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Abstract

We have previously reported intra-segmental crossovers in Brome mosaic virus (BMV) RNAs. In this work, we studied the
homologous recombination of BMV RNA in three different hosts: barley (Hordeum vulgare), Chenopodium quinoa, and Nicotiana
benthamiana that were co-infected with two strains of BMV: Russian (R) and Fescue (F). Our work aimed at (1) establishing
the frequency of recombination, (2) mapping the recombination hot spots, and (3) addressing host effects. The F and
R nucleotide sequences differ from each other at many translationally silent nucleotide substitutions. We exploited this
natural variability to track the crossover sites. Sequencing of a large number of cDNA clones revealed multiple homologous
crossovers in each BMV RNA segment, in both the whole plants and protoplasts. Some recombination hot spots mapped at
similar locations in different hosts, suggesting a role for viral factors, but other sites depended on the host. Our results dem-
onstrate the chimeric (‘mosaic’) nature of the BMV RNA genome.

Key words: Brome mosaic bromovirus; RNA replication; homologous RNA recombination; recombination hot spots; recombi-
nation frequency; host effects.

1 Introduction

The exchange of genetic material generates variations among
natural populations and demonstrates their role in evolution
and adaptation (Awadalla 2003). Populations of RNA viruses
usually harbor genetic diversity due to high mutation rates,
recombination, turnover rates, and large variability (Simon-
Loriere and Holmes 2011). Genetic RNA recombination contrib-
utes to viral evolution and biogenesis (Koonin, Dolja,
and Krupovic 2015), evident in many groups of plus-sense RNA
viruses in animals (Weiss and Schlesinger 1991; Graham

and Baric 2010; Lukashev 2010), plants (reviewed in Bujarski
2013), and bacteria (Palasingam and Shaklee 1992), in negative-
sense (Han and Worobey 2011), double-stranded (Krupovic,
Dolja, and Koonin 2015), and retroviruses (Delviks-Frankenberry
et al. 2011), and in defective-interfering RNAs (Sandoval et al.
2008).

Recombination allows for exchange of sequence blocks and
thus generates mosaicism in viral RNA genomes. There have
been reports of diverse mosaic patterns in retroviruses, includ-
ing HIV (Perez et al. 2006) and Simian immunodeficiency virus
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(Jin et al. 1994), between strains of porcine reproductive and re-
spiratory syndrome virus (PRRSV) (Li et al. 2009; Shi et al. 2013;
Martı́n-Valls et al. 2014) and strains of Dengue virus (Villabona-
Arenas, de Brito, and de Andrade Zanotto 2013) and the
influenza A virus (Lam et al. 2013). Homologous inter-strain re-
combinants have been described in populations of Potyviridae
(Visser and Bellstedt 2009; Yamasaki et al. 2010), Luteoviridae
and Closteroviridae (Pag�an and Holmes 2010).

RNA recombination is important for the evolutionary radia-
tion of Bromoviridae, the tripartite RNA viruses (Codoñer and
Elena 2008). In Brome mosaic virus (BMV), the extensive recom-
bination events between different BMV RNA segments have
been described (Bujarski and Kaesberg 1986; Bujarski 2013). Both
viral RNA sequences and viral and host proteins do contribute
to BMV RNA recombination. A recombination hot spot at the
30-UTR of all three RNA segments regulates BMV RNA replica-
tion, recombination, and virion assembly (Rao and Kao 2015).
Another hot spot maps to the intercistronic region in RNA3
(Wierzchoslawski et al. 2003). In Cucumber mosaic virus (CMV),
recombination events among natural isolates were detected in
different regions of the CMV genome (Nouri et al. 2014). Also,
Pita and Roossinck (2013) observed inter-strain recombinants in
the CMV reassortants.

Co-infections with related viral strains were used for map-
ping the recombination hot spots in enteroviruses (Smura et al.
2014), coronaviruses (Woo et al. 2006), and Dengue virus
(Carvalho et al. 2010). Co-inoculations with low-competitive
pairs of BMV RNA variants revealed homologous intra-segmen-
tal crossovers within large sequence blocks (Bruyere et al. 2000;
Urbanowicz et al. 2005).

To map the crossover regions more precisely, co-infections
with two BMV strains, Fescue (F) and Russian (R), were studied.
Seedlings of three different plant species, as well as the barley
protoplast cells, were co-infected with F/R BMV mixtures; the
recombinant RNA segments were cloned and sequenced. The
distribution patterns of strain-specific nucleotides demon-
strated the efficient homologous crossovers within each BMV
RNA segment and outlined the positions of distinct recombina-
tion hot spots. These results verified the swapped (‘mosaic’) na-
ture of the genomic BMV RNAs.

2 Materials and methods
2.1 BMV strains, host plants, and virus infection

Two strains of BMV were used in this study, Russian (R) and
Fescue (F). R is the type strain of BMV, infecting mostly grasses,
while the F strain (a generous gift of R. Nelson) was isolated
from leaves of Festuca arundinacea (tall fescue) by Ding et al.
(2006). There are numerous single nucleotide (nt) differences in
each of the BMV RNAs between the F and R strains (total of
1.3%), most of which are translationally silent. Two other
strains of BMV, KU1 (Furusawa et al 1994) and Czech (Gadiou
and Kundu 2010), carry a higher number of nt differences, but
many of these lead to amino acid changes, and therefore they
were not utilized in this study.

Three plant species were used as the BMV hosts: barley
(Hordeum vulgare), Chenopodium quinoa, and Nicotiana benthami-
ana. For each experiment, barley seedlings (two pots of ten seed-
lings) were inoculated five to 6 days after planting, C. quinoa (ten
plants) after 4 weeks, and N. benthamiana (ten plants) after
6 weeks. All plants were grown in a greenhouse with full-light
condition (16 h of light, 25 �C), watered every 3 days and fertil-
ized weekly. The F and R strains were maintained separately on

barley seedlings, and extracted/purified according to Bujarski
(1998). For a 1:1 ratio co-infection, 20 ll of each of 0.1 lg/ll puri-
fied BMV virus strains were mixed together and mechanically
inoculated on host plants. After inoculation, plants were kept in
the greenhouse for 10 days.

2.2 Protoplast transfections

Barley protoplasts were isolated from barley seedlings following
the protocol described by Sztuba-Solińska, Dzianott, and
Bujarski (2011). After isolation, 106 cells were transfected with
1–3mg of mixtures of F and R virion RNAs, using a PEG-assisted
procedure, in the presence of Carbenicillin (50 mg/ml). The
transfected protoplasts were incubated overnight in darkness at
27 �C in a shaker at 25 rpm. BMV virion RNA was extracted from
the purified virion preparations using published protocols.

2.3 RNA analysis, RT-polymerase chain reaction
amplification, and cDNA cloning

Total RNA was extracted from the infected tissue (from all in-
fected barley seedlings combined or from three leaves per each
infected seedling combined of either C. quinoa or N. benthamiana)
or from 106 transfected protoplast cells, as described in Sztuba-
Solińska, Dzianott, and Bujarski (2011).

Northern blotting was used to assess the quality of BMV RNA
and the accumulation level of F and R RNAs. Total RNA (1 ll) that
was extracted from 50 mg of combined leaf tissue and dissolved
in 30ll of water was run in 1 per cent formaldehyde-formamide
denaturing agarose gel, and the blots were probed with radioac-
tive 30-probe, as described by us before. The intensity of bands
was quantified densitometrically (by counting the number of pix-
els) and compared between F and R RNA components.

The RNA templates were copied and amplified as cDNA
products by Reverse Transcription (RT)-polymerase chain reac-
tion (PCR) using a high-fidelity reverse transcriptase (AMV re-
verse transcriptase from Roche Diagnostics) and a thermostable
DNA polymerase (GoTaq DNA Polymerase from Promega Corp.).
Briefly, the reverse transcription reaction mixture (20 ll) con-
tained 10 mM of reverse primer, 50 units of AMV RT, 50 lM
dNTPs, 25 units of RNasin, and 1 ll of total RNA as template (to-
tal RNA as an equivalent of 50 mg of combined leaf tissue or 106

protoplasts and dissolved in 30 ll of water). The reaction was in-
cubated for 60 min at 37 �C and 5 min at 95 �C. The following
PCR amplification reaction mixture (50 ll total) contained 1x
GoTaq Flexi buffer, 2.5 mM of MgCl2, 0.8 mM of dNTP mix, 0.2 lM
of forward primer, 0.2 lM of reverse primer, approximately
0.1 lg of cDNA, and 1.25 units of GoTaq DNA Polymerase.
Thermal cycler was set for twenty cycles of 1 min at 95�C for de-
naturation, 30 s at 64–68 �C for primer annealing, and 72�C for
1 min/kb, followed by final extension at 72�C for 10–20 min to
add an extra A overhung to the 30-end.

The PCR-generated cDNA products were cloned into the
pGEM-T Easy vector (Promega). Digestions with strain-specific
restriction enzymes were used to select the insert-carrying
cDNA clones and to confirm the ratio of F to R strains in the co-
inoculated plants. The insert-carrying clones were sequenced
using the Sanger protocol at The University of Chicago DNA
Sequencing and Genotyping Facility (http://cancer-seqbase.uchi
cago.edu/).

2.4 Control RT-PCR reactions

As a control against RT-PCR generated recombinants (Cocquet
et al. 2006), RT-PCR was performed on RNA3 sequences directly
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from a mixture of F and R virion BMV RNAs, with added total
RNA from either uninfected whole plants or barley protoplasts.
Another control involved co-transfecting the protoplasts with
mixtures of F and R BMV RNAs 1 and 3 only. By omitting the
RNA2 component, RNA replication was prevented. The resulting
RNA extracts were treated with RNase-free DNase (Ambion) to
remove the possible DNA-amplified PCR products, followed by
RT-PCR reactions, cloning, and sequencing. For each control re-
action, twenty-five cDNA clones (of RNA3 in first control, and of
RNA3 or RNA1 in the second control) were sequenced using the
Sanger protocol (see above) and none revealed the F x R cross-
overs (not shown).

2.5 Alignment of recombinant RNA sequences

The sequences of the cloned cDNAs were compared to the fol-
lowing GenBank sequences. For RNA1, the R strain was
X02380.1 and the F strain wasDQ530423.1. These sequences are
3,234 nt long and had the nucleotide differences at thirty-two
positions. For RNA2, the R strain was X01678.1 and the F strain
was DQ530424.1. The F sequence is 2,867 nt long, and it contains
61 nt differences and a 2 nt insertion within the noncoding re-
gion relative to R sequence. For RNA3, the R strain was
NC_002028.2 and the F strain was DQ530425.1. The F RNA3 se-
quence is 2,114 nt, while the R RNA3 sequence is 2,111 nt. These
sequences contain 21 nt differences and a polyA tract of vari-
able length within the intercistronic region, which accounts for
the length difference between the strains. This region was not
scored for recombination.

A few sites that were polymorphic in the GenBank sequences
proved to be monomorphic in our hands. It is likely that the pa-
rental strains had become monomorphic through genetic drift.
The monomorphic sites included position 3194 in RNA1, posi-
tions 1920, 1984, 2430, and 2582 in RNA2, and positions 1324 and
1350 in RNA3. These sites were not scored for recombination.

The cloned cDNA sequences were aligned using blastn, and
each site that differed between F and R was examined. Multiple
sequencing runs from the same clone were aligned with each
other, and a visual examination was made for recombination
sites. Some ambiguities, as well as nucleotides that did not
match either F or R, were noted in the regions of overlap be-
tween different sequencing run. These usually occurred in the
low-quality regions at the ends of the sequence, where many
differences and gaps relative to the GenBank sequence were no-
ticed. Most of these ambiguities were resolved by examining the
aligned sequences manually; the remaining ambiguous sites
were resolved in favor of the higher quality sequence. Single
sites that appeared to be recombinant in low-quality regions be-
tween non-recombinant sites were not counted.

2.6 Recombination frequency and statistics

Recombination frequency per nucleotide (RFN) was calculated
for each RNA fragment (interval) between markers, as the num-
ber of recombinants observed in this interval divided by the to-
tal number of sequenced clones (per cloning experiment) and
divided by the number of nucleotides (the length) in that frag-
ment multiplied by 100. No attempt was made to correct for
possible multiple recombinations in the same interval. The er-
ror bars for individual RFN values represent the 95 per cent con-
fidence intervals of a binomial distribution. The confidence
interval was calculated with the Clopper–Pearson formula
(Clopper and Pearson 1934).

The similarity between pairs of experiments in their inter-
val-specific RFN values was estimated by calculating the
Pearson correlation coefficient. The degrees of freedom used to
calculate the P values were the number of intervals for each
RNA minus two (Zar 2009). The relationship between the RFN
value sets can range from �1 to þ1, with a stronger correlation
the closer the coefficient approaches the þ1 value. A Pearson
coefficient of �0.5 is considered a strong correlation indicating
that mutations occur at similar sites with similar frequency.
The P values reflect the accuracy of the Pearson coefficient, with
�0.05 having a 95 per cent chance of being correct.

3 Results
3.1 Co-infections with F and R BMV strains

To determine the accumulation of F and R BMV strains in the
hosts, two to three seedlings were mechanically inoculated
with leaf sap (separately from F or R BMV-infected barley seed-
lings), and the viral RNA concentration was estimated with
Northern blotting in the total RNA extracted 10 days postinocu-
lation. No apparent differences in viral RNA concentration be-
tween F- and R-infected N. benthamiana or barley systemic
hosts, or C. quinoa local lesion host were observed (not shown).
To determine the presence of both strains in the F x R co-in-
fected plants, total RNA was extracted 10 days post inoculation,
BMV RNA2 was amplified by RT-PCR, and the cDNA products for
RNA2 were digested with Mlu I or PvuI, which cleave the R and F
sequences, respectively (Fig. 1). Co-accumulation of both strains
was detected in the co-infected barley (B lanes), N. benthamiana
(N lanes), and C. quinoa (C lanes) plants. The same result was
confirmed in barley protoplasts (not shown). These analyses
confirmed that F and R strains co-replicated in the species and
thus were available for recombination.

3.2 Recombination of BMV RNAs in whole plants

To determine the recombination activity between F and R BMV
RNAs, the progeny viral RNA was extracted from co-infected
plants and the individual RNA components were cloned as
cDNA. The BMV RNA1 molecule is 3.1 kB long, and it was cloned
in two fragments, covering nucleotides 1–1,500 and nts 1495–
3190 (Fragments 1 and 2 in Fig. 2). The clones were sequenced in
both directions, and the sequences aligned with each other as
well as with the parental F and R RNA1 sequences. This allowed
us to determine the distribution of single nt markers and thus
to characterize the recombinants. For N. benthamiana, seventy-
one clones of Fragment 1 and sixty-eight clones of Fragment 2
were sequenced, demonstrating 8 per cent and 3 per cent of re-
combinants, respectively (Fig. 2). Therefore, the entire recombi-
nation frequency (RF), defined as the ratio of recombinant
clones to the total number of sequenced clones, (see
Urbanowicz et al. 2005) equaled 11 per cent (or fifteen recombi-
nant clones). The F strain sequences slightly dominated for
both fragments. Ten RNA1 recombinants appeared to have a
single crossover, but five recombinants had multiple crossovers
(Supplementary Fig. S1).

To map and compare the probability of recombination along
the RNA1 molecule, the values of RFN were calculated for the re-
gions delimited by the single nt markers (see Section 2 for defi-
nition of RFN). As shown by the red line in Fig. 2, there was one
region (hot spot II) of elevated recombination activity in the
NTPase domain and a slightly increased activity at the 30-non-
coding region, observed in N. benthamiana.
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R RNA2

F  RNA2

PCR fragment 2-3

2.8 kB

1.8 kB

2.8 kB
PvuI (nt 2023)

MluI (nt 1680)

Figure 1. Agarose gel electrophoresis of the PCR-generated cDNA Fragments 2–3 from BMV RNA2, confirming co-infection by both F and R strains. The single cut ob-

served for Mlu I digestion confirms the presence of R-BMV (marked by R), whereas the single cut with Pvu I confirms the presence of F-BMV (marked by F). Digestions of

Fragments 2–3 from plants confirmed the BMV RNA2 mixture of both strains in the same host (B: Barley; C: C. quinoa; and N: N. benthamiana).

0.10

0.05

Ch. quinoa                                    67              63     26             27          53

N. Benthamiana                            71              68       8               3           11 

Barley                                                 - 9                                  11 - -

0.15

0.20

F x R RNA 1 (whole plants)

Total # of clones sequenced                   RF (%)         Total (%)

1a ORF (protein 1a = NTAse/Helicase

NTPase domain Helicase domain

Fragment 1  Fragment 2                           Fragment 1  Fragment 2

I

V
II

III
IV

VI

3’ UTR5’ UTR

Fragment 1                                                                Fragment 2

RFN (Regional Recombina�on Frequency per nucleo�de)
%

Figure 2. Mapping of recombination regions between BMV RNAs 1 in three co-infected hosts. The locations of single-nucleotide differences (markers) on the RNA1 se-

quence (central gray thick line) are represented by short green vertical bars with the nt positions shown above. The RFN values were calculated as described in the text

and their numbers plotted between the markers with the color-coded lines. The RFN values reflect the probability (percentage) of crossovers per nucleotide at the par-

ticular region. The RFNs for Ch. quinoa are denoted by green lines, N. benthamiana—by red lines, and for barley—by blue lines. The open reading frame (ORF) for protein

1a and the noncoding RNA1 regions are depicted below by thick and thin red lines, respectively, whereas boxed regions represent the two functional domains of the 1a

protein: the NTPase and the helicase domains. The sequenced areas are represented by dashed lines, marking the two separately cloned fragments of the RNA1 mole-

cule: Fragments 1 and 2. The total numbers of cDNA clones sequenced and the total fraction (%) of recombinants (RF) are shown by numbers at the bottom. The right-

most column shows the total RF. The total RF values cannot be calculated for barley because of missing sequence data for Fragment 1.
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More meaningful data about the distribution of recombina-
tion hot spots in RNA1 (Supplementary Fig. S1) were observed in
C. quinoa, the local lesion host. Here, among sixty-seven cDNA
clones covering the shorter fragment (Fig. 2), twenty-one F
clones and twelve R clones represented the wt (un-recombined)
sequence, showing a dominance of the F strain. In addition,
eighteen clones were the recombinant ones yielding an RF of
26 per cent. Similarly, sixty-three clones that covered the larger
fragment of RNA1 encompassed twenty-five wt F clones, four-
teen wt R clones, and seventeen recombinant clones, corre-
sponding to an RF of 27 per cent. Six recombination hot spots
(marked with Roman numerals I through VI), altered with the
regions of lower activity (Fig. 2, green line). Hot spot I covered
the 50-noncoding region, hot spots II and III were located within
the NTPase domain of protein 1a open reading frame (ORF),
hot spot IV mapped within the linker central region of the
ORF, and Regions V and VI were within the helicase domain.
Interestingly, the 30-noncoding region supported a low level of
recombination. Among the regions of elevated activity, the se-
quence within hot spot II had an RFN of 0.017 per cent, while
hot spots V (nts 1979–2273) and VI (nts 2810–2814) had the high-
est RFNs, above 0.22 per cent.

Limited data on RNA1 were obtained in barley (Fig. 2, blue
line), with only nine cDNA clones sequenced and one recombi-
nant found, corresponding to an RF of 11 per cent. In this recom-
binant, the crossover occurred near hot spot V in a central
portion of the helicase domain. Sequencing of a higher number of
clones is required to fully assess the frequency of recombination
in RNA1 in barley. With these limited data for barley and very few
crossovers observed in N. benthamiana, the calculated Pearson
correlation coefficients showed low statistical linear relationships
and high P values when pairwise comparisons of the correspond-
ing sets of RFNs were done among the three hosts (Table 1).

The RNA2 molecule (2.8 kB nts) was cloned in three frag-
ments, as illustrated in Fig. 3. The cumulative RF reached 58 per
cent in N. benthamiana and 41 per cent in C. quinoa. For barley,
the sequencing data covered only Fragments 1 and 2, with an RF
of 6 per cent. Full sequence coverage of RNA2 from N. benthami-
ana and C. quinoa revealed five regions of increased crossover
activity, with Regions II–IV within the 2a (RNA-dependent
RNA polymerase, RdRp) protein ORF. Interestingly, the GDD
RdRp motif was recombinationally silent. Hot spots I and V
were in the 50- and 30-UTRs, respectively, with the RFNs higher
in hot spot I, reaching the highest value in N. benthamiana
(RFN¼ 0.175%). Interestingly, all the hot spots mapped to similar
regions of RNA2 in all three hosts. The statistical relationship
between the RFN data sets for RNA2 was significant for pair of
N. benthamiana versus C. quinoa, with correlation coefficient 0.38
and P value 0.0098, differing significantly from other much lower
coefficients (Table 1). This suggests that RNA2 recombined in a
similar way in both hosts. The regions between the hot spots
were less active, again located at similar positions for both hosts.
For pairs of barley versus C. quinoa and barley versus N. benthami-
ana, there were lower correlation coefficients and higher P values
(Table 1), likely due to incomplete data from barley.

The majority of RNA2 recombinants involved single-cross-
over events. Three recombinants were the double-cross variants
and two were the triple-cross variants in N. benthamiana
(Supplementary Fig. S2). Likewise, in C. quinoa, there were two
double crossovers found in Fragments 1 and 2, while Fragment
3 generated two double-cross and one triple-cross recombinants
(not shown).

There was a slight domination of R BMV RNA2 sequences ob-
served among the un-recombined clones in C. quinoa for

Fragments 1 and 2, but the F and R sequences were nearly
equally represented for Fragment 3. In un-recombined clones
from barley, the R BMV sequences dominated for Fragment 1
(thirty-six of fifty clones), Fragment 2 (thirty-six of fifty clones),
and Fragment 3 (forty-two of forty-nine clones). Finally, among
un-recombined clones from N. benthamiana (Supplementary Fig.
S2), both strains were represented approximately equally:
for Fragment 1, there were twenty-one F and fourteen R clones;
for Fragment 2, there were twenty F and eighty R clones, and for
Fragment 3, there were twenty F and twenty-one R clones.

The RNA3 molecule is 2.1 kB long, and there were fewer single-
nucleotide markers that distinguish between R and F strains, with
none in the 50- and 30-UTRs (Fig. 4). Thus, the cDNA clones gener-
ated for RNA3 were missing both termini. Both 50- and 30-primers,
as well as an internal primer, were used for sequencing. The RF in
barley plants reached 60 per cent. Among the forty-seven cDNA
clones sequenced from barley, there were fourteen R and five F pa-
rental clones (Supplementary Fig. S3).

The RFN profiles in barley (Fig. 4) revealed five active regions
(Regions I–V), respectively, on the C-side of the 3a ORF,
the intercistronic region, the short N-terminal portion of
the coat protein (CP) ORF, and the C-side of the CP ORF. The
intercistronic region supported high RFN values, with a hot

Table 1. Pearson correlation data between pairs of the sets of RFN
values for BMV RNA recombinants identified in different hosts.a

BMV
RNA

Host pairs Pearson
correlation
coefficient

P Degrees
of
freedom

RNA1 Barley/C. quinoa �0.1522136 0.6034 12
RNA1 Barley/N. benthamiana �0.09031762 0.7588 12
RNA1 N. benthamiana/C. quinoa 0.0468351 0.8129 26
RNA2 Barley/C. quinoa �0.2099357 0.2933 25
RNA2 Barley/N. benthamiana 0.1600686 0.4251 25
RNA2 Barley/protoplasts 1:1 0.4365035 0.02282 25
RNA2 Barley/protoplasts 3:1 �0.01613249 0.9363 25
RNA2 N. benthamiana/C. quinoa 0.3810301 0.009814 43
RNA2 N. benthamiana/

protoplasts 1:1
0.6522988 1.21E-06 43

RNA2 N. benthamiana/
protoplasts 3:1

0.08308495 0.5874 43

RNA2 C. quinoa/protoplasts 1:1 0.07462209 0.6261 43
RNA2 C. quinoa/protoplasts 3:1 0.1884978 0.215 43
RNA2 Protoplasts1:1/

protoplasts 3:1
0.1785824 0.2405 43

RNA3 Barley/protoplasts 1:1 0.5198842 0.039 14
RNA3 Barley/protoplasts 1:3 0.5799374 0.01853 14
RNA3 Barley/protoplasts 3:1 0.01146229 0.9664 14
RNA3 Protoplasts 1:1/

protoplasts 1:3
0.6443845 0.00705 14

RNA3 Protoplasts 1:1/
protoplasts 3:1

�0.2542184 0.342 14

RNA3 Protoplasts 1:3/
protoplasts 3:1

�0.1720674 0.524 14

aColumn 2 shows the host pair that was compared and analyzed for both the

linear similarity at recombination sites and the frequency at given BMV RNA

segment (indicated in column 1). Column 3 shows the calculated Pearson corre-

lation coefficient for each respective pair of hosts. A coefficient of 0.5 and higher

suggests a high similarity in recombination profiles in the given pair of hosts.

Column four presents the corresponding P values that reflect the reliability of

the Pearson correlation coefficient. A P value of 0.05 and lower means a 95 per

cent chance the stated correlation being correct. The fifth column displays the

degrees of freedom, which was used to calculate the correlations; they simply

represent the number of fragments being analyzed minus 2.
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spot (Region IV) covering its downstream portion and the
beginning of the CP ORF, between nts 1196 and 1292. Hot spot
IV included the subgenomic RNA4 promoter (Haasnoot et al.
2002), known before as an active recombination site
(Wierzchoslawski et al. 2003; Wierzchoslawski, Dzianott, and
Bujarski 2004). Hot spot III included the B-box region, which is
known to bind the CP molecules. Also, a more upstream CP
binding site, known as the PE site (Fig. 4), supported recombina-
tion (hot-spot I). These results confirmed our prior data about
the recombinationally active elements in RNA3 (Bruyere et al.
2000; Urbanowicz et al. 2005; Sztuba-Solinska et al. 2012). There
were two low-activity regions in RNA3, within the N-side of the
3a ORF (nts 172–332) and within the central portion of the CP
ORF (nts 1334–1598). However, RNA3 data from N. benthamiana
and C. quinoa are required to calculate the statistical pairwise
linear correlations among the three hosts.

3.3 Recombination in protoplasts

To test recombination with reduced selection pressure, the co-
infection experiment was performed in a single cell protoplast
system. Barley protoplasts have been used in the past to study
BMV RNA replication (Sivakumaran, Hema, and Kao 2003;
Sztuba-Solinska and Bujarski 2008). Mixtures of F and R BMV
RNAs were co-transfected onto barley protoplasts, and the BMV
RNA2 and RNA3 components were amplified by RT-PCR,

followed by cloning and sequencing. The protoplasts were inoc-
ulated with two different ratios (1F to 1R and 3F to 1R ratio) of
BMV RNAs. It has been reported previously that the composition
of the BMV RNA inoculum influences the recombinant profiles
(Kwon and Rao 2012). To analyze RNA2 recombinants, forty-one
clones from the 1F to1R ratio were sequenced and six recombi-
nants were identified, corresponding to an RF of 15 per cent
(Fig. 5A, blue line). For hot spots I, II, and III, the distribution of
crossovers followed the patterns found for RNA2 in whole bar-
ley plants. The Pearson correlation coefficients for the pairs of
barley plants versus 1F to 1R protoplasts and N. benthamiana ver-
sus 1F to 1R protoplasts (Table 1) were high (0.437 at P¼ 0.023 and
0.652 at P¼ 1.21E-06, respectively). However, those for 1F to 1R
and 3F to 1R protoplasts correlated to a much lesser extent with
the plant hosts. Hot spot Ia (nts 340–484) was much more active
in barley protoplasts than in whole plants. Interestingly, both hot
spots Ia and V disappeared for the 3F to 1R inoculum ratio (yellow
lines). Also, the RF increased to 36 per cent with the 3F to 1R ratio.
Overall, these observations not only reveal limited effect of the
host on recombinant spots but also suggest some role of the ini-
tial availability of viral RNAs for recombination.

Three F to R RNA inoculum ratios were also tested for their
effect on RNA3 recombination in protoplasts (Supplementary
Fig. S4). For 1F to 1R ratio, seventy clones were sequenced, with
an RF of 24 per cent. Both 1F to 3R and 3F to 1R ratios had similar
RFs (22 and 20%, respectively). Similar to whole barley plants,

Ch. quinoa                  49             48              49             10             17             14          41

N. Benthamiana        49             50               50           24              22             12          58

Barley                          50              50              49            14              6                0            -

0.1

0.15

F x R   RNA2 (whole plants)

0.05

RFN (Regional Recombina�on Frequency per nucleo�de)
%

Total # of clones sequenced                   RF (%)                    Total RF(%)

2a ORF (protein 2a = RdRp) GDD mo�f

Fragment 1    Fragment 2   Fragment 3   Fragment 1   Fragment 2   Fragment 3 

VIVIII

II

I

3’ UTR5’ UTR

Fragment 1                                                                           Fragment 3
Fragment 2

Ia

Figure 3. Mapping of recombination regions between BMV RNAs 2 in three co-infected hosts. The locations of nt markers alongside the BMV RNA2 sequence, the calcu-

lation, plotting, and color coding of RFN lines, and the 2a ORF are all marked as described in Fig. 2. The position of GDD motif, a characteristic feature of RdRp polymer-

ases, is marked with a black vertical bar. Similar to Fig. 2, the areas of the separately cloned and sequenced Fragments 1, 2, and 3 are marked with dashed lines below.

The numerals at the bottom show the total numbers of cDNA clones sequenced, and the total fraction (%) of recombinants that defines the RF for each fragment, fol-

lowed by the total RF in the rightmost column.
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five active regions were mapped (hot spots I–V, Fig. 5B), includ-
ing the 3a ORF, the intercistronic region, and a short region at
the N-side of the CP ORF. However, there were significant differ-
ences at hot spots II, III, and IV. Hot spot II had its highest RFN
value for 1F to 3R ratio (black line) and the lowest for 3F to 1R ra-
tio (yellow lines). At the intercistronic region (hot spot III), the
1F to 1R ratio (blue line) supported the highest RFN, whereas the
3F to 1R ratio had the lowest RFN. The observed hot spot activity
in the intercistronic region confirmed our prior observations
(Wierzchoslawski et al. 2003; Wierzchoslawski, Dzianott, and
Bujarski 2004). For hot spot IV, the 3F to 1R ratio had the highest
RFN, but the 1F to 3R ratio had no recombinants. Significantly, a
central portion of the CP ORF (nts 1350–1598) did not support re-
combination with any of the three F to R ratios in protoplasts or
in whole barley plants. Apparently, there were some con-
straints, of a mechanistic rather than of a selection-based na-
ture that prevented crossovers at these locations. The
correlation coefficients between barley plants and both 1F to 1R
and 1F to 3R protoplasts were high (0.520 and 0.580, respec-
tively) at high confidence (P¼ 0.039 and P¼ 0.019, respectively).
Also, the patterns between protoplasts 1F to 1R and 1F to 3R cor-
related well with each other (0.644 at P¼ 0.007). It remains to be
demonstrated whether recombination of RNA1 in barley proto-
plasts is as low as in barley plants (shown in Fig. 2).

4 Discussion

This co-infection study reveals homologous recombination ac-
tivity in all three BMV RNAs. Our data confirm the existence of

previously reported recombination sites (Bruyere et al. 2000;
Urbanowicz et al. 2005) and also identify several new active se-
quences. The calculated RFN values were used as measures of
RF within the individual BMV RNA regions. In general, the error
bars (based on a 95% binomial confidence interval distribution)
were large for RFNs in most of the recombination hot spots (see
Supplementary Fig. S5). This was due to a limited number of
cloned and sequenced recombinants. Most likely, their accuracy
could be increased with the use of methods of next-generation
sequencing (especially RNASeq).

In BMV RNA1, six apparent recombination hot spots were
mapped (in C. quinoa): in the 50-UTR and within the 1a ORF, in
both domains of protein 1a as well as between the domains.
The crossovers, however, depended on the host because in N.
benthamiana, active hot spots were found only within the NTP-
ase domain and within the 30-UTR; the latter has been reported
previously (Bujarski and Kaesberg 1986). These host effects may
reflect both the role of host factors and/or selection pressure.
Data from barley were limited and therefore are not discussed.

The data for crossovers in RNA2 were more complete, as
they were obtained from three plant hosts, as well as from pro-
toplasts. Similar to RNA1, the recombination rates were higher
in C. quinoa and N. benthamiana than in barley, and the patterns
of crossovers covered the 50-UTR, some overlapping regions in
the 2a ORF, and the proximal portion of the 30-UTR (Figs 3 and
5A). Interestingly, the rates of crossovers within the tRNA-like
structure (distal portion of 30-UTR) were low in all three hosts
and also in protoplasts. Although, as in RNA1, the host did af-
fect the rate of crossovers in RNA2, the distribution of crossover

Barley  seedlings                48                                           48

0.1

0.05

0.15

F x R   RNA3  (whole plants)

Total # of clones sequenced         Total RF (%)

3a ORF (movement protein) CP ORF (coat protein)Intercistronic region

PE site
CP binding

B-box site
CP binding

I II III IV V
RFN (Regional Recombina�on Frequency per nucleo�de)

%

Figure 4. Mapping of recombination regions between BMV RNA3s in co-infected barley plants. The locations of markers on the RNA3 sequence, the calculation, plot-

ting, and color coding of RFN lines, and the 3a and CP ORFs are all marked as described in Fig. 2. The mapped RNA3 sequences responsible for CP binding (PE site and B-

box site) are marked with purple bars below. Similar to Fig. 2, the separately sequenced areas of RNA3 cDNA clones are depicted with dashed lines below. The numerals

at the bottom show total amounts of cDNA clones sequenced and the total RF values (%).
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Figure 5. Mapping of recombination regions between BMV RNAs 2 (A) and RNAs 3 (B) in co-transfected barley protoplasts. The locations of nt differences (markers) on

the BMV RNA sequence, the calculation, plotting, and depicting the ORFs all are as those in Figs 2 and 3. Two different ratios of F to R BMV RNA inoculums were tested

for RNA2, and three ratios were tested for RNAs 3 inocula: 1F to 1R (blue line), 3F to 1R (yellow line), and 1F to 3R (black line). The separately sequenced areas of cDNA

clones are depicted with dashed lines below. The numerals at the bottom show total numbers of cDNA clones sequenced and the total RF values (%).
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spots was affected to a much lesser degree. In fact, good statisti-
cal linear correlations were apparent between patterns of cross-
over sites in C. quinoa versus N. benthamiana, and even stronger
correlations with barley protoplasts (Table 1). These correlations
reveal that recombination in the three different hosts occurs at
similar positions, most likely as a viral feature.

For RNA3, the recombination sites were generally similar in
barley plants and barley protoplasts, again with strong statisti-
cal correlations (Table 1), although in protoplasts some spots
depended on the initial F to R ratio in the RNA inoculum (Figs 4
and 5B). The previously reported hot spot within the intercis-
tronic region was confirmed (Wierzchoslawski et al. 2003;
Wierzchoslawski, Dzianott, and Bujarski 2004; Sztuba-Solińska
et al. 2012). Also, the PE region (nts 620–800, Region I, Figs 4 and
5B) has been previously mapped as the CP binding/encapsida-
tion site and found to be a CP-dependent recombination region
(Sztuba-Solińska et al. 2012). In this work, PE region displayed a
high recombination activity.

The structural complexity of the recombining RNA mole-
cules can affect the distribution of recombination sites, as has
been shown for HIV-1 (Simon-Loriere et al. 2010) and numerous
plant viruses (Carpenter et al. 1995; Nagy and Bujarski 1995). In
HIV-1, studies have revealed a clear bias for more frequent re-
combination inside hairpins than in regions outside hairpin
structures (Simon-Loriere et al. 2010). Our studies show that one
large portion of the CP ORF (nts 1350–1598, Figs 4 and 5A) repre-
sented a low crossover frequency region in RNA3, in both barley
plants and protoplasts. It remains to be determined whether
the folding of this region reveals a structural complexity similar
to that of recombination-active regions. If yes, then the RNA
folding complexity would not be the sole determinant of the
crossover frequency. Both host and viral factors may contribute
to recombination activity at the hot spots (Knies et al. 2008). It
has been shown that the binding of both CP and replicase pro-
teins to PE and the intercistronic regions of RNA3 affect recom-
bination (Sztuba-Solinska et al. 2012). For Tobacco bushy stunt
virus, various cellular pathways and factors were found to be
major drivers of viral recombination in yeast (Nagy 2011), affect-
ing the ‘molecular crowdedness’ within the viral replicase (Nagy
and Pogany 2011).

A small fraction of F x R RNA recombinants arose via multi-
ple crossovers, for all three BMV RNAs. These data, previously
reported for barley and C. quinoa (Urbanowicz et al. 2005), fur-
ther confirm the possibility of exchange of RNA portions be-
tween viral RNA genomes. Multiple crossover events were also
reported during mixed infections with other RNA viruses, for
example, between CMV and TAV (Morroni et al. 2013; reviewed
in Sztuba-Solinska et al. 2011 and Bujarski 2013). The multiple
crossovers confirm that the virus is available for exchanges of
internal portions in the RNA genome and further prove its mo-
saic nature.

The precision of F x R RNA crossovers was striking, as there
were no recombinants found with missed or added nucleotides
over the sequence length. Because this high accuracy was ob-
served both in whole plants as well as in barley protoplasts, this
feature seems to be an intrinsic characteristic of viral mecha-
nisms rather than an effect of selection pressure. The high pre-
cision was also reported in the CMV/TAV recombination system
(Morroni et al. 2013). At the least, imprecise crossovers must oc-
cur at a much lower frequency than precise events.

Our studies reveal the dynamic character of the BMV RNA
genome. In all three RNAs, homologous crossovers can generate
a significant degree of mosaicism in the BMV genome, with se-
quence blocks derived from either parent. There are limited

reports of homologous recombinants in natural virus popula-
tions (Morroni et al. 2013). A study revealed a dynamic mosaic
populations of HIV-1 RNAs, with the rate of homologous ex-
changes reaching 0.1 per cent per nucleotide (Vuilleumier and
Bonhoeffer 2015). Our results indicate that BMV recombination
frequencies are lower by an order of magnitude from that of
HIV-1 in each BMV RNA component: 0.016 per cent per nt for
RNA1 (highest in C. quinoa), 0.02 per cent per nt for RNA2 (high-
est in N. benthamiana), 0.02 per cent per nt for RNA3 in barley
plants, and 0.01 per cent per nt for RNA3 in barley protoplasts.

The homologous RNA recombination described here could
be considered a functional analogue of DNA crossing-over in
DNA organisms although the molecular mechanism is com-
pletely different. Both mechanisms can recombine functional
units. Notable examples in this work include the exchanges be-
tween the two BMV RNA3 ORFs, and the exchanges between
two functional domains within the 1a protein ORF in RNA1.
Extensive crosses between two ORFs in RNA3 were also reported
in natural strains of CMV (Nouri et al. 2014). Such exchanges
can reduce the stochastic degradation of already fit RNA popu-
lations (Worobey and Holmes 1999; Bedhomme, Hillung, and
Elena 2015).

Supplementary data

Supplementary data are available at Virus Evolution online.
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