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a b s t r a c t

Changes in the protein content and profile of postharvest tomato fruit treated with the hormetic dose
(3.7 kJ m−2) of ultraviolet light C (UV-C) at the mature green stage was investigated. In UV-C treated fruits,
the total protein content increased until 10 d after treatment and decreased thereafter during a 30 d
storage period; whereas in control fruit, protein content decreased constantly throughout the storage
period. Using polyacrylamide gel electrophoresis (PAGE) it was shown that UV-C treatment affected the
protein profile of tomato fruit in several manners: (1) UV-C repressed the expression of some proteins
presumably associated with ripening; (2) it enhanced the expression of several constitutive proteins, of
which one was an acidic �-1,3-glucanase, three acidic chitinases and three basic chitinases; and (3) it
induced the synthesis of at least 5 new proteins of which four were basic proteins. Among the proteins
induced by UV-C, three (a basic �-1,3-glucanase and two acidic chitinases) were apparently pathogenesis-
related proteins as they were also induced by inoculation with Botrytis cinerea. The molecular mass (MM) of
ormic dose

ost defense mechanisms
ycopersicon esculentum
athogenesis-related proteins (PR)
olyacrylamide gel electrophoresis
ostharvest pre-storage treatment
V-light

five of the UV-C induced proteins was determined using SDS-PAGE. Their molecular masses were 45, 39.4,
34.6, 10 and 8.9 kDa. The UV-C induced �-1,3-glucanase had a MM of 33.1 kDa. The MM of two constitutive
chitinases were 48.3 and 30.5 kDa, and those of the two UV-C and pathogenesis-induced chitinases were
37.1 and 20.6 kDa. Furthermore, the glucanohydrolase activities induced by UV-C were maintained until
the end of the storage period. It is likely that the PR-proteins with glucanohydrolase activities induced by
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UV-C are an integral part

. Introduction

In several plant–pathogen interactions, resistance to infection
s correlated with de novo synthesis of pathogenesis-related (PR)
roteins (Linthorst, 1991; Van Loon and Van Strien, 1999). These
roteins are triggered in plant tissues in response to pathogenic
ttack. Non-specific stress conditions both biotic and abiotic in
ature also activate the synthesis of these proteins, which are

ormally absent in healthy or unstressed tissue. PR proteins are
lassified into 17 distinct families (PR-1 to PR-17), with a putative
ovel PR-18 family, and have been recently revised by Van Loon et
l. (2006). PR proteins within a single family have defined biochem-
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long-term resistance observed in UV-C treated tomato fruit.
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cal properties and are serologically related. Some PR proteins have
atalytic activities and are characterized by their ability to degrade
ungal cell wall constituents, namely �-1,3-glucan and chitin, and
xhibit antifungal properties. For this reason, �-1,3-glucanases, the
R-2 family, and chitinases belonging to the PR-3, -4, -8 and -11 fam-
lies (Van Loon et al., 2006) have been extensively studied in several
lant–pathogen interactions. PR-1, the most abundant among the
R proteins, is induced in infected tissue (Alexander et al., 1993). A
rotein belonging to the PR-1 family was shown to inhibit Phytoph-
hora infestans zoospore germination (Niderman et al., 1995). Some
R-4 proteins could cause lysis of germ tubes and inhibit growth of
usarium solani and Trichoderma viride (Ponstein et al., 1994), while
R-5 proteins are thaumatin-like proteins (Van Loon and Van Strien,
999) that could cause lysis and growth inhibition of P. infestans
Woloshuk et al., 1991). Members of the PR-6 family are char-
cterized by their proteinase-inhibitor activities, while PR-7 and

R-9 proteins act as endoproteinases and peroxidases, respectively,
here the latter are involved in lignin formation; and PR-10 pro-

eins show “ribonuclease-like” activities (Van Loon and Van Strien,
999). PR-12 proteins identified as defensins have potent antifungal
ctivity against filamentous fungi (Van Loon and Van Strien, 1999;

http://www.sciencedirect.com/science/journal/09255214
http://www.elsevier.com/locate/postharvbio
mailto:joseph.arul@aln.ulaval.ca
dx.doi.org/10.1016/j.postharvbio.2008.08.016
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erras et al., 1992). PR-13 proteins are cysteine-rich thionins, toxic
o phytopathogenic bacteria and fungi (Epple et al., 1997). PR-14
roteins are lipid transfer proteins endowed with antibacterial and
ntifungal properties (Garcia-Olmedo et al., 1995). PR-15 and PR-16
roteins from barley are typified by their oxalate oxidase or oxalate
xidase-like activities (Van Loon et al., 2006). PR-17 and PR-18 pro-
eins have been detected recently and remain to be characterized
Van Loon et al., 2006).

Many studies have reported the induction of PR proteins in
omato (Lycopersicon esculentum Mill.) leaves in response to ultra-
iolet light B (UV-B, 280–320 nm) and that of UV-C (200–280 nm)
adiation, ethephon, silver ion, �-aminobutyric acid, and infection
y P. infestans, Fulvia fulva, and citrus exocortis viroid (Granell et al.,
987; Christ and Mösinger, 1989; Cohen et al., 1994; Green and
luhr, 1995). In the past decade, several reports have appeared
n improved resistance to pathogens in postharvest fruits and
egetables treated with biotic or abiotic elicitors of inducible
efence mechanisms (Arul, 1994; Wilson et al., 1994; El-Ghaouth
nd Wilson, 1995; Arul et al., 2001; Terry and Joyce, 2004; Ben-
ehoshua and Mercier, 2005; Stevens et al., 2006a,b). Resistance to
ostharvest fungal pathogens (Alternaria alternata, B. cinerea and
hizopus stolonifer) was reported to have been induced in tomato
ruit by pre-storage treatment with hormetic low dose of UV-C (Liu
t al., 1993; Charles et al., 1996, 2008a). Phytoalexin accumulated
n UV-C treated products such as carrot root (Mercier et al., 1993a,b,
998) and Citrus fruit (Kim et al., 1991; Ben-Yehoshua et al., 1992).
n tomato fruit, UV-C induced resistance to B. cinerea was related
n part to the accumulation of the sesquiterpenoid phytoalexin
ishitin (Charles et al., 2008a). The resistance also involved struc-
ural reinforcement by lignin, suberin and other phenolics (Charles
t al., 2008b) as well as ultrastructural modifications (Charles et al.,
008c). However, it is not known whether PR proteins play any role

n the observed UV-C induced disease resistance in tomato fruit.
Thus the objective of this investigation was to detect activities

f constitutive PR proteins, and determine whether PR proteins are
nduced in response to the abiotic elicitor, UV-C in mature tomato
ruit; and relate their activities to the observed disease resistance
nduced by UV-C.

. Materials and methods

.1. Biological materials

Commercial greenhouse-grown tomato fruit (Lycopersicon escu-
entum Mill. cv. Trust) were used for this study. The fruit were

anually picked from the vine at the mature green stage. Follow-
ng harvest, the fruit were sorted, with only fruit free of blemishes

ere selected. The fruit were washed in running water, surface-
terilized with sodium hypochlorite solution (1.0 g L−1) for 5 min,
insed in sterile distilled water and air-dried. The washed fruit were
ept overnight at 13 ◦C until treatment with UV-C within 24 h.

The B. cinerea strain used in this study was isolated from dis-
ased tomato leaves and cultured on potato dextrose agar (PDA).
pure subculture was preserved on sterile soil at 4 ◦C and used as

tarting inoculum whenever fresh culture was needed. An aliquot
f soil was then plated on PDA, and as soon as mycelial growth
as evident, an agar plug was once again subcultured on PDA until

pore production occurred. After 10 d, the Petri dish was flooded
ith sterile water containing 0.02% (v/v) Tween 20. The spore sus-
ension was filtered through sterile cheese cloth and diluted to

× 108 spores/L. The fruit were inoculated by placing 1 mL of the

pore suspension in the stem scar of surface-sterilized tomato fruit
rom both the UV-C treated group and the non-treated control
roup, either 3 or 10 d after UV-C treatment, and the inoculated
ruit were incubated at 13 ◦C.
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.2. Chemicals

The chemicals used for electrophoresis, the molecular mass
arkers, the SYPROTM Orange protein stain and the protein assay kit
ere purchased from Bio-Rad Laboratories (Hercules, CA, USA). The

alcofluor white M2R, silver nitrate and Triton X-100 were obtained
rom Sigma Chemical (St. Louis, MO, USA), and the aniline blue was
btained from BDH Laboratories (Poole, UK). Glycol chitin was pre-
ared as described by Trudel and Asselin (1989). Yeast glucan was
repared from commercial baker’s yeast according to the procedure
escribed by Cabib and Bowers (1971). All other reagents were of
nalytical grade.

.3. Low dose UV-C treatment, storage and sampling

Top and bottom parts of the fruit were treated with the hormetic
ose of 3.7 kJ m−2 (Maharaj et al., 1999) the day after harvest. UV-C
adiation was produced by fluorescent germicidal lamps (GE 30W,
eneral Electric, Circleville, OH) with peak emission at 254 nm.
adiation intensity was measured with a portable radiometer (UVX
igital Radiometer, UVP, Inc., San Gabriel, CA). Exposure to white

ight was avoided after UV-C treatement by placing the fruit in plas-
ic containers covered with black polyvinyl chloride (PVC) sheets to
revent photoreactivation by exposure to visible light (Wade et al.,
993). A total of 192 fruit were randomly assigned to two groups
control and UV-C treated). Fruit from each group were stored in
ight plastic containers containing 12 fruit each. Two containers
er group were assigned for the monitoring of the protein con-
ent and profile of tomato fruit during storage. On d 3 and 10 after
V-C treatment, the fruit of two other containers per group were

ubdivided into lots of six fruit, placed in eight smaller containers
four containers with UV-C treated fruit and four containers with
ontrol fruit) and inoculated with B. cinerea. The remaining two
ontainers per group served as non-inoculated controls and were
lso subdivided into lots of six fruit. Fruit were placed on a wire
esh platform in the container with a layer of water (about 1 L

f sterile water) at the bottom of the container to ensure relative
umidity of 90–95%, and a perforated lid was used to prevent accu-
ulation of CO2 in the container. The fruit were stored at 13 ◦C in

he dark.
Protein and electrophoretic analyses were performed on the

on-inoculated fruit of the control and the UV-C treated fruit on
0 (day of harvest and treatment), 3, 10, 15, 20 and 30 after UV-C

reatment. The inoculated fruit were sampled 4 d after inoculation.
issue from four to six tomato fruit was excised from the pericarp.
he excised sample was about 2 mm thick, including the cuticle
nd the first mesocarp cell layers. For the non-inoculated fruit, tis-
ue was excised from the top of the fruit about 1–2 cm from the
tem scar. For the inoculated fruit, the tissue was excised from
he inoculation site to the edge of the expanding lesion, to a dis-
ance not exceeding 1 cm from the macerated tissue. The excised
issues were rapidly frozen in liquid nitrogen and kept stored at
80 ◦C.

.4. Crude protein extract preparation

Fruit tissue frozen in liquid nitrogen was ground to a fine pow-
er on the day of analysis using a Micro-Mill (Scienceware, Bel-Art
roducts, Pequannock, NJ, USA). Then, 5 g of fruit powder was
omogenized with 5 mL of cold (4 ◦C) sodium phosphate buffer

0.1 M, pH 7) containing 1.0% (v/v) Triton X-100. The homogenate
as centrifuged (10,000 × g, 15 min at 4 ◦C), and the supernatant
as used for the analysis of the protein profile. The total pro-

ein content was determined according to the method of Bradford
1976) using the Bio-Rad protein assay kit with bovine serum albu-
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cinerea infection

The total protein content of the control fruit tended to decrease
as ripening and maturation progressed (Fig. 1). In UV-C treated fruit,
16 M.T. Charles et al. / Postharvest Bio

in (BSA) as standard. Extraction of proteins was performed on the
ay of electrophoretic analysis.

.5. Polyacrylamide gel electrophoresis under native conditions

Crude protein extracts were separated in one-dimensional poly-
crylamide gels (15%, w/v) under native conditions using the Davis
Davis, 1964) and Reisfeld (Reisfeld et al., 1962) systems for acidic
nd basic proteins, respectively. The pH of the separating buffer was
.9 for the Davis system and 4.3 for the Reisfeld system. The Bio-Rad
ini Protean II kit was used for separation with 0.75 mm thick gels.

liquots of extracts (30 �L) that were loaded in the wells contained
5% (w/v) sucrose (Trudel and Asselin, 1989). Electrophoresis was
erformed at 20 mA for 1 h for Davis separation, and 35 mA for 3 h
or Reisfeld separation, with both performed at 4 ◦C.

After separation, the Reisfeld gels were stained with SYPROTM

range protein stain (Bio-Rad). The gels were soaked (30 min) at
oom temperature in 7.5% (v/v) acetic acid containing 0.05% sodium
odecyl sulphate (SDS), and then stained (30 min) with a 1:5000
ilution of SYPROTM Orange protein stain in 7.5% (v/v) acetic acid.
he staining tray was covered with aluminum foil to protect the
tain from light. After staining, the gels were rinsed rapidly (30 s)
n 7.5% (v/v) acetic acid and photographed on a Chromato-Vue C-62
ransilluminator (UV Products, San Gabriel, CA, USA) with Polaroid®

67 black and white film using a UV-haze filter and a yellow 15 filter
Heliopan, Einschranbgewinde, Germany).

The Davis gels were stained as described by Morrissey (1981).
fter electrophoresis, the gels were rinsed three times in distilled
ater (1 h each time) and then immersed in an aqueous solu-

ion of dithiothreitol (5 mg L−1) for 30 min. The gels were then
tained with 0.1% (w/v) silver nitrate and rinsed with water (30 s).
he electrophoretic bands were revealed by placing the gels in 3%
w/v) sodium carbonate containing 0.5 mL L−1 of 37% formalde-
yde. Development was arrested by quickly transferring the stained
els to 4% (v/v) acetic acid. Photographs were taken on a white
uorescent transilluminator (X-ray accessory, Picker International,
harlotte, NC, USA) with Polaroid® 667 black and white films.

.6. Denaturing polyacrylamide gel electrophoresis

Protein extracts were also subjected to denaturing SDS-PAGE
ccording to the procedure described by Laemmli (1970). Sodium
odecyl sulphate (SDS) was added to the separating gels and run-
ing buffer at a concentration of 0.1% (w/v). The sample extracts
ere denatured by boiling for 5 min under reducing conditions
ith 2% mercaptoethanol in a 125 mM Tris–HCl (pH 6.7) buffer

ontaining 15% (w/v) sucrose (Trudel and Asselin, 1989). Molecular
ass was determined using either broad- or low-range molecular
eight markers (Bio-Rad). Staining and photography of SDS-PAGE

els were performed with SYPROTM Orange (Bio-Rad) as described
or the Reisfeld system.

.7. Detection of ˇ-1,3-glucanase activities

The procedure to detect �-1,3-glucanase was as described by
renier and Asselin (1993). Alkali-soluble yeast glucan (0.1%, w/v)
as used as substrate to detect �-1,3-glucanase activity under
ative (Davis and Reisfeld) and denaturing (SDS-PAGE) conditions.
ecause of the affinity of some �-1,3-glucanases for the substrate
nder native conditions (Davis and Reisfeld), enzymatic activities

ere detected with overlay gels containing the substrate. Under
enaturing condition (SDS-PAGE), the substrate was directly incor-
orated into the separating gels before electrophoresis. Following
eparation, the gels were incubated for 2 h in sodium acetate buffer
pH 5, 50 mM) at 37 ◦C. The gels were stained for 15 min at room

F
t
V

nd Technology 51 (2009) 414–424

emperature in 0.025% (v/v) aniline blue in 150 mM K2HPO4 (pH
.6). Gels were then destained in distilled water for 10 min. Lytic
ones were revealed using a long-wave UV transilluminator (C-62,
V Products, San Gabriel, CA, USA). The gels were photographed

on Polaroid® 667 films) using a UV-haze filter and a yellow 15
lter (Heliopan, Einschranbgewinde, Germany).

.8. Detection of chitinase activities

Chitinase activities were detected under both native and dena-
uring conditions by directly adding the substrate, 0.01% (w/v)
lycol chitin, to the separating gels (Trudel and Asselin, 1989). After
lectrophoresis under native conditions (Davis and Reisfeld), the
els were incubated (3–4 h) in 50 mM sodium acetate buffer (pH
) at 37 ◦C and stained (5 min) in 0.01% calcofluor white M2R in a
00 mM Tris–HCl buffer (pH 8.9). Excess stain was removed with
istilled water under mild agitation at room temperature for 1–2 h.

n the case of SDS-PAGE, the proteins were first renatured in a
00 mM Tris–HCl buffer (pH 8.0) containing 1 mM Triton X-100 and
mM mercaptoethanol; the latter two chemicals were also added

o the incubation media. The gels were photographed on a medium-
ave UV transilluminator (TM-36, UV Products, San Gabriel, CA,
SA) with Polaroid® 667 black and white films using a UV-haze
lter and an orange 02 filter.

. Results

.1. Changes in protein profile mediated by UV-C and Botrytis
ig. 1. Effect of UV-C treatment on protein content of fresh tissue of postharvest
omato fruit during storage at 13 ◦C. Data points are the means of four replicates.
ertical bars represent the SE values. NT: non-treated control; UV: UV-C treated.
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Fig. 2. Basic protein profile of non-treated (control) and UV-C treated tomato fruit
after native-PAGE. Electrophoresis was carried out immediately after extraction (A)
and performed with extracts stored at −80 ◦C for 4 d (B). Lanes: 1. control tissue at
harvest and treatment day (time zero) (C-D0)); 2. control tissue 3 d after treatment
(C-D3); 3. UV-C treated tissue 3 d after treatment (UV-D3); 4. control tissue 10 d after
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Fig. 3. Changes in the acidic protein profile of tomato fruit in response to UV-C and
Botrytis cinerea infection. Lanes: 1. control tissue 3 d after treatment (C-D3); 2. UV-
C treated tissue 3 d after treatment (UV-D3); 3. control tissue 4 d after inoculation
(fruits were inoculated 3 d after treatment) (C-D3/I4); 4. UV-C treated tissue 4 d after
inoculation (fruits were inoculated 3 d after treatment) (UV-D3/I4); 5. control tissue
10 d after treatment (C-D10); 6. UV-C treated tissue 10 d after treatment (UV-D10);
7. control tissue 4 d after inoculation (fruits were inoculated 10 d after treatment)
(C-D10/I4); 8. UV-C treated tissue 4 d after inoculation (fruits were inoculated 10 d
after treatment) (UV-D10/I4). Arrowheads highlight the proteins whose intensities
increased in response to UV-C (lanes 2 and 6) and/or to infection (lanes 4, 7 and 8).
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reatment (C-D10); 5. UV-C treated tissue 10 d after treatment (UV-D10); 6. control
issue 30 d after treatment (C-D30); 7. UV-C treated tissue 30 d after treatment
UV-D30).

sharp increase in protein content was observed with the highest
eak (5.012 g kg−1) reaching after 10 d. Thereafter, the protein con-
ent started to decrease in a pattern similar to that of the control.
owever, the degradation of proteins in the UV-C treated fruit was

ower, and the protein levels tended to be higher than in the control
ruit even on d 30.

When electrophoresis was performed on extracts from con-
rol tissue stored at −80 ◦C for a certain time (e.g., 4 d after
xtraction), protein bands faded away completely regardless of the
lectrophoresis conditions (Davis, Reisfeld or SDS-PAGE). All possi-
le precautions undertaken to preserve proteins such as performing
xtraction protocols at 4 ◦C, rapid freezing with liquid nitrogen,
tc. did not improve the electrophoretic profiles. But this event
ccurred only to a lesser extent with UV-C treated fruit extract
Fig. 2A vs. B); and in fact, protein bands could be revealed by elec-

rophoresis even many days after storage at −80 ◦C. The observed
ow-temperature stability of proteins in UV-C treated tomato fruit
an only be attributed to a stimulation of mechanisms by UV-C,
hich may involve cryoprotection and/or inhibition of proteases
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d
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rrows highlight the protein bands whose intensities increased with advances in
ipening in the control fruits (lanes 1 and 5) but decreased in UV-C treated fruits
lanes 2 and 6).

hat control protein degradation. Hon et al. (1995) have shown that
poplastic proteins, which included chitinases, �-1,3-glucanases
nd thaumatin-like proteins (PR-5 family), exhibit anti-freeze activ-
ty in winter rye. Also UV-C was shown to induce protease inhibitors
and II in 14 d old tomato leaves (Conconi et al., 1996).

The acidic protein profile revealed by electrophoresis in the
avis system showed that there were significant changes in the
rotein pattern of tomato fruit pericarp in response to both UV-
treatment and infection by B. cinerea (Fig. 3). Two highly acidic

rotein bands (Fig. 3, arrowheads) were more intense in the UV-
treated fruit (lanes 2 and 6) and were further enhanced upon

noculation with B. cinerea (lanes 4 and 8); this was more so when
noculation was performed on d 3 (lane 4) than when it was per-
ormed on d 10 (lane 8). These two proteins that were present in
he control fruit on d 3 (lane 1) faded with time and they were not
etectable on d 10 (lane 1 vs. lane 5). They were not enhanced by

noculation when it was performed on d 3 (lane 3), and only slightly
nhanced by B. cinerea with the progress of ripening (lane 7). The
ntensity of these bands also faded with storage time or maturity
n UV-C treated fruit (lane 2 vs. lane 6). Two other acidic proteins
Fig. 3, lane 1, arrows) were observed in the control, and their inten-
ities appeared to increase with ripening. Although these proteins
ere present in the UV-C treated fruit 3 d after treatment (Fig. 3,

ane 2, arrows), they were not detectable by 10 d (Fig. 3, lane, 6).

t is worth noting that these two acidic protein bands in the con-
rol disappeared in UV-C treated fruit; and these changes could be
ue to repression of the protein synthesis pathway associated with
ipening. There was no significant effect of B. cinerea on these pro-
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Fig. 4. Changes in the basic protein profile of tomato fruit in response to UV-C and
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Fig. 5. Changes in the SDS-PAGE protein profile of tomato fruit in response to UV-
C and Botrytis cinerea infection. Lanes: 1. UV-C treated tissue 3 d after treatment
(UV-D3); 2. control tissue 3 d after treatment (C-D3); 3. UV-C treated tissue 4 d after
inoculation (fruits were inoculated 3 d after irradiation) (UV-D3/I4); 4. control tissue
4 d after inoculation (fruits were inoculated 3 d after irradiation) (C-D3/I4); 5. UV-C
treated tissue 10 d after treatment (UV-D10); 6. control tissue 10 d after treatment
(C-D10); 7. UV-C treated tissue 4 d after inoculation (fruits were inoculated 10 d after
irradiation) (UV-D10/I4); 8. control tissue 4 d after inoculation (fruits were inocu-
l
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otrytis cinerea infection. Legends for gel lanes are same as for Fig. 3. Arrowheads
ighlight protein bands induced by UV-C treatment (lanes 2 and 6). These proteins
ere also detected in inoculated UV-C treated tissue (lanes 4 and 8). Circle indicates
protein band likely related to ripening in non-treated control fruits (lane 5).

eins in either the control (lanes 3 and 7) or the UV-C treated fruit
lanes 4 and 8).

Electrophoresis in the Reisfeld system (basic proteins) clearly
howed that UV-C induced at least four additional proteins (Fig. 4,
anes 2 and 6, arrowheads). Since these basic proteins were absent
n the tissue of the control fruit (lanes 1 and 5), it is clear that the
V-C treatment induced these proteins. Furthermore, the amount
f these proteins increased with storage time, as indicated by the
ncrease in staining intensity from d 3 after irradiation (lane 2) to

10 (lane 6). It is worth mentioning that the level of these pro-
eins remained significantly high in the irradiated tissue until 30 d
fter treatment (data not shown). It was also observed that during
ipening (d 10) of the control fruit tissue extracts, a new protein was
etected (Fig. 4, lane 5, circle). This protein was not found in UV-C
reated extracts at an equivalent time (Fig. 4, lane 6). Inoculation
f the control tissue by B. cinerea did not induce the accumulation
f the UV-C induced proteins in the control fruit (Fig. 4, lane 1 vs.
ane 3 and lane 5 vs. lane 7). Furthermore, B. cinerea infection did
ot appear to enhance these proteins in the UV-C treated fruit as
ell (lane 2 vs. lane 4 and lane 6 vs. lane 8).

SDS-PAGE revealed at least five UV-C induced new proteins
Fig. 5, lanes 1 and 5, arrowheads) with estimated molecular masses
f 45, 39.4, 34.6, 10 and 8.9 kDa, respectively. The intensities of these
roteins increased with storage time. In the UV-C treated fruit, the

ntensities of the protein bands were not apparently affected by B.
inerea infection (lanes 3 and 7). These bands were not present in
he healthy control fruit (lanes 2 and 6). However, in the control fruit
noculated on d 3, a faint band was detectable at 34.6 kDa (lane 4,
ircle). Older tissue apparently lost the ability to express this pro-
ein in response to infection, since no protein band was detected
hen the control was inoculated on d 10 (lane 8).
In control fruit, two proteins with molecular masses of 54.6 and
8.4 kDa (Fig. 5, lane 6, square dots) appeared to increase in inten-
ity as ripening progressed. These proteins may correspond to the
cidic proteins seen in Fig. 3 (arrows) and may be related to the
ipening process. These proteins were not detectable in the UV-C
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ated 10 d after irradiation) (C-D10/I4). Molecular mass markers (kDa) are indicated
t the right. Arrowheads: protein bands induced by UV treatment (lanes 1, 3, 5 and
); circle: protein band induced in control tissue upon pathogenesis (lane 4); square
ots: protein bands related to ripening (lane 6).

reated extracts (Fig. 5). It is also possible that four of the five pro-
eins whose molecular masses were estimated by SDS-PAGE (Fig. 5)
orrespond to the basic proteins induced by UV-C (Fig. 4, arrow-
eads). However, these observations (acidic proteins in the control

ruit and basic proteins induced by UV-C) should be confirmed by
urther analysis of these proteins by two-dimensional SDS-PAGE
nd sequencing of purified proteins.

.2. ˇ-1,3-glucanase (PR-2) activities induced by UV-C and
otrytis cinerea inoculation

In the Davis system (acidic proteins), two significant protein
ands showing �-1,3-glucanase activity (Fig. 6) were detected. One
f these activities was constitutive of tomato fruit, since that activ-
ty was also detected in the non-inoculated control (Fig. 6, lanes

and 5, solid triangle). This constitutive activity was enhanced
y UV-C (lanes 2 and 6, empty triangle), and its intensity was
lso enhanced in response to inoculation in both the control fruit
lanes 3 and 7) and the UV-C treated fruit (lanes 4 and 8). In addi-
ion, a protein with glucanase activity was induced by UV-C (lanes

and 6, solid square), which increased in the fruit tissue with
torage time (lane 2 vs. lane 6) as well as in response to infec-
ion (lanes 4 and 8, empty square). This protein exhibited a weak
lectrophoretic mobility and hence was retained at the top of the
eparating gel, characteristic of low-charge-density proteins. Fur-
hermore, this glucanase was not induced by pathogenesis in the
ontrol fruit (lanes 3 and 7).

In the Reisfeld system (basic proteins), one protein band with

strong �-1,3-glucanase activity was elicited in UV-C treated fruit

Fig. 7, lanes 2, 6 and 10). The hydrolytic activity of this induced
rotein increased with storage time and also in response to infec-
ion (lane 2 vs. lane 6, lane 2 vs. lane 4, and lane 6 vs. lane 8). While
t was absent in the non-inoculated control (lanes 1, 5 and 9), mod-
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Fig. 6. Detection of acidic �-1,3-glucanase activities in postharvest tomato fruit in
response to UV-C and Botrytis cinerea infection. Legends for gel lanes are same as
for Fig. 3. Solid triangle: constitutive �-1,3-glucanase activity; solid square: UV-
C induced �-1,3-glucanase activity; empty triangle: constitutive �-1,3-glucanase
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lane 6). In both the UV-C treated fruit and the control fruit, these
chitinase activities were enhanced by B. cinerea infection (lanes 3, 4,
7 and 8). Furthermore, two additional bands were induced by both
UV-C and infection (lanes 3, 4, 6, 7 and 8, solid triangle). However,
hose activity increased with storage in UV-C treated fruit; empty square: UV-C
nduced �-1,3-glucanase whose activity were increased by pathogenesis.

rate expression was detectable in response to B. cinerea infection
lanes 3 and 7). The high glucanase activity induced by UV-C was

aintained until 30 d after treatment (lane 10).
SDS-PAGE revealed only one band with glucanase activity. This

and, with an estimated molecular mass of 33.1 kDa, was detected
nly in the UV-C treated tissue (Fig. 8, lanes 2, 4, 6 and 8, solid trian-
le). The absence of glucanase activity in both the non-inoculated
ontrols (lanes 1 and 5) and the inoculated controls (lanes 3 and
) can be attributed to irreversible denaturation of the constitutive
cidic glucanase and/or to lower concentration of the pathogenesis-
nduced basic glucanase. Since this activity is not detectable in the
ontrol tissue, it might be either the low-charge-density protein
Fig. 6), which was induced only by UV-C, or the basic glucanase that
as induced by both UV-C and B. cinerea (Fig. 7). However, further
haracterization of this protein is necessary for precise identifica-
ion.

ig. 7. Detection of basic �-1,3-glucanase activities in postharvest tomato fruit in
esponse to UV-C and Botrytis cinerea infection. Legends for gel lanes 1–8 are same
s for Fig. 3. Lanes: 9. control tissue 30 d after treatment (C-D30); 10. UV-C treated
issue 30 d after treatment (UV-D30).
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ig. 8. Detection of �-1,3-glucanase activities after SDS-PAGE in postharvest tomato
ruit in response to UV-C and Botrytis cinerea infection. Legends for gel lanes are same
s for Fig. 3. Molecular mass markers (kDa) are indicated at the right.

.3. Chitinase (PR-3) activities induced by UV-C and Botrytos
inerea inoculation

Electrophoretic separation in the Davis system revealed that at
east four acidic chitinases were constitutive in tomato fruit (Fig. 9,
anes 1 and 5, empty triangle and empty circle). These activities

ere not affected by ripening and senescence, as judged by the fact
hat the intensities of the bands on d 10 (lane 5) remained compa-
able to the ones observed on d 3 (lane 1). The enzyme activity of
hese bands was enhanced by UV-C (lane 1 vs. lane 2 and lane 5 vs.
ig. 9. Detection of acidic chitinase activities in postharvest tomato fruit in response
o UV-C and Botrytis cinerea infection. Legends for gel lanes are same as for Fig. 3.
mpty triangles: constitutive chitinases; empty circle: constitutive chitinase mod-
fied by UV-C and pathogenesis; solid triangles: UV-C and pathogenesis-induced
hitinases.



420 M.T. Charles et al. / Postharvest Biology and Technology 51 (2009) 414–424

Fig. 10. Detection of basic chitinase activities in postharvest tomato fruit in response
to UV-C and Botrytis cinerea infection. Legends for gel lanes are same as for Fig. 3.
Solid and empty triangles highlight the position of the chitinase activities detected
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Fig. 11. Detection of chitinase activity after SDS-PAGE in postharvest tomato fruit
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showed that UV-C repressed the synthesis of two proteins detected
n the non-treated control and UV-C treated tissues, respectively. Solid and empty
quares indicate chitinase activities in the inoculated control and UV-C treated tis-
ues, respectively.

V-C induced accumulation of these PR proteins was not rapid,
ince the presence of these activities was not very evident 3 d after
reatment (lane 2); but it was intense 10 d after treatment (lane
). The intensified acidic chitinase activities induced by UV-C were
lso maintained in the tissue until 30 d after irradiation (data not
hown).

One of the constitutive proteins was retained at the top of the
el and tended to trail, rendering its characterization difficult. Its
igration pattern was modified by UV-C treatment (lanes 2 and 6)

s well as by pathogenesis (lanes 3, 4, 7 and 8), suggestive of a lower
egative charge density. It is possible either that this constitutive
rotein is modified by UV-C and biotic stresses or that it is a dif-

erent protein. Both UV-C treatment (lanes 2 and 6) and B. cinerea
ncreased the activity of this chitinase (lanes 3, 4, 7 and 8).

Three constitutive basic chitinases were detected in tomato fruit
Fig. 10, solid triangle). The activities of these hydrolases appeared
o decrease with ripening, as indicated by the diminishing intensity
f the bands from d 3 (lane 1, solid triangle) to d 10 (lane 5, solid
riangle). Infection of the control fruit did not induce de novo syn-
hesis of any basic protein with chitinase activity. However, a small
ncrease in the activity of the constitutive chitinases in response to
nfection was observed (lanes 3 and 7, solid square). UV-C alone did
ot induce any chitinase, although it did enhance the levels of the
hree constitutive basic chitinases (lanes 2 and 6, empty triangle).
nfection by B. cinerea neither induced any chitinase nor increased
he activities expressed in the UV-C treated fruit (lanes 4 and 8,
mpty square). The activity of these chitinases remained intense in
he UV-C treated tissue throughout the storage period.

Even though the migration pattern of proteins with basic chiti-
ase activities in the UV-C treated fruit (lanes 2, 4, 6 and 8) was
uite similar to the pattern in the control fruit (lanes 1, 3, 5 and

), the electrophoretic mobility of the former was greater than the
obility of the latter. This seems to imply either that these proteins

re different or that UV-C brought about certain modification of the
onstitutive proteins, resulting in alteration of their charges.

i
s
o
t

n response to UV-C and Botrytis cinerea infection. Legends for gel lanes are same as
or Fig. 3. Molecular mass markers (kDa) are indicated at the right. Solid triangles
ndicate the position of constitutive chitinases; empty triangles indicate the position
f UV-C and pathogenesis-induced chitinases.

The estimated molecular mass of the proteins exhibiting chiti-
ase activity was determined using one-dimensional SDS-PAGE.
wo constitutive chitinase activities at 48.3 and 30.5 kDa (Fig. 11,
olid triangle) were detected. The activity of these chitinases was
nhanced in response to UV-C treatment (lanes 2 and 6). The con-
titutive chitinases increased with the onset of ripening in both the
ontrol fruit and the UV-C treated fruit but was more pronounced in
he UV-C treated fruit (lanes 1 and 5 vs. lanes 2 and 6). Infection also
nhanced the expression of these two proteins (lanes 3, 4, 7 and 8),
nd they can be any one of the constitutive basic or acidic chitinases
hat were detected under native conditions (Figs. 9 and 10).

In addition, two faint bands with chitinase activity were induced
n response to infection, with respective estimated molecular

asses of 37.1 and 20.6 kDa. However, only the 20.6 kDa chitinase
as expressed in the UV-C treated fruit when inoculation was per-

ormed 3 d after irradiation (Fig. 11, lane 4, empty triangle), whereas
oth hydrolases were induced in both the control tissue (Fig. 11,

ane 7, empty triangle) and the UV-C treated tissue in response to
nfection by B. cinerea when inoculation was performed 10 d after
reatment. It should be noted that the expression of these defence
nzymes was always more intense in the UV-C treated tissue. It is
ossible that the 20.6 kDa chitinase is one of the acidic chitinases
Fig. 9) induced by UV-C and pathogenesis.

. Discussion

This study showed that ripening, UV-C and B. cinerea affected
he protein profile of tomato fruits in different manners as summa-
ized in Table 1. UV-C also slowed down the overall degradation of
roteins in tomato fruit, which is generally associated with ripen-

ng and senescence. The higher protein content observed in UV-C
reated tomato fruit is likely related to the effect of UV-C treat-

ent on senescence (Liu et al., 1993; Maharaj et al., 1993, 1999;
it-Barka et al., 2000a; Stevens et al., 1998, 2004) and the acti-
ation of defense related genes (Logemann et al., 1995). This study
n senescing control fruit. Furthermore, UV-C enhanced the synthe-
is of several constitutive proteins and induced de novo synthesis
f stress- and/or pathogenesis-related proteins, presumably con-
ributing to the higher protein content in UV-C treated fruit during
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Table 1
Overall effects of ripening, UV-C treatment and inoculation with Botrytis cinerea on the protein profile of tomato fruit pericarp.

Protein Ripening (NT)a UV-C NT + B. cinerea UV + B. cinerea

Ind.b Enh.c Dec.d Ind. Enh. Mod.e Ind. Enh. Mod. Ind. Enh. Mod.

Native-PAGE Acidic – 2 2 – 2 2 – 2 – – 2 –
Native-PAGE Basic 1 – – 4 – – – – – – 4 –
SDS-PAGEf 45, 39.4, 34.6, 10 and 8.9 (54.6 and 48.4)g

Acidic �-1,3-glucanase – – – 1 1 – – 1 – – 2 –
Basic �-1,3-glucanase – – – 1 – – 1 – – – 1 –
�-1,3-glucanase SDSf 33.1

Acidic Chitinase – – – 2 3 1 2 4 1 – – –
Basic Chitinase – – – – 3 3 – 3 – – 3 –
Chitinase SDSf 48.3 and 30.5 (37.1 and 20.6)h

a NT: Non-treated control.
b Ind.: Induced.
c Enh: Constitutive and enhanced.
d Dec: Constitutive and decreased.
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Mod: modification in protein mobility.
f Molecular mass, kDa.
g Molecular mass in parenthesis was expressed only in ripe NT.
h Molecular mass in parenthesis was expressed in response UV-C and infection.

he storage period. The possible induction of protease inhibitors by
V-C (Conconi et al., 1996) may also have contributed to the slower

ate of protein decline.
Treatment of tomato fruit with the hormetic UV-C dose

nhanced the expression of several constitutive proteins and
nduced de novo expression of several proteins, of which four were
asic in nature (Table 1). Of the UV-C enhanced constitutive pro-
eins, one was characterized as an acidic �-1,3-glucanase, three
xhibited acidic chitinase activities, while three others displayed
asic chitinase activities. Among the three induced proteins, two
cidic ones showed chitinase activities and the third one a basic
-1,3-glucanase activity. These three proteins are likely true PR pro-

eins, since they are also induced in control fruit in response to B.
inerea. The molecular mass of the five UV-C induced proteins was
etermined using SDS-PAGE. Their respective molecular masses
ere 45, 39.4, 34.6, 10 and 8.9 kDa. The 34.6 kDa protein was also

nduced by pathogenesis but the response was weak and observed
nly in younger fruit. The molecular masses of one �-1,3-glucanase
33.1 kDa) induced by UV-C, two constitutive chitinases (48.3 and
0.5 kDa) and two UV-C and pathogenesis-induced chitinases (37.1
nd 20.6 kDa) were also determined.

It is interesting to note that UV-C treatment induced two low-
olecular-mass proteins (10 and 8.9 kDa). Low molecular mass of

hese proteins suggests that they may be thionins, which are a fam-
ly of peptides of less than 100 amino acid residues, containing
ix or eight cysteine residues and three or four disulphide bridges
Broekaert et al., 1997). Thionins (PR-13) are antimicrobial peptides
hat have been isolated from several plant species and are expressed
onstitutively or are induced in plant tissue in response to infection
y microbial pathogens (Broekaert et al., 1997; Van Loon and Van
trien, 1999). In immature pistils and stamens of tomato, the con-
titutive expression of �-thionin has been reported (Milligan and
asser, 1995). The potential of UV-C to induce thionin-like proteins

n postharvest tomato fruit and the putative role of those proteins
n the observed disease resistance deserve further attention.

The data presented here indicate constitutive expression of glu-
anohydrolases in tomato fruit, which may have a potential role in
efence against pathogen attack. The ability of the stored fruit to

ccumulate PR proteins in response to pre-storage irradiation with
V-C and infection by B. cinerea was also demonstrated. To the best
f our knowledge, this is the first report on the constitutive expres-
ion of glucanohydrolases (chitinases and �-1,3-glucanases) with a
otential defensive function in postharvest tomato fruit, although

T
t
l
i
J

he possible involvement of �-1,3-glucanase in tissue softening of
ipening tomato fruit has been shown by Hinton and Pressey (1980).
n the vegetative bodies of tomato plants, however, several studies
ave reported on the constitutive or induced expression of hydro-

ases with defence roles (Harikrishna et al., 1996; Lawrence et al.,
996; Pozo et al., 1996; Enkerli et al., 1993).

In several plant–pathogen interactions, the putative role of both
hitinases and glucanases in disease resistance is related to their
apacity to degrade fungal cell wall, the mainly composed of chitin
nd �-1,3-glucan (Joosten et al., 1995). B. cinerea is an ascomycete,
nd as such its cell wall contains chitin microfibrils embedded
n a glucan matrix (Epton and Richmond, 1980). The potential of
nhanced or induced glucanohydrolase activities to contribute to
ffective defence of UV-C treated tomato fruit against B. cinerea is
orthy of consideration. Moreover, this hypothesis is strengthened

y the fact that some biological agents, such as the yeasts Cryptococ-
us laurentii and Rhodotorula glutinis, which have shown potential
or controlling postharvest decay of fruit, are able to produce signif-
cant levels of extracellular �-1,3-glucanase activity in the presence
f B. cinerea hyphal cell walls (Castoria et al., 1997).

Basic isoforms with chitinase and �-1,3-glucanase activities
re generally reported to act synergistically (Mauch et al., 1988;
oosten et al., 1995) and to be more inhibitory than acidic isoforms
Joosten et al., 1995; Sela-Buurlage et al., 1993). The difference in
he inhibitory power of the basic (class I) and the acidic (class II)
soforms have been related to their cellular localization, the for-

er being intracellular and the latter extracellular. The results of
his study show that only a basic isoform with glucanase activity is
licited by either UV-C or infection by B. cinerea and no basic chiti-
ase counterpart is induced, but two acidic chitinases are induced.
owever, it was found that the activity of constitutive basic chiti-
ases was significantly enhanced by both UV-C and infection. It is
robable that the enhancement of constitutive hydrolases intensi-
es the natural defence of the tissue.

We observed the induction by UV-C of one �-1,3-glucanase with
molecular mass of 33.1 kDa, in tomato fruit. Lawrence et al. (1996)

eported the detection of two constitutive �-1,3-glucanases with
stimated molecular masses of 33 and 35 kDa in tomato leaves.

hey also found two constitutive chitinases at 30 and 32 kDa and
wo pathogen-induced chitinases at 26 and 27 kDa. The molecu-
ar masses reported by Lawrence et al. (1996) for constitutive and
nduced chitinases are in agreement with the masses reported by
oosten and De Wit (1989) and Joosten et al. (1995) in tomato
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eaves, but are different from the molecular mass profile detected in
omato fruit that we have presented here. Furthermore, we found
wo constitutive chitinases with molecular masses of 48.3 and
0.5 kDa and two induced chitinases at 20.6 and 37.1 kDa. The differ-
nce in the molecular masses of the proteins expressed in the leaves
Lawrence et al., 1996) and in the fruit may possibly illustrate that
xpression of the isoforms is regulated by different genes in the two
rgans. Differential regulation of chitinases has been reported in
arley grain and leaves inoculated with Erysiphe graminis (Collinge
t al., 1993).

Short periods of irradiation with UV-C induced changes in the
rotein pattern of tomato leaves (Christ and Mösinger, 1989) and
obacco leaves (Yalpani et al., 1994; Brederode et al., 1991). In
omato leaves, the same eleven PR proteins induced by infection by
hytophthora infestans and Fulvia fulva were also induced by UV-C
Christ and Mösinger, 1989). Brederode et al. (1991) have shown
hat in tobacco leaves the genes encoding the full spectrum of
nown acidic and basic PR proteins responded similarly to UV-C and
nfection by tobacco mosaic virus. We found a more modest induc-
ion of new proteins in response to UV-C. The level of induction
as even lower in response to infection, suggesting that activation
f stress-related proteins by an abiotic factor such as UV-C may
roceed through a different pathway than that of the induction of
R proteins by biotic elicitors. UV-C alone induced the synthesis
f four basic proteins, of which only one, a �-1,3-glucanase, was
lso induced by pathogenesis. Analyses of the acidic protein profile
ndicate that UV-C elicited two chitinases that were also induced by
nfection by B. cinerea. The reduced capacity of mature tomato fruit
compared to leaves) to accumulate PR proteins may be related to
reduced ability or necessity of seed-bearing fruits to activate this
efence mechanism.

Ozone, another oxidative stressor that resembles fungal elici-
ors, is known to induce PR proteins including �-1,3-glucanases and
hitinases (Kangasjärvi et al., 1994; Sanderman et al., 1998). Is is
ncreasingly apparent that reactive oxygen species (ROS), ethylene,
alicylic acid and jasmonic acid are involved in the signal trans-
uction pathways in the outcome of response of plants to oxidative
tress such as ozone and UV-B and in incompatible plant–pathogen
nteractions (Enyedi et al., 1992; Kangasjärvi et al., 1994, 2005;
rosché and Strid, 2003; Baier et al., 2005). A similar hormonal
ignalling may be at play in response to increased oxidative load
n UV-C exposed tomato fruit. A biphasic H2O2 accumulation and
ignificant lipid peroxidation (liposuchsin-like compounds, malon-
ialdehyde, aldehydes, pentane and ethane) was observed within
d following exposure of tomato fruit to hormic dose of UV-C

Ait-Barka et al., 2000b). An early increase in stress ethylene and
ignificant increase salicylic acid were also observed in tomato fruit
reated with UV-C (Maharaj, 1995; Maharaj et al., 1999).

Resistance of UV-C treated commodities to postharvest
athogens has generally been correlated with phytoalexin accu-
ulation (Ben-Yehoshua et al., 1992; Droby et al., 1993; Mercier

t al., 1993a,b, 1998). In a previous report (Charles et al., 2008a),
e pointed out that a significant level of resistance was observed
etween 3 and 7 d when the rishitin level was low in UV-C treated
ruit and it persisted even after the protection offered by rishitin
egan to ward off. This indicates that other defence mechanisms,
uch as PR proteins, may have been playing a role. This assumption
s validated by the fact that the activity of the UV-C induced basic
-1,3-glucanase and acidic chitinases remained high even 30 d
fter treatment. The maintenance of the activities of these enzymes

s possibly related either to a continuous synthesis of these pro-
eins or that these proteins are protected against degradation. The
rst assumption is unlikely, because de novo synthesis of defence
olecules cannot indefinitely be sustained by primary metabolites

hat are not replenished in the detached plant organ. Therefore, it

B

C

nd Technology 51 (2009) 414–424

s possible that the turnover of these defence molecules is reduced
y the presence of factors such as proteinase inhibitors in the
reated tissues. The latter possibility is very likely, given that UV-C
ocally induced class I and II proteinase inhibitors in tobacco leaves
Balandin et al., 1995; Linthorst et al., 1993) and tomato leaves
Conconi et al., 1996).

The expression of PR proteins in plant tissue is often associated
ith hypersensitive response (HR) and systemically acquired resis-

ance (SAR), and has long been recognized as an effective part of
he defence response to pathogen attack. The efficiency of activated
efence mechanisms is dependent on the timing (rapidity), the site
f accumulation and the intensity of the response. We showed that
V-C treatment activated proteins with glucanohydrolase activi-

ies (acidic chitinase and basic glucanase) before inoculation with
. cinerea, allowing the plant tissue to gain an advantage in fighting
he infection. It is likely that PR proteins are an integral part of the
ong-term resistance induced in UV-C treated tomato fruit, as seen
y the persistence of the activity of the defence hydrolases.
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