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In the past, we showed that local infection of tobacco leaves with either tobacco
mosaic virus or oilseed rape mosaic virus (ORMV) resulted in a systemic increase in
the homologous recombination frequency (HRF). Later on, we showed that a similar
phenomenon occurs in Arabidopsis thaliana plants infected with ORMV. Here, we tested
whether the time of removing the infected leaves as well as viral titer have any effect
on the degree of changes in HRF in systemic tissues. An increase in HRF in systemic
non-infected tissues was more pronounced when the infected leaves were detached
from the infected plants at 60–96 h post-infection, rather than at earlier time. Next,
we found that exposure to higher concentrations of inoculum was much more efficient
in triggering an increase in HRF than exposure to lower concentrations. Finally, we
showed that older plants exhibited a higher increase in HRF than younger plants. We
found that an increase in genome instability in systemic tissues of locally infected
plants depends on plant age, the concentration of initial inoculums and the time of viral
replication.
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INTRODUCTION
Viral infection is a common stress for plants. Typically, plants
respond to such attack by activating various defense pathways.
The efficiency and speed of plant response, however, depend on the
presence of genes of resistance (R-genes) that allow plants to rec-
ognize pathogen avirulence genes (Avr-genes; Durrant and Dong,
2004). The recognition of a pathogen through gene-for-gene inter-
actions results in an incompatible response that manifests itself in
the salicylic acid (SA)-dependent restriction of virus movement
and the activation of systemic defense against future pathogen
attacks known as systemic acquired resistance (Durrant and Dong,
2004; Scholthof, 2004). In contrast, if either the R-gene or the Avr-
gene is missing, interactions between pathogens and plants are
compatible; viruses are able to spread and infect plants systemically
(Dong, 2001; Scholthof, 2004).

Previously, we showed that a compatible interaction between
SR1 tobacco plants and either tobacco mosaic virus (TMV) or
oilseed rape mosaic virus (ORMV) results in an increase in the
frequency of homologous recombination (HRF; Kovalchuk et al.,
2003). We demonstrated that when infected leaves were removed
from plants 24 h after infection, a virus was not able to spread to
systemic tissues, but an increase in HRF was observed through-
out the plant. Curiously, incompatible interactions between
TMV/ORMV and tobacco cultivar Big Havana plants that have
the gene of resistance against these viruses did not result in an
increase in HRF (Kovalchuk et al., 2003). We hypothesized that a
compatible interaction triggers the production of a systemic signal

that spreads faster than a virus and promotes an increase in HRF
in non-infected tissues.

It was not clear whether a similar phenomenon of a sys-
temic increase in HRF in response to local infection occurs in
other plants, therefore, we recently tested this phenomenon in
Arabidopsis thaliana. Infection of Arabidopsis plants with TMV
was documented before (Padmanabhan et al., 2005), however,
it is believed that infection with ORMV is more efficient (Hu
et al., 2011). Arabidopsis cultivars differ in their sensitivity to
ORMV, though infection of Col-0 with ORMV is very efficient
(Martín Martín et al., 1997). Fourteen different Arabidopsis culti-
vars infected with TMV exhibited that Col-0 plants were poorly
infected (Dardick et al., 2000). Although we were not able to find
a publication describing direct comparisons of the efficiency of
infection between TMV and ORMV, a similar comparison between
Arabidopsis plants infected with cucumber mosaic virus strain
Y (CMV-Y) and ORMV showed that ORMV was more efficient
(Huang et al., 2005).

We tested the influence of local infection of Arabidopsis with
ORMV and found that it also resulted in a systemic increase in
HRF as well as in an increase in the frequency of point muta-
tions and microsatellite instability (Yao et al., 2011). Curiously,
changes in microsatellite stability and mutation frequency were
more pronounced than changes in HRF. Similar results were
seen in the progeny of infected tobacco plants where rearrange-
ments in resistance gene loci occurred at a higher frequency than
in housekeeping genes (Boyko et al., 2007). The rearrangements
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observed may have been the result of point mutations, deletions
or recombination events.

The following questions were addressed in this manuscript.
Does the plant age influence changes in HRF in systemic tissues
of infected plants? Does the concentration of initial inoculum
influence the degree of an increase in HRF? Does the HRF increase
depend on the time of virus replication in infected leaves? Here,
we demonstrate that an increase in HRF positively correlates with
plant age, the concentration of initial inoculums and the time for
virus replication in locally infected leaves.

RESULTS
A higher viral titer is typically associated with faster systemic
spread of the virus; the Tomato yellow leaf curl virus titer cor-
related positively with the amount of initial inoculums used for
infecting tomato plants (Kunik et al., 1994). We hypothesized that
the concentration of initial inoculums would have different results
on an increase in HRF. While analyzing HRF in plants infected with
50, 100, or 200 ng of ORMV (the infected leaves were removed at
48 hpi (hours post-infection), we found that HRF was the high-
est in plants infected with 200 ng and the lowest in those ones
infected with 50 ng ORMV (Figure 1). There was a strong positive
correlation between the amount of virus used to initiate the infec-
tion and an increase in HRF (r = 0.726). The differences in HRF
between plants infected with 100 and 200 ng were not significant
so (P > 0.1).

Since the previous experiment showed that the highest con-
centration of primary inoculums resulted in the highest increase
in HRF, we hypothesized that an increase in HRF is more or less
proportional to the amount of viral RNA initially encountered by
plants. It was not clear whether viral replication was a determi-
nant of the process. We hypothesized that if the virus is allowed
to propagate in infected leaves for a longer period of time, we
might observe a stronger induction of HRF. Since it was not clear

FIGURE 1 | An increase in HRF in systemic tissues of locally infected

Arabidopsis plants depends on virus amount used for infection. Plants
from line 15d8 were infected at 3 weeks of age, infected leaves were
removed at 48 hpi, and HRF was analyzed one week later. “Ct” –
non-infected plants. “Buffer” – buffer-treated plants. “50 ng”, “100 ng”,
“200 ng” – plants infected with 50, 100, or 200 ng ORMV, respectively. The
data are shown as the average number of recombination events per plant
with SE calculated from three independent repetitions (20 plants in each
experimental group). The letters indicate significantly different values
(P < 0.05); similar letters indicate statistically similar values.

whether the presence of virus in the systemic leaves used for the
analysis of HRF would influence the results, we had to determine
the time of systemic spread of the virus from the initial site of
infection.

To test the speed of virus spread to the systemic leaves, we
infected several groups of plants with ORMV (100 ng of per plant)
and cut leaves at 24, 48, 72, and 96 hpi. We analyzed the presence
of viral RNA in the systemic leaves by performing the quantitative
real-time PCR (qRT-PCR). We found the presence of viral RNA in
the sample from the 96 hpi group but not in the samples from the
72, 48, or 24 hpi groups (Figure 2). Therefore, we concluded that
the virus spreads systemically between 72 and 96 hpi.

Next, we analyzed HRF in systemic tissues of plants infected
with 100 ng virus when the infected leaves were removed at 12,
24, 36, 48, 60, 72, and 96 hpi. We found that an increase in
HRF was the highest in the 60, 72, and 96 hpi groups, with
the results being statistically similar among these three groups
(P > 0.1; Figure 3A). Remarkably, HRF did not significantly
increase in the 12 and 24 hpi groups as compared to the con-
trol one (P > 0.1). To confirm these data, we performed a similar
experiment with a different transgenic line, line 11 (C24 cultivar)
carrying in the genome the β-glucuronidase-based recombination
substrate. For this line, we used only three time points: 24, 36,
and 72 hpi (Figure 3B). A statistically significant increase in HRF
was observed at 36 hpi (P < 0.05) and 72 hpi (P < 0.01) but
not at 24 hpi (P < 0.1) as compared to the control. A significant
increase in the HRF was also observed in several buffer-treated
groups, especially in those in which buffer-treated leaves were
removed at 72–96 h post-treatment. This experiment has con-
firmed that an increase in HRF in Arabidopsis plants occurs only
when the virus is allowed to propagate in infected leaves for more
than 24 h and showed that wounding stress potentiates the HRF
increase.

FIGURE 2 | Detecting coat protein mRNA. Plants were infected with
100 ng of ORMV, both infected and non-infected leaves were taken for the
analysis at different time points (from 0 to 5 days). Four independent plants
were used per each experimental time point. mRNA was isolated,
converted to cDNA and used to amplify coat protein RNA via qRT-PCR.
ORMV was converted to cDNA and used as a negative control in the
amplification (no amplification was found in this sample). Negative control
sample contained no gDNA/cDNA. Y axis shows arbitrary units of cDNA
amplified using primers against gene coding for coat protein. X axis shows
time in hours after infection. Data are shown in arbitrary units (with SD).
Asterisks show significant difference from negative control (P < 0.05).
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FIGURE 3 | An increase in HRF in non-infected leaves is higher if

infected leaves are removed later after infection. Plants from line 15d8
(A) and line #11(B) were infected with 100 ng ORMV (Virus), treated with
buffer only (Buffer) or not treated at all (Ct). Infected leaves were removed
at different time points from 12 to 96 hpi. HRF was analyzed in non-infected
tissues 1 week after infection. The data are shown as the average HRF per
plant (calculated from three repeats, each consisting of 20 plants, with SE).
The asterisks show significant differences between the virus-and
buffer-treated groups or buffer-treated and control plants (P < 0.05). The
letters indicate whether there is a significant difference between time
points in the virus-treated groups.

Since no statistically significant increase was observed in the12
and 24 hpi groups, we hypothesized that an increase in HRF in
systemic tissues requires certain viral replication in infected tissues.
The analysis of viral concentration in the infected leaves showed a
significant (P < 0.01) increase between 24 and 48 hpi (Figure 4).
Viral titer picked at 72 hpi and the analysis at 96 and 120 hpi
showed a significant decrease (P < 0.01 for both) as compared
to that at 72 hpi. We hypothesized that a decrease in the viral
titer in the infected leaves observed at 96 hpi could be due to
systemic spread of the virus. Indeed, the analysis of ORMV RNA
in non-infected tissues showed a substantial accumulation of virus
at 96 hpi which increased at 120 hpi (Figure 2).

It was surprising that an increase in HRF was not much greater
in the 96 hpi group as compared to the 72 hpi group (Figure 3A).
Initially, we thought that the presence of the virus in the tissues
would lead to a further increase in recombination, but as it has
been shown above, it is not the case. It is possible that the system
of recombination response saturates after plants are exposed to a

FIGURE 4 | Viral titer in infected leaves. Plants from line 15d8 were
infected with 100 ng ORMV, and a viral titer was measured in infected
leaves at different time points from 24 to 120 hpi. The data are shown in
microgram of ORMV per 10 mg of plant tissue (calculated from four plants
per each of three repetitions, with SE). The letters indicate whether there is
a significant difference between time points in the virus-treated groups.

certain amount of inoculums. Indeed, the influence of infection
with 200 ng of virus was not different compared to 100 ng. Simi-
larly, the 72 hpi group did not substantially differ from either the
60 hpi group or the 96 hpi group for that matter.

We next analyzed whether the HRF increase would also depend
on whether plants were infected at younger or older age. We
infected 2-, 3- and 4-week-old plants with 100 ng of virus and
removed the infected leaves at 48 hpi. While analyzing HRF in
systemic tissues 1 week post-infection, we found that an increase
in HRF was the highest in the oldest plants (Figure 5A). The anal-
ysis of viral titers in the removed infected leaves (48 hpi) showed
the highest accumulation of virus in the oldest leaves (Figure 5B).
This suggests that viral infection progresses faster in older leaves
allowing for higher concentrations of virus. This, in turn, results
in a higher increase in HRF in older plants.

What could be the reason for an increase in HRF in unexposed
tissues? It is possible that viral infection results in an increase in
the number of strand breaks, perhaps through local changes in
chromatin structure or/and changes in the expression of repair
genes involved in homologous recombination. To test whether
the levels of strand breaks change in infected and non-infected
tissues, we analyzed the presence of strand breaks using the ran-
dom oligonucleotide-primed synthesis (ROPS) assay. We found
that the levels of strand breaks increased in infected and non-
infected leaves at 48 and 96 hpi, with changes in the 96 hpi
group being more dramatic (Figure 6). The levels of strand
breaks also increased in the buffer control groups, presumably
as a result of a response to mechanical wounding when plants
were treated with buffer and carborundum. The level of strand
breaks was always higher in the virus-treated groups as com-
pared to the buffer-treated ones (P < 0.05 in all cases). When
infected leaves were removed from plants at 48 hpi, a further accu-
mulation of strand breaks was observed in non-infected leaves
tested at 96 hpi, and the level of strand breaks was much higher
than that in non-infected leaves at 48 hpi (data not shown). This
suggests that there is an active process running in non-infected
leaves that result in a further increase in the level of strand
breaks.
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FIGURE 5 | HRF and viral titer in plants infected at different time points

during development. Plants from line 15d8 were infected with 100 ng
ORMV at 2, 3, and 4 weeks after germination. (A) HRF was analyzed in
non-infected tissues 1 week after infection. The data are shown as the
average HRF per plant (calculated from three repeats, each consisting of 20
plants, with SE). “0w” shows the HRF for control (Ct) – non-infected
plants. “Buffer” and “Virus” show buffer-treated and virus-infected plants,
respectively. The asterisks show significant differences between the virus-
and buffer-treated groups (P < 0.05). The letters indicate whether there is a
significant difference between time points in the virus-treated groups. (B) A
viral titer was measured in infected leaves at 48 hpi. The data are shown in
microgram of ORMV per 10 mg of plant tissue (with SE). Four plants per
each data point were analyzed. The letters indicate whether there is a
significant difference between time points in the virus-treated groups.

DISCUSSION
Our experiments show detectible ORMV presence in systemic tis-
sue 4 days after inoculation. Unfortunately, we could not find any
published literature on the speed of systemic movement of ORMV
in Arabidopsis that could confirm our findings. One report quot-
ing unpublished data suggests that ORMV moves systemically in
Arabidopsis in about 3 days, although the symptoms do not appear
until day 10 post-infection (Hu et al., 2011). It is not clear what
techniques have been used by these authors to detect the presence
of virus, but it is possible that the methods were more sensitive
than ours. We can only hypothesize that the authors were able
to detect some virus-derived small interfering RNAs (Hu et al.,
2011). It is not clear whether such molecules are indeed present
in systemic tissues at 3 days post-infection and whether they are
able to cause changes in HRF, but such hypothesis would be inter-
esting to test. Although we have not detected viral RNA at 3 days
post-infection, we can exclude that our real time RT-PCR was
not sensitive enough to detect viral presence and thus we cannot

FIGURE 6 |The level of double-strand breaks in infected and

non-infected leaves. Plants from line 15d8 were either infected with
100 ng ORMV or treated with buffer. The treated and non-treated leaves
from four different plants per treatment were taken for the analysis of
double strand breaks (DSBs) by the ROPS assay. The data are shown as 3H
incorporation in dpm/μg of DNA. The asterisks show a significant difference
between the treated groups (virus or buffer) and the control as well as
between the virus-treated and buffer-treated groups (P < 0.05).

exclude some effect of this viral RNA on HRF in the systemic tis-
sues. Alternatively, it is possible that other viral components, such
as movement protein (MP), could have reached the systemic tissue
and trigger the response leading to HRF increase.

Analysis of the viral titer in the infected tissue showed initial
accumulation picking at 72 hpi, followed by a drop in a viral titer
at further time points. Although the data on the accumulation of
ORMV in Arabidopsis is not available, similar measurements in
TMV-infected tobacco plants showed that the viral titer reached
the maximum at 48 hpi and then gradually decreased reaching the
minimum value at 120 hpi (Deom et al., 1990). Similarly, infection
of tomato plants with TMV resulted in a gradual increase in viral
concentration observed between day 1 and day 7 followed by a
steady decline at later days (Balogun et al., 2002).

The data on the correlation between the efficiency of viral pro-
gression and plant age are controversial; and it depends on the
type of viruses, plants as well as the type of tissues used for infec-
tion. The end-point that has been measured, such a viral titer
or the appearance of symptoms also plays a role. The analysis
of the accumulation of MP of TMV in the infected tobacco plants
showed much higher amounts of TMV in older leaves as compared
in younger leaves (Deom et al., 1990). Moreover, injection of lipo-
somes containing MPs into leaves of different age also showed a
more efficient movement in older leaves vs younger leaves (Deom
et al., 1990). On the other hand, in potato, susceptibility to potato
leafroll virus was shown to decrease with plant age (DiFonzo et al.,
1994). Mature pepper plants were also shown to substantially resist
tomato spotted wilt Tospovirus (Beaudoin et al., 2009). The effect
of tomato yellow leaf curl virus on tomato yield was also age-
dependent; the lowest yield was observed in plants infected earlier
during development (Levy and Lapidot, 2008).

It is still unclear what could be the primary cause of the
HRF increase in systemic tissue of infected plants. Moreover,
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we are not absolutely sure what is the mechanism of induc-
tion of HRF in the infected tissue, although it can be argued
that a direct damage by free radicals could be one of the rea-
sons. Indeed, in past we were able to show that pre-treatment
with radical-scavenging compounds can partially alleviate such
increase in both locally stressed and systemic tissue (Filkowski
et al., 2004). It is possible that increase in HRF in systemic tis-
sue is one of the responses to increased levels of free radicals.
Although we have not detected the presence of ORMV in the sys-
temic tissue at 3 dpi, it is possible that viRNAs do accumulate
in systemic tissue at this time. If viral small RNAs accumulate
in non-infected tissues, they may trigger changes in chromatin
structure by binding DNA during replication/transcription or may
cause genome instability directly. It is also possible that viral small
RNAs may indirectly dysregulate either DNA repair or the chro-
matin modification machinery by targeting mRNA of responsible
genes. One of the recent reports suggest that small non-coding
RNAs are indeed able to regulate DNA repair – a novel class for
small RNAs – double-strand break-induced small RNAs (diRNAs)
have been recently identified (Wei et al., 2012). It is not impos-
sible that viRNAs may have similar capacity to regulate strand
break repair as diRNAs. It would be interesting in the future
to inject a set of several artificial viRNAs and observe changes
in HRF.

Several previous publications suggest that local exposure of
plants to stress results in genetic instability in systemic tissues
(Lucht et al., 2002; Kovalchuk et al., 2003; Filkowski et al., 2004;
Yao et al., 2011). Stresses like ionizing radiation, UV-C, paraquat,
infection with ORMV or Peronospora parasitica had an impact on
somatic HRF, whereas exposure to TMV was shown to cause an
increase in meiotic HRF. Furthermore, exposure to stresses like
UV-B/UV-C, temperature fluctuations, water availability, expo-
sure to salt, paraquat, and heavy metals as well as infection with
TMV was showed to lead to an increase in somatic HRF in the
progeny of exposed plants (Molinier et al., 2006; Pecinka et al.,
2009; Boyko and Kovalchuk, 2010; Boyko et al., 2010; Kathiria
et al., 2010). An increase in the recombination frequency in the
virus-free progeny of tomato plants infected with TMV and potato
virus X was also observed in an independent experimental system
that did not use transgenic plants that allowed the detection of
recombination events (Marii and Chiriac, 2009).

The paper by Lucht et al. (2002) showed that exposure to the
fungal pathogen P. parasitica resulted in an increase in somatic
HRF (Lucht et al., 2002). Similarly, the authors showed that expo-
sure to BTH, a chemical replacement for SA, also resulted in an
increase in HRF. Since SA is a key molecule that is activated in
response to many pathogens, one could suggest that the pathways
involved in response to pathogens probably cross-interact with
either the DNA repair pathway or the pathway regulating chro-
matin structure. Indeed, one of the recent papers by Xin Dong’s
group sheds a bit more light on the link between pathogen infec-
tion and homologous recombination (Durrant et al., 2007). SA is
an inducer of the expression of pathogenesis-related (PR) genes.
Transcription of PR genes in Arabidopsis depends on the function
of the co-activator NPR1 and the repressor SNI1. The authors
showed that SNI1 and RAD51D, proteins involved in homolo-
gous recombination repair, regulate gene expression, and DNA

recombination. It was found that the NPR1-independent expres-
sion of PR genes requires an active RAD51D protein. Moreover,
the rad51d mutant that is impaired in homologous recombi-
nation also has an enhanced disease susceptibility. The authors
hypothesize that a dual role of RAD51D and SNI1 in the reg-
ulation of PR genes and homologous recombination suggests a
link between a short-term defense response against pathogens and
a long-term survival strategy (Durrant et al., 2007). Further con-
nections between pathogen infections, pathogen responses and the
recombination machinery were provided by Wang et al. (2010).
The authors demonstrated that RAD51, one of the key proteins
involved in the recombination process, is recruited to the promot-
ers of several defense genes when a SA-dependent mechanism of
systemic acquired resistance (SAR) is activated (Wang et al., 2010).
It can be hypothesized that SAR or SAR-like events occurring
in the systemic tissue of non-infected Arabidopsis plants activate
the homologous recombination machinery leading to an increase
in HRF. It would also explain why the higher inoculum concen-
tration and prolonged viral replication (when infected leaves are
cut off at later time points) have a stronger effect on an increase
in HRF.

To summarize, our results demonstrated that the extent of sys-
temic increases in HRF in plants that were locally infected with
ORMV depends on many parameters, including the concentra-
tion of initial inoculums and the time of viral replication. We
believe that the degree of increases in HRF primarily depends on
viral concentration and the speed of viral replication. It remains to
be established whether pathogen infection of Arabidopsis results
in transgenerational changes as it was observed in tobacco plants
(Kathiria et al., 2010).

MATERIALS AND METHODS
PLANTS USED
For the experiments, we used two transgenic A. thaliana lines,
line 11 (C24) that carries in the genome a single copy of the β-
glucuronidase (GUS)-based recombination substrate (Swoboda
et al., 1994) and line 15d8 (Col-0) that carries in the genome a
single copy of the luciferase (LUC)-based recombination substrate
(Ilnytskyy et al., 2004). Recombination substrate consists of two
non-functional truncated overlapping copies of a transgene (GUS
or LUC). Strand break in one of the regions of homology can
potentially be repaired by HR, resulting in restoration of transgene
structure, thus allowing its detection in vitro (GUS) or in vivo
(LUC).

OILSEED RAPE MOSAIC VIRUS INFECTION
Arabidopsis thaliana plants were germinated and grown in soil
under 16 h day/8 h night at 22◦C. Two leaves of A. thaliana plants
were inoculated with different amounts of ORMV at the age of
3 weeks as previously described (Boyko et al., 2007), the total
amount of 50, 100 or 200 ng of the virus per plant. Mock-treated
plants were inoculated only with phosphate buffer and served as
wounding controls. To test changes in HRF as a function of age,
plants were infected at 2, 3 and 4 weeks of age using 100 ng of the
virus per plant. In both cases, leaves were removed at 48 hpi. Each
experimental group consisted of 16–20 plants and each experiment
was triplicated.
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HISTOCHEMICAL STAINING PROCEDURE
Histochemical staining, as described by Jefferson et al. (1987),
was performed 1 week after infection (Jefferson et al., 1987). For
destructive staining, plants were vacuum-infiltrated for 2 × 10 min
in sterile staining buffer containing 100 mg of a 5-bromo-4-
chloro-3-indolyl glucuronide (X-glu) substrate (Jersey Labs Inc.,
USA) in 300 ml 100 mM phosphate buffer (pH 7.0), 0.05% NaN3,
0.1% Triton X-100. Afterward, plants were incubated at 37◦C
during 48 h and bleached with ethanol.

MEASUREMENT OF DOUBLE STRAND BREAK LEVELS
Quantification of 3′OH DNA breaks was performed using the
ROPS assay (Yao et al., 2011). Infected or non-infected leaves har-
vested from four plants per each experimental group were used.
The experiment was performed three times and average and SD
were calculated.

VISUALIZATION OF LUCIFERASE ACTIVITY
Recombination events in transgenic plants were visualized in liv-
ing plants with a CCD camera 1 week after infection, as previously
described (Boyko et al., 2006). HRF was calculated by counting
the number of individual recombination events with CCD cam-
era software and relating these numbers to the total number of
plants in individual experimental group. Each experimental group
consisted of ∼20 plants, and each experiment was repeated three
times.

ANALYSIS OF VIRAL RNA
The analysis of the RNA level of the ORMV coat protein was
done as described before (Yao et al., 2012). RNA was isolated
from the leaves taken from four plants per experimental group.
In brief, qRT-PCR) reactions were setup in the SsoFast Eva-
Green Supermix (Bio-Rad), and the results were processed by
Bio-Rad CFX manager software (v2.0), with tubulin as a refer-
ence. Oligo specificity of was checked by the melting curve analysis

performed by the Bio-Rad CFX96 PCR machine after 45 ampli-
fication cycles and by gel-electrophoretic analysis. The coat pro-
tein RNA was amplified with: 5′-CTCGAATCAGTACCAGTATT-
3′ and 5′-CTTCAGTTTCAATGATCCTA-3′ primers. Tubulin
was amplified using 5′-ACAGAAGCGGAGAGCAACAT-3′ and
5′-TCCTCATCCTCGTAGTCACCTT-3′ primers. Two technical
repeats were done pear each of three independent experiments.

ANALYSIS OF THE VIRAL TITER
Viral RNA was extracted, and virus concentration was analyzed as
previously describe (Asurmendi et al., 2007). In brief, plant tissue
was homogenized, and 400 μl of 0.5 M phosphate-extraction pH
7.0 buffer was added (4.1 g Na2HPO4, 2.5 g NaH2PO4, 100 μl
β-mercaptoethanol per 100 ml). The samples were purified using
equal volumes (400 μl) of chloroform and 1-butanol. Viral par-
ticles were precipitated using separate volumes of 50 μl of 40%
polyethyleneglycol 6000 and a 10% NaCl solution. The pellet was
resuspended in a 1:50 dilution of phosphate buffer that lacked β-
mercaptoethanol, and viral concentrations were quantified. The
viral titer was estimated by measuring OD260 using a spectropho-
tometer. The titer was expressed in microgram of ORMV per 10 mg
fresh weight. Each measurement was done in triplicates.

STATISTICAL TREATMENT OF THE DATA
In all cases, the average and standard errors were calculated. The
statistical significance of the experiments was confirmed by per-
forming either a Students t-test (two-tailed paired or non-paired)
or a Single factor ANOVA. Statistical analyses were performed
using the MS Excel software and Microcal Origin 6.0.

ACKNOWLEDGMENTS
We want to thank Rommy Rodriguez for the technical assistance
in infecting plants and Valentina Titova for critical reading of the
manuscript. We would like to acknowledge the financial support
of HFSP and NSERC Discovery grants to Igor Kovalchuk’s lab.

REFERENCES
Asurmendi, S., Berg, R. H., Smith, T. J.,

Bendahmane, M., and Beachy, R. N.
(2007). Aggregation of TMV CP plays
a role in CP functions and in coat-
protein-mediated resistance. Virology
366, 98–106.

Balogun, O. S., Xu, L., Teraoka, T.,
and Hosokawa, D. (2002). Effects
of single and mixed infections with
Potato X potexvirus and Tobacco
mosaic tobamovirus on disease, plant
growth, and accumulation of virus
in tomato. Fitopatol. Bras. 27,
241–248.

Beaudoin, A. L., Kahn, N. D., and
Kennedy, G. G. (2009). Bell and
banana pepper exhibit mature-plant
resistance to tomato spotted wilt
Tospovirus transmitted by Franklin-
iella fusca (Thysanoptera: Thrip-
idae). J. Econ. Entomol. 102,
30–35.

Boyko, A., Blevins, T., Yao, Y., Gol-
ubov, A., Bilichak, A., Ilnytskyy,
Y., et al. (2010). Transgenerational

adaptation of Arabidopsis to stress
requires DNA methylation and the
function of Dicer-like proteins. PLoS
ONE 5:e9514. doi: 10.1371/jour-
nal.pone.0009514

Boyko, A., Kathiria, P., Zemp, F. J.,
Yao, Y., Pogribny, I., and Kovalchuk,
I. (2007). Transgenerational changes
in the genome stability and methy-
lation in pathogen-infected plants:
(virus-induced plant genome insta-
bility). Nucleic Acids Res. 35, 1714–
1725.

Boyko, A., and Kovalchuk, I. (2010).
Transgenerational response to stress
in Arabidopsis thaliana. Plant Signal.
Behav. 5, 995–998.

Boyko, A., Zemp, F., Filkowski, J., and
Kovalchuk, I. (2006). Double-strand
break repair in plants is developmen-
tally regulated. Plant Physiol. 141,
488–497.

Dardick, C. D., Golem, S., and Cul-
ver, J. N. (2000). Susceptibility and
symptom development in Arabidop-
sis thaliana to tobacco mosaic virus is

influenced by virus cell-to-cell move-
ment. Mol. Plant Microbe Interact. 13,
1139–1144.

Deom, C. M., Schubert, K. R., Wolf,
S., Holt, C. A., Lucas, W. J., and
Beachy, R. N. (1990). Molecular char-
acterization and biological function
of the movement protein of tobacco
mosaic virus in transgenic plants.
Proc. Natl. Acad. Sci. U.S.A. 87, 3284–
3288.

DiFonzo, C. D., Ragsdale, D. W., and
Radcliffe, E. B. (1994). Susceptibil-
ity to potato leafroll virus: interact-
ing effect of cultivar, plant age at
inoculation, and inoculation pressure
on tuber infection. Plant Dis. 78,
1173–1177.

Dong, X. (2001). Genetic dissection
of systemic acquired resistance. Curr.
Opin. Plant Biol. 4, 309–314.

Durrant, W. E., and Dong, X. (2004).
Systemic acquired resistance. Annu.
Rev. Phytopathol. 42, 185–209.

Durrant, W. E., Wang, S., and Dong,
X. (2007). Arabidopsis SNI1 and

RAD51D regulate both gene tran-
scription and DNA recombination
during the defense response. Proc.
Natl. Acad. Sci. U.S.A. 104, 4223–
4227.

Filkowski, J., Yeoman, A., Kovalchuk,
O., and Kovalchuk, I. (2004).
Systemic plant signal triggers
genome instability. Plant J. 38,
1–11.

Hu, Q., Hollunder, J., Niehl, A.,
Korner, C. J., Gereige, D., Windels,
D., et al. (2011). Specific impact of
tobamovirus infection on the Ara-
bidopsis small RNA profile. PLoS
ONE 6:e19549. doi: 10.1371/jour-
nal.pone.0019549

Huang, Z., Yeakley, J. M., Garcia, E.
W., Holdridge, J. D., Fan, J. B.,
and Whitham, S. A. (2005). Sali-
cylic acid-dependent expression of
host genes in compatible Arabidopsis-
virus interactions. Plant Physiol. 137,
1147–1159.

Ilnytskyy, Y., Boyko, A., and Kovalchuk,
I. (2004). Luciferase-based transgenic

Frontiers in Plant Science | Plant Physiology March 2013 | Volume 4 | Article 61 | 6

http://www.frontiersin.org/Plant_Physiology/
http://www.frontiersin.org/Plant_Physiology/archive


“fpls-04-00061” — 2013/3/19 — 20:35 — page 7 — #7

Yao et al. Effect of the viral infection on recombination

recombination assay is more sensi-
tive than beta-glucoronidase-based.
Mutat. Res. 559, 189–197.

Jefferson, R. A., Kavanagh, T. A., and
Bevan, M. W. (1987). GUS fusions:
beta-glucuronidase as a sensitive and
versatile gene fusion marker in higher
plants. EMBO J. 6, 3901–3907.

Kathiria, P., Sidler, C., Golubov, A.,
Kalischuk, M., Kawchuk, L. M.,
and Kovalchuk, I. (2010). Tobacco
mosaic virus infection results in an
increase in recombination frequency
and resistance to viral, bacterial, and
fungal pathogens in the progeny of
infected tobacco plants. Plant Physiol.
153, 1859–1870.

Kovalchuk, I., Kovalchuk, O., Kalck,
V., Boyko, V., Filkowski, J., Hein-
lein, M., et al. (2003). Pathogen-
induced systemic plant signal triggers
DNA rearrangements. Nature 423,
760–762.

Kunik, T., Salomon, R., Zamir, D.,
Navot, N., Zeidan, M., Michelson,
I., et al. (1994). Transgenic tomato
plants expressing the tomato yellow
leaf curl virus capsid protein are resis-
tant to the virus. Biotechnology (N.Y)
12, 500–504.

Levy, D., and Lapidot, M. (2008). Effect
of plant age at inoculation on expres-
sion of genetic resistance to tomato

yellow leaf curl virus. Arch. Virol. 153,
171–179.

Lucht, J. M., Mauch-Mani, B., Steiner,
H. Y., Metraux, J. P., Ryals, J., and
Hohn, B. (2002). Pathogen stress
increases somatic recombination fre-
quency in Arabidopsis. Nat. Genet. 30,
311–314.

Marii, L., and Chiriac, G. (2009). The
role of viral infection in inducing
variability in virus-free progeny in
tomato. J. Integr. Plant Biol. 51,
476–488.

Martín Martín, A., Martínez-Herrera,
D., Cabrera y Poch, H. L., and Ponz,
F. (1997). Variability in the inter-
actions between Arabidopsis thaliana
ecotypes and oilseed rape mosaic
tobamovirus. Aust. J. Plant Physiol.
24, 275–281.

Molinier, J., Ries, G., Zipfel, C., and
Hohn, B. (2006). Transgeneration
memory of stress in plants. Nature
442, 1046–1049.

Padmanabhan, M. S., Goregaoker, S. P.,
Golem, S., Shiferaw, H., and Culver, J.
N. (2005). Interaction of the tobacco
mosaic virus replicase protein with
the Aux/IAA protein PAP1/IAA26 is
associated with disease development.
J. Virol. 79, 2549–2558.

Pecinka, A., Rosa, M., Schikora, A.,
Berlinger, M., Hirt, H., Luschnig, C.,

et al. (2009). Transgenerational stress
memory is not a general response in
Arabidopsis. PLoS ONE 4:e5202. doi:
10.1371/journal.pone.0005202

Scholthof, K. B. (2004). Tobacco mosaic
virus: a model system for plant biol-
ogy. Annu. Rev. Phytopathol. 42,
13–34.

Swoboda, P., Gal, S., Hohn, B., and
Puchta, H. (1994). Intrachromoso-
mal homologous recombination in
whole plants. EMBO J. 13, 484–489.

Wang, S., Durrant, W. E., Song, J.,
Spivey, N. W., and Dong, X. (2010).
Arabidopsis BRCA2 and RAD51 pro-
teins are specifically involved in
defense gene transcription during
plant immune responses. Proc. Natl.
Acad. Sci. U.S.A. 107, 22716–22721.

Wei, W., Ba, Z., Gao, M., Wu, Y., Ma, Y.,
Amiard, S., et al. (2012). A role for
small RNAs in DNA double-strand
break repair. Cell 149, 101–112.

Yao, Y., Bilichak, A., Golubov, A., and
Kovalchuk, I. (2011). Local infec-
tion with oilseed rape mosaic virus
promotes genetic rearrangements in
systemic Arabidopsis tissue. Mutat.
Res. 709–710, 7–14.

Yao,Y., Danna, C. H., Ausubel, F. M., and
Kovalchuk, I. (2012). Perception of
volatiles produced by UVC-irradiated
plants alters the response to viral

infection in naive neighboring plants.
Plant Signal. Behav. 7, 741–745.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 22 November 2012; accepted:
04 March 2013; published online: 21
March 2013.
Citation: Yao Y, Kathiria P and Kovalchuk
I (2013) A systemic increase in the recom-
bination frequency upon local infection of
Arabidopsis thaliana plants with oilseed
rape mosaic virus depends on plant age,
the initial inoculum concentration and
the time for virus replication. Front. Plant
Sci. 4:61. doi: 10.3389/fpls.2013.00061
This article was submitted to Frontiers in
Plant Physiology, a specialty of Frontiers
in Plant Science.
Copyright © 2013 Yao, Kathiria and
Kovalchuk. This is an open-access arti-
cle distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are cred-
ited and subject to any copyright notices
concerning any third-party graphics etc.

www.frontiersin.org March 2013 | Volume 4 | Article 61 | 7

http://dx.doi.org/10.3389/fpls.2013.00061
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Physiology/archive

	A systemic increase in the recombination frequency upon local infection of Arabidopsis thaliana plants with oilseed rape mosaic virus depends on plant age, the initial inoculum concentration and the time for virus replication
	Introduction
	Results
	Discussion
	Materials and methods
	Plants used
	Oilseed rape mosaic virus infection
	Histochemical staining procedure
	Measurement of double strand break levels
	Visualization of luciferase activity
	Analysis of viral RNA
	Analysis of the viral titer

	Statistical treatment of the data
	Acknowledgments
	References


