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UV-C treatment delays postharvest senescence in broccoli florets
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Abstract

Central broccoli heads (cv. de Cicco) were harvested and treated with UV-C light (4, 7, 10, or 13 kaliireatments delayed yellowing
and chlorophyll degradation at 2@ but the irradiation dose of 10 kJthallowed retaining the highest chlorophyll content yet had lower
amounts of pheophytins than every treatment other than 7kJThis dose was selected to analyze the effect of UV-C on postharvest broccoli
senescence at 2C. The UV-C treatment delayed yellowing, chlorophyldndb degradationand also the increase in pheophytins during
storage. The activity of chlorophyll peroxidase and chlorophyllase was lower in UV-C treated broccoli. Instead, Mg-dechelatase activity
increased immediately after the treatment, but after 4 and 6 d this activity was lower in UV-C treated florets than in controls. Treated broccoli
also displayed lower respiration rate, total phenols and flavonoids, along with higher antioxidant capacity. The results suggest that UV-C
treatments could be a useful non-chemical method to delay chlorophyll degradation, reduce tissue damage and disruption, and mainta
antioxidant capacity in broccoli.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Other detrimental changes during broccoli postharvest
senescence are tissue disruption, lipid peroxidation, protein
One of the main goals of postharvest technology in broc- degradation and the loss of antioxidant compounds, which
coli is to delay senescence symptonage et al., 2001 decreases the nutritional value of the prodiRade et al.,
Broccoli quality is highly reduced after harvesting because 2001). Many different techniques have been examined to
of the loss of green color and the yellowing of its sepals extend broccoli postharvest life, including the use of refriger-
as a consequence of chlorophyll cataboligfaramoto et  ated storag€elpivonen, 1997, controlled and modified atmo-
al., 2003. Matile et al. (1999)proposed a pathway for spheresjacobssonetal., 204eat treatment§(inamoto et
chlorophyll (Chl) degradation in which chlorophylis trans- al., 2003, application of 1-MCPKu and Wills, 1999; Able
formed in chlorophyllidez by the action of chlorophyllase et al., 2002, cytokinins Clarke et al., 1994 and ethanol
(Hortensteiner, 1999; Matile et al., 1998nd chlorophyllide (Suzuki et al., 200¢
a is then transformed in pheophorbidéy Mg-dechelatase. Many studies have shown the deleterious effects of UV
Tetrapyrrolic rings are broken producing non-colored Chl light on plant tissues, such as decreased protein synthesis,
derivatives. Alternatively, Chl could be directly degraded by impaired chloroplast function, and DNA dama@safon and
peroxidases, which produce other Chl derivatives in an oxida- Gallois, 1998; Brosohet al., 1999 However, the concept of
tive reaction Matile, 1980; Funamoto et al., 2002 hormesis establishes that it is possible to obtain a beneficial
effect from application of a low or sublethal dose of an agent
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systemin sunflower cotyledons as aresponseto the stress gerfer 6 d in darkness. Eighty heads without UV-C treatment
erated by the applied radiatioG¢sta et al., 2009bRecently, were directly brought to 20C and used as controls. Twenty
sub-lethal doses of UV-C have been assayed as a possibléeads were sampled immediately after the treatment and after
strategy in postharvest technology. Low doses of UV-C can 2, 4 and 6 d oktorage. Superficial color and respiration rate
reduce decay in grapefruiD{hallewin et al., 2009, straw- were measured using intact broccoli heads. Then, individual
berries Bakaetal., 1999; Pan et al., 2Q0dnd boysenberries  florets were removed, grouped, and stored as described in
(Vicente et al., 2004 In addition, UV-C irradiation has been  Section2.1 The entire experiment was repeated twice and
useful to delay some ripening-associated proce &4 et since the same trend was found only results from the first
al., 2000 and to reduce chilling injury in peppe¥icente experiment are shown.
et al., 200%. However, to our knowledge, the effect of short
duration UV-C pulses on postharvest senescence hasnotbeep ;- 1 . oasurement
reported. Therefore, the objective of this work was to select
a suitable.UV-C treatment to delay postharvest senescence Superficial color was determined by measuring param-
of broccoli and to evgluate the _efft_ect of these tregtments ONetersr”, o, andb™ with a chromameter (Minolta CR300,
chlorophyll degradation and antioxidant levels during storage Osaka, Japan). The hue angle’)( was calculated as
at20°C. h° =ta(bla), whena >0 andb >0, or ash° = 180° —tarr*

(bla) whena <0 andb > 0. Nine positions on each of 20 heads

were measured for each treatment and storage time.
2. Materials and methods

2.1. Selection of UV-C optimal dose 2.4. Respiration rate

Broccoliheads weighing approximately 120 g were placed
in 1000 mL jars, sealed and incubated af20for 1 h. Gas
samples were withdrawn with a 1 mL syringe through a sep-
tum fitted in the jar lid. The C@content in the jars was

Broccoli (Brassica oleracea L. var. Italica, cv Cicco)
heads were obtained from producers in La Plata, Buenos
Aires Province, Argentina, and immediately transported to
the laboratory. To select the most suitable experimental con- ) : '
ditions, different UV-C light (peak emission at 254 nm) doses detérmined using a gas chromatograph (Varian, CX 3400,
were applied. Each dose was assayed on 30 broccoli headSA USA) equipped with an Alltech CTRI column and a

placed in plastic trays (2 heads per tray). Heads were placeothermal conductivity detector. Temperatures in the injector,
vertically in order to assure a homogeneous irradiation on €0lUmn and detector were set at 120, 30 and“T2@espec-

florets and put under a bank of 4 UV-C lamps (TUV G30TS8, tively. Helitljm was used as carrier and the flow ralte was set at
30W, Philips). The heads were irradiated at a distance of 0-33ML S ™. Results were expressed as mgkg ™. Three

30 cm to obtain doses of 0 (control), 4, 7, 10 and 14k3m  Jars were prepared per condition analyzed, and each jar was
The flux intensity of lamps was measured with a digital Measured twice.

radiometer (Cole-Parmer Instrument Company, Vernon Hills,

IL, USA). After treatment, the broccoli heads were loosely 2.5. Analytical and enzyme assays

covered with PVC film to diminish water loss and stored at

20°C for 5d in darkness. The heads were weighed every In each of the two complete experiments performed, two
day and the weight loss was determined. Fifteen heads wereextracts were done for each treatment and storage time ana-
sampled immediately after the treatment and after 5 d of stor-lyzed, and measurements were done at least in duplicate.
age. Superficial color was measured using intact broccoli  Chlorophylls and pheophytins: Approximately 60g of
heads. Then, individual florets were removed from the 15 frozen broccoli florets was crushed in a mill and 0.5g of
broccoli heads, taking care to remove as much of the flo- the obtained powder was poured into 5 mL of acetone:water
ret pedicel as possible. Florets were randomly grouped into (80:20), stirred and then centrifuged at 3609 for 15 min.

two replicate sets, frozen in liquid nitrogen, and stored at The supernatant was used to determine the content of chloro-
—80°C until analysis. Total chlorophyll and pheophytin con-  phyll and pheophytin according tachtenthaler (1987)vith

tents were evaluated as described in SecidnThe whole slight modifications Costa et al., 2005a

experiment was repeated three times, and since the same Antioxidant capacity: The free radical scavenging capac-
trend was found only results from the first experiment are ity of broccoli florets was adapted froBrand-Williams et

shown. al. (1995) Approximately 60 g of frozen broccoli florets was
crushed in a refrigerated mill and 2 g of the powder obtained
2.2. Experiments using 10kJm—? UV-C treatments was homogenized in 30 mL of ethanol. The mixture was cen-

trifuged at 9000« g for 10 min at £C and the supernatant
Eighty broccoli heads were irradiated as described in Sec-was utilized to evaluate antioxidant capacity according to
tion2.1in order to obtain a dose of 10 kJTh After treatment Costa et al. (2005bY he antioxidant capacity was expressed
the heads were loosely covered with PVC and stored 8620 as EGo 1.
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Phenols and flavonoids: Approximately 609 of frozen  Tablel o
broccoli florets was crushed in a refrigerated mill and samples Change of lightnes<.(), hue, chiorophylis, and pheophytins in control and
of 0.5g were homogenized in 6 mL of ethanol. The mix- UV-C treated (0, 4, 7, 10 and 14 k7% broccoli during stay at 20C

ture was centrifuged at 9000g for 10 min at 4C. Three Days at 20C
milliliters of the resultant supernatant were brought to 50 mL 0 5
with water. The extracts were used to determine total phenols; - | sp=3.g)
according taSingleton et al. (1999)ith modifications. Two Control 39.2 53.8
hundred microliters of crude extract was added to i1 0f 4kJnr? 41.8 48.1
water and 10Q.L of Folin—Ciocalteau reagent. After 3 min 7k ”TZZ 41.2 45.8
at 25°C, 1.5 mL of saturated solution of NaOsz was added, ig :S gz 28:; 22:?
and the reaction mixture was incubated for 1 h at the same
temperature. The absorbance was measured at 760 nm anH“go(r';t?g:3'2) 271 s
total phenols were calculated by using phenol as standard. ;| ;2 126.8 116.6
Results were expressed as g of phenol per kg of tissue. Total 7kjnr2 127.4 120.3
flavonoids were measured by a colorimetric assay devel- 10kJnr2 126.3 116.2
oped byZhishen et al. (1999)Aliquots of appropriately 14kjnr? 126.8 113.7
diluted samples obtained as above described were used. Totathlorophylls (mgkg?) (LSD=2.9)
flavonoids were expressed as g of catechin per kg of fresh tis- Control 236.2 32.0
sue. 4kJ nfz 235.1 51.3
Enzyme activities: Approximately 60 g of frozen broccoli ch)(Jk;;rz ggg:g ?i:g
florets was crushed in a mill, and 3 g of the obtained powder 14 jpr2 236.5 73.0
was poured into 30 mL of the following extraction buffer: Pheophytins (mg k) (LSD =3.2)
0.1 M NgHPQy, 0.1 M NaHPOy, 0.1% (v/v) Triton X-100, Control 136 294
30gL1 polyvinylpolypyrrolidone (PVPP), 1mM phenyl 4kJInr? 14.3 15.6
methyl sulfonyl fluoride (PMSF), pH 6.5. The mixture was  7kJnr? 13.9 5.5
stirred for 2 h at 4C and centrifuged at 9000 g for 20 min 10kJnr? 14.4 118

. 2
at 4°C. The supernatant was separated, vacuum-filtered and 14kymr 13.7 26.7

used to determine enzyme activities (Chlorophyllase, Mg- In each case, the least significant difference (LSD)«0.05 is indicated.
dechelatase and Chl-peroxidase) accordin@osta et al.

(20052 chlorophyll amount data, chlorophyll degradation with 10
26 Statistical analvsi and 14 kJ m? doses causing the greatest respoiiaele 1.
-0 Stafistical analysis Itis worthy to note that although chlorophyll degradation was

. . .. highly delayed after the treatment at 14 kJano differ-

d E_xpenments were pl)erfodrmeq according todahfactonal ence in the hue angle value was found. The accumulation of

weeiftbzat:r;\:jerbe atﬂa yLZSeD l:S'rt]g tANO_VA,.fgn t el melanf pheophytin (Pheo) was detected during broccoli senescence
P y the est al a significance level o (Table 1. Broccoli heads treated with 4, 7 and 10 kdm

0.05. accumulated less Pheo than the untreated samples, while
those broccoli heads treated with 14 kJfrshowed simi-

lar Pheo amounts than the control. Based on superficial color

. and the chlorophyll and pheophytin amounts, the dose of
. . 10kJ nT2 was selected to analyze the effect of UV-C treat-
3.1. Selection of optimal UV-C dose ments on senescence and chlorophyll degradation.

Broccoli heads were irradiated with different doses of UV-
C light (4, 7, 10 or 14 kJ m?) and then stored at 2@ for 5 3.2. Effect of UV-C treatment on postharvest senescence
d to accelerate senescence. During storage &€2all con- of broccoli
trol and treated samples had a weight loss around 1.5% per
day (data not shown). Initial hue values were approximately 3.2.1. Superficial color and pigments content
126 and decreased in all samples during storage a€20 Broccoli heads were UV-C treated (10 kI fyand super-
while initial L* values were approximately 40 and increased ficial color parameters and pigment content were evaluated
along the storager@ble J). After 5 d at 20°C, the lightness  through the senescence period. Hue value decreased in all
increased less in irradiated than in control broccoli, indepen- samples during storage at 20, but lower changes were
dently of the UV-C dose applied. Also, the reduction of hue observed in UV-C treated samples, in agreement with the
angle was affected, indicating that UV-C treatment delayed visible yellowing delay Table 9. On the contraryl.” value
the broccoli yellowing. The lowest change in hue angle was increased during storage but treated samples presented a
found after application of a dose of 7 k3 According to lower increase in lightness than the contrdlalfle 2.
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Table 2
Change of lightness, hue, chlorophyll and 4 in control and UV-C
(10 kJ nT2) treated broccoli during storage at 2D

Days at 20C
0 2 4 6
I
Control 40.55 40.97 46.37 51.20
UV-C 39.27 38.75 39.97 41.26
Hue
Control 123.6 126.0 119.1 113.4
UV-C 122.6 125.5 12476 122.3
Chlorophylla (mg kg1)
Control 151.2 123.1 83.2 57.4
UV-C 154.3 167.9 129.7 92.7
Chlorophylls (mg kg1)
Control 109.1 80.7 497 29.8
Uv-C 102.3 103.4 72.8 47.4

The asterisk indicates that the value is significantly different from the cor-
responding control & <0.05.

Total chlorophyll decreased during storage at@0and
chlorophyll degradation rate was slowed by the UV-C treat-
ment Fig. 1A). After 4 d at 20°C, UV-C treated florets had
approximately 53% more chlorophyll than control florets.
The levels of chlorophylk andb decreased during storage
at 20°C and the UV-C treatments delayed both chlorophyll
a andb degradationTable 9. In the case of Pheo, an accu-
mulation was observed after 2é4 d ofincubation at 20C,
followed by a reduction aftes d at 20°C (Fig. 1B). No dif-
ferences in Pheo content were found either immediately after
the UV-C treatment or afte2 d at 20°C, but afterwards the
UV-C treated broccoli accumulated less Pheo than control

broccoli.
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Fig. 1. Total chlorophyll (A) and pheophytin (B) contentin controland UV-C
treated broccoli (10 kJ iif) during storage at 20C. The asterisk indicates
that the value is significantly different from the corresponding control at
P<0.05.
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Fig. 2. Change of chlorophyll degrading enzymes activities in control and
UV-C treated broccoli (10kJnf) during storage at 20C. (A) chloro-
phyllase; (B) Mg-dechelatase and (C) peroxidase. The asterisk indicates
that the value is significantly different from the corresponding control at
P<0.05.

3.2.2. Chlorophyll degrading enzymes

Chlorophyllase activity increased in control broccoli dur-
ing storage at 20C. Otherwise, the chlorophyllase activity
of UV-C treated broccoli did not change during storage
and remained below the enzyme activity of control broc-
coli throughout the storage peridgig. 2A). Mg-dechelatase
activity did not show any change uhtét d of storage at
20°C in control samples, but increased thereaffég (2B).
UV-C treated florets showed an increase in MDS activ-
ity immediately after the treatment and aftéd at 20°C.
However, after that MDS activity dropped to lower levels
than those found in control broccoli. Chlorophyll peroxidase
activity increased in both control and UV-C treated broccoli
heads along the storage peridedd. 2C). No differences in
activity were found either immediately after the treatment
or afte 4 d at 20°C. However afte 6 d at 20°C treated
broccoli showed lower peroxidase activity than control
samples.
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— Gontrol UV-C treated broccoli as senescence took place, but lower
72 005 mm uv-C . . levels were found in UV-C treated broccoli after 4ahd at
S 20°C (Table 3.
D 0.04
=
g 0.03 . .
§ 4. Discussion
€ 0.02
§ Fruits and vegetables are severely stressed after harvest
2 0.01 due to a reduction in the sources of energy, nutrients, hor-
< 400 mones and water and this leads to a rapid initiation of

0 2 4 senescencek{ng and Morris, 1994 In the case of broc-
Time at 20°C (d) coli, one of the main symptoms of senescence is yellow-
ing due to chlorophyll catabolisnTian et al., 1994 Short

Fig. 3. Antioxidant capacity in control and UV-C treated broccoli . L
9 pacly UV-C treatments have been used mainly to reduce the inci-

(10kJInT2) during storage at 20C. The asterisk indicates that the value

is significantly different from the corresponding controPat 0.05. dence and severity of postharvest diseas#svens et al.,
1996; Nigro et al., 1998, 2000but beneficial physiological
3.2.3. Antioxidant capacity effects in vegetable tissues like retardation of some ripening-
Immediately after the treatment the treated broccoli had associated changeBdrka et al., 2000; Baka et al., 1999
higher antioxidant capacity than control broccdfid. 3). and reduction of physiological disordeGgnzlez-Aguilar

Antioxidant capacity maintained during storage until day 4 et al., 2004; Vicente et al., 20pBave also been reported.
and decreased thereafter in control samples. No changes iHowever, the effect of UV-C treatment on postharvest senes-
ECso~! values were observed in treated samples through 6 dcence has not been reported. Postharvest broccoli senescence

of storage. is associated with yellowing, chlorophyll degradation, and
pheophytin accumulatiorCpsta et al., 2005aUV-C treat-
3.2.4. Respiration rate ments (4—14 kJ i? doses) delay these processes. However,

Immediately after treatment there were no differences in treatment with 14 kJ m? reduced chlorophyll degradation
respiration rate between control and treated broccoli headsbut did not delay the increase of pheophytin content. This
(Table 3. During storage at 20C CO, production increased  high level of pheophytins could be the reason that heads
more markedly in control broccoli, and afté d of storage  treated with 14kJm? showed a superficial color similar
these samples respired at a greater rate than UV-C treatedo controls. It is possible that high doses of UV-C directly

broccoli. affect the process of chlorophyll molecules releasingMg
To analyze this possibility, we treated two chlorophyll solu-
3.2.5. Total phenols and flavonoids tions (in acetone and in water plus Triton X-100) with the
Total phenols increased after UV-C treatmeTualfle 3. same UV-C dose, but we did not find any pheophytin forma-

During storage at 20C, total pheno|s increased in both con- tion (data not ShOWﬂ). This indicates that there is not a direct
trol and treated broccoli. However, the increment was higher effect of UV-C on chlorophyll molecules and that the accu-
in the case of untreated broccoli. After 4dfid ofstorage at ~ Mulation of pheophytins in UV-C treated samples probably
20°C UV-C treated florets displayed lower levels of total phe- 0ccurs through a biochemical mechanism that requires sev-

nols. Flavonoids also increased during storage in control anderal components and possibly intact tissue. Previous studies
have shown that excessive doses of UV light affect the chloro-

Table 3 plast structure in pea leaves by producing membrane disor-
Respiration rate, total phenols and flavonoids in control and UV-C ganization and progressive disruption of thylakoidevacs
(10kJn1?) treated broccoli during storage at 2D and Keresztes, 2002; He et al., 199%his could liberate
Days at 20C chlorophyll from the pigment—protein complexes, facilitating
0 2 4 6 enzymatic and/or non-enzymatic formation of pheophytin.
; 1 Hue value in broccoli is higher when the content of chloro-
CO; production (mgkg*s) . .
Control 00.42 08.96 182.52 ND phyll increases and the amount of pheophytin decreases.
UV-C 85.03 91.23 147.52 ND Therefore, the influence of chlorophyllincrease on hue can be
Total phenols (g kg?) cpunteracted by a simultaneous increase of pheophytins. The
Control 0.68 0.93 1.18 1.26 highest hue value was observed with a treatment of 71 m
Uv-C 0.87 0.89 1.05 1.05 while the highest chlorophyll retention was found in the
Flavonoids (g kg?) 10 and 14kJ mz treatments. However, the latter treatment
Control 0.46 0.62 0.92 1.04 provoked a higher accumulation of Pheo, which probably
UVv-C 0.50 0.67 0.76 0.67 contributed to lowering the hue value.

The asterisk indicates that the value is significantly different from the cor- ~ The heads treated with 10 kJ*h maintained higher
responding control & < 0.05. chlorophyll levels than controls by delaying both chlorophyli
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a andb degradation. Chlorophyll degradation can be slowed 2001). Previous studies have found that UV-C treatments
in broccoli by other physical treatments like heat treatments induce PAL, which is a key regulatory enzyme of phenyl-
(Funamoto et al., 2002In our case, the higher chlorophyll  propanoid metabolisnSgevens et al., 1990; Chalutz et al.,
content detected in UV-C treated samples correlated with 1992. Total phenols increased in both control and UV-C
the lower chlorophyllase and MDS activity. In the case of treated broccoli during storage, with the increase being higher
chlorophyll-peroxidase activity, the effect of UV-C treatment in untreated broccoli. An increase in total phenols has been
was evident only at the end of storage. This indicates that thereported during broccoli developmeniallejo et al., 2003,
delay in chlorophyll degradation could be due to the effect and the lower level found in the case of UV-C treated broccoli
of the treatment on chlorophyllase and MDS activity rather in this work could be due to a less advanced developmental
than on peroxidase activity. Many reports have shown that stage.
UV-C light could affect the activity of enzymes involved in
postharvest metabolism like polygalacturonase, cellulase and
proteasesRarka et al., 2000 and our results show that this S Conclusions
is also true in the case of the enzymes involved in chloro-
phyll catabolism (MDS, chlorophyllase and chlorophyll-  Short UV-C treatments (4, 7, 10 and 14 kJ#hdelayed
peroxidase). Previous studies showed that all three enzyme&hlorophyll degradation in broccoli, with 10 and 14 kIfn
are stimulated by ethylend@eda et al., 1998; Jacob-Wilket d0Se cases showing the greatest delay. However, only 4, 7
al., 1999. This hormone is not necessary for senescence butand 10kJ m_z doses reduced Pheo accumulation. The UV-C
accelerates the procesBuchanan-Wollaston et al., 20p3  treatment with a dose of 10 kJhdelayed not only chioro-
UV-C treatments reduce ethylene production in horticultural PhYIl @ andb degradation but also the increase of chloro-
products Stevens etal., 1996; Maharaj etal., 19868d could phyllasg and chllo.rophyll-peroxplase aptmty. In the case of
slow the increase of ethylene responsive enzymes. HoweverMDS, higher activity was found immediately after the treat-
other important aspects of senescence, like ethylene sensitivMents, but after 4 ah6 d at 20°C UV-C treated broccoli
ity and/or changes in protein synthesis and degradation, couldM&intained lower MDS level than controls. The UV-C treat-
be modified by the UV-C treatments and further research is Ments also reduced tissue damage and disruption according to
needed to address this point. data obtained from respiration rate and phenolic compound
In the case of MDS, higher activity was found in Uv-C  content. The anti_oxidant capacity was increase_zq by UV_-C
treated broccoliimmediately after the treatment, indicating a réatments and this could be useful from the nutritional point
short time effect of UV-C on the enzyme. It has been reported Of View. Results suggest that short UV-C treatments could
that MDS activity increases in the presence efi and that be a u:_:,eful non-chemical method to delay senescence in
the enzyme is inhibited by reduced glutathione and HgCl broccoli.
suggesting that the SH groups are necessary for enzymatic
activity and that the redox state of these groups is critical
for the catalytic activity Yicentini et al., 1995; Costa et al.,
20023. As UV light stimulates the production of reactive
oxygen species (ROSA{H-Mackerness et al., 1999it is
possible thatan increase 0f6, could modify the redox state
of MDS and increase the enzyme activity in UV-C treated
broccoli relatively rapidly. References
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