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Saccharide and Fructooligosaccharide Contents, and Invertase, 1-KHE, 1-SST,

1-FFT and 6G-FFT Activities in Green Asparagus Spears during Storage:

Effects of Temperature and Spear Portion
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Abstract: Fresh spears of asparagus were stored in the dark at 4, 10 or 20°C for 2 weeks. During storage con-
tents of glucose, fructose, sucrose, 1-kestose, neokestose and nystose, and activities of invertase, 1-kestose hy-
drolyzing enzyme (1-KHE), sucrose: sucrose 1-fructosyltransferase (1-SST), fructan: fructan 1-
fructosyltransferase (1-FFT) and fructan: fructan 6°-fructosyltransferase (6G-FFT) were determined in the
top, middle and bottom portions of the spears. A gradient was observed, from the bottom to the top, for glu-
cose, fructose and sucrose which constitute the major proportion of carbohydrates, while fructooligosaccha-
rides, neokestose and nystose, exhibited low levels. Glucose and fructose varied significantly during storage,
while sucrose was stable. The average variations were from 7.8 to 12.21 mg/g FW in the middle portion and
7.88 to 13.52 mg/g FW in the bottom portion for glucose and fructose, respectively. 1-Kestose and nystose in-
creased at the end of the storage period and this increase was more apparent at 20°C. Invertase activity
showed similar variation at 4 and 10°C but increased sharply after 2 days, before decreasing abruptly after 1
week of storage, while 1-kestose hydrolyzing activity showed a similar pattern to that of invertase activity. 1-
SST did not vary in the bottom portion but initially increased in the middle and top portions. 1-FFT was high
in the top portion and decreased during storage, while in the middle and bottom portions its activity varied
slightly. The variation of 6G-FFT activity was similar to that of 1-FFT, however, the level of 6G-FFT was
higher, and the 6G-FFT to 1-FFT activity ratio was temperature independent. These results suggest that short
fructooligosaccharides and their metabolizing enzymes could play a role of balance between the hydrolysis
and synthesis activities of carbohydrates. The high content of sugars may also extend the rapid decline of sug-

ars in the top portion of the spears.
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Unlike most vegetable crops, asparagus, a hardy peren-
nial plant, is commonly consumed and appreciated be-
cause it is low in calories and provides substantial
amounts of reducing sugars and a very low amount of
fructooligosaccharides (FOS), and these fructosyl poly-
mers are well known for their health benefits.” The
chemical characteristics of the spears are markedly af-
fected by temperature,” growth conditions” and harvest
date.” Carbohydrates are major constituents of asparagus
spears and contribute considerably to their quality.” The
main carbohydrates in asparagus spears are glucose, fruc-
tose and sucrose,” while the presence of FOS has never
been reported. In asparagus carbohydrates are translocated
from storage roots to spears, where they are hydrolyzed
into hexoses and used during the catabolic activities of the
spears.” Thus, soluble carbohydrate levels decline particu-
larly during the first hours after harvest, and this decline
triggers deterioration in the spears.”® While little FOS are
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detected in aerial parts of asparagus, it remains still un-
clear the reason for the difference of FOS content be-
tween the top and the bottom parts of the spears. On the
other hand, the role of FOS in spears tissues is also un-
known. It is not clear if their presence results from simple
translocation from roots to spears to provide energetic
substrates, or whether they are translocated to play spe-
cific roles such as osmoregulation, or to partially compen-
sate for the rapid decline of sucrose in tips.

Numerous investigations have been carried out on the
structures,” ' enzymology'” and molecular biology' of
FOS in roots of asparagus and such research works were
recently reviewed by Shiomi et al.,'’ but there have been
no reports on their presence in aerial tissues. Although
many studies have focused on the carbohydrate content of
edible spears after harvesting, few studies have focused
on soluble and reducing sugars, including soluble inver-
tase, while no investigations have been carried out on
FOS and their metabolizing enzymes in asparagus spears.

From the technological point of view, freshly harvested
spears deteriorate rapidly at ambient temperatures,” and
have a short shelf-life, which is strongly related to respi-
ratory activity.'” This postharvest deterioration is accom-
panied by biochemical changes, particularly in spear tips
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where soluble carbohydrates, such as sucrose, decline rap-
idly."

The objective of this study was to qualitatively and
quantitatively investigate the variation of carbohydrates,
including FOS and their related metabolizing enzymes, in
different portions of green asparagus spears during storage
at different temperatures.

MATERIALS AND METHODS

Plant material. Fresh spears of asparagus (cv. HLA-
7) were obtained from an experimental field of Yotei
Farmers’ Cooperative, Hokkaido, Japan. The spears of 20—
22 cm length were manually harvested, sorted for absence
of defects, slightly rinsed with tap water and left for 2 h
at room temperature to drain residual water.

Storage conditions. Asparagus spears were stored in
the dark under three different temperature regimes. For
the low temperature regimes, spears were placed in a re-
frigerated chamber (Eyelatron, model FLI 301 NH, Ri-
kakikai Co., Ltd., Tokyo) at 4+0.1°C and 65+1% relative
humidity (RH), and 10+0.1°C and 55+1% RH. For the
high temperature regime, 20°C, spears were placed in a
ventilated room with an average RH of 50%. The relative
humidities are set according to the storage practices rec-
ommended for vegetables.

Saccharides and fructooligosaccharides extraction.
Saccharides and fructooligosaccharides (FOS) were ex-
tracted by the method of Shiomi."” Tissues (10 g) were
homogenized in 80 mL of aqueous ethanol (70%) using a
small amount of calcium carbonate (0.5 g/L). The homo-
genate was boiled under reflux in a water bath for 10
min. Homogenate was filtered and the residue was ex-
tracted three times with aqueous ethanol and one time
with water under the same conditions. The filtrates were
combined and made up to 500 mL with distilled water.
An aliquot of the filtrate (10 mL) was concentrated to
dryness under vacuum at 35°C using a Buchi rotavapor
(Buchi Labortechnik AG, Flawil, Switzerland). This dry
concentrate was redissolved in 1 mL of water, filtered
through a 0.45 um filter and analyzed by high perform-
ance anion exchange chromatography (HPAEC Dionex,
Sunnyvale, CA, USA). All processes were run in tripli-
cate.

Saccharides and Fructooligosaccharides analysis.
Glucose, fructose, sucrose and FOS (1-kestose, neokestose
and nystose) were separated on an HPLC-carbohydrate
column PA1, Carbo Pack (Sunnyvale, CA, USA) with a
Dionex Bio LC series HPLC (Sunnyvale, CA, USA) and
pulsed amperometric detector (PAD). The gradient was
established by mixing eluent A (150 mM NaOH) with elu-
ent B (500 mM acetate-Na in 150 mM NaOH) in two
ways. System I: 0—1 min, 25 mM; 1-2 min, 25-50 mm;
2-20 min, 50-200 mM, 2022 min, 500 mm; 22-30,
25 mM. System II: 0—1 min, 25 mM; 1-2 min, 25-50 mM;
2-14 min, 50-500 mM, 14-22 min, 500 mm; 22-30, 25
mM. The established gradient of mixing eluent A with
eluent B was: 0—1 min, 95% A—5% B; 1-2 min, 80% A—20%
B; 220 min, 60% A-40% B; 20-22 min, 100% B,
22-30 min, 95% A-5% B. The flow rate through the
column was 1.0 mL min'. The applied PAD potentials

for E1 (500 ms), E2 (100 ms) and E3 (50 ms) were 0.01,
0.60 and —0.60 V respectively, and the output range was
1 uC. Samples (25 pL) were injected using an auto-sampler
(Intelligent Auto-sampler, model AS-4000, HITACHI
Ltd., Tokyo, Japan). FOS are estimated by comparison
with standards peaks and expressed in mg per gram
fresh weight (mg/g FW).

Glucose, fructose and sucrose standards were purchased
from Nacalai Tesque, Inc. (Kyoto, Japan). 1-Kestose [3a,
1"-B-D-fructofuranosylsucrose, 1-kestotriose] and nystose
[4a, 17 (1-B-D-fructofuranosyl). sucrose, 1,1-kestotetraose]
were previously prepared in the laboratory as described by
Takeda et al.'"® Neokestose [3b, 6°B-D-fructofuranosyl
sucrose, 6°-kestotriose] and 17, 6°-di-B-D-fructofuranosyl
sucrose, [4c, 1,6%kestotetraose] were obtained from as-
paragus roots as described previously by Shiomi et al.”

Enzyme extraction. All operations of enzyme extrac-
tion were carried out on ice. The asparagus tissues (10 g)
were homogenized in 20 mL of ice-cold phosphate buffer
(0.01 M, pH 7.0) using a blender (model IFM-140,
Iwatani Int. Corp., Tokyo, Japan). The homogenate was
squeezed through three layers of cheesecloth, filled up to
30 mL with distilled water and centrifuged at 15,000x¢ at
0°C for 30 min. The supernatant was then collected and
dialyzed for 48 h against the same phosphate buffer using
cellulose tubing. The dialysate was concentrated to a final
volume of 5 mL by centrifugation (3,000x¢) using an
Amicon Centriprep YM 10 filter (Amicon Bioseparation,
Millipore, Bedford, Mass., USA). This enzyme extract
was used for enzyme assays.

Assay of 1-SST and invertase activities. One unit of
SST activity was defined as the amount of enzyme which
catalyzed fructosyl transfer from sucrose to sucrose to
produce 1 pmol of 1-kestose (3a) in 1 min under the con-
ditions described below. A mixture of enzyme extract
(400 uL), 0.4 M sucrose solution (200 uL), Mcllvaine
buffer pH 5.5 (200 puL) and a trace amount (~50 uL) of
toluene, was incubated at 30°C for 3 h. The reaction was
stopped by heating in a boiling water bath for 3 min, and
the mixture was analyzed by HPAEC-PAD as described
above.

One unit of invertase activity was defined as the
amount of enzyme which hydrolyzed 1 pumol of sucrose
in 1 min. The experimental conditions were those de-
scribed for SST measurements. Invertase activity was cal-
culated from the amount of fructose released and analyzed
by HPAEC as described above.

Assay of 1-FFT, 6G-FFT and 1-KHE activities. One
unit of 1-FFT activity was defined as the amount of the
enzyme which catalyzed the fructosyl transfer from 1-
kestose to another 1-kestose to synthesize 1 pmol of
nystose (4a) in 1 min under the conditions described be-
low. A mixture of enzyme (400 puL), 0.4 M 1-kestose so-
lution (200 uL) and Mcllvaine buffer (pH 5.5, 200 uL)
was incubated at 30°C for 3 h. The reaction was stopped
by heating in boiling water. The activity of 1-FFT was
calculated from the amount of nystose formed.

One unit of 6G-FFT activity was defined as the amount
of the enzyme which catalyzed the fructosyl transfer from
1-kestose to another 1-kestose to synthesize 1 pumol of 17,
6°-di-B-D-fructofuranosyl sucrose [4c, 1,6°-kestotetraose]
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in 1 min. The activity of 6G-FFT was tested using the
mixture for 1-FFT assay, and calculated from the amount
of 1,6%kestotetraose formed.

One unit of 1-KHE activity was defined as the amount
of enzyme which hydrolyzed 1 pumol of 1-kestose in 1
min. The experimental conditions were those described
for 1-FFT measurements. 1-Kestose hydrolyzing activity
was calculated from the amount of fructose released and
analyzed by HPAEC as described above.

Statistical analysis. The analyses were run in tripli-
cate and the experiment was conducted in duplicate. The
data were analyzed statistically by comparison of means
by a one-way ANOVA test and determination of least sig-
nificant difference (LSD at p=0.05) using GraphPad Instat
3.06 (GraphPad Software Inc., San Diego, CA, USA).

RESULTS

Sugar analysis by HPAEC-PAD confirmed that glucose,
fructose and sucrose constitute the major part of the total
soluble sugars in green asparagus. Glucose, fructose and
sucrose averaged 33.56, 51.97 and 13.31% respectively,
while low DP fructooligosaccharides (FOS), 1-kestose,
neokestose and nystose averaged 0.80, 0.20 and 0.18%,
respectively.

At 4°C, glucose content showed little variation in the
top portion and increased slightly but not significantly in
the middle and bottom portions although their content was
higher than that of the top portion (Fig. 1A). At 10°C, the
difference between the top and the two other portions was

less than that observed at 4°C, and the content of all por-
tions varied slightly during the storage period. In contrast,
at 20°C, although a similar difference was observed be-
tween the top and other portions, glucose content de-
creased during the last week of storage and this decrease
was due to the high metabolic rate at this temperature.

Fructose content showed a similar pattern to glucose
even though the increase observed in the middle and bot-
tom portions at 4°C was significant and this was due to
the low metabolic activity in these two portions (Fig. 1B).
We also noted that fructose content at 10°C was main-
tained in a steady-state, while at 20°C it decreased signifi-
cantly in these two portions.

In contrast, sucrose content exhibited a specific pattern
with a slight increase observed at 4 and 10°C, while its
content was stable at 20°C (Fig. 1C). Except at 10°C,
where the sucrose content of the top portion was higher,
no difference was noted between the portions at the three
temperature regimes.

The content of 1-kestose also showed a specific pattern.
At 4 and 10°C, its content was low and increased signifi-
cantly during the second week of storage (Fig. 2A). At 20
°C, 1-kestose content began increasing after 4 days of
storage and this increase was greater than that observed at
4 and 10°C and the difference between the portions was
significant during the last week of storage. The lowest
content was observed in the bottom portion at 4 and 20°C,
while no change was observed in the middle portion at 10
°C. It was also noted that 1-kestose content was positively
correlated to fructose released, particularly at 20°C.
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Fig. 1. Variation of glucose (A), fructose (B) and sucrose (C) contents in the top, middle and bottom portions of

asparagus spears stored at different temperatures.

Vertical bars represent+=SD of n=6 and LSD was calculated at p=0.05.
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The variation of neokestose was close to that of 1-
kestose, mainly in the bottom portion, although its content
was lower and the content did not increase at the end of
storage except in the top portion during the last five days
of storage (Fig. 2B). However at 20°C, neokestose content
of the top portion was significantly higher during storage,
while no significant difference was observed between the
portions at 4 and 10°C during storage.

Nystose content variation was close to that of sucrose
where little variation was observed at 4 and 10°C, while
at 20°C, content in the top and middle portions increased
significantly during the last 3 days of storage (Fig. 2C).

During storage, variation of invertase activity was simi-
lar at 4 and 10°C although this activity was slightly lower
at 10°C (Fig. 3A). This activity ranged between 1.80 and
0.67 U/g FW after 1 day of storage and decreased one
fold after 2 weeks. At 20°C, invertase activity decreased
slightly in the middle and bottom portions, while in top
portion the activity increased sharply from 1.46 to 3.25
U/g FW after 2 days, before decreasing abruptly to 0.36
U/g FW after 1 week’s storage. Its activity remained sta-
ble during the last week of storage. This sharp increase
and decrease in the top portion was caused by the high
activity of the elongation zone of the spears and the high
demand for substrate.

The activity of 1-KHE enzyme was very similar to that
of invertase activity (Fig. 3B). At 4 and 10°C, activity
varied slightly although the final values were low when
compared to those observed at the beginning of storage.
At 20°C, little variation was observed in the middle and
bottom portions, while in the top portion activity in-

creased by three fold, from 0.32 to 0.97 u/ g FW, after 2
days, before decreasing sharply, to 0.41 U/g FW, after 6
days. The activity of 1-KHE remained stable although an
increase was observed during the last 2 days of storage.

The activity of 1-SST, which is the first enzyme in-
volved in FOS biosynthesis, did not show any variation in
the bottom portion during the storage period at any of the
three temperatures (Fig. 4A). In the middle and top por-
tions, 1-SST activity increased during the first two or
three days, then decreased and remained stable during the
second week. Surprisingly, the pattern of 1-SST was simi-
lar to that of 1-kestose hydrolyzing activity, and this sug-
gests that a balance in released 1-kestose is maintained in
the top portion in order to avoid accumulation of the reac-
tion products of 1-KHE, i.e. sucrose and fructose. Thus, it
seems that 1-kestose plays a close metabolic role to su-
crose by maintaining a specific osmotic pressure along the
spear. On the other hand, these patterns demonstrate well
the high catabolic activities occurring in the top portion
which is constituted mainly by meristematic cells and this
elongating part of the spear needs a large amount of sub-
strate.

The activity of the synthesizing enzyme 1-FFT was
high in the top portion and low in bottom portion at the
three temperatures (Fig. 4B). However, this activity was
high at 4°C while the lowest activity was observed at 20
°C. In the middle and bottom portions, 1-FFT activity
changed slightly, while in the top portion this activity de-
creased during storage time and this decrease was more
apparent at 4 and 10°C. The low activity observed at 20°C
is probably due to the high catabolism of 1-kestose and
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Fig. 2. Variation of 1-kestose (A), neokestose (B) and nystose (C) contents in the top, middle and bottom portions
of asparagus spears stored at different temperatures.

Vertical bars represent=SD of n=6 and LSD was calculated at p=0.05.
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lower availability of substrate, but at low temperature we
noted low catabolic activity and thus greater availability
of substrate, from which the enzyme synthesizes nystose.

The variation of the activity of 6G-FFT was similar to
that of 1-FFT; however, its level was higher (Fig. 4C).
The highest activity was observed in the top portion at 4
°C, while the lowest activity was observed in the middle
and bottom portions. Similarly, we noted a difference be-
tween the top and other two portions, and this difference
was more significant at 4 and 10°C.

The 6G-FFT to 1-FFT activity ratio was estimated, and
the values found were similar and temperature indepen-
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dent. At 4°C, the ratios were 1.5, 2.1 and 3.1 in the top,
middle and bottom portions, respectively. At 10°C, the re-
spective values were 1.7, 2.2 and 4.1, while at 20°C they
were 1.8, 2.3 and 3.1. Indeed, the ratio 6G-FFT to 1-FF
expresses the relative activity of 6G-FFT, which uses only
linear fructooligosaccharide polymers, while 1-FFT uses
both linear and branched (Fig. 5). These ratios demon-
strate well the high activity of the 6G-FFT compared to 1-
FFT and this explain well why the content of 1-kestose is
high compared with the content of neokestose and
nystose. Thus, 6G-FFT even high relatively, tends to fa-
vor the accumulation of 1-kestose rather than exhausting
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this saccharide.
DISCUSSION

The carbohydrate content of asparagus roots and stems
during growing has been subject of an extensive literature,
while few studies have reported their content and variar-
tion during storage. Little has also been reported on the
carbohydrate content of different portions of the spears,
and to our knowledge no data on the presence of fructo-
oligosaccharides (FOS) are available.

Previous studies have reported that glucose, fructose
and sucrose constitute the major part of carbohydrate in
asparagus spears, although small amounts of 1-kestose
and nystose have been detected'” and these decreased dur-
ing storage particularly during the first three days.**”
Bhowmik et al.”” also noted that total sugar content was
higher in the bottom portions than in the top portions.
Hurst et al.” reported that glucose, fructose and sucrose
levels in the top portions of green asparagus were higher
in short spears than in long spears, while their levels were
higher in the bottom portions than in top portions. This
gradient from the bottom to the top was previously re-
ported by Lill et al.” The low contents of reducing sugars
observed in the top portions is the result of intense and
extensive metabolic changes and spear elongation, which
are linked to the high respiration rate during the first days
of storage and the length development of the spears.”
McKenzie et al.® also reported that glucose content de-
creased after one day of storage but increased later, while
sucrose content did not change significantly during four
days’ storage. On the other hand, the low content ob-
served in the top portion results from the lower level of
sucrose during the growth stage than during the young or
mature stages of the plants.”” Guo er al.*® found that su-
crose content was slightly lower during developmental
stages (10 and 20 cm in length). The authors also reported
that hexose contents in the lower portions were higher
than those in the top portions and tips. This pattern is
strongly linked to its central role in carbohydrate metabo-
lism and its relationship with the main substrate of inver-
tase, 1-SST and 1-FFT. This pattern also demonstrates its
role in maintaining osmotic pressure in the different por-
tions of the spears because no significant difference was
observed between the portions during storage except the
last week at 10°C.

There is no referenced data on the presence of short
fructooligosaccharides (sFOS) in asparagus spears but ex-
tensive reports on their presence in asparagus roots. Be-
cause the carbon source is exported during this process,
the slight presence of sFOS could be due to their transport
through the sucrose gradient. This suggestion is well sup-
ported by the activity of 1-SST, which is weak during the
last days of storage, while the activities of 1-FFT and 6G-
FFT are slightly higher. In fact, there is probably no ini-
tiation of FOS biosynthesis at this stage but only an elon-
gation of pre-existent substrate (1-kestose), while this ini-
tiation starts from sucrose and 1-SST.

Invertase activity was also higher in the top portions
because of this high metabolic change and the difference
observed among the three temperatures is due the demand

for substrate and energy which is high at 20°C and low at
low temperatures. Bhowmik er al.*” reported similar re-
sults and noted that soluble invertase activity was two
fold higher in the top portions than in the bottom por-
tions. Hurst et al.” noted that the activity of neutral inver-
tase in the middle portions was slightly higher, but that
activity in the top portions was higher than in bottom por-
tions. Previous studies also reported that invertase de-
creased during storage.

The activity of the kestose-hydrolase was recently high-
lighted in onion (1-kestose hydrolase)™ and wheat (6-
kestose hydrolase).”” The recent finding of these two
highly specialized enzymes is probably behind the lack of
their studies in vegetable crops, mainly the liliaceous.

Surprisingly, the activities of FOS synthesizing-
enzymes have not been reported, either. Although these
activities are high during root growth and are essential in
the carbohydrate reserve of the underground organ of the
plant, they also have a role during the postharvest life of
vegetables. The most admitted hypothesis concerning this
biosynthesis activity during postharvest life suggests that
synthesizing enzymes play in fact a regulating role for
sFOS and sucrose levels in the tissues. They maintain a
balance, avoiding accumulation of substrates, mainly su-
crose, which could inhibit the hydrolyzing enzymes and
the increase of the osmotic pressure. Moreover, regardless
of the physiological state of plants, there is a continuous
metabolic activity; however, this activity is diverted to-
wards a specific balance, depending upon the need of the
physiological and developmental stages.

From the results we conclude the sugar contents of as-
paragus spears varied along the spears from the bottom to
the top in a decreasing gradient. Contents declined during
storage and this decline was particularly evident in the
spear tips (top portion). Enzyme activities, both hydrolyz-
ing and synthesizing, showed a balance by maintaining
stable levels of glucose and sucrose which are considered
as indicator molecules in plants, providing information on
carbohydrate status. There is evidence that decline in the
sugar contents of the top portion triggers deterioration of
the spears by the loss of the turgor. This process is visible
at first in the top portion which is typically the first part
of the spear to show signs of quality deterioration.

Control of hydrolyzing enzymes, mainly invertase, by
reducing their activities could maintain high level of sug-
ars and extend the shelf-life of asparagus spears. The
presence of higher levels of 1-kestose and nystose than
those observed could maintain the activities of synthesiz-
ing enzymes, and reduces the activity of invertase. Further
investigations are needed to show how these sFOS might
influence carbohydrate metabolism in asparagus spears.

This work was supported by a grant from the University of
Rakuno Gakuen.
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