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SHORT COMMUNICATION

Perception of volatiles produced
by UVC-irradiated plants alters the response
to viral infection in naive neighboring plants
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Interplant communication of stress via volatile signals is a well-known phenomenon. It has been shown that plants
undergoing stress caused by pathogenic bacteria or insects generate volatile signals that elicit defense response in
neighboring naive plants." Similarly, we have recently shown that naive plants sharing the same gaseous environment
with UVC-exposed plants exhibit similar changes in genome instability as UVC-exposed plants.? We found that methyl
salicylate (MeSA) and methyl jasmonate (MeJA) serve as volatile signals communicating genome instability (as measured
by an increase in the homologous recombination frequency). UVC-exposed plants produce high levels of MeSA and MeJA,
a response that is missing in an npr1 mutant. Concomitantly, npri mutants are impaired in communicating the signal
leading to genome instability, presumably because this mutant does not develop new necrotic lesion after UVC irradiation
as observed in wt plants.? To analyze the potential biological significance of such plant-plant communication, we have now
determined whether bystander plants that receive volatile signals from UVC-irradiated plants, become more resistant to
UVC irradiation or infection with oilseed rape mosaic virus (ORMV). Specifically, we analyzed the number of UVC-elicited
necrotic lesions, the level of anthocyanin pigments, and the mRNA levels corresponding to ORMV coat protein and the
NPR1-regulated pathogenesis-related protein PR1 in the irradiated or virus-infected bystander plants that have been
previously exposed to volatiles produced by UVC-irradiated plants. These experiments showed that the bystander plants
responded similarly to control plants following UVC irradiation. Interestingly, however, the bystander plants appeared to
be more susceptible to ORMV infection, even though PR7 mRNA levels in systemic tissue were significantly higher than in

the control plants, which indicates that bystander plants could be primed to strongly respond to bacterial infection.

Plants are constantly exposed to adverse environmental condi-
tions. Besides conventional responses to stress in the form of
signaling between locally exposed and distal tissues (intra-plant
communication), plants also employ mechanisms of interplant
communication, leading to a higher awareness of the changes in
the environment in which they grow. This type of volatile
signaling is one of the strategies that plant communities utilize to
defend against herbivory."” Less is known about the ability of
plants to communicate information about abiotic stress. In a
recent study, we showed that exposing plants to UVC results in
destabilization of their genome as well as the genome of plants
that share the same gaseous environment. We found that UVC-
exposed plants release at least two volatile compounds, MeSA and
MeJA, which are capable of increasing the homologous
recombination frequency (HRF) in non-irradiated bystander
(BS) plants.” We demonstrated that 7pr/ mutant plants, which
are impaired in both salicylic acid (SA) and jasmonic acid (JA)
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signaling, are also impaired in releasing and perceiving the signal
leading to genome destabilization. Our work showed that the
volatile signal is not species specific, as Arabidopsis plants were
able to communicate the signal to tobacco plants and vice versa.
We also discovered that plants infected with viral pathogens
release the signal leading to increase genome instability in
neighboring non-infected tobacco plants. Surprisingly, however,
plants exposed to zebularine or NaCl, two stressors that do not
trigger necrosis at the concentrations tested, did not release the
signal to bystander plants despite the fact that these compounds
cause genome instability in plants directly exposed. This led to the
hypothesis that only those types of stress that result in necrotic
lesions are able to initiate interplant communication of genome
instability. Interestingly, UVC irradiation of #prI mutants, which
fail to communicate genome instability after UVC irradiation, did
not trigger an increase in the number of necrotic lesions and
concomitantly did not elicit the synthesis of MeSA and MeJA.
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Figure 1. Levels of anthocyanin and number of necrotic lesions in UV irradiated plants. Analysis of anthocyanin levels (A) and the number of necrotic
lesions (B) was done as described in methods section. Ct, control non-exposed plants; ct-UV, UV-irradiate control plants; UV-UV, UV-irradiated plants
previously exposed to UV; BS-UV, UV-irradiated bystander plants. Different letters indicated significantly different data points (p < 0.05).

Although it is tempting to hypothesize that a coordinated
genome instability response may increase the odds of producing
new alleles in populations of out-crossing species, the biological
significance of communicating genome instability, especially in
self-fertilizing species like Arabidopsis, is poorly understood. The
perception of volatiles has been shown to play an essential role in
increasing resistance to pathogens in the case of a second
encounter.' Therefore, it seems possible that interplant communi-
cation of stress caused by UVC exposure makes naive neighboring
plants more tolerant to abiotic or biotic stress. In a previous work
we showed a correlation between genome instability and stress
tolerance in the progeny of stressed plants.* Although we could
not establish any causative relationship between these two events,
we decided to test whether increased genome instability in the
somatic tissue of bystander plants also correlates with increased
stress tolerance. Here we attempted to test this hypothesis by
analyzing the formation of necrotic lesions and by measuring the
level of anthocyanin in UVC-exposed, bystander and control
plants. We found that after UVC irradiation, bystander plants are
more similar to control plants than to previously UVC-irradiated
plants. Analysis of response to pathogen infection, however,

showed that infected bystander plants exhibit significantly higher
levels of PRI gene expression in systemic non-infected tissue as
compared with the same tissue in infected UVC-exposed or
control plants.

Arabidopsis synthesize high levels of anthocyanins in response
to a variety of environmental stresses.” Unexpectedly, however, we
found that anthocyanin levels were lower in UVC-irradiated
plants compared with controls, regardless of whether the plants
were irradiated with a second dose of UVC or just one as in the
case of bystander plants (Fig. 1A). This may indicate that after
UV-C irradiation, the precursor of anthocyanins, p-coumarate, is
diverted into the production of sinapoyl-malate, the major
sunscreen molecule in Arabidopsis. Irradiated bystander plants
had slightly lower levels of anthocyanins than either the singly or
doubly irradiated plants, although the difference was not
significant (Fig. 1A). Similarly, the number of necrotic lesions
in UVC-irradiated bystander plants was similar to the number
observed in singly irradiated control plants and much less than the
doubly irradiated plants (p < 0.05 for both) (Fig. 1B), which
suggests that perception of volatiles from UVC-irradiated plants
does not protect naive bystander plants against a direct exposure
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Figure 2. Levels of anthocyanin and number of necrotic lesions in ORMV infection plants. Analysis of anthocyanin levels (A) and the number of necrotic
lesions (B) was done as described in methods section. Ct, control non-exposed plants; ct-ORMV, ORMV-infected control plants; UV-ORMV, ORMV-infected
plants previously exposed to UV; BS-ORMV, ORMV-infected bystander plants. Different letters indicated significantly different data points (p < 0.05).
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to UVC light. In the case of ORMV-infected plants, the level of
anthocyanin in non-irradiated controls increased upon exposure
to ORMYV and the response of bystander plants was similar to the
response of the non-irradiated control plants (Fig.2A). In
contrast, plants that were both irradiated and infected with
ORMY had lower levels of anthocyanins (Fig. 2A) indicating that
UVC-mediated depletion of anthocyanin prevent the anthocyanin
accumulation triggered by ORMYV infection. The number of
necrotic lesions after UVC irradiation was similar in the
previously irradiated plants, the controls and bystander plants
(Fig. 2B), again indicating that perception of volatiles produced
by UVC-irradiated plants does not provide naive bystander plants
with protection against UVC irradiation.

Analysis of the steady-state level of ORMV coat protein
mRNA, which is a good proxy for the level of infection with the
virus, showed that UVC-irradiated plants were dramatically more
susceptible than control or bystander plants to ORMYV infection.
Interestingly, bystander plants were significantly more susceptible
than the non-irradiated control plants but much less susceptible
than UVC-irradiated plants (Fig. 3A). Analysis of the steady-state

mRNA levels corresponding to PRI, a defense-related gene whose
expression is completely dependent on SA signaling through
NPRI1, showed that ORMV-infected bystander plants had higher
levels of PRI expression than ORMV-infected control plants in
the ORMYV infected tissue (Fig.3B). In addition, distal non-
infected tissue of bystander plants had very high levels of PRI
RNA (p < 0.01) (Fig. 3B), suggesting that bystander plants may
be primed to respond to pathogen attack with an aggressive
defense response, although in this case, this response did not lead
to enhanced resistance against ORMV. In previous work,
however, we showed that the progeny of infected plants had
higher expression levels of PRI that was associated with higher
tolerance to viral, bacterial and fungal pathogens, as well as a
higher HRF.® Therefore, the advantage for naive plants in
perceiving volatiles from UVC-irradiated plants may only be seen
in their progenies. In summary, these data show that bystander
plants are similar to non-irradiated control plants in their response
to abiotic stress. On the other hand, the enhanced expression of
PRI in bystander plants in both infected and non-infected tissue
suggests that bystander plants may be primed for enhanced
resistance to pathogen infection.

Combined with our previous data showing that UVC
irradiation of plants results in the production of MeSA and
MeJA and other uncharacterized volatiles that elicit an
increase in HRF in bystander plants,” the data presented
here suggest that although UVC triggers changes in HRF in
bystander plants, this response is not necessarily associated
with the capacity to resist higher levels of abiotic stress.
Indeed, it is possible that increased HRF in bystander plants is
part of a secondary response to volatiles, which is not directly
linked to stress adaptation. In a previous work we also showed
that local UVC irradiation of plants triggers an increase in
HREF in non-irradiated distal tissue.” Moreover, pretreatment
of plants with reactive oxygen species (ROS) scavengers

substantially blocks the increase in HRF.” Since ROS
production is associated with the formation of necrotic
lesions, it is possible that the increase in HRF in distal tissue is
due to ROS signaling or ROS-induced signaling through
MeJA, MeSA or other volatile molecules. The link between
salicylic acid signaling and homologous recombination is well
established,® although it is not clear whether it has any direct
biological significance. It is possible that the upregulation of
PRI expression in bystander plants is a consequence of shared
signaling pathways in response to abiotic and biotic stresses.
As volatile signaling in response to UVC irradiation largely
involves MeSA and MeJA, two well-known defense-related
signaling molecules, it is not surprising that bystander plants

exhibited responses typically observed in plants undergoing an
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Figure 3. Quantification of ORMV infection and PRT gene expression. Steady-
state mRNA level of ORMV coat protein (A) and PR7 mRNA (B) was done as
described in methods section. Ct, control non-exposed plants; ct-ORMV,
ORMV-infected tissue of control plants; ct-distal, non-infected tissue of
ORMV-infected control plants; UV-ORMV, ORMV-infected tissues of plants
previously exposed to UV; UV-distal, non-infected tissue of ORMV-infected
plants previously exposed to UV; BS-ORMV, ORMV-infected tissue of
bystander plants; BS-distal, non-infected tissue of ORMV-infected bystander
plants. Different letters indicated significantly different data points (p < 0.05).

enhanced pathogen resistance response such as high level of
PRI gene expression in distal tissue in response to ORMV
infection.

Previous work in several labs showed that the progeny of
plants exposed to stress exhibit higher levels of HRF and
enhanced resistance to pathogens.”'* It remains to be seen,
however, whether the progeny of naive bystander plants
display similar adaptations to stress. Until we test that, we can
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only hypothesize that the plant-to-plant communication of
genome instability may have evolved as a mechanism to increase
genetic diversity that can be passed on to the progeny in response
to a stressful environment.

Plants communicate stress from locally exposed tissue to systemic
tissue by emitting volatiles. As different parts of a given plant are in
closer proximity by air than they are through the vasculature, it is
possible that this mechanism evolved to speed up the response to
stress in systemic tissue. It is not clear however, whether the
mechanism that allows naive plants to perceive volatiles produced
by UV-irradiated plants is the same as the one involved in intra-
plant communication or rather a different mechanism that evolved
independently. It seems hard to imagine how the plant-plant
communication of stress may have evolved in self-pollinating species
like Arabidopsis because there is no direct benefit for the emitter of
volatiles. In outcrossing species however, plant-plant communica-
tion appears to make more sense because it favors the odds of a
potential mate to contribute with adaptive new alleles to the
progeny of the plant directly exposed to stress. As self-crossing
species often evolved from outcrossing ancestors,'" it seems possible
that the plant-plant communication of stress may have evolved in
outcrossing species and it may have been retained in self-crossing
species even though it does not seem to serve any evolutionary
advantage for the plant that emits the volatiles. If the volatiles
involved in intra-plant communication were the same as the ones
involved in plant-plant stress signaling (MeSA and MeJA among
others) it seems fair to hypothesize that the plant-plant commun-
ication either evolved for the intra-plant communication or it is
actually another manifestation of the same signaling mechanism.

We hypothesize that the following chain of events takes place
in plant-to-plant communication of genome instability: (1)
exposure to stress triggers formation of necrotic lesions that
produce MeJA/MeSA (and some other yet unidentified volatiles)
and ROS may be involved as intermediate molecules; (2) volatiles
released from UVC-irradiated plants are perceived by bystander
plants, triggering the activation of SA-dependent pathways,
including elevated NPR1-mediated upregulation of PRI expres-
sion, which primes the plant to better tolerate a future encounter
with pathogens (Fig.4) which also correlates with an increase in
HREF, probably through the activation of the SNI1/NPR1 and
Rad51/BRCA2 complex®; (3) elevated HRF is passed on to the
progeny and is probably elevated in gametic cells, leading to an
increase in genetic diversity and possibly to better DNA repair
capacity. Although seemingly possible, all these predicted events
remain to be experimentally tested.

Methods

Plants growth. Wild type Arabidopsis thaliana plants were
exposed to 0.7 J/m* UVC and immediately placed for four days
in a plastic bag with non-irradiated bystander (BS) plants.” Four
days later, UVC-irradiated and bystander plants were either
irradiated with a second and higher dose of UVC (2.1 J/m?) or
infected with 100 ng (50 ng/pl applied to two plant leaves) oilseed
rape mosaic virus (ORMYV). Infection was performed by rub
inoculation with Carborundum powder as abrasive.'

Analysis of anthocyanin level. Anthocyanin extraction was
done as described before, with some modification."® Briefly, the
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Figure 4. Model explaining changes in bystander plants.
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leaf samples were measured for fresh weight then ground into fine
powder in liquid nitrogen, and extracted with 80% methanol
containing 5% HCI overnight at 4°C. After centrifugation at
14,000 g for 20 min, the supernatants were transferred to new
1.5 ml eppendorf tubes followed by a chloroform purification
step and a centrifugation at 14,000 g for 10 min. The clear
supernatant was used to quantify the amount of anthocyanins
photometrically by FLUROstar (BMG  Labtech,
Germany)."

Analysis of the level of mRNA of ORMYV coat protein and
PR1 protein. The RNA was extracted using Trizol by following

Omega

the provider’s protocol (Invitrogen). The trace gDNA contamina-
tion was removed by using DNase I digestion in illustra RNAspin
mini column (GE Healthcare). The cDNA was synthesized using
the RevertAid M-MuLV first strand cDNA synthesis kit protocol
(Fermentas), with random primer for the ORMV coat protein
RNA and oligo-dT primer for the PRI and tubulin genes. The
quantitative real time PCR (qRT-PCR) reactions were setup in
SsoFast EvaGreen Supermix (Bio-Rad) and the results were
processed by Bio-Rad CFX manager software (v2.0), with tubulin
as a reference. The gene specific primers are listed in the Table 1.
Specificity of Oligos was checked by melting-curve analysis
performed by the Bio-Rad CFX96 PCR machine after 45
amplification cycles and by gel-electrophoretic analysis.
Statistical analysis. All analyses were done in three biological
replicates. Significance of the differences was calculated by using

Table 1. Sequence of primers used for gene expression analysis

Primer Sequence
ORMV_CPFO 5-TCACCCATGGTTTACAACATCACGAGCTCG-3'
ORMV_CPRO 5'-CACTTCTAGACTATGTAGCTGGCGCAGTAGCC-3’
ORMV_CPF1 5-CTCGAATCAGTACCAGTATT-3'
ORMV_CPR1 5-CTTCAGTTTCAATGATCCTA-3'
PR1_f 5-TTCTTCCCTCGAAAGCTCAA-3'
PR1_r 5-CGTTCACATAATTCCCACGA-3'

Tubulin_f_5962690
Tubulin_r_5g62690

5-ACAGAAGCGGAGAGCAACAT-3'
5'-TCCTCATCCTCGTAGTCACCTT-3'

univariate or multivariate general linear model analysis procedure
from SPSS 19.0 (IBM). Multiple comparisons of means were
performed only when the model was significant.
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