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Responsiveness of Lycopersicon pimpinellifolium to acute UV-C
exposure: histo-cytochemistry of the injury and DNA damage
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The in vivo and in vitro effects of UV-C (254 nm) exposure (0.039 watt-m=>-s for 2 h) of currant
tomato (Lycopersicon pimpinellifolium), indigenous to Peru and Ecuador, were assayed. H,O, de-
posits, dead cells and DNA damage were localized, 12/24 h after irradiation, mainly in periveinal
parenchyma of the 1st and 2nd order veins of the leaves, and before the appearance of visible
symptoms, which occurred 48 h after irradiation. Cell death index was of 43.5+12% in exposed
leaf tissues, 24 h after treatment. In currant tomato protoplasts, the percentage of viable cells
dropped 1 h after UV-C irradiation from 97.42+2.1% to 43.38+4.2%. Afterwards, the protoplast vi-
ability progressively decreased to 40.16+7.25% at 2 h, to 38.31+6.9% at 4 h, and to 36.46+1.84% at
6 h after the exposure. The genotoxic impact of UV-C radiation on protoplasts was assessed with
single cell gel electrophoresis (SCGE, or comet assay). UV-C treatment greatly enhanced DNA
migration, with 75.37+3.7% of DNA in the tail versus 7.88+5.5% in the case of untreated nuclei.
Oxidative stress by H,0,, used as a positive control, induced a similar damage on non-irradiated
protoplasts, with 71.59+5.5% of DNA in the tail, whereas oxidative stress imposed on UV-C ir-
radiated protoplasts slightly increased the DNA damage (85.13+4.1%). According to these results,
SCGE of protoplasts could be an alternative to nuclei extraction directly from leaf tissues.
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INTRODUCTION

Ultraviolet (UV) light, differently to photosyn-
thetically active radiations (PAR, 400-700 nm), consists
of wavelengths between 200 and 400 nm, and it is sub-
divided into UV-A (315-400 nm), UV-B (280-315 nm)
and UV-C (200280 nm) radiations. Most of them are
potentially hazardous to living organisms, particularly
UV-C, that has the shortest wavelengths and the high-
est energy. The biological effects of UV light are due
to photochemical reactions, because of large quanta in-
volved in its emission and absorption (Coohill, 1989).
Therefore, highly energetic UV photons are able to
destroy chemical bonds of biomacromolecules, leading

to an array of cell injuries (Stapleton, 1992). In particu-
lar, lipid peroxidation and membrane damage impair
transport systems, as well as the alteration of amino-
acid residues and the inactivation of whole proteins
and enzymes, i.e. ribulose-1,5-bisphosphate carboxy-
lase and subunits of photosystem I and II, decrease the
photosynthetic efficiency. Furthermore, the most im-
portant cellular target site of exposure to UV radiation
is DNA, resulting in DNA photoproducts and muta-
tions (reviewed in Hollésy, 2002).

Although the very dangerous UV-C are not
physiologically relevant, being blocked by the ozone
layer in the stratosphere, they have been used to
study DNA damage, as their photoproducts are the
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same as those induced by UV-B radiation reaching
the Earth surface (Cleaver, 2006). In particular, it
has been shown that UV-C can induce programmed
cell death (PCD) both in animal and in plant cells
(Danon & Gallois, 1998).

Plant defence response to UV light includes
protective structures and mechanisms. Protective struc-
tures in epigeous organs are mainly physical barriers,
consisting of epidermal appendages, such as hairs
and glandular trichomes secreting UV-absorbing com-
pounds. Epicuticular waxes and cutin are able to inter-
cept and modify the incident radiation, as well as leaf
surface reflectance that may be effective in some plants.
The protective mechanisms, include mainly antioxidant
defence, both enzymatic (superoxide dismutase, cata-
lases, ascorbate peroxidase, peroxidases, glutathione S-
methyltransferase and enzymes of the Halliwell-Asada
cycle) and non-enzymatic (ascorbic acid, glutathione,
tocopherols, carotenoids, N-acetylcysteine, flavonoids
and polyamines), besides the specific repair machin-
eries for DNA and photosynthetic apparatus damage
(reviewed in Kovacs & Keresztes, 2002).

Within the genus Lycopersicon, currant toma-
to (Lycopersicon pimpinellifolium), a wild tomato lit-
tle changed by domestication, has been studied for
many purposes. It has been introduced in breeding
programmes, to transfer into different crops the re-
sistance to tomato yellow leaf curl virus (TYLCV),
to the fungus Cladosporium fulvum and to the nema-
tode Globodera rostochiensis (Jung et al., 1998; Pico et
al., 1999; de Wit et al., 2002), and to increase tomato
fruit hexose content (Husain ef al., 2001).

We previously reported the potential role of
currant tomato as an ozone bioindicator, because of
its high sensitivity to this pollutant (Iriti et al., 2006).
We also correlated this sensitivity to the large amount
of H,0, induced by ozone oxidative stress in leaf tis-
sues, possibly due to poor antioxidant defences (Iriti
et al., 2006). In an attempt to further elucidate L. pimp-
inellifolium response to oxidative stress, we assayed its
sensitivity to a different environmental factor, UV-C,
both in vivo an in vitro, using a protoplast system. The
leaf tissue responsiveness was examined by a histo-cy-
tochemical approach, and the injury due to radiation
was correlated to DNA damage assessed by single
cell gel electrophoresis (SCGE). SCGE, also known as
comet assay, allows the detection of DNA damage, in-
cluding denaturation, single and double strand breaks,
incomplete excision repair sites, base modifications,
alkali labile apurinic and apyrimidinic sites and DNA
crosslinks due to genotoxic agents, such as radiation,
chemicals, environmental pollutants and contaminants
(Navarrete et al., 1997; Palyvoda et al., 2003).

We show here that currant tomato appears to
be sensitive to UV-C in the same way as to ozone,
responding with an oxidative burst leading to pro-
grammed cell death. We also show for the first time

that UV genotoxicity in a plant can be detected by
SCGE.

MATERIALS AND METHODS

Plant material and protoplast isolation. Seeds
of currant tomato (Lycopersicon pimpinellifolium Mill.)
were planted in a standard compost in seed trays
and raised in a conditioned glasshouse, under a 16-h
photoperiod at 20-25°C for 2 weeks, then transferred
to 13-cm pots and grown in the same conditions for
further 2-3 weeks. At this growth stage, plants (15—
20 cm tall) had developed 5-6 pinnately compound
leaves and were irradiated.

Currant tomato protoplasts were isolated from
3-week-old seedlings. Fully expanded leaves were
dusted with carborundum (600 mesh) and gently
washed with sterilized water. Leaf fragments of ap-
prox. 2 cm? were excised and floated in an enzyme
mixture of 2% cellulase Onozuka R-10 and 0.5%
macerozyme Onozuka in 0.55 M mannitol, pH 5.8,
and incubated overnight at 25°C in a rotary shaker
at 10 r.p.m. Incubated material was passed through
a 60 pm nylon filter and the resulting suspension
centrifued at 100xg for 5 min. The pelleted proto-
plasts were washed in 0.55 M mannitol and finally
resuspend gently at a density of 5x10° per mL, as
measured by drawing 6.6 puL of the sample by cap-
illarity into a KOVA® Glasstic® Slide 10 with Grid
Chamber (Hycor Biomedical Ltd, UK) and examined
with a light microscope.

UV irradiation. Ultraviolet light was provided
by a Universal-UV-Lampe 220 V, 50 Hz (CAMAG,
Muttenz-Schweiz) (Buschmann et al., 2000). Leaf
fragments (1.5x1.5 cm) were floated individually in
sterile distilled water in a cell culture multiwell dish
(25 2x2 cm wells). Aliquots (0.5 mL) of protoplast
suspension were placed into flat-bottom glass vials
(21 mm in diameter). Leaf fragments and protoplasts
were irradiated in the UV-C region of the UV light,
at the wavelength of 254 nm, for 2 h. The irradiance,
i.e. the instantaneous intensity of UV incident on a
surface, was of 0.039 watt-m=-s, as measured by a
radiometer.

Histo-cytochemistry. Cell viability was as-
sessed with Trypan blue (Sigma, USA) in leaf tis-
sues, and with fluorescein diacetate fluorochrome
(FDA, Molecular Probes, Inc., Eugene, OR, USA)
in protoplasts. Hydrogen peroxide deposits were
localized with 3,3’-diaminobenzidine (DAB, Sig-
ma) in leaf fragments, whereas nuclear viability
was assayed with 4’,6-diamidino-2-phenylindole
(DAPI) fluorochrome stain (Sigma, USA) in both
systems. Trypan blue and DAB staining was car-
ried out as previously reported (Iriti & Faoro,
2003).
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FDA staining was performed as follows:
40 pL from 0.2% (w/v) stock solution of FDA in ac-
etone, stored at —20°C, was added into 7 mL of 0.55
M mannitol, and this staining solution was mixed
1:1 with protoplast suspension.

DAPI dye was dissolved in water or 0.55 M
mannitol at 0.1 mg/mL for tissue and protoplast nu-
clear staining, respectively.

Protoplast viability and cell death assess-
ment. Protoplast viability was determined by the
FDA vital dye, at 0, 1, 2, 4 and 6 h after irradiation.
At least 500 protoplasts were counted in three rep-
licate slides for each time. Non-viable protoplasts
were FDA-negative, and appeared red because of
chlorophyll autofluorescence, whereas the viable
ones were FDA-positive (green-yellow).

Dead cells in leaf tissue fragments were eval-
uated according to “cell death index” by image anal-
ysis, as previously reported (Faoro & Iriti, 2005), i.e.
the percentage of blue pixels (Trypan blue positive
cells) in respect to the total image ones.

Evaluation of protoplast DNA resistance to
oxidative damage: comet assay. Fully frosted micro-
scope slides (Richardson Supply Co., London, UK)
were precoated with 1.5% normal melting point aga-
rose. The suspension of protoplasts was mixed with
1% low melting point agarose, layered on the slide
and covered with the coverslips. A final layer of
low melting point agarose was added and the slides
were kept on ice for 5 min. Afterwards, the slides
were dipped into a lysis buffer (2.5 M NaCl, 0.1 M
Na,EDTA, 10 mM Tris, 1% Triton X-100, 1% dime-
thyl sulfoxide, pH 10) and kept at 4°C for 2 h in the
dark. They were then placed in a fresh alkaline elec-
trophoresis buffer (0.3 M NaOH, 1 mM Na,EDTA)
in a horizontal electrophoresis tank (Scotlab, Coat-
bridge, UK) at 4°C for 40 min for DNA unwinding,
followed by 30 min of electrophoresis at 4°C (25 V,
300 mA).

The slides were subsequently neutralised (0.4
M Tris/HC], pH 7.5), stained with ethidium bromide
(2 mg/L) in neutralising buffer, washed with PBS,
drained and covered with coverslips.

Fifty cells on each slide were electronically
captured with an epifluorescence microscope with
an excitation filter of 330-385 nm (barrier filter 420
nm). A computerised analysis system (Image-pro
plus 5.1, Media Cybernetics, USA) allowed the fluo-
rescence intensity to be quantified.

Undamaged DNA appeared as a fluorescent
core, whereas strand breaks in the chain led to the
appearance of a tail. DNA damage was expressed
as percentage of DNA (measured as fluorescence) in
the tail.

Microscopy. Fluorescence and light micro-
scopy was performed by an Olympus BX 50 light
microscope (Olympus, Tokyo, Japan), equipped

with epipolarization filters and differential inter-
ference contrast (DIC), to improve contrast when
necessary. Trypan blue and DAB stained samples
were observed via light absorption: dead cells
stained blue and H,O, was visualized as reddish-
brown precipitate. DAPI samples were examined
with the UV light, exciter filter 330-385 nm, bar-
rier filter 420. Nuclei of damaged protoplasts
were bright blue. Blue light (exciter filter 450-490
nm, barrier filter 515 nm) was employed for FDA
dye.

Statistical analysis. Each experiment was
repeated at least three times. All the data were re-
ported as mean +S.D. For comet assay, statistical
analysis was performed with Duncan test, to com-
pare control values with all treatments. A P*<0.05
was considered as statistically significant.

RESULTS
UV-C irradiation of leaves

In a set of preliminary experiments, currant
tomato plants were exposed to a range of UV-C
acute doses. Leaf fragments excised from 3-week-
old plants were treated with a UV-C irradiance of
0.039 watt-m=-s for 0.5, 1, 1.5, 2 and 2.5 h, and tis-
sue damage was checked up to 48 h after irradiation
with the aid of a stereomicroscope. Among these
different doses, the 2 h exposure was selected for
the subsequent in vivo experiments, being the mini-
mum dose causing the appearance of visible symp-
toms within 2 days. After a 2 h exposure visible
symptoms became appreciable in the adaxial leaf
surface about 48 h later, as small necrotic spots scat-
tered on the lamina (not shown). However, early in-
juries were detected at the microscopic level already
12 h after UV-C treatment. At this time, bleaching
and chlorosis occurred nearby the major leaf vein
(Fig. 1A), extending to 2nd order veins (Fig. 1B) in
further 12 h. Interveinal areas of treated tissues did
not appear damaged, neither did the control leaf
fragments (Fig. 1C).

Detection of dead cells performed with the
Trypan blue vital exclusion dye (Fig. 2A) showed
that in tissues treated with UV-C for 2 h almost
half of the mesophyll palisade cells were stained
within 24 h after the exposure. The cell death in-
dex, estimated by image analysis, was 43.5+12.2%,
corresponding to approx. 55% dead cells per cm? of
leaf mesophyll tissue. Leaf fragments from non-ir-
radiated controls appeared unstained (Fig. 2B).

Further microscopic examinations revealed
the presence of H,O, deposits, as DAB brownish
precipitates, mainly in periveinal mesophyll cells
of the 1st and 2nd order veins (Fig. 2C), 12 h af-
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Figure 1. Early symptoms on currant tomato leaves irra-
diated with UV-C as observed by bright field light mi-
croscope.

A. Narrow chlorotic areas are already visible nearby the
main vein at 12 h after exposure. These areas enlarge in
the next 12 h and involve also 2nd order veins (B). C.
Non-irradiated control. The bar corresponds to 500 pm.

ter irradiation, while no staining was found in the
non-irradiated samples (Fig. 2D). At the same time,
some of these cells were also DAPI-positive (Fig.
2E), indicating the presence of nuclear injury co-
incident with H,O, localization sites and chlorotic
lesion areas. Control tissues were DAPI-negative
(Fig. 2F).

UV-C irradiation of protoplasts

On the basis of the previous results, also pro-
toplasts were exposed to the UV-C irradiance of

0.039 watt-m2-s for 2 h. Their viability was esti-
mated with the use of FDA as a vital exclusion dye.
FDA can pass through the plasma membrane and
then intracellular esterases of viable cells (Fig. 3A)
cleave off the diacetate group, producing a highly
green-yellow fluorescent compound (Fig. 3B). Pro-
toplasts which do not possess an intact membrane
or an active metabolism (Fig. 3C) cannot accumulate
the fluorescent product, and therefore do not exhibit
the yellow-green fluorescence (Fig. 3D). Our results
showed that a UV-C dose of 0.039 watt-m™-s for
2 h affected protoplast viability in a time-depend-
ent manner (Fig. 4). Following UV-C irradiation,
the percentage of viable protoplast dropped al-
ready 1 h after treatment, namely from 97.42+2.12%
to 43.38+4.21%. Afterwards, the viability declined
slowly to 40.16+7.25% at 2 h, to 38.31+6.94% at 4
h, and, finally, to 36.46+1.84% at 6 h after the expo-
sure. Almost all non-irradiated protoplasts remained
alive, at least up to 6 h after irradiation.

Nuclear staining with the plasma membrane-
permeable DAPI correlated with the viability de-
tected by FDA. In fact, the FDA-positive protoplasts
were generally DAPI-negative, as viable protoplasts
tend to exclude the dye from their nuclei (Fig. 3E),
while the FDA-negative ones were DAPI-positive
(Fig. 3F), indicating a damage to the nuclear mem-
brane as well.

The comet assay

To examine the DNA damage in L. pimpinelli-
folium by SCGE, three different treatments were per-
formed on the protoplasts. They were irradiated with
UV-C light or treated with H,O, (positive control),
or irradiated and treated to asses the cumulative ef-
fects of these stresses. Soon after irradiation, or 6 h
later, the protoplasts were embedded in agarose and
subjected to denaturation (lysis) and electrophoresis
under alkaline conditions. DNA affected by genoto-
xic agents, i.e. UV-C and H,O,, migrated from the
nuclei toward the anode, giving characteristic comet-
like patterns (Figs. 5A, B). The extent of DNA injury
was evaluated as the proportion of DNA migrating
in the comet tail (% DNA in tail, Fig. 5D).

Soon after UV-C irradiation or H,O, treat-
ment no significant differences were found in
DNA migration in comparison to untreated con-
trols (not shown). However, 6 h later this migra-
tion appeared greatly enhanced in the irradiated
samples, with the percentage of DNA in the tail
of 75.37+3.74% (Figs. 5A, D). Similarly, oxidative
stress by H,O, produced 71.59+5.52% DNA in tail
(not shown), while the untreated control showed
very low DNA migration (7.88+5.58%) (Fig. 5D),
possibly as a consequence of protoplast isola-
tion procedure. The difference between the H,O,
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Figure 2. Histo-cytochemical analysis of symptoms.

Currant tomato leaf fragments irradiated with UV-C (254 nm, 0.039 watt-m=-s for 2 h) (A, C, E) and non-irradiated, as
negative control (B, D, F). A. Dead cells, stained dark blue by Trypan at 24 h after irradiation, are those of the palisade
mesophyll (see enlargement in the inset). H,O, deposits, visible as brownish DAB precipitates at 12 h after irradiation
(C, arrows), are mainly localized in the same tissue, preferentially along main veins. DAPI fluorescence (E) of damaged
nuclei is visible at 12 h after irradiation, in palisade mesophyll cells, along veins. Non-irradiated tissues are not stained
by Trypan (B), DAB (D) or DAPI (F). The bar corresponds to 100 pum, if not stated otherwise.

treated and UV-C exposed protoplasts was not
statistically significant even at this time, while the
oxidative stress combined with UV-C irradiation
slightly enhanced the DNA damage (Figs. 5B, D),
by 13+4.11% of DNA in tail. This value, though
statistically significant (P*<0.05), did not represent
a fully additive effect or a synergistic response to
the two different stresses.

DISCUSSION

The use of floating leaf fragments proved to
be a reliable and simple technique to perform a ho-
mogeneous tissue irradiation and to screen different
treatment conditions. With this system we showed
that UV-C injury could be detected in currant toma-
to even before the appearance of visible foliar symp-
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toms, on the basis of distinctive features of leaf pa- ed a similar histo-cytochemical analysis for the de-
renchyma, namely dead cell distribution and H,O, tection of ozone damage in different bean cultivars,
deposit localization. In previous works, we validat- as well as in L. pimpinellifolium (Iriti & Faoro, 2003;

Figure 3. Currant tomato protoplasts non-irradiated, as negative control (A, B, E), and irradiated as above, at 1 h after
irradiation (C, D, F).

A. Control viable protoplast showing a well defined membrane and a typical peripheral localization of chloroplasts. Via-
ble protoplasts become bright yellow fluorescent after treatment with fluorescein diacetate (FDA) (B). C. Non-viable pro-
toplast showing undefined cell membrane and chloroplast aggregation. D. Non-viable protoplasts are red, due to chlo-
rophyll autofluorescence that is not masked by fluorescein fluorescence as in viable ones (B). E. DAPI-negative nuclear
staining in a viable protoplast and a DAPI-positive nucleus in a non-viable protoplast (F); in the latter the bright DAPI
fluorescence of the damaged nucleus masks the red chlorophyll autofluorescence. The bar corresponds to 10 um.
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Figure 4. Cell viability assessed by fluorescein diacetate
(FDA) in control and in irradiated currant tomato proto-
plasts at different times after irradiation.

At least 500 protoplasts were counted in three replicate
slides for each sample. Data are expressed as percent
means of viable protoplasts +S.D.

Iriti et al., 2003; Faoro & Iriti, 2005). However, the
mesophyll hallmarks (dead cells and H,O,) showed
a different distribution in O,-fumigated currant to-
matoes compared to UV-C irradiated ones, being in
the latter mainly associated with the periveinal me-
sophyll regions, at least shortly after exposure. De-
spite the slightly different localization of the damage
in the same tissues, currant tomato appears sensi-
tive to UV-C in the same manner as to ozone, this
sensitivity being correlated with the accumulation
of a high level of H,O, that, in turn, would cause
cell death. Considering that plant tolerance to en-
vironmental stresses is mainly due to the exclusion
of their damaging effects, as a result of cellular and
apoplastic antioxidant defense mechanisms, it seems
that these defenses are rather limited in currant to-
mato, as confirmed by previous studies on its anti-
oxidant compounds (Dubbels et al., 1995; Antonius
et al., 2003).

Cell death observed in mesophyll cells is quite
likely a consequence of an apoptotic process, rather
than a necrotic one, according to previous studies on
plant cells (Danon & Gallois, 1998), and the comet
assay we performed on protoplasts confirmed this
hypothesis. In fact, we found intense DNA fragmen-
tation at 6 h but not at 0 h after irradiation, suggest-
ing that the consistent drop of protoplast viability
observed with FDA soon after treatment is related
to the physical effect of UV-C on the cell membrane,
leading to instantaneous fluorescein release, rather
than to direct DNA damage. This is in agreement
with a previous observation performed with South-
ern blot and TUNEL analysis of DNA from Arabi-
dopsis protoplasts irradiated with UV-C (Danon &
Gallois, 1998). It should be noted that those authors

Comet assay
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Control  ControkOx  UV-C UV-0X

Figure 5. Comet assay of currant tomato protoplasts.
Protoplasts 6 h after UV-C irradiation (A, B). Non-irradi-
ated control 8 h after isolation (C). A. In UV-C irradiated
protoplasts the amount of DNA in the tail is comparable
to that obtained with an oxidative stress by H,O, treat-
ment (not shown). B. In UV-C irradiated and H,O,-treated
samples the amount of DNA in the tail is only slightly
higher. C. In non-irradiated protoplast DNA does not
migrate. The bar corresponds to 20 pum. D. Percentage
of DNA migrating in the tail of non-irradiated (control),
H,O,-treated (control-Ox), irradiated (UV-C), irradiated
and H,O, treated (UV-Ox) protoplasts. Irradiated pro-
toplasts were examined 6 h later. Data are expressed as
means +5.D. and statistical analysis performed with Dun-
can test (different letters represent significantly different
means, P*<0.05).
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employed higher UV-C doses than we did to induce
apoptosis and, possibly as a consequence, Arabidop-
sis protoplast viability dropped more quickly than in
currant tomato. Nevertheless necrotic cell death did
not occur even in that case.

Comet assay on leaf tissues was used before
to investigate ozone stress in Nicotiana tabacum cul-
tivars Bel B and Bel W3 (Restivo et al., 2002), the ef-
fect of ionizing radiation in bean cultivars (Khan et
al., 2002), as well as for environmental monitoring in
Allium cepa and Impatients balsamina tissues of an ar-
ray of genotoxic pollutants, such as ozone, benzene
and nitrogen oxides (Poli, 1999).

In conclusion, we showed that UV-C injury
can be easily detected in vivo with a simple histo-
cytochemical technique, also in the absence of vis-
ible symptoms, and investigated in vitro with the
comet assay. This integrated approach for the study
of genotoxic agents can be performed either on nu-
clei isolated from tissues or directly on protoplasts
(Gichner & Miihlfeldova, 2002). The former DNA
is probably gentler on, while in the case of proto-
plasts the enzymatic digestion of the walls may lead
to slight DNA damage, as we observed in the un-
treated controls. This problem could be overcome by
testing different digestion methods. In any case, the
great advantage of harvesting a huge number of nu-
clei from protoplasts, thus ameliorating the statistical
significance of the comet assay, is certainly a major
benefit by itself.
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