
misincorporation), in com plete RNA may
leave the do nor tem plate and its syn the sis can 
be re sumed on an other tem plate. Re com bi na -
tion cross overs are roughly ran domly dis trib -
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uted along genomic RNA, while re com bi na -
tion fre quency strongly de pends on the ex tent 
of sim i lar ity be tween pa ren tal RNAs [34, 35].

RE COM BI NA TION IN MOUSE
HEP A TI TIS VI RUS (MHV)

MHV is a mem ber of coronaviruses — sin -
gle-stranded (+)RNA vi ruses with an ex -
tremely large non-segmented ge nome (from
27 to 31 kb) com pris ing 7 to 10 genes [30].
Studies in volv ing MHV dis closed a very in ter -
est ing but, at the same time, com pli cated pic -
ture of ge netic RNA re com bi na tion in
coronaviruses. In spite of some dif fer ences in
ge nome or ga ni za tion, each coronavirus en -
codes a huge RNA-dependent RNA poly mer -
ase of about 750–800 kDa [30]. In fact, this
pro tein should be clas si fied as a multi -
enzymatic com plex as it dis plays sev eral ac tiv -
i ties needed for vi ral ge nome ex pres sion and
rep li ca tion. In coronaviruses, each gene is ex -
pressed from a sep a rate mRNA. In ter est ingly, 
mRNA mol e cules are syn the sized in dis con -
tin u ous tran scrip tion re sem bling the RNA re -
com bi na tion pro cess. First, RNA poly mer ase
syn the sizes a 70–90 nt leader se quence (de -
rived from the 5′-end of genomic RNA). Then
the poly mer ase-leader com plex leaves the tem -
plate and re starts RNA syn the sis on one of
the intergenic tran scrip tion pro mot ers. The
re sul tant mRNAs have a leader se quence at
the 5′-end and are 3′-coterminal. How ever,
only the first gene lo cated at the 5′-end of
mRNA is used as a tem plate for pro tein syn -
the sis [29]. The above de scribed mech a nism
of coronavirus mRNA for ma tion by dis con tin -
u ous tran scrip tion pre sumes that vi ral poly -
mer ase is nat u rally se lected to me di ate tem -
plate switch ing events. In deed, stud ies in volv -
ing MHV dem on strated that about 25% of
genomic mol e cules are recombinants [36, 37]. 
They are most likely formed ac cord ing to the
copy-choice mech a nism [12]. Es pe cially fre -
quent re com bi na tion cross overs are ob served
in the MHV hypervariable re gion (within the

en ve lope pro tein en cod ing se quence) [38]. It
was pos tu lated that re com bi na tion is in duced
by RNA poly mer ase paus ing on the do nor
tem plate. The coronavirus poly mer ase may
pause be cause of RNA sec ond ary struc ture,
RNA break age or a pro tein bind ing to the do -
nor tem plate. How ever, the ques tion of the
fac tor that trans fers the poly mer ase-nascent
strand com plex to the ac cep tor tem plate is
still open [12]. At pres ent, sev eral pos si bil i ties 
are taken into con sid er ation. The poly mer -
ase-nascent strand com plex may rec og nize
spe cific RNA mo tifs im i tat ing tran scrip tion
pro mot ers or it may bind to the RNA–protein
com plex on the ac cep tor tem plate. In the lat -
ter case, re com bi na tion can be me di ated by
RNA–protein or pro tein–protein in ter ac tions 
[12].

RE COM BI NA TION IN TUR NIP
CRIN KLE VI RUS (TCV)

TCV, a small spher i cal vi rus of plants is a
mem ber of carmoviruses. Its ge nome is com -
posed of a sin gle-stranded (+)RNA mol e cule, 4 
kb in length [30]. In ad di tion, the TCV ge nome 
is fre quently ac com pa nied by subviral RNA,
i.e. sat el lite RNA (sat-RNA) and de fec tive in -
ter fer ing RNA (DI-RNA), which re quire the
genomic mol e cule for rep li ca tion and pack ag -
ing [39–41]. Si mon and co work ers dem on -
strated that all three kinds of RNA (genomic,
sat- and DI-RNA) can par tic i pate in the re com -
bi na tion pro cess [42–44]. They also found
that re com bi na tion cross overs are not dis trib -
uted ran domly along the TCV ge nome (as in
picornaviruses) but they are clus tered only in
some re gions [43, 45]. The un der taken anal y -
sis of re com bi nant junc tion sites re vealed the
role of spe cific RNA se quences and struc tural
mo tifs in re com bi na tion [23, 43, 45]. As a re -
sult, it was pro posed that TCV recombinants
are formed ac cord ing to the copy-choice hy -
poth e sis dur ing (+)RNA strand syn the sis. Ini -
tially, the replicase-nascent strand com plex is
re leased from the do nor tem plate. Then it
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binds to one of the pro moter-like struc tures
pres ent on the RNA ac cep tor and re sumes na -
scent strand elon ga tion on the new tem plate.
In ad di tion, lo cal hy brid iza tion be tween the
3′-end of the na scent strand and RNA ac cep -
tor may en hance re com bi na tion events, al -
though it is not def i nitely re quired [23, 45].

RE COM BI NA TION IN OTHER RNA
VI RUSES

There are sev eral other RNA vi ruses in
which ge netic re com bi na tion was in ves ti gated 
and some in ter est ing, pre lim i nary ob ser va -
tions were made. Mindich and co work ers
found that in bacteriophage Φ6 (dou ble-stra n -
ded RNA vi rus with a three-segmented ge -
nome) re com bi na tion may oc cur in side
procapsids, where vi ral poly mer ase syn the -
sizes dsRNA us ing (+)RNA strand as a tem -
plate [46, 47]. Re com bi na tion events in volve
dif fer ent RNA seg ments since they were clas -
si fied as nonhomologous, al though re com bi -
nant junc tion sites are usu ally lo cated within
short re gions of homology be tween re com bin -
ing mol e cules [46, 47]. Sim i lar ob ser va tions
were made dur ing nodavirus stud ies [48].
How ever, in the lat ter vi ruses two other fac -
tors, in ad di tion to lo cal homology, seem to in -
flu ence tem plate switch ing by vi ral poly mer -
ase: tem plate sec ond ary struc ture, which may
bring re com bi nant junc tion sites close to -
gether, and promotor-like se quences, which
can di rectly bind vi ral poly mer ase. Dif fer ent
re sults were ob tained by Raju and co work ers
who found that in Sindbis vi rus ho mol o gous
se quences are not re quired for re com bi na tion
to oc cur [49]. Re com bi nant junc tion sites are
ran domly dis trib uted along do nor and ac cep -
tor tem plates in a sim i lar way as in pico r -
naviruses.
In gen eral, most of the data col lected sug gest 

that RNA re com bi na tion oc curs ac cord ing to
the copy-choice hy poth e sis. The lo ca tion of re -
com bi nant junc tion sites and re com bi na tion
fre quency de pend on the spe cific prop er ties of 

vi ral replicases and on the pri mary and sec -
ond ary struc ture of the re com bin ing mol e -
cules.

BMV-BASED RE COM BI NA TION
SYS TEM

Brome mo saic vi rus is a pos i tive-sense RNA
vi rus of plants [50]. The BMV ge nome is com -
posed of three RNA mol e cules called RNA1,
RNA2 and RNA3. All three BMV RNAs pos -
sess an al most iden ti cal 3′-noncoding re gion
with a tRNA-like struc ture at the very end.
RNA1 and RNA2 en code BMV replicase pro -
teins 1a and 2a, re spec tively, while RNA3 en -
codes move ment and coat pro teins. BMV was
the first plant RNA vi rus for which ge netic
RNA re com bi na tion was ob served [51]. It was
dem on strated that BMV can sup port the for -
ma tion of both types of recombinants: ho mol -
o gous [52] and nonhomologous [25]. These ob -
ser va tions al lowed the de vel op ment of an ef fi -
cient BMV-based re com bi na tion sys tem de -
scribed in de tail in Fig. 1.

ROLE OF BMV-POLYMERASE IN RNA 
RE COM BI NA TION

The mod els of ho mol o gous and non -
homologous re com bi na tion (pre sented in
Fig. 1) pos ited that recombinants are formed
ac cord ing to the copy-choice hy poth e sis [25,
52]. Both mech a nisms pos tu lated the in volve -
ment of  vi ral poly mer ase in strand trans fer,
al though at that time there was no ev i dence
con firm ing this idea. 
To find some con clu sive data sup port ing the

mech a nisms above, we tested whether mu ta -
tions within BMV en coded poly mer ase (2a
pro tein) might in flu ence the re com bi na tion
pro cess. First, bas ing on the avail able bio -
chem i cal and crys tal lo graphic data, five mo -
tifs con served in RNA de pend ent RNA or
DNA polymerases were rec og nized in the 2a
pro tein. To de ter mine which of them par tic i -
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Fig ure 1. BMV-based re com bi na tion sys tem.

Par tic u lar frag ments of the BMV ge nome are marked as fol lows: 3′, 5′ and intercistronic noncoding re gions are
black; cod ing re gions are white; recombinationally ac tive se quences in tro duced into the RNA3 re com bi na tion vec -
tor are gray. A. Our stud ies of ge netic RNA re com bi na tion in volve spe cially pre pared BMV mu tant, in which the
3′-noncoding por tion of RNA3 was mod i fied (mod i fied RNA3 is called a re com bi na tion vec tor). Mu tated vi rus pos -
sesses the en tire ge netic in for ma tion nec es sary for BMV de vel op ment (its ge nome is com posed of wtRNA1,
wtRNA2 and RNA3 in which the cod ing and 5′-uncoding re gions are un changed), but rep li cates and ac cu mu lates to
a vis i bly lower level than the wt form. Such a BMV mu tant is sta ble in in fected cells and starts to re com bine if a
recombinationally ac tive se quence (ab bre vi ated RAS) is in serted into the vec tor mol e cule just be tween the cod ing
re gion and mod i fied 3′-end. B. Nonhomologous re com bi na tion. Fre quent nonhomologous re com bi na tion cross -
overs were ob served when a 140 nt se quence com ple men tary to the 3′-por tion of RNA1 (se quence called RAS-NH)
was in tro duced into the re com bi na tion vec tor. The pres ence of RAS-NH in the RNA3 de riv a tive (named PN1(–)
RNA3) al lowed lo cal RNA1-RNA3 hy brid iza tion (du plex for ma tion) that ef fi ciently me di ated re com bi na tion events.
The pro posed mech a nism of nonhomologous re com bi na tion be tween genomic BMV RNAs pos tu lates that
recombinants are formed ac cord ing to the copy choice hy poth e sis. BMV poly mer ase can not un wind the lo cal
RNA1-RNA3  du plex and switches  from the do nor to the ac cep tor tem plate.  C. Ho mol o gous re com bi na tion. Ho-



pate in RNA re com bi na tion, se lected re gions
of 2a were mutagenized. Mod i fi ca tions were
in tro duced within the poly mer ase cat a lytic
cen ter and the pu ta tive fin gers do main (in -
volved in RNA-protein in ter ac tions). More -
over, the N-terminal do main re spon si ble for
1a–2a bind ing within BMV replicase was also
mutagenized [19, 20]. 
Be cause recombinants are most likely

formed dur ing RNA rep li ca tion, only those 2a
pro tein mu tants that did not af fect the lat ter
pro cess were used for fur ther stud ies. First,
we found a sin gle amino-acid mu ta tion within
the core poly mer ase do main of the 2a pro tein
that in hib ited nonhomologous RNA re com bi -
na tion with out af fect ing the fre quency of ho -
mol o gous cross overs [19]. This dem on strated
that vi ral poly mer ase par tic i pates in the pro -
cess stud ied and sug gested that dif fer ent
mech a nisms op er ate in ho mol o gous and non -
homologous re com bi na tion. 
Dur ing fur ther stud ies, two do mains in -

volved in ge netic RNA re com bi na tion were
iden ti fied: the N-terminal and pu ta tive “fin -
gers” do mains. Gen erally, our data in di cate
that by in tro duc ing spe cific mod i fi ca tions
into vi ral poly mer ase one can in flu ence the
fre quency of  ho mol o gous and non homolo -
gous re com bi na tion as well as the lo ca tion
and pre ci sion of  ho mol o gous cross overs
[19, 20]. We also ob served that the lo ca tion
of nonhomologous cross overs de pends
mostly on the struc ture of re com bin ing mol -
e cules.

ROLE OF RNA STRUC TURE  IN
NONHOMOLOGOUS RE COM BI NA TION
BE TWEEN BMV RNAs

The model of nonhomologous re com bi na tion 
in BMV pre sumes that lo cal hy brid iza tion be -
tween re com bin ing mol e cules (RNA1/RNA3
heteroduplex for ma tion) ef fi ciently me di ates
tem plate switch ing by the vi ral rep li ca tion
com plex [25]. To in crease our knowl edge on
the mech a nism of nonhomologous RNA re -
com bi na tion large num bers of BMV recom -
binants were thor oughly ex am ined [53]. All
an a lyzed recombinants raised as a re sult of
cross overs be tween wt RNA1 and mod i fied
RNA3 [19, 20, 25]. To ob tain them ten var i ous
RNA3 de riv a tives were used: the pre vi ously
de scribed PN1(–) RNA3 (con structed by
RAS-NH in ser tion into the re com bi na tion vec -
tor) and its nine de riv a tives se ri ally named
PN2(–) to PN10(–) RNA3 [25]. We ob served
that in most RNA1/RNA3 du plexes re com bi -
nant junc tion sites were dis trib uted ran domly 
within lo cal dou ble stranded re gions. How -
ever, some du plexes sup ported re com bi na tion 
in a site-specific man ner (Fig. 2) [25, 53]. For
ex am ple, each in fec tion with PN3(–) RNA3 re -
sulted in re com bi nant A or B for ma tion. They
have the same length and dif fer from each
other by a sin gle nu cle o tide (GUCUCC and
GUCCCC, re spec tively) at the junc tion sites. 
In or der to iden tify the struc tural mo tifs in -

volved in nonhomologous re com bi na tion be -
tween BMV RNAs, the nu cle o tide se quences
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Leg end to Fig. 1. Con tinued

mologous BMV recombinants were gen er ated when a 60 nt se quence from the 3′-por tion of RNA2 (se quence called
RAS-H) was in serted into the re com bi na tion vec tor. The pres ence of ho mol o gous se quences in RNA2 and RNA3
does not lead to their in ter ac tion, how ever, the na scent strand syn the sized on the do nor tem plate can be com ple -
men tary to the ac cep tor. The pos tu lated mech a nism of ho mol o gous re com bi na tion in BMV as sumes that ho mol o -
gous recombinants are formed when vi ral replicase is paused within the re gion of lo cal homology be tween RNA2
and RNA3 and the 3′-end of the newly syn the sized RNA is re leased. Dur ing the next step, the 3′-end of the na scent
strand hy brid izes to the ac cep tor tem plate and BMV replicase uses it as a primer to re sume RNA syn the sis. D. BMV 
recombinants. Both nonhomologous and ho mol o gous re com bi na tion re pairs mu tated vi rus. In the RNA3
recombinants gen er ated the highly mod i fied 3′-end is re placed by the 3 ′-noncoding frag ment, con served in all BMV
RNAs, com ing from RNA1 (nonhomologous re com bi na tion) or RNA2 (ho mol o gous re com bi na tion). Re com bi nants
rep li cate and ac cu mu late better than pa ren tal RNA3 mol e cules so that the lat ter are out com peted from the in fected
cells.



of the pa ren tal and re com bi nant mol e cules
within and at the vi cin ity of the junc tion sites
were as sessed care fully. Re sults of the un der -
taken anal y sis sug gested that nonhomologous 
re com bi na tion oc curs in a site-specific man -
ner if the lo cal RNA–RNA heteroduplex is ac -
com pa nied by spe cif i cally po si tioned short ho -
mol o gous se quences (re gions h in Fig. 3B)

[53]. Re gions h are placed in such a way that
the heteroduplex formed by re com bin ing mol -
e cules can adopt two al ter na tive struc tures,
ei ther a full-length du plex or a shorter du plex
fol lowed by a hair pin on RNA3. As shown in
Fig. 3B, the for ma tion of the hair pin brings
both junc tion sites close to each other. This
may not, how ever, be the only fac tor al low ing
vi ral replicase to switch from one RNA tem -
plate to an other. The hair pin formed when vi -
ral replicase be gins to pen e trate the
RNA1–RNA3 heteroduplex may pause the
BMV replicase, while short ho mol o gous se -
quences (10–11 nt re gion h) gen er ate the
complementarity be tween the na scent strand
(syn the sized on the RNA1 do nor) and the ac -
cep tor tem plate.

To de ter mine whether the same RNA struc -
tural mo tifs were in volved in other re com bi -
nant for ma tion the re main ing re com bi na tion
hot-spots found for wt RNA1 and PN1(–) to
PN10(–) RNA3 were an a lyzed (Fig. 3C) [25,
53]. They were lo cated within lo cal dou -
ble-stranded re gions, and gen er ated al most or 
com pletely sym met ri cal recombinants (re -

com binants for which both re com bi nant junc -
tion sites were lo cated ex actly at the base-par -
ing nu cleo tides or were close to each other).
How ever, only one re com bi nant (E) con tained 
a short com ple men tary se quence be tween the
(+) na scent strand of RNA3 and (–)RNA1. The 
re main ing most fre quently ob served recom -
binants had junc tion sites lo cated close to
each other within the A-U rich re gions of the
heteroduplex [19, 20, 25, 53].
In ad di tion, the pref er ence of  BMV replicase 

to switch af ter cer tain nu cleo tides were in ves -
ti gated [53]. It was found that in 42% of
recombinants a U was the last nu cle o tide com -
ing from the do nor tem plate, in 30% it was an
A while only in 18% and 10% it was a C or a G,
re spec tively. Ap par ently, tem plate switch ing
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Fig ure 2. Dis tri bu tion of the nonhomologous cross overs oc cur ring in vivo  be tween BMV RNA1 and
PN3(–) or PN8(–) RNA3. 

In both heteroduplexes the up per se quence rep re sents the (+) strand of PN3(–) or PN8(–) RNA3 (the re gion where
RAS is lo cated) while the lower se quence rep re sents the cor re spond ing (com ple men tary) frag ment of the (+)RNA1
strand. The junc tion sites of each re com bi nant are marked with ar rows (point ing to the last nu cle o tide com ing from
wt RNA1 and the first nu cle o tide from the RNA3 de riv a tive) and with the same let ter. Num bers ac com pa ny ing the
let ters in di cate how of ten the given re com bi nant was iden ti fied.
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Fig ure 3. RNA struc tural el e ments sup port ing site-specific and heteroduplex-mediated nonhomologous
re com bi na tion.

A. A sche matic de scrip tion of the RNA1–RNA3 heteroduplex that me di ates re com bi na tion cross overs.
B. Site-specific nonhomologous re com bi na tion. Se quences in volved in site-specific re com bi na tion are high lighted,
while the re main ing frag ment of the heteroduplex is rep re sented by lines (the to tal   length of the RNA1/RNA3 du -
plex may vary from 30 to 140 nt).  Hy brid iza tion  be tween RNA  mol e cules is de picted by short lines.  It was ob served 



by BMV replicase most fre quently oc curs af -
ter nu cleo tides form ing the weaker A-U
base-pairs (72% of cross overs). An anal o gous
de pend ence was not ob served for the first nu -
cle o tide com ing from the ac cep tor tem plate:
in 48% of recombinants it was an A or a U
while in 52% of recombinants a G or a C [53].
In gen eral, the un der taken anal y sis sug -

gested that there are two dif fer ent types of
nonhomologous re com bi na tion: site-specific,
which gen er ates asym met ri cal recombinants
A and B, and heteroduplex-mediated, pro duc -
ing al most or com pletely sym met ri cal
recombinants. The for mer oc curs if the lo cal
RNA–RNA heteroduplex is ac com pa nied by
spe cif i cally po si tioned short ho mol o gous se -
quences, while the lat ter de pends on lo cal
RNA–RNA hy brid iza tion only [53].
In or der to ob tain ex per i men tal ev i dence

sup port ing the ob ser va tions above, a new
RNA3 de riv a tive named Mag1-RNA3 was
made [53]. It was pre pared by in sert ing a 137
nt por tion of RAS-NH into the RNA3 re com bi -
na tion vec tor. As a re sult, Mag1-RNA3 and
RNA1 were able to form a lo cal dou ble-
stranded struc ture pos sess ing all the pu ta tive
el e ments sup port ing both hetero duplex-me -
dia ted and site-specific nonhomologous re -
com bi na tion (Fig. 4). In tro ducing spe cific
mod i fi ca tions into Mag1-RNA3 we dem on -
strated that all three el e ments, i.e. the
heteroduplex struc ture, short ho mol o gous se -
quences and a hair pin on RNA3 (which forms
when BMV replicase un winds a few first
base-pairs of the heteroduplex) are re quired to 

tar get nonhomologous cross overs in a
site-specific man ner [53]. The data ob tained
with the Mag1-RNA3 de riv a tives also showed
that the pri mary and/or sec ond ary struc ture
of the se quences in volved in heteroduplex for -
ma tion rather than the length of the dou -
ble-stranded re gion plays the most im por tant
role in heteroduplex-mediated re com bi na tion
[53]. In ad di tion, our re sults sug gested that
se quences at the vi cin ity of the heteroduplex
also in flu ence the pro cess stud ied.

NONHOMOLOGOUS RNA RE COM  -
BI  NA TION ME DI ATED BY HU MAN
IM MU NO DE FI CIENCY VI RUS RE VERSE 
TRAN SCRIP TASE

To de ter mine how uni ver sal our ob ser va -
tions are we de cided to test if the iden ti fied el -
e ments of RNA struc ture are able to in duce
tem plate switch ing by other vi ral poly -
merases. To this end, we cre ated a suit able in
vi tro sys tem in which recombinationally ac -
tive re gions of BMV RNAs were ap plied as do -
nor and ac cep tor tem plates (Fig. 5) [54].
Among dif fer ent vi ral polymerases that

could po ten tially be used in our sys tem, hu -
man im mu no de fi ciency vi rus re verse tran -
scrip tase (HIV RT) was cho sen. This en zyme
is nat u rally se lected to me di ate re com bi na -
tion events, be cause HIV RT has to switch
from one genomic RNA to an other to pro duce
dou ble-stranded DNA that is in te grated into
the host ge nome. Ad di tionally, the mo lec u lar
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Leg end to Fig. 3. Con tinued

that all RNA1–RNA3 heteroduplexes me di at ing site-specific re com bi na tion in BMV have a com mon left-hand por -
tion that can adopt two dif fer ent con for ma tions. Re com bining mol e cules can form a full-length du plex (the up per
struc ture) or a shorter du plex with a hair pin on the RNA3 tem plate (the struc ture be low). Such struc tural flex i bil ity
re sults from the pres ence of short ho mol o gous se quences spe cif i cally po si tioned in re com bin ing mol e cules (the
shad owed se quences marked with an “h”). The re gion h is placed at the left-hand end of the heteroduplex in RNA1
and just be fore the heteroduplex in RNA3. The por tion of RNA3 in volved ei ther in the heteroduplex or the hair pin
stem for ma tion is shad owed and marked with a “c”. The ar rows with let ters in di cate the junc tion sites of
recombinants (A and B) gen er ated as a re sult of site-specific cross overs. C. Heteroduplex-mediated re com bi na tion.
Lo ca tion of the junc tion sites (marked with ar rows and with let ters) found in recombinants that, be side A and B,
were the most fre quently iden ti fied dur ing BMV in fec tions in volv ing the PN1(–) to PN10(–) RNA3 de riv a tives. Lo -
cal RNA1/RNA3 heteroduplexes are rep re sented by lines and the se quences near the re com bi na tion hot-spots are
high lighted.



struc ture of HIV RT has been solved by X-ray
dif frac tion and that can be es pe cially use ful
for fur ther stud ies on the mech a nism of RNA
re com bi na tion.
The tem plate switch ing abil i ties of HIV–RT

were ex am ined in primer ex ten sion re ac tions
in volv ing RNA do nor (RNA1-NH) and ac cep -
tor (Mar1-RNA3 or its mod i fied de riv a tive)
tem plates, and the do nor tem plate-specific
primer A (see Fig. 5) [54]. An anal y sis of the
re verse tran scrip tion prod ucts dem on strated

that lo cal hy brid iza tion be tween the do nor
and ac cep tor mol e cules (the heteroduplex
struc ture sup port ing nonhomologous re com -
bi na tion in BMV [25]) pauses the primer ex -
ten sion re ac tion very ef fec tively. How ever,
the heteroduplex it self was not able to ef fi -
ciently me di ate in vi tro re com bi na tion cross -
overs with HIV–RT. We ob served that only
those do nor and ac cep tor tem plates which
sup port site-specific cross overs in BMV en -
sured tem plate switch ing by HIV–RT [54].
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Fig ure 4. Con struc tion of the uni ver sal recombinationally ac tive Mag1-RNA3 de riv a tive.

A. Mag1-RNA3 was pre pared by in sert ing a 137 nt RAS com ple men tary to RNA1 (be tween po si tions 2856 and 2992)
into the re com bi na tion vec tor. As a re sult, Mag1-RNA3 and RNA1 were able to form a lo cal dou ble-stranded struc -
ture pos sess ing all the pu ta tive el e ments sup port ing both heteroduplex-mediated and site-specific nonhomologous
re com bi na tion. B. The left-hand por tion of the RNA1/Mag1-RNA3 heteroduplex is iden ti cal to that of shown in
Fig. 3B. That is why the heteroduplex can ex ist in two dif fer ent con for ma tions (as a full-length du plex or as a shorter
du plex fol lowed by a hair pin on the ac cep tor tem plate).



MECH A NISM OF NONHOMOLOGOUS
RNA RE COM BI NA TION

The data pre sented above sug gest that BMV
replicase and HIV–RT use an iden ti cal or sim -
i lar mech a nism to pro duce nonhomologous
recombinants in a site-specific man ner. The
fol low ing sce nario of BMV replicase/HIV–RT
tem plate switch ing is pro posed to ex plain why 
both the pres ence and proper po si tion ing of
the iden ti fied RNA struc tural el e ments are re -

quired to gen er ate recombinants (Fig. 6).
RNA/DNA syn the sis be gins at the 3′-end of
the do nor tem plate. BMV replicase/HIV–RT
en coun ters the hetero duplex and un winds a
few first base-pairs, in duc ing hair pin for ma -
tion on the ac cep tor tem plate. Ho mol o gous se -
quences h are po si tioned in such a way that
both hetero duplex un wind ing and hair pin for -
ma tion may oc cur si mul ta neously, al low ing
BMV repli case/HIV–RT to con tinue RNA/
DNA strand elon ga tion. How ever, the en zyme 
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Fig ure 5. Nonhomologous re com bi na tion sys tem in vi tro. 

The pre vi ously iden ti fied recombinationally ac tive frag ments of BMV RNAs were used in our sys tem as do nor
(RNA1-NH) and ac cep tor (Mar1-RNA3) mol e cules. A. The RNA1-NH do nor tem plate cor re sponds to the 403 nt frag -
ment of BMV RNA1 (be tween 3′ po si tions 1 and 403). B. The ba sic Mar1-RNA3 ac cep tor tem plate is de rived from
Mag1-RNA3 (a 446 nt frag ment of Mag1 RNA3). C. RNA1-NH do nor and Mar1-RNA3 ac cep tor tem plates are ca pa -
ble of form ing a lo cal dou ble-stranded re gion where, ac cord ing to ear lier data, site-specific and hetero duplex-me di -
ated cross overs oc cur. The tem plate switch ing abil ity of HIV–RT was tested in primer ex ten sion re ac tions in volv ing
the do nor and ac cep tor mol e cules and the do nor spe cific primer A (marked with an ar row). The ac cep tor and do nor
tem plates were con structed in such a way that the recombinants gen er ated (dot ted line) should be lon ger than each
of the pa ren tal mol e cules (if formed ac cord ing to the mech a nism ob served for BMV they should be at least 500 nt
long). To ex am ine the mech a nism of tem plate switch ing by HIV RT spe cific mod i fi ca tions were in tro duced into the
Mar1-RNA3 ac cep tor mol e cule [54].
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Fig ure 6. Pu ta tive mech a nism of site-specific tem plate switch ing by BMV replicase and HIV–RT.

Solid lines rep re sent do nor and ac cep tor RNA tem plates and the na scent strand (RNA or ssDNA). Short ver ti cal
lines sym bol ize strand hy brid iza tion. Ho mol o gous se quences h pres ent in the do nor and ac cep tor tem plates are
boxed. Ar rows in di cate the lo ca tion of re com bi nant junc tion sites. A. Vi ral poly mer ase (sym bol ized by the gray oval)
starts RNA or DNA syn the sis at the 3′-end of the do nor tem plate. B. The en zyme en coun ters the heteroduplex struc -
ture and un winds a few first base-pairs, in duc ing hair pin for ma tion on the ac cep tor tem plate. This al lows the poly -
mer ase to con tinue na scent strand ex ten sion. C . The en zyme pauses within the dou ble-stranded re gion (at the 5′-end 
of se quence h in the do nor mol e cule). The gen er ated hair pin brings re com bi nant junc tion sites close to gether. D.
Poly mer ase paus ing causes the en zyme to dis so ci ate from the do nor tem plate (left-hand fig ure) or moves back ward
(right-hand fig ure). At the same time the heteroduplex be gins to re con struct (si mul ta neously the hair pin stem un -
winds) while the re leased 3′-end of the na scent strand hy brid izes to the 5′-end of se quence h lo cated in the ac cep tor
tem plate. E. Vi ral poly mer ase hy brid izes to the na scent strand-acceptor com plex or moves for ward and switches to
the ac cep tor. Finally, na scent strand syn the sis is re-initiated.



is paused af ter a while within the sta ble por -
tion of the du plex (at the 3′-end of the se -
quence h). This may cause BMV
replicase/HIV–RT and the 3′-end of the ex -
tended primer to be re leased from the do nor
(sep a rately or as a com plex) or BMV
replicase/HIV–RT may move back ward along
the tem plate re leas ing the 3′-end of the na -
scent strand (as it was pro posed for the tran -
scrip tion com plex [55]). While BMV
replicase/HIV–RT and the 3′-end of the na -
scent strand leave the paus ing site, a
full-length du plex can be re stored. At the same 
time, the 3′-end of the newly syn the sized
RNA/DNA may hy brid ize with the ac cep tor,
since hair pin for ma tion brings a suit able por -
tion of ac cep tor se quence h very close to the
paus ing site. Dur ing the next step, BMV
replicase/HIV–RT may hy brid ize to the na -
scent strand-acceptor com plex (if the en zyme
was re leased from the do nor) or move for ward 
and switch to the ac cep tor dur ing a con tin u -
ous pro cess (if BMV replicase/HIV–RT back -
ward slid ing oc curred ear lier) and re sume
primer ex ten sion on Mag1- or Mar1-RNA3.
How ever, the re sults pre sented here can not

pre cisely ex plain the for ma tion of recom -
binants with both junc tion sites lo cated within 
the heteroduplex (heteroduplex-mediated
cross overs gen er ated in the BMV-based sys -
tem). One may as sume that they are also
formed ac cord ing to the copy-choice mech a -
nism. Dur ing the first stage, the rep li ca tion
com plex could pause be cause of strong do -
nor-acceptor hy brid iza tion. But it still re -
mains un clear how the vi ral replicase and the
na scent strand are trans ferred from one tem -
plate to an other, and which el e ments in RNA
and/or pro tein struc ture can me di ate such a
pro cess (es pe cially for recombinants whose
junc tion sites are lo cated far from each other
within the heteroduplex struc ture). The pre -
sented data strongly sug gest that do -
nor-acceptor hy brid iza tion it self does not al -
ways en sure tem plate switch ing by vi ral
replicase. Nonhomologous RNA re com bi na -
tion also de pends on the pri mary and sec ond -

ary struc ture of the hy brid ized se quences as
well as se quences prox i mal to the hetero -
duplex.
More over, the clus ter ing of re com bi na tion

cross overs within AU-rich re gions, which are
es pe cially sus cep ti ble to break age [56, 57],
sug gests that tem plate-switching events may
be ad di tion ally en hanced by RNA cleav age.
Lo cal un wind ing of the RNA1-RNA3 du plex
(so called breath ing of the dou ble-stranded
struc ture) pref er en tially oc curs within
AU-rich re gions and gen er ates short, sin -
gle-stranded RNA frag ments. At the same
time, it was shown that an A-U phospho -
diester bond is about 50 times less sta ble than
a C-G and 100 times less sta ble than a G-G
when within a sin gle-stranded re gion [58, 59].
RNA cleav age may serve as a strong paus ing
sig nal for vi ral replicase. In ad di tion, the
break age of RNA con ti nu ity may help the rep -
li ca tion com plex to leave the do nor tem plate.
On the other hand, it can not be ex cluded that 

heteroduplex-mediated re com bi na tion oc curs
by RNA break age and re join ing. This opin ion
is sup ported by the fact that sim i lar to splic -
ing, heteroduplex-mediated re com bi na tion de -
pends on RNA sec ond ary struc ture. There -
fore, fur ther stud ies are re quired to dem on -
strate whether the same or dif fer ent mech a -
nisms op er ate in heteroduplex-mediated and
site-specific nonhomologous RNA re com bi na -
tion.
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