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ABSTRACT

UV-B irradiation was applied to lime fruit to investigate its effect on chlorophyll (Chl)-degrading enzyme
activitiesand postharvest quality during storage. Mature green lime fruit were irradiated with or without
UV-B doses at 19.0kjm~2 and then stored at 25°C in darkness, UV-B treatment efficiently delayed the
decrease of hue angle values and Chl a contents. The activities of the Chl-degrading enzymes, chlorophyl-
lase, Chl-degrading peroxidase and pheophytinase in the fruit with UV-B treatment were suppressed and
Mg-dechelation activity was also retarded by the treatment. UV-B treatment induced a gradual increase
in citric acid and suppressed the increase of sugar contents during storage. In addition, the ascorbic acid
content with or without UV-B treatment decreased during storage, but the decrease in the control was
faster than that with UV-B treatment. We concluded that UV-B treatment effectively suppressed chloro-
phyll degradation throagh the control of chlorophyll-degrading enzyme'action and the changes in quality

in mature green lime during storage.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Quality in Tahitian lime (Citrus latifolia Tan.) deteriorates quickly
after harvest. The most visible deterioration factor is the loss of
peel greenness that usually occurs together with chlorophyll (Chl)
degradation (Drazkiewice, 1994; Srilaong et al, 2011). Mainte-
nance of the green color in the peel of lime is desirable during
storage.

An early step of Chl a degradation seems to be the removal
of the side chain attached to the tetrapyrrole macrocycle to form
chlorophyliide (Chlide) a by chlorophyllase (Chlase). The Chlide a
formed sstill retains a green color (Shimokawa et al.,, 1978; Amir-
Shapira’et al., 1987). The elimination of Mg2* from Chlide a to
producé pheophorbide (Pheide) a is induced by Mg-dechelatase
(MD) (Langmeier et al., 1993; Kaewsuksaeng et al., 2006, 2007) or
a Mg-dechelating substance (MDS) (Shioi et al., 1996; Aiamla-or
et al., 2010; Kaewsuksaeng et al., 2010), and the Pheide a formed
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loses its green color. Finally, Pheide a is decomposed to fluo-
rescent Chl catabolites, which are primarily colorless, via a red
Chl catabolite by both Pheide a oxygenase and red Chl catabolite
reductase (Matile et al., 1999). Chl-degrading peroxidase (Chl-POX)
(Yamauchi et al., 2004; Kaewsuksaeng et al.,, 2007) is also suggested
to be involved in Chl degradation as the first step enzyme oxi-
dizing Chl a to form 132-hydroxychlorophyll a. In addition, a new
Chl-degrading enzyme, pheophytinase (pheophytin pheophorbide
hydrolase, PPH), which would dephytylate the Mg-free Chi pig-
ment, pheophytin (Phein) a to give Pheide, has been recently
reported (Schelbert et al., 2009).

UV treatments have been reported to maintain postharvest
quality of many horticulture crops. UV-C seems to be especially
effective in maintaining postharvest quality of strawberries (Erkan
et al., 2008) and in inhibiting Chl degradation in stored broccoli
florets (Costa et al., 2006a). Aiamla-or et al. (2010) found that UV-
B treatment effectively delayed Chl degradation of broccoli during
storage. Srilaong et al. (2011) also reported that UV-B treatment
effectively suppressed Chl degradation and retarded the reduction
of levels of Chl derivatives in mature green limes during storage.
However, the effect of the UV-B on Chl-degrading enzyme activi-
ties and postharvest quality in lime fruit has not been determined.
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In this paper, therefore, we examined the effects of UV-B irradia-
tion on Chl-degrading enzyme activities, including PPH related to
the new Chl degradation pathway and the resultant quality control.

2. Materials and methods
2.1. Plant materials and UV-B treatment

Mature green Tahitian lime (C. latifolia Tan.) fruit, imported by
air from Mexico, were purchased from Tokio-Fukuoka Co., Ltd.,
Japan. After transportation to the laboratory, fruit were selected for
uniformity in maturity, size, shape, peel color, and lack of defects.
The fruit were irradiated with UV-B (spectral peak value: 312 nm,
T-15M, VL). Each fruit was placed under UV-B lamps at a distance
of 15cm and irradiated for 20 min. A layer of aluminum film was
placed under the fruit to ensure that UV-B would be irradiated
to the bottom of the fruit. Unlike the dose reported previously
(Aiamla-or et al., 2010), the UV-B energy doses measured in the
region of 285-315 nm by a UV-B meter (UV 6.0, MK Scientific) were
19.0kJm-2,

After irradiation, the fruit were kept in polyethylene film bags
(0.03 mm in thickness) with the top folded over and stored at 25°C
in the dark. The samples (3 replications) were removed at 5 day
intervals, and the peel tissues were sampled and used for analysis.

2.2. Surface color and chlorophyll assays

The surface color of lime fruit was determined by measuring
the hue angle with a colorimeter (Nippon Denshoku NF 777). Chl
a content was determined using N,N-dimethylformamide (Moran,
1982).

2.3. Preparation of chlorophyll' a and resulting derivatives

2.3.1. Chlorophyll a

Spinach leaves were homogenized for 3min in cold acetone.
The homogenate was filtered through two layers of Miracloth (Cal-
biochem). The filtrates were treated with dioxane and distilled
water and then kept for 1h on ice. The filtrates were centrifuged
at 10,000 x g for 15min at 4°C. After centrifugation, the pellets
were treated again with acetone, dioxane, and distilled water,
and then kept for 1h on ice. Afterwards, the soluble pellets were
centrifuged at 10,000 x g for 15min at 4°C and subsequently dis-
solved in petroleum ether. Soluble chlorophyll in petroleum ether
was stored at 20°C until the individual pigments were separated
using sugar powder column chromatography (Perkins and Roberts,
1962). Finally, 500 pg mL~! of Chl a was prepared in acetone.

2.32. Chlorophyliide a

Chlide @ was prepared from a Chl a acetone solution
(500 wgmL-!) with 0.765mg protein of partial purified Chlase
(20-40% of (NH4);S04) from green Citrus unshiu fruit. The reac-
tion mixture was incubated at 25 “C for 40 min. The reaction was
stopped using acetone and the remaining Chl a was separated by
hexane. The lower part of the reaction mixture was used as the
Chiide a.

2.3.3. Pheophytina

Phein a was prepared by adding one drop of 0.1 N HCl into the
Chl a acetone solution (500 pug mL~1). After 2 min, 0.1 N NaOH was
added to neutralize the solution, which was then employed as the
substrate in the assays.

24. Analyses of chlorophyll-degrading enzyme activities

An acetone powder (500 mg) of peel issues was suspended in
15mL 10 mM phosphate buffer (pH 7.0) containing 0.6% CHAPS for
Chlase. For MDS, an acetone powder (500 mg) of peel tissues was
suspended in 15mL 50 mM phosphate buffer (pH 7.0) containing
50mM KCl and 0.24% Triton-X 100 or in 15mL 10mM phosphate
buffer (pH 7.0) for Chl-POX. For PPH, an acetone powder (500 mg)
was suspended in 15 mL 50 mM Tris-HCl buffer (pH 8.0). The crude
enzyme was stirred for 1h at 0°C, and the mixture was filtered
through two layers of Miracloth. The filtrate was then centrifuged at
16,000 x g at 4 °C for 15 min. The supernatant was used as the crude
enzyme extract. The enzyme protein contents were determined on
the basis of Bradford's method (Bradford, 1976).

24.1. Chlorophyllase activity

The reaction mixture contained 0.5 mL 0.1 mM phosphate buffer
(pH7.5),0.2mL 500 p.g mL-* Chl a acetone solution (100 pgmL-1),
and 0.5 mL enzyme solution. The reaction mixture was incubated
in a water bath at 25°C for 40 min, and the enzyme reaction was
stopped by adding 4mL of acetone. Chlide a was separated by
adding 4mL of hexane. The upper phase contained the remaining
Chla while the lower phase contained the Chlide a. The activity was
spectrophotometrically detected by Chlide a formation at 667 nm
per unit per mg protein, :

2.4.2. Chlorophyll-degrading peroxidase activity

Chl-POX was determined as previously described (Yamauchi
etal., 1997).The reaction mixture contained 50 p.L enzyme solution,
100 uL 1.0% Triton-X 100, 100 wL 5 mM p-coumaric acid, 100 pL
500 ugmL-! Cht a acetone solution, 500 L 0.2mM phosphate
buffer (pH 5.5) and 50 L 0.3% hydrogen peroxide. The activity was
determined spectrophotometrically by measuring the decrease of
1.0 p.g Chl a at 668 nm per min per mg protein at 25°C.

2.4.3. Mg-dechelation activity :

Mg-dechelation activity by MDS using Chlide a was determined
by the method of Suzuki and Shioi (2002) with slight modifications.
The reaction mixture contained 0.75 mL 10mM phosphate buffer
(pH 7.5), 0.25 mL Chlide a (8.80 jg) acetone solution and 0.2mL
enzyme solution, The activity of the MDS was measured on the basis
of Pheide a formation by following the change in OD at 535 nm per
min per mg protein.

2.4.4. Pheophytinase activity )

PPH was modified by the method of Schelbert et al. (2009). The
reaction mixture contained 0.5 mL 50 mM Tris-HCl buffer (pH 8.0),
0.2 mLPhein a(22.40 pg) acetone solution and 0.5 mL enzyme solu-
tion. The reaction mixture was incubated in a water bath at 25°C
for 40 min, and the enzyme reaction was stopped by adding 2 mL
of acetone. After that, the sample was analyzed by HPLC using a
Hitachi L-7100 pump with an automated gradient controller and a
Hitachi L-2450 diode array detector or a Hitachi L-7420 UV-Visible
spectrophotometer. The absorption spectrum of the product as
Pheide a was recorded at 665 nm. The activity of PPH was calcu-
lated with the Pheide a formation (.g) based on the peak area per
min per mg protein.

2.5. Postharvest quality parameters

The organic acids and sugars from the fruit juice (15mL) were
extracted with hot ethanol (final concentration 70% ethanol) for
15min. A 1mL aliquot of 70% ethanol extracts was vacuum-
evaporated to dryness and dissolved in 1 mL of Milli-Q water again.
The citric and malic contents were determined by HPLC using a
Hitachi L-7420 UV-Visible spectrophotometer. The sample was
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Fig. 1. Changes in the hue angle value in lime fruit treated with or without UV-B at
19.0k) m-2 during storage at 25 °C. Y-axis shows the value from 150 to 80.90 shows
yellow color and 150 shows blue green color. Vertical bars represent the average
values with SE (n=3).

separated on a Mightysil RP-18 column, 4 mm x 250 mm, using
a solvent: water:methanol:50 mM phosphoric acid (69:1:30). The
absorption spectrum of the citric and malic acid was recorded at
210nm. The flow rate was 1mLmin~!, and the injection volume
was 100 L. For sugar analysis, tie ethanol extract was filtered by
passing through Sep-pak C18 to remove the pigments and analyzed
by HPLC (Hitachi L-7940 Rl detector) using a LiChrospher NH; col-
umn, 4 mm x 250 mm, with a solvent: acetonitrile:water (80:20)
gccordihg to the determined glucose, fructose, and sucrose con-
tents. The ascorbic acid content was assayed by the method of Roe
et al. (1948).

3. Results

3.1. Effect of UV-B irradiation on postharvest qualities of lime

fruit

Surface color was evaluated by measuring the hue angle. As
shown in Fig. 1, the hue angle value in the control declined sig-
nificantly during storage at 25 °C with yellowing of the fruit peel.
In contrast, that in UV-B-treated lime fruit changed only slightly
during storage. The citric acid content, which is a major organic
acid in lime fruit, decreased after 10 days of storage in the con-
trol, while that in UV-B-treated fruit increased constantly until day
20 and then decreased (Fig. 2A). On the other hand, the malic acid
contentidecreased gradually in both UV-B-treated and control fruit
(Fig. 2B). As a consequence, the fruit with UV-B treatment showed
significantly higher contents of citric acid and malic acid. As shown
in Fig. 3, the ascorbic acid content in limes with or without UV-B
treatment decreased during storage at 25 °C, but that in the control
declined faster than that in UV-B treatment. Fig. 4 shows the sugar
level changes in lime fruit with or without UV-B treatment during
storage. The glucose (Fig. 4A), fructose (Fig. 4B), and sucrose con-
tents (Fig. 4C) in the control increased considerably on day 5 and
then decreased during storage. With UV-B treatment, those con-
tents also increased until day 10 and then showed a tendency to
decline.
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Fig. 2. Changes in citric acid (A) and malicacid (B) contents of the juice in lime fruit
treated with or without UV-B at 19,0 k] m~2 during storage at 25°C. Vertical bars
represent the average values with SE (n=3).
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Fig. 3. Changes in ascorbic acid contents of the juice in lime fruit treated with or
without UV-B at 19.0kJm~? during storage at 25°C. Vertical bars represent the
average values with SE (n=3). .
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Fig. 4. Changes in glucose (A), fructose (B) and sucrose (C) contents of the juice
in lime fruit treated with or without UV-B at 19.0 k) m-2 during storage at 25°C.
Vertical bars represent the average values with SE (n=3).

3.2. Eﬁect of UV-B irradiation on chlorophyll degradation and
chlorophyll-degrading enzyme activities in lime fruit

UV-B treatment delayed the reduction of Chl a content, as shown
in Fig. 5. UV-B delayed the reduction in the peel during storage,
whereas that in the control sharply decreased during storage. In
Fig. 6A, Chlase activity in the control increased during storage at

20
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mUV-B

Chl a content (mg 100g1FWV)

0 5 10 15 20 25 30
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Fig. 5. Changes in Chl a content in lime fruit treated with or without UV-B at
19.0k) m-2 during storage at 25 °C. Vertical bars represent the average values with
SE (n=3). Chl, chlorophyll

25°C, whereas that with UV-B treatment decreased gradually dur-
ing storage after a temporary increase on day 5. The activity with
UV-B treatment was lower than that in the control. Chl-POX activity
markedly increased in both the control and the UV-B-treated fruit
during storage. However, the activity was lower in UV-B-treated
fruit than in the control (Fig. 6B). Mg-dechelation activity by MDS
was examined using Chlide a as a native substrate (Fig. 7A). In
the control, Mg-dechelation activity showed an increase after 10
days of storage, whereas the activity with UV-B treatment also
showed a temporary increase for the first 5 days of storage and
then decreased. Moreover, PPH activity in the control started to
increase until day 15 and then decreased slightly during storage.On
the other hand, the activity in UV-B-treated fruit showed a decline
during storage after a sharp increase on day 5 (Fig. 7B).

4. Discussion

The yellowing of leaves, florets, and fruit pericarp is an impor-
tant factor indicative of quality deterioration in stored horticultural
products. Obviously, in lime, the most visible deterioration is the
loss of peel greenness that usually occurs with Chl degradation
(Win et al., 2006; Srilaong et al., 2011). The maintenance of green
color in the peel of lime during storage is required for fruit to main-
tain market prices (Pranmornkith et al., 2005). Many studies have
demonstrated the efficacy of UV irradiation on fruit and vegetables
for maintaining postharvest quality. Specifically, UV-C irradiation
can reduce decay in grapefruit (D’hallewin et al.,, 2000), maintain
postharvest quality of strawberry (Erkan et al., 2008), and suppress
Chl degradation in stored broccoli florets (Costa et al., 2006a). In
addition, UV-B is an alternative UV range that may maintain the
postharvest quality of fresh produce. Aiamla-or et al. (2010) found
that UV-B treatment effectively delayed Chl degradation of broccoli
during storage. Previously, Srilaong et al. (2011) reported that UV-B
treatment effectively suppressed Chl degradation in mature green
limes during storage. In the present study, lime fruit were irradi-
ated with UV-B at 19.0 k] m~2, and the results were compared with
those of untreated fruit. Based on the results from the present study,
we suggested that UV-B treatment effectively delayed chlorophyll
breakdown in the lime peel. -

Heat treatment is known to reduce Chl degradation through
suppression of activities of Chl-degrading. enzymes, including
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Fig. 6. Changes in Chlase (A) and Chl-POX (B) activities in lime fruit treated with or
without UV-B at 19.0 kJ m~2 during storage at 25 °C. Vertical bars represent the aver-
age values with SE (n=3). Chlase, chlorophyllase; Chl-POX, chlorophyll-degrading
peroxidase.

Chlase, Mg-dechelation, Chl-POX, and Chl oxidase (Costa et al,
2006a; Funamoto et al., 2002; Kaewsuksaeng et al, 2007). UV-C
(Costa et al., 2006b) and UV-B irradiation (Aiamla-or et al,, 2010)
also suppress the activities of Chl-degrading enzymes such as
Chlase, Mg-dechelation and Chl-POX. In this study, Chl-degrading
enzymes activities except Chl-POX in UV-B-treated lime fruit were
reduced after a temporary increase during storage. UV-B treatment
also suppressed effectively the enhancement of Chl-POX activity
during storage in lime fruit. Chlase activity in the control gradually
increased with senescence during storage. In contrast, it has been
previously reported that Chlase activity decreased with degreening
of Citrus nagato-yuzukichi (Yamauchi et al., 2003), Gitrus aurantifolia
Swingle cv. Paan (Win et al., 2006) and broccoli florets (Aiamla-
or et al,, 2010). We also found that Chlase activity was tentatively
suppressed in lime fruit throughout storage by UV-B treatment.
Mature :green limes were shown to have high levels of Chlide a
(Srilaong et al,, 2011), which suggests that these high levels are due
toincreased Chlase action in the flavedo. This enzyme isinvolved in
the first step of the chlorophyll catabolic pathway, which catalyzes
the conversion of Chl a to Chlide a and phytol (Harpaz-Saad et al,
2007).
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Fig. 7. Changes in Mg-dechelation (A) and PPH (B) activities in lime fruit treated
with or without UV-B at 19.0k} m~2 during storage at 25 °C. Vertical bars represent
the average values with SE (n=3). PPH, pheophytinase.

Our results indicate that Chl-POX activity markedly increased
in lime fruit during storage, but its activity was clearly suppressed
throughout the storage period in limes with UV-B treatment.Inlime
fruit, Chl a can be degraded by Chi-POX (Win et al,, 2006) to form
the oxidized Chl a, 132-hydroxychlorophyll a, which did not accu-
mulate during storage by UV-B treatment (Aiamla-or et al., 2010).
Mg-dechelation activity by MDS was also determined using Chlide
a as native substrate in lime fruit. MDS, which is a small molecule
and heat-stable substance, was required to remove the magnesium
atom from Chlide a (Suzuki et al,, 2005; Kaewsuksaeng et al., 2010).
We found that Mg-dechelation activity increased slightly in the
control and that UV-B treatment also effectively suppressed the
enhancement of Mg-dechelation. These findings were similar to
those by Aiamla-or etal.(2010). Srilaong et al.(2011) demonstrated
that the Pheide a levels declined in UV-B-treated fruit, especially
during the development of yellowing. This indicates that the degra-
dation of Chlide a to Pheide a might be suppressed by UV-B, as was
apparent in this study. Recently reported as a new Chl-degrading
enzyme by Schelbert et al. (2009), PPH dephytylates Phein a to
form Pheide a. Our results showed PPH activity gradually increased
during storage in lime fruit, while the UV-B treatment effectively
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suppressed PPH activity, which showed a temporary increase after
treatment. Phein a was detected during storage of broccoli florets
(Costa et al.,, 2006a; Kaewsuksaeng et al., 2006; Aiamla-or et al,,
2010)and lime fruit (Srilaong etal., 2011), implying that MDS could
play a role on the release of Mg2* from Chl a to form Phein a as a
substrate for PPH. However, Phein a accumulated at a higher rate
in the UV-B-treated limes than in the control fruit (Srilaong et al.,
2011). This finding seems to be due to the inhibition of PPH activ-
ity by UV-B treatment. Moreover, it is inferred that PPH activity
measured in this study might include some activity of Chlase, since
it can also dephytylate Phein a along with Chl a (McFeeters et al,,
1971; Minguez-Mosquera et al., 1994). Further study needs to be
condiicted to establish a correct measurement of PPH and clarify
the role of PPH in Chl degradation of lime fruit.

Besides Chl degradation, composition changes in relation to
quality occur during storage of lime fruit. The citric acid and malic
acid contents in limes showed a slight change during storage. These
contents were higher with UV-B treatment than in the controls
during storage, implying that these acids might be maintained
due to the suppression of respiration and senescence by the UV-B
treatment. UV-B treatment also suppressed the changes in fruc-
tose, glucose and sucrose during storage. On the other hand, these
sugat contents in the control increased with the advance of senes-
cence. The results agreed with the effect of heat treatment on
reducing sugar level changes (Lemoine et al., 2008). Thus, UV-
B treatment seems to be a useful treatment for maintenance of
internal quality in lime fruit. In addition, the ascorbic acid con-
tent was higher in the UV-B treated fruit than in the control. UV-B
irradiation had a positive effect on antioxidants such as ascor-
bic acid, in lime fruit. In contrast, Liu et al. (2010) found that the
content of ascorbic acid in tomato fruit was reduced after UV-B
treatment.

In conclusion, the findings obtained in the present study show
that a UV-B dosage of 19.0kjm~2 effectively retarded degrada-
tion of Ch! in lime fruit during storage. UV-B treatment also
retarded the increase of activities of Chl-degrading enzymes, such
as Chlase, Chl-POX, Mg-dechelation, and PPH, indicating that the
suppression of those enzyme activities by UV-B treatment could
be involved in the retardation of Chl degradation in stored lime
fruit., Furthermore, UV-B treatment induced a gradual increase
in citric acid and suppressed the increase of glucose, fructose,
and sucrose contents during storage. UV-B treatment also main-
tained the content of antioxidants, such as ascorbic acid, during
storage. We conclude that UV-B treatment could be a useful
method to prolong the postharvest quality of lime fruit during stor-
age.
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Abstract

One of the symptoms of senescence in harvested horticultural crops is the loss of greenness that
comes with the degradation of chlorophyll. With senescence, the chlorophyll-degrading enzyme activities
such as chlorophyllase, Mg-dechelatase or Mg-dechelation activity, a new chlorophyll-degrading enzyme,
pheophytinase, pheophorbidase and chlorophyll-degrading peroxidase, which are involved in chlorophyll
degradation, affected greatly in stored horticultural crops. The chlorophyll derivatives, especially
chlorophyllide, pheophytin, pheophorbide and C13%hydroxychlorophyll are accumulated as
intermediates of chlorophyll degradation. In addition, chlorophyll degradation by the chlorophyll-
degrading enzymes seems to occur in the thylakoid and envelope membrane of chloroplast and/ or the
vacuole. The involvement of chlorophyll-degrading enzymes in senescing horticultural crops is also

discussed.

Keywords: Chlorophyll, chlorophyll degradation, chlorophyll-degrading enzymes, horticultural crop

Introduction

In general, the yellowing of leaves, florets
and fruit pericarp is an important factor, indicating
quality deterioration of stored horticultural
products. Obviously, in spinach [1], parsley [2],
broccoli [3] and lime [4,5], the most visible
deterioration is the loss of sepal and peel greenness
that usually occurs with chlorophyll (Chl)
breakdown. On the other hand, in the fruit of an
early-ripening cultivar, Wase Satsuma mandarin
(Citrus unshiu Marc var. Tanaka), the peel is still
green when the flesh matures and the fruit attains
harvest maturity. To improve quality, ethylene is
provided to the fruit to accelerate the degreening of
the peel [6]. Thus, Chl degradation is a
characteristic symptom of leaf senescence and fruit
ripening, and elucidating the mechanism of Chl
degradation is an important subject when
considering the maintenance of the quality of
harvested horticultural crops.

An early step of Chl a degradation seems to
be the removal of the side chain attached to the

tetrapyrrole macrocycle to form chlorophyllide
(Chlide) a by chlorophyllase (Chlase). Chlide a
formed still retains a green color [7,8]. The
elimination of Mg?" from Chlide a to produce
pheophorbide (Pheide) a is induced by Mg-
dechelatase (MD) [9-11] or a Mg-dechelating
substance (MDS) [12-14], and the Pheide a formed
then loses its green color. Finally, Pheide a is
decomposed to fluorescent Chl catabolites, which
are colorless, via a red Chl catabolite by both
Pheide a oxygenase and red Chl catabolite
reductase [15]. Chl-degrading peroxidase (POX)
[11,16] is also suggested to be involved in Chl
degradation as the 1* step enzyme with oxidizes
Chl a to form 13%hydroxychlorophyll (C13%
OHChl) a. In addition, a new Ch! degrading
enzyme, pheophytinase (pheophytin pheophorbide
hydrolase, PPH) which would dephytylate the Mg-
free Chl pigment, pheophytin (Phein) a to give
Pheide has been recently reported [17].
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In this review, we firstly deal with Chl
structure and Chl derivatives, then the Chl
degradation pathway by Chl-degrading enzymes,
and, finally, with the characterization of Chl-
degrading enzymes of postharvest horticultural
crops.

Chlorophyll structure
Chls are porphyrins containing basic
tetrapyrrole rings, of which one is reduced. The 4

Histonee

Chlide (®)

rmgs are coordinated to a Mg2+ jon. A 5™ xsocycllc
ring E, is found near the 3" pyrrole nng At the 4"
ring, the propionic acid substituent is esterified
with diterpene. alcoho! phytol (CyH3sOH), which
is the hydrophobic side of the molecule, the rest of
the molecule being hydrophilic. Cht b differs from
Chl a only by having an aldehyde group (-CHO)
in place of the methyl group at ring B position
(Figure 1) [18].

Figure 1 Structure formulae (a) Chl a (R=CH;), Chl b (R= CH=0); (b) Chlide a (R=CHj), Chlide b (R=

CH=0) and phytol.
Source: Hortensteiner and Kriutler [18]
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Chlorophyll derivatives
Chls can be readily transformed, both in vivo
and in vitro, into a series of derivatives.

1. Chlorophyllides a and b

The phytyl ester can be easily hydrolyzed to
give Chlide and phytol. The hydrolysis takes place
under mild conditions in the presence of either an
acid or alkali. Chlides @ and b are prepared
enzymatically, the hydrolysis being catalyzed by
Chlase, an enzyme commonly found in green plant
tissues. Leaves that are especially rich in Chlase

such as sugar beet [19], common cocklebur .

(Xanthium pennsylvanicum) [20], goosefoot
(Chenopodium album) {12) and Citrus unshiu fruit
[21] are used as enzyme sources.

2. Pheophytins a and b

Pheins are the magnesium-free derivatives of
Chls. Pheins a and b are easily obtained from
Chlase by the action of dilute acids, which remove
the magnesium. The reaction lasts 1 - 2 min, and
the concentration of HCI used is 13 % [20,22].

3. Pheophorbides @ and b

Pheides a and b are hydrolyzed Chl without
phytol (Chlides) that have also lost the
magnesium. The reaction may be prepared from
Chls treated with concentrated acid (30 % HCI) or
from acidified Chlides [20,22].

4. C13*-hydroxychlorophyll  and b

Chl a is oxidized with the oxygen atom being
located at the position C-13° and
hydroxychlorophyll being formed. C13%-0HChl a
was indentified in senescing excised leaves [23]
and broccoli, which was prepared by adding

peroxidase with the addition of H,O,.and p-
coumaric acid to a Chl a solution [24].

5. Pyrochlorophylls

Pyroderivatives of Chis or their derivatives
are compounds that have lost the carbomethoxy
group -COOCHj at C-10 of the isocyclic ring, the
group being replaced by hydrogen. Chl a, methyl
Chlide a, Phein a, or methyl Pheide a when heated
in pyridine at 100 °C give rise to ‘pyro’ derivatives
by decarbomethoxylation [20].

The chlorophyll degradation pathway

The generally accepted pathway of Chl
degradation comprises 2 stages, before (early
stage) and after (late stage) cleavage of the
tetrapyrrole macrocyclic rings. The products of the
early stage are greenish, whereas those of the late
stage are essentially colorless. The early stage
includes modification of the side chain of the
tetrapyrrole macrocycle; hydrolysis of a phytol
residue in ring IV (dephytylation), release of Mg**
from the tetrapyrrole macrocycle by displacement
with 2H" (dechelation) and some modifications of
the macrocycle that are probably specific for the
plant species. The late stage includes the cleavage
of the tetrapyrrole macrocycle by an oxygenase
and subsequent reactions, such as reduction to
yield colorless fluorescent and  further
nonfluorescent catabolites. The late stage is thus
essential in the degreening of the Chl molecule and
therefore it determines Chl degradation in leaf
senescence and fruit ripening. In most cases of leaf
senescence and fruit ripening, degradation
intermediates do not accumulate to an appreciable
extent, suggesting that there is a series of
degradation reactions (Figure 2) [25].
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Figure 2 Chlorophyll degradation in higher plants (a) chlorophyllase (b) Mg-dechelatase (c)
Pheophorbidase (d) Pheophorbide a oxygenase. (¢) Red chlorophyll catabolite reductase. Abbreviations:
NCCs, nonfluorescent chlorophyll catabolites; pFCC, primary fluorescent chlorophyll catabolite; RCC,

red chlorophyll catabolite.
Source: Takamiya et al [25]

Characterization of Chlorophyli-degrading
enzymes in relation to chlorophyll degradation

1. Chlorophyllase

The enzyme catalyzing the dephytylation,
Chlase was one of the 1¥ plant enzymes to be
studied [26]. There are many reports on Chlase
activity, including the properties of crude enzymes
and the effect of internal and external factors such
as phytohormones and temperature stresses on the
activity [27]. In spite of repeated isolations of
Chlase from various plants and algae [28-30],
molecular properties such as the entire amino acid
sequence, functional domain, homology among
Chlase and regulation of the expression of Chlase
were unclear. The Chlase reaction is the 1% step of
Chl degradation and therefore the location of
Chlase is a factor in determining the site of Chl
degradation. There is more than one compartment
for Chlase localization. In most cases, the Chlase

activity was latent in chloroplasts and in vitro
which was considered to be thylakoid bound.
Activity detection of Chlase using chloroplast
subfractions localized Chlase activity to the
envelope, probably in the inner membrane [31].
The latency appeared to be merely the result of the
spatial inaccessibility of Chlase to Chl in the Chl-
protein complex in thylakoid. Thus, based on the
envelope location of Chlase, it was recently
proposed that, in vivo, an as-yet unknown carrier
protein for chlorophyll is synthesized in the
senescent cell and transported to senescing
chloroplasts and then it shuttles between the
thylakoid and envelope membrane [15,31]. The
Chl molecule or Chl-protein complex released
from such plastoglobuli could be attacked by
Chlase in the vacuole more than the chloroplast
[32,33].
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2. Mg-dechelation activity

Mg-dechelation takes place after
dephytylation to yield Pheide a and pheophorbin a
using Chlide a and Chlorophyliin (Chlin) a as
substrates (Figure 3) [34]. Initially, the in vivo and
in vitro accumulation of pheopigments during Chl
degradation of algae and higher plants suggested
the presence of MD enzymes {9,12,3536].
Furthermore, in vitro assays of the dechelatase
activity revealed that it was associated with
thylakoid membranes in a latent form of rape
cotyledon [9]. By contrast, in Chenopodium
album, the activity could still be detected in a
soluble low molecular mass (900 Da.) fraction
after gel filtration of the enzyme, and it was heat
stable. This activity was thus designated MDS
[12]. Costa et al [37] reported that the Mg-
dechelation activity was associated with a
compound with a low molecular weight substance
of 2,180 + 20 Da. Suzuki et a/ {38] and Kunieda et
al [34] demonstrated that the low molecular weight
substances in radish cotyledons and mature leaves
of Chenopodium album play a role in catalysis of
the Mg-dechelation reaction using Chlide g as a
substrate. Specifically, the low molecular weight
substances in the mature leaves of Chenopodium
album were found to have molecular masses of 3.3
and 1.1 kDa [34]. Lastly, the characterization of
Mg-dechelation activity of stored broccoli florets
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was investigated to clarify the mechanism of Chi
degradation [14]. Mg-dechelation activity in floret
extracts was found in 2 different molecular weight
fractions - a low molecular weight (< 5,000)
fraction (LMWF) and a high molecular weight (>
5,000) fraction (HMWF), which seemed to be MD,
using Chlin a or Chlide a as a substrate. The
activity of the HMWF, which was partially
purified by molecular exclusion chromatography
(Sephacryl S-200) and using Chlin g as a substrate
(Figure 4a), increased in yellowing broccoli
florets after 6 days of storage (Figure 4b), whereas
heat treatment reduced the enhancement of the
activity concurrently with the inhibition of
yellowing (Figure 4c). Only one peak of the
activity was detected in fresh broccoli extracts and
no other isozyme with Mg-dechelating action was
found in the yellow broccoli extract which had a
molecular mass of about 70 KDa. This high-
molecular weight substance shows strong activity
with the artificial substrate, Chlin g, but hardly an
activity with native substrates, Chlide a. This
means that the high-molecular weight substance
(HMWS) does not have an activity with Chlide a.
It is interpreted by the results obtained in this
study. HMWS is not involved in the Chl
degradation pathway of broccoli florets. It is
necessary to purify the low molecular substance
and clarify the characterization in the future.
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Figure 3 Structure of chlorophyll a and its derivative in relation to Mg-dechelation reaction.
Chlorophyllide a is a native substrate, whereas chlorophyllin a is an artificial substrate in Mg-dechelation

reaction.
Source: Kunieda et al [34]

Woalailak J Sci & Tech 2011; 8(1)

13



Chlorophyll Degradation in Horticultural Crops

S KAEWSUKSAENG

Mg-dechelation activity (A ODsm.min'l) )

03
0.25
0.2
0.15
0.1

0.05

035
03
025
0.2
0.15
0.1

0.05

035
03

025

Lo (a)

09 A

®
=4 1.2
- 08
- 04
X «'.'..uuuiu_q_uuuut};a“ 0
T T ¥ T
R

Fraction number (4 ml tube')

Absorbance at OD 280 nm (—-—-)

Figure 4 Elution profile on a Sephacryl $-200 column of Mg-dechelation activity in broccoli florets. (a)
fresh broccoli florets, (b) broccoli florets stored for 6 days at 15 °C and (c) heat-treated broccoli florets
stored for 6 days at 15 °C. a: Blue Dextran 2000.

Source: Kaewsuksaeng et al [14]
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3. Pheophorbidase

Chl derivatives are found with modified side
chains of a tetrapyrrole macrocycle. Recently, an
enzyme named pheophorbidase (28 - 29 KDa) has
been purified from Chenopodium album, which
catalyzes the hydrolysis of the methyl ester bond
of the isocyclic ring of Pheide to yield Cl13%
carboxypyropheophorbide [39]. This is not stable
and therefore is nonenzymatically converted to
pyropheophorbide. Interestingly, pheophorbidase
is located outside the chloroplast [34]. If Pheide a
is a true substrate of the enzyme, it suggests that
there is another degradation pathway whose early
steps occur outside the chloroplast. Because the
pheophorbidase activity is found in several, but not
in all species of higher plants tested, this reaction
might be specific for certain plants. C13%*OHChl a
is reported to be accumulated in ethylene-treated
Citrus species and other plants [40,41] and might
be an intermediate in the oxidative Chl bleaching
pathway as well [41].

4. Chlorophyli-degrading peroxidase

The mechanism of in vitro Chl degradation
by peroxidase can be summarized as shown in
Figure 5. Peroxidase oxidizes the phenolic
compounds, which have the hydroxyl group at the
p-position, to form the phenoxy radical and
superoxide anion; then, the radical and/or

sequence to colorless low molecular weight
compounds through Chl catabolites such as C13%-
OHChl a and bilirubin-like compounds [16].
Martinoia et al [42] demonstrated that peroxidative
Chl bleaching activity was present in the thylakoid
membrane of barley seedlings. Abeles et al [43]
reported that in cucumber (Cucumis sativus L.)
cotyledons treated with ethylene, cationic
peroxidase (33KD, pl = 8.9), which degrades Chl
in vitro, increased. Yamauchi and Watada [44]
reported the involvement of peroxidase in Chl
degradation of stored broccoli florets. The activity
of peroxidase, which is involved in Chl
degradation, showed a sharp increase concurrently
with floret yellowing [24,45]. By the method of
native-PAGE, 6 anionic and 2 cationic
isoperoxidases were detected in fresh- broccoli
florets. In these isoperoxidases, only one cationic
isoperoxidase (Rf 0.3) was related to Chl
degradation. The cationic isoperoxidase was
further purified by means of molecular exclusion
chromatography ~ and  cationic  exchange
chromatography. Two Chl-degrading peroxidase
isozymes (Type I and Type II) were contained in
the cationic isoperoxidase [46]. This finding
indicates that peroxidase might play a role in Chl
oxidation. Further study is necessary to clarify the
speculations about the action of peroxidase on Chl
degradation and the mechanism of peroxidase-

superoxide anion attacks Chl a to form C13%- mediated Chl degradation in postharvest
OHChl a. Chl @ may be ultimately degraded in horticultural crops.
Chl-POX Chla
; H,0, H,0

Phenolic Phenoxy

compounds s Z radical

(OH group at - - C132-OHChl a

p-position) 0, i

FCC, BLC etc.
Colorless low molecular
weight compounds

Figure 5 Pathway of peroxidase-mediated chlorophyll degradation. Chl-POX: Chlorophyll-degrading
peroxidase, Chl: Chlorophyll, C13%-0HChl: C13%Hydroxychlorophyll, FCC: Fluorescent chlorophyll
catabolite, BLC: Bilirubin-like compounds.

Source: Yamauchi et al [16]
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5. Pheophytinase ,

A new Chl degrading enzyme, PPH which
would dephytylate the Mg-free Chl pigment, Phein
a to give Pheide a has recently been reported [17].
They identified PPH, a chloroplast-located and
senescence-induced hydrolase widely distributed
in algae and land plants: In vitro, Arabidopsis PPH
specifically dephytylates the Mg-free chlorophyll
pigment, phein, yielding Pheide a. An Arabidopsis
mutant deficient in PPH (pph-1) is unable to
degrade chlorophyll during senescence and
therefore exhibits a stay-green phenotype.
Furthermore, pph-I accumulates Phein during
senescence. Moreover, the in vitro activity of PPH
in lime fruit was recently determined. The
absorption spectrum of the product as Pheide a
was recorded at 665 nm. The activity of PPH
increased with Pheide a formation based on the
total peak area (Figure 6). Therefore, PPH is an

important component of the Chl breakdown
machinery of senescent leaves, and we propose
that the sequence of early Chl catabolic reactions
be revised. Removal of Mg most likely precedes
dephytylation, resulting in the following order of
early breakdown intermediates: Chl — Phein —
Pheide. Chlide, the last precursor of Chl
biosynthesis, is most likely not an intermediate of
breakdown. Thus, Chl anabolic and catabolic
reactions are metabolically separated.
Kaewsuksaeng et al [47] recently showed PPH
activity gradually increased during storage in lime
fruit, while the UV-B treatment effectively
suppressed PPH activity. Further study needs to be
conducted to establish a correct measurement of
PPH and clarify the role of PPH in Chl degradation
of horticultural crops.

150
(a) Phein a
100 -
3 50
g L
0 min
-50 T v v
[ 10 20 80 40
ain
160
Phein a
(®)

1004

504

(2]

Pheide a

-50 T T T

20 30 0

min

Figure 6 Analysis of Pheide formation of lime fruit. The in vitro pheophytinase reaction was held at
25 °C for 0 min (a) and 60 min (b), Pheide - Pheophorbide and Phein - Pheophytin. :
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Conclusions

A series of the reactions involved in Chl-
degrading enzymes such as Chlase, MD or MDS,
pheophytinase, pheophorbide a oxygenase and
pheophorbidase, is thought to be the main pathway
of Ch! a degradation in horticultural crops and this
oceurs in the chloroplasts. On the other hand, Chl-
degrading peroxidase is also reported to be
involved in Chl oxidation to form C13%0HChl a.
The initial step of Chl a degradation seems to be
the formation of Chlide a by Chlase or Phein a by
MD or that of C13%-OHChl a by oxidation related
to Chl-degrading peroxidase. Both Chlide g, Phein
a and C13%-OHChl a can be finally degraded to
colorless, low molecular weight compounds.
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Abstract

Postharvest heat treatments by using hot water were applied to Thai lime fruit (Citrus
aurantifolia Swingle cv. Paan) to investigate their effect on chlorophyll (Chl)-degradation
and postharvest quality during storage. Mature green lime fruit were treated with water at
ambient temperature (control) or with hot water at 50 °C for 3 and 5 min and then kept at 25
°C in darkness. The results showed that hot water treatment at 50 “C for 5 min efficiently
delayed the decrease of hue angle values and the éontents of Chl a. Activities of Chl-

degrading enzymes including chlorophyllase, Chl-degrading peroxidase and pheophytinase as

reduction was more pronounced in fruit treated by hot water for 5 min than in those treated

for 3 min. Moreover, heat treatments prolonged storage life by 5 days in fruit treated for 3

" min and by 10 days in fruit treated for 5 min. Hot water treatment at 50 °C for 5 min

maintained the highest total acidity and delayed the increase of total soluble solids contents

during storage. Respiration rate and ethylene production were also reduced by the heat

- treatments. In conclusion, these results suggest that hot water treatment at 50 °C for 5 min

could be a useful method to delay Chl degradation and to maintain postharvest quality in

mature green lime during storage at 25 °C.
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S pheophytin (Phein) a, to give Pheide, has been recently reported (Schelbert et al., 2009).

1. Introduction

Lime (Citrus aurantifolia Swingle cv. Paan) is an economically significant horticultural
crop in Thailand and the production season is from July to September (Pranamornkith et al.,
2005). The lime fruit are generally harvested when the rind is still green, with highly
aromatic compounds. The price of lime fruit strongly depends on its availability and quality
characteristics. Postharvest quality of lime fruit deteriorates quickly after harvest. The most
visible deterioration factor is the loss of peel greenness that usually occurs with chlorophyll
(Chl) degradation (Kaewsuksaeng et al., 2011; Srilaong et al., 2011). For the maintenance of
postharvest quality, it is necessary to retain the green color in the peel of lime fruit as long as

possible.

An early step of Chl a degradation is the removal of the side chain attached to the
tetrapyrrole macrocycle to form chlorophyllide (Chlide) a by chlorophyllase (Chlase). The
Chlide g formed still retains a green color (Shimokawa et al., 1978; Amir-Shapira et al,,
1987). The elimination of Mg?* from Chlide a to produce pheophorbide (Pheide) a is induced
by Mg-dechelatase (MD) (Langmeier et al., 1993; Kaewsuksaeng et al., 2006, 2007) or a Mg-
dechelating substance (MDS) (Shioi et al., 1996; Aiamla-or et al., 2010; Kaewsuksaeng et al.,
2010), and the Pheide a formed loses its green color. Finally, Pheide a is decomposed to
fluorescent Chl catabolites, which are primarily colorless, via a red Chl catabolite by both

Pheide @ oxygenase and red Chl catabolite reductase (Matile et al., 1999). Chl-degrading

- peroxidase (POX) (Yamauchi et al., 2004; Kaewsuksaeng et al., 2007) is also suggested to be

hydroxychlorophyll a. In addition, a new Chl-degrading enzyme, pheophytinase (pheophytin

~ pheophorbide hydrolase, PPH), which would dephytylate the Mg-free Chl pigment,
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94 ; thickness) with the top folded over and stored at 25 °C in the dark. Samples (3 replications)

Heat treatment is frequently used to maintain the postharvest quality of many horticulture
crops. Much research has been performed on the m;lintenancc of quality in broccoli
(Funamoto et al., 2002; Kaewsuksaeng et al,, 2007), celery (Vifia et al., 2007), tomato (Lu et
al., 2010) and peach (Spadoni et al., 2014). Yamauchi et al. (2003) reported that 2 % sucrose
laurate ester with hot water treatment at 50 °C effectively reduces the degreening of green
Nagato-yuzukichi fruit due to the suppression of Chl degradation. Recently, new physical
technology such as UV-B irradiation to retard Chl degradation and maintain postharvest
quality of Tahitian lime (Citrus latifolia Tan.) fruit has been used successfully
(Kaewsuksaeng et al., 2011; Srilaong et al., 2011). However, the effect of the heat treatment

on postharvest quality in lime fruit has not yet been invetsigated. In this study, we therefore

~ examined the effect of hot water treatment on Chl degradation and changes in Chl-degrading

enzyme activities. We also evaluated the physiological changes and resultant quality control

during storage in heat-treated limes.

2. Materials and Methods

2.1. Plant materials and hot water treatment

Mature green Thai limes (Citrus aurantifolia Swingle cv. Paan) were harvested from a
commercial orchard in Nakorn Sri Thammarat Province, Thailand. After transportation to the
laboratory, fruit were selected for uniformity in maturity, size, shape, peel color, and lack of
defects. The fruit were treated with hot water at 50 °C for 3 and 5 min or water at ambient

temperature (control), and then dried for 1 h at ambient temperature.

After hot water treatment, the fruit were kept in polyethylene film bags (0.03mm in
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were removed at 5 day intervals, and the peel tissues were sampled and used for analysis. The
entire experiment was performed in a completely randomized design with three replications.
Each replication represented 20 samples of fruit for each parameter. The results show the

average values with SE.
2.2. Surface color and chlorophyll assays

The surface color of lime fruit was determined by measuring the hue ‘angle with a
colorimeter (Nippon Denshoku NF 777). Chl a content was determined using N,N-

dimethylformamide (Moran, 1982).
2.3. Preparation of chlorophyll a and resulting derivatives

2.3.1. Chlorophyll a

Spinach leaves were homogenized for 3 min in cold acetone. The homogenate was
filtrated through two layers of Miracloth (Calbiochem). The filtrates were treated with
dioxane and distilled water and then kept for 1 h on ice. The filtrates were centrifuged at
10,000g for 15 min at 4 °C. After centrifugation, the pellets were treated again with acetone,

dioxane, and distilled water, and then kept for 1 h on ice. Afterwards, the soluble pellets were

centrifuged at 10,000g for 15 min at 4 °C and subsequently dissolved in petroleum ether.

Soluble chlorophyll in petroleum ether was stored at 20 °C until the individual pigments were

five hundred pg mi™ of Chl a was prepared in acetone.
2.3.2. Chlorophyllide a

Chlide a was prepared from a Chl @ acetone solution (500 pg mL!). The reaction mixture
was incubated at 25 °C for 40 min. The reaction was stopped using acetone and the remaining

Chl a was separated by hexane. The lower part of the reaction mixture was used as the Chlide

a.



119
120

121

122
123

124

125

126

127

128

129

130
-131

132

133

134

135

136

137

138

139

140

141

2.3.3. Pheophytin a

Phein a was prepared by adding one drop of 0.1 N HCl into the Chl a acetone solution
(500 pg ml ™). After 2 min, 0.1 N NaOH was added to neutralize the solution, which was then

employed as the substrate in the assays.

2.4. Analyses of chlorophyll-degrading enzyme activities

An acetone powder (500 mg) of peel tissues was suspended in 15 mL of 10 mM
phosphate buffer (pH 7.0) containing 0.6% CHAPS for Chlase. For MDS, an acetone powder
(500 mg) of peel tissues was suspended in‘ 15 mL of 50 mM phosphate buffer (pH 7.0)
containing 50 mM KCl and 0.24% Triton-X 100 or in 15 mL of 10 mM phosphate buffer (pH
7.0) for Chl-POX. For PPH, an acetone powder (500 mg) was suspended in 15 mL of 50 mM
Tris-HCl buffer (pH 8.0). The crude enzyme was stirred for 1 h at 0 °C, and the mixture was
filtered with two layers of Miracloth. The filtrate was then centrifuged at 16,000g at 4 °C for
15 min. The supernatant was used as the crude enzyme extract. Triplicates of supernatant
were utilized in each determination. The enzyme protein contents were determined on the

basis of Bradford’s method (1976).
2.4.1. Chlorophyllase activity

The reaction mixture contained 0.5 mL of 0.1 mM phosphate buffer (pH 7.5), 0.2 mL of

500 pg mL"! Chl a acetone solution (100 pg mL™), and 0.5 mL of enzyme solution. The

reaction mixture was incubated in a water bath at 25 °C for 40 min, and the enzyme reaction

" was stopped by adding 4 mL of acetone. Chlide a was separated by adding 4 mL of hexane.

The upper phase contained the remaining Chl a while the lower phase contained the Chlide a.



142

143

144
145

- 146
147

148

149

150

151

152

153

154

. 155

156

157

- 158

159

160

- 161

162

163

The activity was spectrophotometrically detected by Chlide a formation at 667 nm per unit

~ per mg protein.

2.4.2. Chlorophyll-degrading peroxidase activity

Chlorophyll-degrading peroxidase (Chl-POX) was determined as previously described
(Yamauchi et al., 1997). The reaction mixture contained 50 pL of enzyme solution, 100 uL
of 1.0% Triton-X 100, 100 pL of 5 mM p-coumaric acid, 100 pL of 500 pg mL" Chl a
acetone solution, 500 pL of 0.2 mM phosphate buffer (pH 5.5) and 50 pL of 0.3% hydrogen
peroxide. The activity was determined spectrophotometrically by measuring the decrease of

1.0 pg of Chl a at 668 nm per min per mg protein at 25 °C.
2.4.3. Mg-dechelation activity

Mg-dechelation activity by MDS using Chlide a was determined by the method of
Kaewsuksaeng et al. (2006). The reaction mixture contained 0.75 mL of 10 mM phosphate
buffer (pH 7.5), 0.25 mL of Chlide a (8.80 pg) acetone solution and 0.2 mL of enzyme
solution. The activity of the Mg-dechelating substance was measured on the basis of Pheide a

formation by following the change in OD at 535 nm per min per mg protein.

2.4.4. Pheophytinase activity

PPH was determined by the method of Aiamla-or et al. (2012). The reaction mixture
contained 0.5 mL of 50 mM Tris-HCI buffer (pH 8.0), 0.2 mL of Phein a (22.40 pg) acetone
solution and 0.5 mL of enzyme solution. The reaction mixture was incubated in a water bath
at 25 °C for 40 min, and the enzyme reaction was stopped by adding 2 mL of acetone. After

that, the sample was recorded while performing the spectrophotometric measurement at 667
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nm. The activity of PPH was calculated with the Pheide a formation (mole) per min per mg

prdtein.

2.5. Determination of ethylene production and respiration rate

The rate of ethylene production from lime fruit was rﬁcasured by gas chromatography, with a
flame ionization detector (FID) equipped with an 80/100 mesh Porapack-Q column with
nitrogen as a carrier gas. Two fruit, in a 150 mL sealed plastic container, were incubated at
room temperature for 1 h. A 1 mL gas sample was withdrawn from the head-space and used
for ethylene determination. Respiration rates were also determined by gas chromatography
using an 80/100 mesh Porapack-Q column and a thermal conductivity detector (Chromatopac

C-R 8A; Shimadsu Co.)

2.6. Postharvest quality parameters

The titratable acidity (TA) of fruit juice was measured by titrating 5 mL juice with 0.1 M
NaOH, using 1-2 drops of 1% (v/v) phenolphthalein as an indicator until the end-point.
Titratable acidity was expressed as percentage of citric acid (meq. citric acid = 0.064). Total
soluble solid (TSS) contents were determined using a hand refractometer (Model N1; Atago

Co., Tokyo, Japan). Readings are shown as %.
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3. Results
3.1. Effect of hot water treatment on postharvest qualities of lime fruit

Lime fruit without hot water treatment (control) remained green for 4 days of storage at
25 °C and turned to yellow on day 5. In comparison, hot water-treated fruit remained green
through 10 days of storage. All treatments resulted in storage life of 25, 30 and 35 days for
control and hot water treatments at 50 °C for 3 and 5 min, respectively. Surface color was
also evaluated using hue angle. As shown in Fig. 1, the hue angle value in the control
declined significantly during storage associated with yellowing of fruit peel. In contrast, that
in hot water-treated lime fruit changed only slightly during storage. Titratable acidity was
expressed as a percentage of the citric acid content, which is a major organic acid in lime fruit.
In the control, acidity decreased after 5 days of storage, while that in hot water-treated fruit at
50 °C for 5 min increased constantly until day 35 (Fig. 2A). Figure 2B shows the total soluble
solids indicative of sugar level changes in fruit with or without hot water treatment durfng
storage. The total soluble solids in the control considerably increased on day 10 and then
decreased during storage. With hot water treatment, those contents were unchanged during
storage. However, the total soluble solids of hot water-treated fruit at 50 °C for 5 min were

higher than for 3 min.

3.2. Effect of hot water treatment on chlorophyll degradation and chlorophyll-degrading

enzyme activities in lime fruit

Hot water treatment at 50 °C for 5 min in lime fruit delayed the reduction of Chl a content
more than any other treatment, as shown in Fig. 3. The Chl a content in peel from fruit
treated with hot water delayed the reduction during storage, whereas that in the control

sharply decreased during storage after day 10 until the end of storage.
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In Fig. 4A, Chlase activity in all the treatments increased during storage at 25 °C. The
activity with hot water treatment at 50 °C for 5 min was lower than that in other treatments.
Chl-POX activity markedly increased in both the control and the hot water-treated fruit
during storage. However, the activity was lower in hot water-treated fruit at 50 °C for 5 min
than for 3 min and the control (Fig. 4B). Mg-dechelation activity was examined using Chlide
a as a substrate (Fig. 5A). In 3 treatments, Mg-dechelation activity showed an increase in the
first 5 days of storage, and after that showed a sharp decrease until the end of storage. The
activity was lowest in hot water-treated fruit at 50 °C for 5 min. Moreover, PPH activity also
started to increase on the first 5 days and then decreased slightly during storage in all
treatments. The activity in hot water-treated fruit at 50 °C for 5 min was the most effective for

suppression during storage (Fig. 5B).

3.3. Effect of hot water treatment on postharvest physiology in lime fruit

A climacteric pattern of ethylene production was observed in the fruit. Ethylene production
rates of the control fruit slightly increased during storage, whereas in the hot water treatment
they declined in the first 5 days and increased until the end of storage, especially in hot water-
treated fruit at 50 °C for 3 min. Nevertheless, hot water treatment at ?0 °C for 5 min
effectively suppressed ethylene production during storage compared to the other treatments
(Fig. 6A). The respiration of lime fruit was unchanged throughout storage in the treatment at
50 °C for 3 min and in untreated fruit (Fig. 6B). The respiration rate was slightly reduced by

hot water treatment at 50 °C for 5 min in lime fruit.
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4, Discussion

For postharvest horticul@al crops such as leafy vegetables, broccoli florets, and limes,
one of the main factors related to quality deterioration is the loss of green color with Chl
degradation (Win et al. 2006a; Kaewsuksaeng et al., 2011; Srilaong et al, 2011). The
maintenance of green color in the peel of Thai limes during storage and shelf-life is required
for fruit to maintain their value prices (Pranmornkith et al., 2005). Due to consumer interest
in decreasing the postharvest use of chemicals, heat treatments such as hot water, hot air, and
vapor heat treatment have gained interest for the control of fruit quality. Heat treatment has

also been demonstrated to show physiological effects on the control of ripening and

~ senescence and tolerance to postharvest chilling injury in fruit and vegetables (Fallik, 2004;

Lurie and Mitcham, 2007).

The effects of postharvest stress treatments such as heat and UV treatments on yellowing

- _or degreening were determined in stored horticultural produce (Yamauchi, 2013). Broccoli

floret yellowing was effectively retarded during storage treated with hot air at 50 °C for 2 h

(Funamoto et al., 2002). Additionally, heat treatment at 45 °C for 2.5 and 3 h had an

inhibitory effect on Chl degradation, but the effect was less than that of 50 °C for 2 h

min with a solution of 2% sucrose laurate ester delayed degreening in Nagato-yuzukichi

(Citrus nagato-yuzukichi hort. Ex Y. Tanaka). Green yuzu (Citrus junos Siebold ex Tanaka)
and Nagato-yuzukichi hot water treatments at 40 and 45 °C efficiently suppressed the decline
of hue angle values during storage at 25 °C. Yuzu fruit treated with hot water at 40 °C for 5

and 10 min and Nagato-yuzukichi fruit treated at 45 °C for 5 min kept their green peel color

- (Ogo et al,, 2011). In the present study, Thai lime fruit were treated with hot water at 50 °C
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hot water treatment at 50 °C for 5 min retarded Chl breakdown with delayed decline of hue
angle value and Chl g and b contents in the lime fruit peel.

Heat treatment has been known to reduce the Chl degradation through the suppression of
activities of Chl-degrading enzymes, including Chlase, Mg-dechelation activity, Chl-
degrading peroxidase, and Chl oxidase (Funamoto et al., 2002; Costa et al., 2006;
Kaewsuksaeng et al., 2007). UV-B irradiation in Tahitian lime (Citrus latifolia Tan.)
(Kaewsuksaeng et al., 2011) also suppressed the activities of Chi-degrading enzymes such as
Chlase, Mg-dechelation, Chl-degrading peroxidase and PPH. In this study, hot water
treatment at 50 °C for 3 and 5 min also effectively suppressed the enhancement of Chlase and
Chl-POX activity during storage in lime fruit, especially the latter. Mg-dechelation and PPH

activities in hot water-treated lime fruit at 50 °C for 5 min reduced after a temporary increase

. during storage. Chlase activity in the control gradually increased with senescence during

storage in Thai lime (Citrus aurantifolia Swingle cv. Paan), the same as in Tahitian lime fruit
(Kaéwsuksaeng et al., 2011). In contrast, it was previously reported that Chlase activity
decreased with degreening of Citrus nagato-yuzukichi (Y amauchi et al., 2003) and broccoli
florets (Aiamla-or et al., 2010). We also found that Chlase activity was tentatively suppressed
in lime fruit throughout storage by hot water treatment at 50 °C for 5 min. The mature green
lime was shown to have a high accumulation level of Chlide a during storage (Srilaong et al.,

2011), which suggests that the high level of Chlide a is due to the increased Chlase action in

which catalyzes the conversion of Chl a to Chlide a and phytol (Harpaz-Saad et al., 2007).
Our results indicated that Chl-POX activity markedly increased in lime fruit during
storage, but its activity was clearly suppressed throughout the storage period with hot water

treatment at 50 °C for 5 min. In lime fruit, Chl a can be degraded by Chl-POX (Win et al.,

- 2006a) to form the oxidized Chl a, 13%-hydroxychlorophyll a, which did not accumulate



283 -

- 284

285

286

287

288

289

290

291

292

293

294

295

296

297
298

299

- 300 -

301

302

‘303?

304

305

306 .

307

13

during storage by UV-B treatment (Aimala-or et al., 2010). Mg-dechelation activity by MDS
was also determined by using Chlide a as a native substrate in lime fruit. MDS, which is a
small molecule and heat-stable substance, was required to remove the magnesium atom from
Chlide a (Suzuki et al., 2005; Kaewsuksaeng et al., 2010). We found that Mg-dechelation
activity increased sharply in day 5 after hot water treatment due to the stress from high
temperature and after that hot water treatment at 50 °C for 5 min also effectively inhibited
Mg-dechelation. These results were similar to those by Kaewsuksaeng et al. (2011) that Mg-

dechelation activity in Tahitian lime increased slightly in the control and that UV-B treatment

~ also effectively suppressed the enhancement of Mg-dechelation. Srilaong et al. (2011)

demonstrated that the Pheide a level declined in UV-B-treated fruit, especially during the

: development of yellowing. This indicates that the degradation of Chlide a to Pheide a might

be suppressed by UV-B. Further study needs to clarify the Chl derivatives and Chi-degrading

enzymes in heat-treated lime fruit. These findings show that Mg-dechelation activity is

~ significantly involved in the Chl-degrading process in lime fruit peel.

Recently reported as a new Chl-degrading enzyme, PPH dephytylates Phein a to form

Pheide . It is inferred that PPH activity measured in this study might include some activity

~ of chlorophyllase, since it can also dephytylate Phein a along with Chl a (McFeeters et al.,

1971; Minguez-Mosquera et al., 1994). Kaewsuksaeng et al. (2011) showed that PPH activity
gradually increased during storage in Tahitian lime fruit, while the UV-B treatment
effectively suppressed PPH activity. For broccoli florets, it was found that PPH activity with

or without UV-B treatment also increased during storage at 15 °C, but UV-B did not

. significantly affect PPH activity (Aiamla-or et al., 2012). In contrast, our results found a

temporary increase in PPH activity in Thai lime after heat treatment, after that a decline
during storage of lime fruit. However, hot water treatment at 50 °C for 5 min could greatly

inhibit PPH actiyity in lime fﬂllt These findings seems to be due to the suppression of Chl-
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degrading enzymes such as Chlase, Mg-dechelation, Chl-degrading peroxidase and PPH
activities by stress treatment such as hot water in Thai lime fruit. Further study needs to be
carried out to clarify the characterization of Chl-degrading enzymes in relation to Chl

degradation of lime fruit.

Besides Chl degradation, ethylene production and respiration rate were also determined.

The results showed that the endogenous ethylene production slightly increased from mature

. greento full yellow in the control, while that in the hot water-treated fruit at 50 °C for 5 min

did not change during storage. Application of heat treatment such as hot water at 50 "C for 5
min significantly reduced ethylene production. This might be because of the suppression of
ethylene production by hot water treatment due to the decrease of ACC (1-
aminocylocpropane-1-carboxylic acid) oxidase action in the ethylene pathway in lime fruit
(Win et al., 2006b). The composition changes in relation to quality occur during the storage
of lime fruit. The citric acid content, determined as titratable acidity in lime fruit, showed a
slight change during storage. This content was higher in hot water- treated fruit at 50 °C for 5
min than any other during storage, suggesting that this acid might be maintained due to the

suppression of respiration rate by hot water treatment. Hot water treatment was similar to a

. UV-B treatment in maintaining the acid content in lime fruit (Kaewsuksaeng et al., 2011).

Hot water treatment at 50 °C for 5 min also suppressed the changes in total soluble solids
during storage. On the other hand, total soluble solids in the control increased with the
advance of senescence. The results agree wifh the effect of heat treatment on reducing sugar
level changes (Lemoine et al, 2008). Thus, hot water treatment seems to be a useful
treatment for the maintenance of postharvest internal quality in lime fruit.

In conclusion, the findings obtained in the present study show that heat treatment such as
hot water at 50 °C for 5 min effectively retarded the Chl degradation in Thai lime fruit during

storage. Hot water treatment at 50 C for 5 min also suppressed activities of Chl-degrading
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enzymes, such as Chlase, Chi-POX, Mg-dechelation, and PPH, indicating that the inhibition
of those enzyme activities by heat treatment could be involved in the retardation of Chl
degradation in stored lime fruit. Furthermore, hot water treatment at 50 °C for 5 min reduced
physiological changes such as ethylene production and respiration rate during storage. Hot
water treatment at 50 °C for 5 min induced a gradual increase in titratable acidity and
suppressed the increase of total soluble solids during storage. We conclude that hot water
treatment at 50 °C for 5 min could be a useful method to prolong the postharvest quality of

Thai lime fruit during storage.
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4 Legends of Figures

Figure 1. Changes in the hue angle value in lime fruit treated with hot water at 50 °C for 3 or
5 min during storage at 25 °C. Vertical bars represent the average values with SE (n
=3).

Figure 2. Changes in titratable acidity (A) and total soluble solids (B) of the juice in lime fruit
treated with hot water at 50 °C for 3 or 5 min during storage at 25 °C. Vertical bars
represent the average values with SE (n = 3).

Figure 3. Changes in Chl a content in lime fruit treated with hot water at 50 °C for 3 or 5 min
during storage at 25 °C. Vertical bars represent the average values with SE (n = 3).
Chl: chlorophyll

Figure 4. Changes in Chlase (A) and Chl-POX (B) activities in lime fruit treated with hot
water at 50 °C for 3 or 5 min during storage at 25 °C. Vertical bars represent the
average values with SE (n=3).

Chlase: chlorophyllase , Chl-POX: chlorophyll-degrading peroxidase

Figure 5. Changes in Mg-dechelation (A) and PPH (B) activities in lime fruit treated with hot
water at 50 °C for 3 or 5 min during storage at 25 °C. Vertical bars represent the
average values with SE (n = 3).
PPH: pheophytinase

Figure 6. Changes in ethylene production (A) and respiration rate (B) in lime fruit treated
with hot water at 50 °C for 3 or 5 min during storage at 25 °C. Vertical bars
represent the average values with SE (n = 3).
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