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Abstract: Fresh asparagus (Asparagus officinalis L.) deteriorates rapidly after harvest. Early enzymatic changes that fol-
low harvesting of asparagus are important factors contributing to postharvest deterioration. We held asparagus spears at
25°C for up to 5 days after harvest and examined changes in the activities of Acid invertase (Al), Sucrose Synthase (SS),
Glutamine Synthetase (GS) and Phenylalanine ammonia Lyase (PAL) in both top and bottom portions of the spears. Solu-
ble Al activity increased during the first day of storage and after that it decreased gradually up to five days in both top and
bottom portions. Sucrose synthase activity was higher in the bottom portion than in the top; its activity declined daily for
five days. Sucrose content was negatively correlated with invertase and sucrose synthase in both portions.GS enzyme ac-
tivity in both top and bottom portion declined throughout the experimental period which may be related to increased am-
monia accumulation. The increase in PAL activity continued until day 3 and declined thereafter.
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INTRODUCTION

Asparagus (Asparagus officinalis L.) is a highly perish-
able vegetable that is difficult to keep fresh due to its high
mechanical and physiological fragility [1]. Harvesting and
handling of asparagus impose a series of stresses on the
spear tissue, including wounding, separation from nutrient
supply, and dehydration [2]. Fresh green asparagus deterio-
rates rapidly after harvest, with physiological changes in-
cluding toughening, changes in flavor, and losses of chloro-
phyll, ascorbic acid, soluble carbohydrate, protein and amino
acid [3-5]. There is evidence that 1) rapid decline of carbo-
hydrates in the spear tip triggers or signals deterioration in
the whole spear [6] and 2) spears stored at 25°C usually have
a shorter shelf life [3]. The tip region of the spear, compris-
ing immature, rapidly developing and growing tissue, is par-
ticularly susceptible to harvest stress and is usually the first
part of the spear to show symptoms of deterioration. Within
48 h of harvest, respiration rate of florets declines markedly,
protein is lost, free amino acids increase and ammonia can
accumulate [2]. In freshly harvested asparagus spears fluc-
tuation in the activity of PAL, which catalyzes the conver-
sion of L-phenylalanine to trans-cinnamic acid, is thought to
play an important role in lignin synthesis and, therefore,
toughening [7]. Major postharvest deterioration of asparagus
spears occurs within 24 h of harvest [3-8]; thus, an under-
standing of the underlying enzymatic changes occurring in
harvested spears may help us to understand and overcome
early postharvest deterioration.

Recently, tremendous progress has been made in charac-
terization of the processes involved in postharvest deteriora-
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tion of asparagus spears. Molecular studies, especially those
concerning postharvest changes in tips of harvested aspara-
gus spears [8, 9], have shown asparagine synthetase (AS)
gene expression during storage may play a role in the under-
lying regulatory mechanism of tissue degredation, and may
provide opportunities for regulating the shelf life. Most stud-
ies, however, have concentrated on quality loss of stored
asparagus, and there has been little enzymatic analysis in
relation to postharvest deterioration. As the first step towards
understanding and therefore controlling the postharvest dete-
rioration of asparagus spears during storage, we examined
the changes in Al, SS, GS and PAL activity in relation to
changes in sugar content, ammonia accumulation and fiber
content in both top and bottom portions of the spears.

MATERIALS AND METHODS
Plant Material and Storage

Green asparagus spears (Asparagus officinalis L. cv.
Welcome) manually harvested from a commercial crop in
Miki-cho, lkenobe, Kagawa, Japan were obtained directly
from a packing house. This cultivar was selected due to its
adaptation to moderate cooler conditions and availabilty
throughout the country. Spears were hand harvested and
trimmed to approximately 25 cm length. Straight, undam-
aged spears with closed bracts and with no obvious signs of
disease were put in plastic bags and held at 25°C for up to 5
days. At harvest (initial) and at 24 h intervals the spears were
weighed, breaking force was measured and the tissue frozen
at -30°C for sugar, ammonia and enzyme analysis.

Enzyme Extraction for Acid Invertase

Each spear was cut into two equal halves (designated as
top and bottom portions) just before extraction. Approxi-
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mately 10 g of sample from each portion was mixed with 1%
of polyvinylpolypyrrolidone (PVPP) and 1 g sea sand. The
sample was then homogenized using a cooled mortar and
pestle with 10 ml of 0.2 M C-P buffer (pH 5.0). The result-
ing homogenate was then filtered through four layers of cot-
ton cloth and the filtrate was centrifuged at 11000 x g for 10
min. The total supernatant was dialyzed with 40 times di-
luted 0.2 M C-P buffer (pH 5.0) for 12 h and the inner solu-
tion was designated as the soluble fraction. All extraction
procedures were catried out at 0-4°C followed immediately
by the enzyme assays.

Enzyme Assays for Acid Invertase

The standard assay medium for acid invertase consisted
of 0.2 ml of 0.2 M C-P buffer (pH 5.0), 0.1 ml of 0.5 M su-
crose, 0.1 ml of water and 0.1 ml of crude enzyme solution.
The control contained distilled water instead of sucrose. The
assay mixture was incubated at 45°C for 15 min. After the
reaction, assay mixture was neutralized with 0.1 N NaOH. A
coloring Somogyi’s copper reagent was added and the mix-
ture was heated for 10 min in boiling water. The amount of
reducing sugars was estimated by the method of Somogyi
[10]. Soluble protein content was determined by the method
of Lowry [11] using bovine serum albumin as the standard.
The enzyme activity was expressed as the amount of glucose
produced per minute per milligram of protein.

Enzyme Extraction for Sucrose Synthase

Approximately 10g of sample from each portion was
mixed with 1% of PVPP and 1 g sea sand. The sample was
then homogenized with 10 ml of 0.2 M K-P buffer (pH 7.8)
containing 10 mM ascorbate, 15 mM MgCl,, | mM EDTA
and 1 mM dithiothreitol (DTT) using a cooled mortar and
pestle. The resulting homogenate was then filtered through
four layers of cotton cloth and the filtrate was centrifuged at
11000 x g for 20 min. The total supernatant was dialyzed
with 40 times diluted 0.2 M K-P buffer (pH 7.8) for 16 h and
the inner solution was used as the crude enzyme. All extrac-
tion procedures were carried out at 0-4°C.

Enzyme Assays for Sucrose Synthase

SS activity was assayed at 37°C by the method described
by Hubbard [12] with slight modifications. Reaction mix-
tures (70 ul) contained 50mM Hepes-NaOH buffer (pH 7.5),
15 mM MgCl, 25 mM fructose and 25 mM UDP glucose.
The mixtures were incubated for 30 min at 37°C and the re-
action was terminated with the addition of 70 ul of 30 %
KOH. Enzyme blanks were terminated with KOH at 0 min.
Tubes were kept at 100°C for 10 min to destroy any unre-
acted fructose or fructose-6-phosphate. After cooling, 2 ml
of anthrone reagent (150 mg anthrone with 100 ml of 15 %
H,S0,) was added and incubated in a 40°C water bath for 15
min. After cooling color development was measured at 620
nm. The soluble protein content was determined by the
method of Lowry [11] using bovine serum albumin as the
standard. The enzyme activity was measured as {mole of
sucrose produced per min per mg protein.

Determination of Soluble Sugar Content

About 7.5 g of asparagus sample (for each portion) was
mixed with 1 g sea sand and homogenized in a cooled mortar
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and pestle. Twenty five ml of distilled water was added to
the homogenate and centrifuged at 11000 x g for 10 min.
The mixture was filtered through a cellulose nitrate mem-
brane filter (0.45 pum pore size). Soluble sugars were ana-
lyzed by HPLC using a stainless steel column (10.7 mm ID x
30 cm) packed with silica gel (gel pack C610). The mobile
phase (filtered water) was pumped through the column at a
flow rate of 1.0 ml/min. The pressure was adjusted to 14-15
kg/cm? and the temperature to 60°C. A refractive index (RI)
monitor (Hitachi L-3300) was used for detection. Sucrose,
glucose and fructose were identified by their retention times
and were quantified according to standards.

GS and Ammonia Assay

GS activity was measured in a total volume of 1.0 ml.
The assay mixture contained 80 mM L-glutamate-Na, 500
mM Tricine-KOH Buffer (pH 7.0), 600 mM NH,OH, 200
mM MgSO,+7H,0, 10 mM Diethylenetriamine pentaacetic
acid (DTPA), 80 mM ATP and 800 mM mercaptoethanol.
After incubating at 35°C for 8 min, the reaction was stopped
by adding 1 ml ferric reagent (25 ml FeCl; 6H,0, 50 ml HCI
and 20 ml TCA). GS activity was measured using a double
beam spectrophotometer (Shimadzu model UV-150-02) at
540 nm. For assay of ammonia 5 g samples from each por-
tion were extracted with 10 % Trichloroacetic acid and cen-
trifuged at 11 000 x g for 10 min as described by Kun and
Kearney (1974). Ammonia content of the supernatant was
determined from a triplicate 500 pl sample by adding 200 pl
0.5 M Tris-buffer (pH 8.0), 100ul 0.1 M 2-oxoglutarate solu-
tion (pH 7.4), 30ul 8mM B-NADH solution, and 150pl dis-
tilled water. The absorbance was recorded at 340 nm against
areagent blank.

Toughness Strength Measurement

Toughness was measured rheologically based on the
measurement of resistance to pressure or shearing. The
breaking force to indicate the fiber content in spears was
determined with a creep meter Yamaden Rheoner, Model
RE-3305) equipped with software Ver. 2.0 for automatic
analysis. The thickness of the blade was 0.04 mm and it
sheared at the rate of 1 mm per second with a pressure of 20
kgf. Spears were cut into two equal pieces and breaking
force readings were made separately in the mid point of each
section.

Extraction and Assay of PAL Activity

Two g of spear tissues were homogenized at 2°C
with a mortar and pestle in 10 ml of 0.1 M borate buffer, pH
8.8 and 1.0 g PVPP. A further 10 ml of the buffer was added
to the homogenate which was then centrifuged at 11000 x g
rpm for 20 min and the supernatant was used for enzymatic
assays. Protein concentration was measured by Lowry [11]
method. PAL activity was determined spectrophotometri-
cally by measuring the increase in Asg due to the formation
of trans-cinnamic acid. The reaction mixture consisted of 50
mM borate buffer, pH 8.8, 20 mM L-phenylalanine and the
enzyme preparation in a total volume of 3 ml. A sample
without L-phenylalanine was used as a blank. The activity
was expressed as nmol trans-cinnamic acid formed per h per
mg of protein.
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RESULTS
Acid Invertase Activities

In both the top and bottom portions soluble acid invertase
activity slightly increased during first day of storage and
after that it decreased after second day gradually up to five
days (Fig. 1). The top portion of the spear showed a signifi-
cantly lower soluble acid invertase activity than the bottom
portion.

25

Top
20 —e— Bottom

154

b
——
=

=
-

10 A

Acid invertase activity
(1 mole min-1mg protein-1)

0 1 2 3 4 5 6
Times in storage (d)

Fig. (1). Changes in acid invertase activity during storage at 25°C
of asparagus spears. Each point represents the mean of three repli-
cates and bars show SE.

Sucrose Synthase Activity

Sucrose synthase activity was also higher in the bottom
portion than in the top (Fig. 2). In both the top and bottom
portions sucrose synthase activity declined from the first day
of storage. The rates of decline increased on the third day.
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Fig. (2). Changes in sucrose synthase activity during storage at
25°C of asparagus spears. Each point represents the mean of three
replicates and bars show SE.

Soluble Sugars

Among the three sugars, sucrose was present only in
trace amounts, and fructose content always remained higher
than that of glucose in both portions of the spears (Fig. 3).
All sugars started to decrease continuously on the first day.
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Sucrose content was negatively correlated with invertase and
sucrose synthase in both the top and bottom portions (r val-
ues are not shown).
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Fig. (3). Changes in soluble sugar content in the top (A) and bottom
(B) portions of asparagus spears during storage at 25°C.

Ammonia Accumulation

A general increase in ammonia content for both top and
bottom portions of spears was observed after harvest (Fig.
4). Ammonia contents increased to about 40% of initial level
after 3 day storage and reached about 60% of the initial level
at the end of 5 day storage period. Higher (almost double)
content of ammonia was found in the top portion than in the
bottom portion of the spears.

GS Activity

GS activity began to decline at harvest and continued
throughout the storage period in both top and bottom por-
tions (Fig. 5). After five days storage period the activity in
the top and bottom portions declined to about 22 % and 24 %
of the initial level respectively. The GS activity in the top
portion was significantly higher than in the bottom portion of
the spears.

Strength of Spears

Strength of the spears, which may reflect fiber content,
increased in both top and bottom portions throughout the
experimental period (Fig. 6). Although fiber development in
both top and bottom portions followed similar patterns, the
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breaking force was greater in the bottom than in the top por-
tion.
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Fig. (4). Ammonia content in the top and bottom portions of the
spears. Each point represents the mean of three replications. Verti-
cal bars indicate SE.
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Fig. (5). Time courses of GS activity in the top and bottom portions
of the spears held at 25°C. Each point represents the mean of three
replications. Vertical bars indicate SE
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Fig. (6). Changes in fiber content in the top and bottom portions of
asparagus spears.
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PAL Activity

Fig. (7) shows the development of PAL activity in both
top and bottom portions of asparagus spears. Increase in ac-
tivity continued until third day resulting in 90% and 130%
increase over the initial level in top and bottom portions,
respectively. Thereafter, the activity started to decline.
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Fig. (7). Changes in PAL activity in the top and bottom portions of
asparagus spears.

DISCUSSION

Fructose and glucose were the major soluble carbohy-
drates in asparagus spears during storage. Sucrose was found
in trace amount. All the three sugars continuously decreased
from the first day. This result differs from earlier work [4]
where sucrose was the most abundant sugar. Given that the
sucrose level drops very rapidly after harvest, it is likely that
the discrepancies are due to processing delay and a 5 degree
higher storage temperature (25°C) which was selected to
simulate retail display in the super market during spring and
summer season. Soluble acid invertase activity was highest
in the top portion because of the presence of rapidly grow-
ing tissues in that region. Acid invertases are commonly
found in rapidly growing and expanding zones of fruit [12],
stems [13], leaves [14], and roots [15], where they are said to
provide hexoses for cell wall synthesis and to play a major
role in maintaining the source-to-sink gradient in sucrose
concentration by rapidly hydrolysing incoming sucrose. The
differences in enzyme activity between top and bottom por-
tions were because of the diversity of tissue maturity in as-
paragus spears. The top contains rapidly dividing meris-
tematic cells whereas the bottom comprises more mature
lignifying tissue [16]. Initially the acid invertase activity
increased in storage and thereafter it gradually declined. The
activities of sucrose synthase was generally low compared
with acid invertase. Overall, enzyme activities declined up to
five days of storage. Our enzyme activity data support the
view that the sucrose synthase pathway is important in as-
paragus spears during storage and the differences in sugar
composition are associated with differences in enzyme ac-
tivities.

Ammonia is toxic to plant cells at high concentrations,
and is normally assimilated if produced within the plant [17].
The accumulation of ammonia in senescing leaves has been
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shown to coincide with almost complete disappearance of
GS [18]. In the present study we observed the same trend in
which GS activity declined in both top and bottom portions
of the spears with an increased ammonia accumulation to
about 60 % after 5 day storage period. Hurst and Clark [19]
reported 30 % decline of total GS activity in harvested spear
tips after 5 day storage at 20°C. The levels of plastid GS
activity, polypeptide and mRNA all declined in the tips of
harvested asparagus spears [20]. It has been reported that
plastid GS has a role in assimilating ammonia produced dur-
ing photorespiration in higher plants [21]. Hurst et al. [4]
reported that although about 65 % of tip GS activity was lost
when spears were held at 20°C, ammonia accumulation was
not due to limiting GS levels. They have studied postharvest
inhibition of glutamine synthetase using Phosphinothricin (PPT;
40 and 200 ppm) which reduced GS activity by 50 % and 80
%, respectively, but did not increase ammonia accumulation.
Ammonia accumulation was only enhanced, when greater
than 95 % of GS was inhibited. Thus, it seems that there is a
critical level of GS activity necessary for the postharvest life
of asparagus, and that under normal postharvest conditions,
this critical level is exceeded and is more than the require-
ment of ammonia salvage. It is likely that ammonia accumu-
lation results from a shortage of carbon skeletons required
for its assimilation, i.e. the demand for respiratory carbon
ultimately outstrips the availability of carbon for ammonia
reassimilation, and ammonia accumulation ensues.

Therefore, it can be concluded that the increase in am-
monia content and decrease in total GS activity in both top
and bottom portions of the spears is a response to significant
stress after harvest. Perhaps as a consequence of general
metabolic decline occurring at this time [2] or may be the
consequence of autophagic process [22] induced by carbo-
hydrate deprivation.

The development of PAL activity in asparagus spears
was similar in a number of respects to other wound induced
tissue systems [23-24]. There was an increase in PAL activ-
ity in both top and bottom portions of the spears which con-
tinued for about 3 days. After that PAL activity started to
decline. Although PAL activity in both top and bottom por-
tions followed almost the same pattern the activity was
higher in bottom than top portions. High PAL activity asso-
ciated with bottom portion, or tissue near to cut surfaces,
such as we observed, has been noted previously [22-25]. The
basal tissue of the asparagus is highly lignified and PAL ac-
tivity is known to be correlated with the degree of lignifica-
tion in many tissues [26- 27].

Our results revealed that activity of PAL increased in
harvested asparagus until 3 days of storage at 25°C and af-
terwards it started to decline although the strength deter-
mined as breaking force was still increasing. The increase in
strength after 3 days might be due to the higher activity of
other lignin-specific enzymes like peroxidase and cinnamyl
alcohol dehydrogenase. Further research is necessary to in-
vestigate the role of other lignin-specific enzymes control-
ling the toughness of asparagus.
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