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ABSTRACT

ARTICLE HISTORY

Ultraviolet radiation (UV) is an important modulator of plant defenses against biotic stresses. We have
recently described that different supplemental UV exposure times and irradiance intensities enhanced
tomato (Solanum lycopersicum) resistance to Western flower thrips (Frankliniella occidentalis). UV
increased jasmonic acid-isoleucine (JA-Ile) and salicylic acid (SA) levels, as well as the expression of JAand SA-responsive genes, before thrips herbivory. Here we report how UV affects tomato defense
responses upon thrips infestation, and resistance to pathogens that are susceptible to the activation
of SA-associated defenses. Our experiments reveal that, at 7 days after thrips infestation, UV did not
enhance the levels of jasmonates, auxin or abscisic acid. UV also did not affect the expression of JAresponsive genes in the cultivar Moneymaker, the jasmonate deficient mutant def-1, the type-VI
trichome deficient mutant od-2, or their wild-type Castlemart. However, UV strongly activated SAassociated defense responses in def-1 after thrips infestation. Further bioassays showed that UV
increased def-1 resistance to the hemi-biotrophic bacterial pathogen Pseudomonas syringae pv. tomato
DC3000, which is susceptible to SA-mediated defenses. Our results suggest that UV might enhance
tomato resistance to this pathogen in the JA deficient genotype through the activation of SA defenses.

Received 11 January 2019
Accepted 6 February 2019

One of the most important environmental factors determining
plant performance is light. Light quality and quantity not only
affect photosynthesis, but also plant adaptive responses to abiotic
and biotic stresses. In particular, UV-B radiation (λ 280–320 nm),
a small component of the solar radiation reaching terrestrial
ecosystems, has a great influence on the plant’s physiology by
inducing a range of molecular, biochemical, morphological and
developmental responses.1–3 Although early research on the biological activity of UV-B radiation suggested detrimental effects on
plants, recent evidence has demonstrated that ecologicallyrelevant levels are not deleterious.3 On the contrary, UV-B radiation has emerged as a light signal with potential uses to enhance
plant protection against pests in agriculture systems, thereby
increasing yields.4 This paradigm shift has led to the conception
of UV exposure as an ‘eustress’. Eustress is defined as a positive
form of stress with beneficial effects on plant health and adaptation to more severe stress conditions.5 Accordingly, UV-B has
shown to confer cross-tolerance to high light stress, drought and
high temperatures in plants.6 Furthermore, UV-B has been shown
to promote plant resistance to a wide array of aboveground
arthropod herbivores.6
Exposure to UV-B can alter constitutive (i.e., before herbivory) and inducible (i.e., upon herbivore) plant defenses to
arthropod pests. For instance, UV-B can induce the
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accumulation of phenolic compounds in the leaf epidermis.
This reduces the oxidative damage and UV-B penetration to
the inner photosynthetic layers. At the same time, it can also
reduce the palatability of plant tissues to herbivorous
arthropods.7 Herbivore-mediated induction of plant chemical
defenses can also be modulated by UV-B radiation. Upon
perception of herbivory-associated molecular patterns, plants
display specific defense responses that are mainly regulated by
the phytohormones jasmonic acid (JA), salicylic acid (SA),
ethylene (ET), and abscisic acid (ABA). These responses are
fine-tuned by the cross-talk among these and other phytohormones such as auxins, cytokinins and giberellins.8 Activation
of these defense-related hormone signaling pathways leads to
the production of secondary metabolites (e.g., alkaloids, glucosinolates, terpenes) and defensive proteins (e.g., proteinase
inhibitors and polyphenol oxidases) that hamper herbivore
feeding and performance.7 UV-B is reported to enhance the
induction of these plant defenses. In particular, increases in
the JA and ethylene burst has been described after combined
UV-B exposure and aboveground herbivory, resulting in
enhanced plant resistance.9–14
Recently, we have demonstrated that supplemental UV
(A + B) (λ 280–400 nm) can enhance tomato (Solanum
lycopersicum) resistance to thrips (Frankliniella occidentalis),
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and this was dependent on the UV exposure time and irradiance intensity.15 We did metabolomics, hormone and gene
expression analyses, and used the cultivar ‘Moneymaker’, the
tomato mutants defenceless-1 (def-1), impaired in jasmonic
acid (JA) biosynthesis, odorless-2 (od-2), defective in the production of functional type-VI trichomes, and their wild-type
‘Castlemart’, to demonstrate that UV-mediated induction of
tomato resistance to thrips was not explained by changes in
the leaf metabolome or trichome-mediated defenses, but
probably by the activation of JA signalling.15 UV enhanced
constitutive levels of JA-isoleucine (JA-Ile) and expression of
JA-responsive genes, but it also induced SA signaling, before
thrips herbivory.15 In the present study, we have further
investigated whether UV promotes a stronger tomato defense
response after thrips infestation. Furthermore, we have determined whether UV-mediated positive effects on SA
signaling15 alters tomato resistance to a semi-biotrophic
pathogen that is susceptible to the activation of this signaling
pathway.16
Following the methodology described in,15 we present data
on the effect of high UV irradiance intensity on the levels of
jasmonates, SA, auxin and ABA, as well as the expression of
JA- and SA-associated defense marker genes, in Moneymaker,
Castlemart, def-1 and od-2 leaves after herbivory (Figures 1–2).
In short, plants were subjected to supplemental high UV for
30 min d−1 (0.422 kJ m−2 d−1) or control (no UV) conditions
for 28 days and subsequently infested with thrips as described
in.15 At 7 days after thrips infestation, plants were sampled for
hormone and gene expression analyses. Our results showed
that the levels of the JA precursor 12-oxo-phytodienoic acid
(OPDA) and ABA were significantly affected by UV, and
generally lower in UV-treated plants after thrips infestation
(Figure 1(a,f)). Levels of JA, JA-Ile and SA were not significantly affected by the light treatment (Figure 1(b,c,e)). Yet, the
concentrations of JA and JA-Ile were slightly reduced, although
not statistically significant, in UV-treated Moneymaker and od2 plants after thrips infestation. Accordingly, UV significantly
downregulated the expression of the JA-responsive genes TD-2
and JIP-21 in Moneymaker and, although not statistically significant, also in od-2 after thrips infestation (Figure 2(a,b)). We
have previously described that high UV reduced thrips feeding
damage in Moneymaker and od-2, but not in Castlemart and
def-1.15 Thrips are susceptible to the induction of JA-associated
defences,17–19 and our previous findings indicated that UV
enhanced the constitutive (i.e. before herbivory) levels of jasmonates and expression of JA-responsive genes in UV-treated
Moneymaker and od-2 plants.15 We speculated that this might
have resulted in a stronger activation of these plant defenses
upon thrips infestation as well. However, we observed the
opposite at 7 days after thrips herbivory, and jasmonate levels
were overall lower in UV-treated plants that were infested with
thrips. This might be explained by the reduced thripsassociated feeding damage symptoms (‘silver damage’)
observed in UV-treated Moneymaker and od-2 plants in comparison with their controls.15 Thrips feeding activates JA
and ET signaling in tomato19,20 and the magnitude of this
induction might be correlated with the intensity of the leaf
damage caused by thrips. For instance, Schmelz et al.21 showed
that infestation levels of maize plants with Spodoptera exigua

caterpillars were positively correlated with JA production.
Similarly, Thaler et al.22 described that JA-mediated induction
of defensive proteins in tomato can respond in a positive dosedependent manner. In addition, we do not rule out the possibility of a stronger activation of JA signaling in UV-treated
plants at earlier times after thrips infestation, prior to our
sampling time. For instance, Ðhin et al.12 detected a higher
accumulation of JA and JA-Ile in UV-B-exposed Nicotiana
attenuata plants at 3 days after herbivory. Likewise, Izaguirre
et al.23 showed oscillations in the induced levels of JAresponsive defense proteins along time in N. attenuatta plants
subjected to UV-B and simulated herbivory. Taken together,
our data also suggest that UV-mediated effects on hormonesignaling events before infestation, and perhaps at early postinfestation times, were sufficient to reduce thrips feeding
damage in tomato.
Interestingly, SA levels were strongly induced in UVtreated def-1 plants after thrips infestation (Figure 1(d)),
which was paralleled by a positive induction of the SAresponsive gene PR-P6 (Figure 2(c)). Notably, our previous
data showed that PR-P6 was not significantly up-regulated
in UV-treated def-1 plants prior to thrips infestation.15
These results suggest that thrips feeding might induce SA
signaling in tomato, yet this induction might be generally
repressed due to crosstalk mediated by JA.19 We previously
showed that UV enhanced the concentration of SA in
Moneymaker, Castlemart and, at lesser extent, in def-1 leaves
before herbivory.15 This slight increase in SA levels might
have stimulated or ‘primed’ the induction of these defenses
in def-1 after thrips infestation due to the deficiency in JA
signaling in this tomato mutant.24,25 Possibly, the UVmediated reinforcement of JA signaling15 together with the
subsequent induction of this signaling pathway by thrips
infestation might have overridden SA-associated defense
responses in Moneymaker and od-2.
Activation of SA-associated defenses can confer plant resistance to biotrophic pathogens.16 Hence, we further determined
the effect of UV on tomato resistance to the hemi-biotrophic
bacterial pathogen Pseudomonas syringae (Pst) pv. tomato
DC3000. Control and UV-treated Moneymaker, Castlemart,
def-1 and od-2 plants were inoculated with Pst by dipping all
the plant leaves into a bacterial suspension [108 colony-forming
units (cfu) ml−1] for 2–3 seconds. Determination of bacterial
growth in the plants was conducted at 1 h and 4 d after
inoculation. For this, three leaf discs (Ø 1.4 cm) per plant,
taken from the second, third and fourth youngest leaves from
the apex, were pooled and homogenized in 1 ml of 10 mM
MgCl2. Bacterial growth was determined by plating appropriate
dilutions in King’s B medium with 100 μg ml−1 rifampicin.
CFU were counted after incubation for 72 h at room temperature. Our results showed that there were no significant differences in the Pst population among the plant genotypes at 1 h
after inoculation (Figure 3(a)). However, a slightly greater Pst
population was detected in leaves of UV-treated Moneymaker
plants when compared to their controls. At 4 days after bacteria
inoculation, there were significant differences in Pst population
growth among the different tomato genotypes. Castlemart and
def-1 were more susceptible to Pst than Moneymaker and od-2
(Figure 3(b)). UV did not generally affect tomato susceptibility
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Figure 1. Concentrations of (a) 12-oxo-phytodienoic acid (OPDA), (b) jasmonic acid (JA), (c) jasmonic acid-isoleucine (JA-Ile), (d) salicylic acid (SA), (e) indole-3-acetic
acid (IAA), and (f) abscisic acid (ABA) were determined in control and high UV-treated Moneymaker, Castlemart, defenceless-1 (def-1), and odorless-2 (od-2) plants at
7 days after thrips infestation. Plants were treated with supplemental control (no UV) or high UV for 30 min d−1 (0.422 kJ m−2 d−1) for 28 days, and subsequently
used for non-choice whole plant thrips bioassays. Individual plants were infested with 20 adult thrips (18 females and 2 males). The analysis was performed on
leaflets collected from the third and fourth youngest leaf. Values represent the mean + SEM (n = 5 individual plants). Data on OPDA levels were log (x + 1)
transformed, while data on JA, JA-Ile and SA were log transformed prior to statistical analysis. Different letters above bars denote significant differences among
groups tested by GLM followed by Fisher´s LSD test (P ≤ 0.05). The overall effects of genotype (g), UV, and their interaction tested by two-way ANOVA are indicated.
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Figure 2. Relative transcript levels of the JA-responsive genes (a) threonine deaminase-2 (TD-2), and (b) jasmonate inducible protein-21 (JIP-21), and (c) the SAresponsive gene the pathogenesis related-protein 6 (PR-P6) measured in control (no UV) and high UV-treated Moneymaker, Castlemart, defenceless-1 (def-1), and
odorless (od-2) plants at 7 days after thrips infestation. Plants were treated with supplemental control (no UV) or high UV for 30 min d−1 (0.422 kJ m−2 d−1) for
28 days, and subsequently used for non-choice whole plant thrips bioassays. Individual plants were infested with 20 adult thrips (18 females and 2 males). The
analysis was performed on leaflets collected from the third and fourth youngest leaf. Values represent the mean (+ SEM) of relative expression of each treatment
group (n = 5 individual plants, two technical replicates). Data were log transformed prior to statistical analysis. Different letters above bars denote significant
differences among groups tested by GLM followed by Fisher´s LSD test (P ≤ 0.05). The overall effects of genotype (g), UV, and their interaction tested by two-way
ANOVA are indicated.
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Figure 3. Effect of supplemental UV radiation on tomato resistance to Pseudomonas syringae (Pst) pv. tomato DC3000. Bacterial population was determined at (a) 1 h
and (b) 5 days after inoculation in control (UV) and high UV-treated Moneymaker, Castlemart, defenceless-1 (def-1), and odorless (od-2) plants. Plants were treated
with supplemental control (no UV) or high UV for 30 min d−1 (0.422 kJ m−2 d−1) for 28 days, and subsequently inoculated with P. syringae. Values represent the mean
of Log transformed colony forming units (cfu) (+SEM) of five biological replicates, each replicate consisting of three leaf-discs taken from the second, third and fourth
youngest leaves from the apex, respectively. Data on cfu determined at 5 days were log transformed prior statistical analysis. Different letters above bars denote
significant differences among groups tested by GLM followed by Fisher´s LSD test (P ≤ 0.05). The overall effects of genotype (g), UV, and their interaction tested by
two-way ANOVA are indicated.

to Pst, but there was a significant interactive effect between the
plant genotype and the light treatment on plant susceptibility
to Pst. UV significantly reduced the bacterial population in def1 leaves, while no effect was observed for the other genotypes.
Pst pv. tomato DC3000 produces the phytotoxin coronatine,
whose structure mimics the bioactive JA conjugate JA-Ile and
activates JA-associated defenses while suppressing SA
signalling.26 Activation of JA signaling promotes Pst parasitism
in the host plant. In turn, induction of SA defenses in Pstinfected tomato mutants deficient in the perception of coronatine has been reported to increase resistance.27 Theoretically, if
UV supplementation reinforced JA defenses in Moneymaker
and od-2, an increased susceptibility to this pathogen was
expected in these genotypes. We hypothesized that the reinforcement of both JA and SA by the UV treatment in

Moneymaker might have resulted in a negative cross-talk.8 In
def-1, however, UV has been previously reported to enhance
SA defenses only,15 which might have promoted a stronger
activation of these defenses by Pst infection, as SA is also
induced by this pathogen albeit to a lesser extent than JA.28 It
would be interesting to test whether UV increases resistance to
other pathogens that activate and are susceptible to SA defenses
in future investigations.
In summary, we showed that UV-mediated positive effects
on JA signaling were not evident at a late stage of thrips
infestation in tomato. Further studies using time-course analyses could determine whether UV might modulate the magnitude and timing of the induction of tomato defenses upon
herbivory. In addition, we demonstrated that the positive
effects of UV on constitutive jasmonate levels did not increase
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susceptibility to the hemi-biotrophic pathogen Pst DC3000,
but that UV likely mediated the observed enhanced resistance
in JA-deficient tomato mutants via hormonal crosstalk. Our
study highlights the potential dual role of UV in protection
against herbivores and pathogens. This, opening new venues
for the use of UV as a ‘priming’ agent in agricultural systems.
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