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Optimum Broccoli Packaging Conditions to Preserve

Glutathione, Ascorbic Acid, and Pigments
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Summary

Changes in chlorophyll, carotenoid, ascorbic acid, and glutathione levels were determined dur-
ing broccoli storage in 9 controlled atmospheres ranging from 0 to 10% O, and 2 to 20% CO,
concentrations. In low O, concentration, the level of glutathione decreased, whereas in high O,
and low CO; concentrations, the level of chlorophyll and ascorbic acid decreased significantly. A
mixture of 2% O, and 4 to 10% CO, was found to be optimum for simultaneous maintenance of
pigments, ascorbic acid, and glutathione. Respiration models were developed as functions of
storage time and Oz and CO- concentrations using a multiple regression analysis based on these
gas compositions. When the modified atmosphere gas environment inside a broccoli package was
simulated, an optimum gas condition of 2% O, and 5% CO, was derived using a film having a
1,000 ml/day/atm O, transmission rate. Simulation result agreed well with experimental data.

Key Words:

Introduction

Modified atmosphere packaging (MAP) is used to
maintain the quality of fresh fruits and vegetables (Kad-
er et al., 1989). Proper packaging films and optimized
packaging design can favorably alter the gas composi-
tion inside the package. Low O» and elevated CO, low-
er the respiration and transpiration rates of fresh pro-
duce and extend shelflife (Kader, 1986; Brecht, 1980).
The most common storage problems with broccoli are
the yellowing of florets, the development of undesirable
odors, stem toughening, and mold (Kasmire et al.,
1974; Lipton and Harris, 1974). Color (Makhlouf et al.,
1989; Wang, 1979) and chemical components, such as
ascorbic acid and chlorophyll (Perrin and Gaye, 1986;
Wills et al., 1984) are measured to determine the qual-
ity of fresh produce.

Fruits and vegetables contain many nutrient that con-
tribute to maintaining human homeostasis (Tateishi et
al., 1980; Iwata, 1980). Glutathione is such nutrient
found in many vegetables (Nakagawa et al., 1986); its
level is a factor in controlling maximum phytochelatin
synthesis (Fujita and Izumi, 1990), and is related to the
seasonal growth pattern of deciduous trees (Schneider
et al., 1994; Schupp et al., 1991). Information on glu-
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tathione in harvested plants is scarce, however.

Hirata et al. (1995) observed that glutathione was sig-
nificantly decreased by low concentrations of oxygen
but not by high concentrations of carbon dioxide in a
controlled atmosphere. Gas conditions suitable for
maintaining glutathione differed from those favoring
ascorbic acid and chlorophyll.

We determined the optimum gas conditions for main-
taining glutathione, ascorbic acid, and chlorophyll by
using 9 different oxygen and carbon dioxide concentra-
tions. Earlier studies attempted to simulate the gas
composition inside the package by computer (Ishikawa
et al., 1992; Sato et al., 1993), whereas our packaging
design creates a suitable gas composition in MAP by
computer simulation to maintain glutathione, ascorbic
acid, and pigments.

Materials and Methods

Broccoli

Heads of ‘Ryokurei’ broccoli (Brassica oleracea L.
var. italica cv. Ryokurei) were obtained from a local
market in Tsuchiura. Broccoli heads were held at 15 °C
and 90% RH before packaging and storage. Heads
were trimmed to about 200 g, packaged, and stored
within 2 hours after arrival at the laboratory.
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Controlled atmosphere conditions

Broccoli heads were placed in chambers (volume : 30
/) in a dark room at 15 °C and 90% RH and stored for
a maximum of 8 days. Oxygen, nitrogen, and carbon
dioxide were mixed by a gas blender (Kofloc Gas Blen-
der GB-3BS) and fed into chambers through a water
tank for humidification at 400 ml/min, which is suffi-
cient to maintain a constant gas composition (Table 1).
Broccoli packaged in perforated (6 mm diam. X 8)
polyethylene film was stored as a control.

Respiration models

Respiration models for predicting changes in gas
composition in packages were constructed as proposed
by Sato et al. (1993). Samples of fresh broccoli were
packaged in different polymeric films (oxygen per-
meability : 1,900-7,640 ml/m” - day - atm at 15 °C) and
stored at 15 °C for 8 days. Gas compositions in pack-
ages were regularly monitored by a gas chromatograph
according to Hirata et al. (1993). Respiration rates were
calculated from continuous changes in gas composition
in packages, surface area, initial package void volume,
and film gas transmission rate. Respiration models were
developed based on O, and CO; concentrations and
storage time, by using multiple regression analysis.

Maodified atmosphere conditions

Broccoli, weighing 200 g, was placed in a polymeric
pouch and kept in a dark room at 15 °C and 90% RH
for 7 to 8 days. Six types of film were used for modified
atmosphere packaging (MAP) (Table 4). The film gas
transmission rate was determined, using a Gasperm-100
(Nihon Bunko Inc., Tokyo, Japan). Broccoli, packaged
in perforated (6 mm diam. X 8) polyethylene films, was
stored as a control sample.

Chemical analysis

Broccoli florets were cut and homogenized with ice to
minimize changes in glutathione, ascorbic acid, and pig-
ments during pretreatment. Samples of 2.0 g for chlor-
ophylls and carotenoids, 0.5 g for ascorbic acid, and 1.0
g for glutathione-related compounds were placed in in-
dividual test tubes, extracted, and the respective com-
pounds measured using HPLC as reported by Hirata et
al. (1995). In this experiment, duplicate samples were
analyzed for glutathione, ascorbic acid, and pigments.

Results and Discussion

Changes in compounds under controlled conditions

Broccoli was stored (Table 1), and changes in glu-
tathione, ascorbic acid, and pigments concentrations at
the initial day and 6 days after storage were determined
(Table 2). In chambers 1, 2, and 3, which maintained
low O, levels, chlorophyll, carotenoid, and ascorbic
acid were maintained at relatively high levels during

Table 1. Oxygen, carbon dioxide and nitrogen concentrations
within chambers for controlled atmosphere storage.

Gas concentration (%)”

Chamber

' 0, CO, N,
1 0 (0) 20 (21.30 £0.02) 78 (78.70 £ 0.02)
2 1 (0.93 +0.03) 4 (377 £0.16) 95 (9529 +£0.13)
3 1 (1.21 £ 0.08) 10 (998 £0.08) 89 (88.80 £ 0.01)
4 2 (207 £0.17) 4 (399 £0.04) 94 (93.94 £ 0.18)
5 2 (220 +£0.14) 10 (9.89 £0.08) 88 (87.90 £0.12)
6 4 (3.75 £ 0.06) 2 (1.99 £0.01) 94 (94.27 £ 0.05)
7 4 (4.15+£0.20) 4 (4.06£0.03) 92 (91.79 +£0.23)
8 7 (690 £009 2 (1.98=001) 91 (91.12 = 0.08)
9 10 (9.85 £ 0.06) 2 (2.13+£0.10) 88 (88.02+0.05)

~

Programmed concentration (actual concentration, mean = SD)

Table 2. Changes in glutathione, chlorophyll, carotenoid and
ascorbic acid in broccoli within chambers in initial and
6 days after storage.

Glutathione ~ Chlorophyll ~ 2-carotene  Ascorbic acid

Chamber /100 g fw) (mg/100 g fw) (mg/100 g fw) (mg/100 g fw)
1 38.0°= 21.6°  50.0=252.6 1.95=1.93 87.0> 44.5
2 3802 292 50.0=464 1952170 8702619
3 3802 327 5002426  1.9521.65 = 87.0=50.1
4 4902 926 4622457 1612132 97.1=67.2
5 4902 719 462391 1612124  97.1269.1
6 53451028 3772372 1072206 116.0=453
7 5341112 3772387 1072174 11602389
8 53421202 3772276 1072205 11602 24.1
9 5341553 500203  2.1220.87 10272 10.6
Initial

Y After 6 days

Table 3. Respiration models for predicting changes in
in-package gas composition.

Model Equation

1 =0, consumption rate RO, = 1.98 X 10° X [0,]-2.79 X 10° X [CO,])"” + 1.63 X 10’

r=0956
RCO, = ~2.18 X 10° X T"=8.40 X 10° X [CO," +3.07 x 10
XT-633%10° X T [05) +3.53 X 10°

r=0.721

2 = CO, evolution rate

storage, but glutathione decreased to a low level. In-
versely, in chambers 6, 7, 8, and 9, which maintained
high O, and low CO levels, glutathione increased gra-
dually, but chlorophyll, carotenoid, and ascorbic acid
decreased rapidly. Optimum gas conditions under which
glutathione did not decrease and chlorophyll,
carotenoid, and ascorbic acid retained at least half of
their initial content were in chambers 4 (O2 : 2%, CO;
:4%) and 5 (Oz : 2%, CO, : 10%). Thus, an O, con-
centration of 2% and a CO; concentration of 4-10%
were found to be optimum conditions for maintaining
glutathione, ascorbic acid, and pigments in broccoli.
Glutathione content tends to increase during storage
except at low oxygen concentrations. Rennenberg
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(1984) suggested that glutathione mediats the response
of plant cells to biological stress. Hirata et al. (1995)
surmised that glutathione increases in harvested brocco-
li were caused by mechanical stress such as handling
and trimming during packaging and storage. Iwahashi et
al. (1996) reported that detached Brassica leaves with
stems kept in 3 mM reduced glutathione, showed in-
creased intracellular glutathione levels, and decreased
chlorophyll content. These results suggest that degrada-
tion of chlorophyll in detached Brassica leaves was
greatly influenced by the intracellular glutathione con-
centration. Our data reveal that increased glutathione
and decreased chlorophyll in broccoli during storage
agreed with the finding of Iwahashi (1996). Further
study will be required, however, to clarify the reasons
for this glutathione increase during storage.

Respiration Models

Equilibrium was observed in low O, and high CO,
concentrations in packaging with a low gas transmission
rate, and the opposite trend was observed in packaging
with a high gas transmission rate (Fig. 1). Three diffe-
rent O, and CO, concentration curves covered the
possible gas concentration range of MAP for fresh pro-
duce. This data was used for respiration models. Multi-
ple regression analysis was conducted to determine re-
spiration models (Table 3), the Oz consumption rate
(ROy), and CO; evolution rate (RCO,) were presented
as functions of oxygen concentration ([O;]), carbon
dioxide concentration ([COz]), and storage time([T]),
where [O2] and [CO;] are in fractions and T in days.

In general, the O, transmission rate is 35 times that
of N2 and the CO: rate is 3-5 times that of O>. We

25
c20
L
s
-;15 .
o N
-~ ~
§10- Q~-~ hhhhhhhh
s | 5
n 5=1"\ e
4 ~’\K~-----_--“I—'-"-Z&A
w s'\
B
0 e tc

0 2 4 6
Storage time, day

Fig. 1. Changes in gas concentration in three pouch types for
packaging fresh broccoli for constructing respiration models
proposed by Sato et al. (1993).

— Oxygen, -~ Carbon dioxide
A : LDPE (18 ym, 27X40 cm) B : LDPE (18 xm, 20X26
cm) C : LDPE (29 pm, 20XX24 cm)

simulated in-package gas concentration changes, assum-
ing that the CO, : O, : N, gas transmission ratio was 9
: 3 : 1. When gas concentrations were simulated at a O,
transmission rate of 1,000 ml/day/atm, a steady equilib-
rium of 2% O, and 5% CO, concentrations was
attained (Fig. 2). Using polymeric films for a lower O2
transmission rate, the gas condition in pouches changed
to low O3 and high CO, concentrations, decreasing glu-
tathione content. On the other hand, when high per-
meability film was used, high O, and low CO, concen-
trations were not effective as MA packaging, therefore,
ascorbic acid and chlorophyll decreased.

A pouch, that has an O, transmission rate of 1,000
ml/day/atm corresponds to a LDPE film (29 xm) of
0.175 rn2, was calculated to have an O, transmission
rate of 5,700 ml/m? - day - atm at 15 °C. To create suit-
able MAP for fresh broccoli, Sato et al. (1993) used
LDPE film (17.5 xm thick, 0.124 m® surface area),
Miyazaki (1985) tried a LDPE film (30.0 xm thick,

Table 4.  Film type, thickness, size and gas transmission rate
of polymeric film used to verify packaging conditions
calculated by computer simulation.

Gas transmission rate

Film Thickness (ce/m” - day - atm) Surfacg area
(e m) (m")
N2 02 COZ
a OPP 24 250 1,900 6,900 0.0972
b OPP 24 250 1,900 6,900 0.1998
¢ LDPE’ 29 1,100 5,700 28,500 0.0972
d LDPE 29 1,100 5,700 28,500 0.1998
e LDPE 18 2,150 7,640 33,900 0.1040
f LDPE 18 2,150 7,640 33,900 0.2170

Oriented polypropylene
Low density polyethylene
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Fig. 2. Computer simulation of gas concentration in polymeric
film, assuming oxygen transmission rate of 1,000
ml/day/atm.
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Fig.3. (a) Changes in oxygen and carbon dioxide concentrations in packege in Table 4 (d)

—Onxygen, -~ Carbon dioxide

(b) Changes in chlorophyll, carotenoid, ascorbic acid and glutathione content in packege in Table 4 (d)
—@— Chlorophyll, --ll}-- Carotenoid, --4-- Ascorbic acid

--4-- Glutathione

0.175 m? surface area) at 15 °C. Their pouches had O,
transmission rates from 950 to 960 ml/day/atm. These
data support the use of computer simulation for design-
ing suitable MA conditions.

Verification

Respiration models predicted that, in a pouch with an
O, transmission rate of 1,000 ml/day/atm, O, and CO,
concentrations would be equilibrated at 2% and 5%.
This MAP also maintained chlorophyll, ascorbic acid,
carotenoid, and glutathione in fresh broccoli. This pre-
diction was verified, using the pouch in Table 4(d)
which had O, transmission rate (O transmission rate X
surface area) of 1,140, closest to 1,000 ml/day/atm.
Changes in O, and CO; concentration during broccoli
storage in MAP (Fig. 3(a)) were rapid, reaching con-
centrations of 2 and 5%. Experimental data agreed well
with simulation results (Fig. 2).

Experimental gas concentrations reached equilibrium
two days after the start of storage, earlier than pre-
dicted by computer, probably due to the difference in
the initial void volumes of packages and the CO; trans-
mission rate of the film. Differences in time until
equilibrium was reached were very slight, and were
found to not affect changes in chlorophyll, carotenoid,
ascorbic acid, and glutathione in broccoli.

Changes in chlorophyll, carotenoid, ascorbic acid,
and glutathione (Fig. 3(b)) during MAP storage suggest
that the MAP condition (Table 4(d)) was suitable for
maintaining fresh broccoli components. It was also
found that low gas permeability film created anaerobic
conditions in packages and decreased glutathione. In
contrast, high gas permeability film did not lower the
O2 concentration, so chlorophyll, ascorbic acid, and

carotenoid decreased.

Fresh produce has many important components, e.g.,
nutritional, hedomic, and functional. The dependence
of these components on the gas environment differ,
suitable MAP conditions depend on the components to
be maintained and differ between vegetables and fruits
(Dilley, 1978). The results of our study indicate that an
optimum packaging condition maintains essential com-
ponents and desirable gas concentrations for storage
under controlled atmosphere. Our data helped to de-
sign respiration models and simulate gas concentrations.
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