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ABSTRACT

The objective of this research was to develop a system in
which the direction of fructan metabolism could be controlled.
Three-week-old wheat seedlings (Triticum aestivum L. cv Cald-
well) grown at 250C were transferred to cold temperature (10°C)
to induce fructan synthesis and then were transferred to contin-
uous darkness at 250C after defoliation and fructan degradation
monitored. The total fructan content increased significantly 1 day
after transferring from 250C to 100C in both leaf blades and the
remainder of the shoot tissue, 90% of which was leaf sheath
tissue. Leaf sheaths contained higher concentrations of fructan
and greater portions of high molecular weight fructan than did
leaf blades. Fructan content in leaf sheaths declined rapidly and
was gone completely within 48 hours following transfer to 250C
in darkness. In leaf blades the invertase activity fluctuated during
cold treatment. The activity of sucrose:sucrose fructosyl trans-
ferase increased markedly during cold treatment, while fructan
hydrolase activity decreased slightly. In leaf sheaths, however,
the activity of invertase decreased rapidly upon transfer to cold
temperature and remained low. Trends in sucrose:sucrose fruc-
tosyl transferase and hydrolase activity in sheaths were the same
as those of leaf blades. Sheath invertase and hydrolase activity
increased when plants were transferred back to darkness at
250C, while sucrose:sucrose fructosyl transferase activity de-
creased. These results indicate that changing leaf sheath tem-
perature can be utilized to control the direction of fructan metab-
olism and thus provide a system in which the synthesis or
degradation of fructan can be examined.

Many C3 grasses of temperate origin accumulate fructans
as storage carbohydrates (4, 14). Fructans play an important
role in photosynthate partitioning in these grasses. Large
quantities frequently accumulate in leaves, stems, roots, and
seeds, depending on the stage of plant development and on

environmental conditions, such as light intensity and temper-
ature (7, 9, 16, 18). Accumulation of fructan is induced by
conditions that reduce plant growth and carbon translocation
rates more than photosynthetic rates. Fructan concentration
and mean mol wt of fructans from leaf and stem tissues of
meadow fescue (Festuca pratensis) have been shown to vary
with season (17). The major period of fructan synthesis was
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late autumn and early winter when plant growth was re-
stricted. Fructan concentration decreased in spring during
regrowth. When plants were transferred from warm (20°C) to
cold temperature (5°C) fructan concentrations increased 3- to
10-fold in all plant parts of crested wheatgrass (a fertile hybrid
ofAgropyron desertorum and A. cristatum) and redtop (Agros-
tis alba L.) although starch became the most prevalent car-
bohydrate (5). Cold stress (5°C at night) induced fructan
accumulation in leaf blades of barley (Hordeum vulgare) and
wheat seedlings (20). In Lolium temulentum exposure to low
temperature (5°C) induced fructan accumulation, especially
in the meristematic regions ofdeveloping leaves (15). Fructans
were synthesized by continuous illumination of excised pri-
mary leaf blades of barley and were degraded by transferring
leaves to darkness (22, 23).
There is also a wide variation in the degree of polymeriza-

tion of fructan, depending on the tissues within a plant and
on the species (4, 16). Tissues that function as a reservoir
of nonstructural carbohydrates stored a greater portion of
high mol wt fructans than leaf blades. In field-grown forage
grasses (17) extracts ofstems contained higher mol wt fructans
than those of leaves. The mean mol wt of leaf blade fructan
was also smaller than that of the leaf sheath in Festuca
arundinacea (1 1).

Fructans are synthesized by the enzymes SST2 (EC 2.4.1.99)
and FFT (EC 2.4.1.100). It is known that the activity of SST,
the enzyme that catalyzes the synthesis of the trisaccharide,
increased concomitantly with the onset of fructan synthesis
(2, 23). FFT1 catalyzes the transfer of fructose from the trisac-
charide to other oligomers and between oligomers (16). How-
ever, little is known about this enzyme. Degradation of fruc-
tans is accomplished by fructan hydrolases which have been
characterized in barley (8) and Dactylis glomerata (24) as
fructan exohydrolases. In barley, SST and fructan hydrolase
were present in the same compartment, vacuoles (21). This
implies that fructan synthesis and degradation takes place
simultaneously. However, we do not know how the direction
offructan metabolism, synthesis or degradation, is controlled.
To understand the role of fructan in carbohydrate parti-

tioning in wheat, the relationship between fructan synthesis
and degradation must be ascertained. Our objective in this
study was to develop a system in which the direction offructan
metabolism could be shifted or controlled by alternating cold
and warm temperatures.

2 Abbreviations: SST, sucrose:sucrose fructosyl transferase; FFT,
fructan:fructan fructosyl transferase; gfw, gram fresh weight.
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Figure 1. Time course of changes in amounts of carbohydrates
(fructose equivalents) in wheat leaf blades after transferring from
250C to 100C. (0), Fructose; (A), sucrose; and (El) fructan. Values
are the means of three replications. The bars represent 1 SD.

MATERIALS AND METHODS

Plant Growth

Wheat (Triticum aestivum L. cv Caldwell) plants were
grown in 20 pots (20 cm diameter, 16 cm height) containing
15 plants and in a controlled environmental growth chamber
at 25 ± 1°C. Daylength was 12 h (light period: 8:00 AM to
8:00 PM) with 300 umol. m-2 s-' photosynthetic photon flux
density using a mixture of fluorescent and incandescent
lamps. Twenty-one d after planting plants were transferred to
a growth cabinet at 4:00 PM with the same photoperiod and
photosynthetic photon flux density but at 10 ± 1°C for cool
temperature fructan induction. The leaf blades were excised
at d 4 and the remaining plant tissue was transferred back to
25°C in a darkened growth cabinet. The remaining shoot
tissue fresh weight was 90% sheaths and 10% immature leaf
material. As a result, the tissue harvested after blade excision
was termed 'leaf sheath'. Leaf blades and sheaths were har-
vested daily at 4:00 PM during cold treatment and warmed
darkened sheaths were harvested.

Fructan Content Determination

Tissues were frozen in dry ice immediately after harvesting
and stored at -80°C until used. Frozen tissues were weighed
(1 g) and ground in liquid N2 using a mortar and a pestle.
Carbohydrates were extracted twice with boiling aqueous 80%
(v/v) ethanol and twice with boiling water. The combined
extracts were flash evaporated to reduce the volume to 1 mL.
Extracts were centrifuged, frozen, thawed, and centrifuged.
Sugars were separated by TLC (silica gel, Sigma) in a solution
consisting of 1-butanol:acetic acid:water (55:30:15, v/v/v).
Standard sugars were separated on both sides of TLC plate
and sprayed with urea-HCI. The spots corresponding to stand-
ard sugars were cut out and eluted from the silica gel with
water. Sugar concentrations were measured with anthrone
reagent at room temperature ( 12).

Measurement of Enzyme Activity

To extract proteins, samples were weighed (1 g), placed in
a mortar, flooded with liquid N2, and homogenized with a

pestle. The powder was ground in 50 mm Na-acetate buffer
(pH 5) with a ratio of 5 mL buffer/gfw. The homogenate was

centrifuged for 10 min at 4°C. Enzyme preparation procedures
were conducted at 0 to 4°C. Proteins in the supernate were

precipitated with 60% ammonium sulfate. After addition of
ammonium sulfate, the extract was stirred overnight and
centrifuged for 5 min. The pellet was resuspended in 0.5 mL
extraction buffer (pH 5). The resulting fraction contained over
85% of invertase, SST, and fructan hydrolase activities (10).
For SST and invertase activity, sucrose (0.1 M final concen-

tration) was added to 100 ,L enzyme solution in a final
volume of 120 yL. The reaction mixture was incubated for 1

h at 30°C and heated at boiling for 3 min. Glucose and
fructose in the reaction mixtures were quantified by observing
the formation of NADPH in a coupled enzyme assay (10).
The excess amount of glucose over fructose was used to
estimate SST activity and the results were reported as micro-
moles fructose transferred per gram fresh weight per hour
(,qmol/gfw/h). Invertase activity was determined by measur-

ing the increase in fructose in the reaction mixture (10).
To examine wheat fructan hydrolase, fructans were ex-

tracted from wheat plants for substrate. Carbohydrates were

chromatographed using a 110 x 1.5 cm column of Bio-Gel
P-2 (200-400 mesh) (3), with distilled water as eluant. Frac-
tions containing more than six residues were combined and
concentrated. The wheat fructan substrate concentration was

90 mg fructose equivalent/mL solution. The substrate (20 AtL)
was added to enzyme solution (100 ,uL) to examine fructan
hydrolase activity. Amount of free fructose produced after
reaction was used to estimate the wheat fructan hydrolase
activity (8).

RESULTS AND DISCUSSION

Transferring wheat plants to cold temperature (10°C) re-

sulted in the accumulation of fructan in both leaf blades (Fig.
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Figure 2. Time course of changes in amounts of carbohydrates
(fructose equivalents) in wheat leaf sheaths. Plants grown at 250C
were transferred to 100C and then back to 250C in darkness after
excision of leaf blades at d 4. Values are the means of three
replications. Symbols are same as in Figure 1.
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1) and leaf sheaths (Fig. 2). Sucrose content of leaf blades
increased markedly 1 d after transferring to cold temperature
and then, declined slowly. Fructans, however, started to ac-

cumulate rapidly after a lag of24 h. Fructose also accumulated
during cold treatment. These results were similar to those
reported for field-grown wheat (6), Lolium (15), and barley
(20), although the timing of fructan accumulation was differ-
ent. In cold-treated Lolium temulentum (5°C), sucrose content
increased after 24 h and this increase continued for 2 to 3 d
and then sucrose content decreased slowly (15). Fructans
started to accumulate after sucrose concentration had begun
to stabilize. However, no marked change in fructose content
was detected. In field-grown wheat, soluble carbohydrate con-

tent including fructose increased within 1 d during hardening
(6). Wagner et al. (20) also reported in wheat and barley
seedlings that cool nights (5°C) induced sucrose accumulation
first, then rapid fructan synthesis after which the level of
sucrose remained constant.

In contrast to leaf blades, sucrose and fructose concentra-
tions increased slowly in leaf sheaths during cold treatment
(Fig. 2). Fructan content, however, increased as rapidly as in
leaf blades after the first day of cold treatment. To examine
fructan degradation in leaf sheaths, which function as a stor-
age tissue for nonstructural carbohydrates, leaf blades were

excised at 4:00 PM of d 4 and plants with only leaf sheaths
were warmed to 25°C in the dark. Fructan and sucrose con-

tents declined rapidly upon transfer to 25°C in the dark and
fructans were nearly gone within 2 d (Fig. 2). In contrast, the
content of sucrose in excised leaf blades of barley declined
rapidly upon transfer to the dark, whereas the fructan content
continued to increase for 8 h then declined (23). In terms of
the regulation of photosynthetic carbon metabolism, actively
photosynthesizing leaf blades store carbohydrates for short
periods whereas leaf sheaths function as a long term reservoir
of nonstructural carbohydrates for use during regrowth (1 1).
Therefore, the composition of fructan in leaf sheaths may be
different from that of leaf blades. Apparently leaf sheaths

Figure 3. Accumulation of carbohydrates in leaf
blades (L) and leaf sheaths (S) of wheat. Car-
bohydrates were separated by TLC. Compa-
rable volume loaded per lane, so the amount of
carbohydrate loaded per lane is similar to that of
Figures 1 and 2. TLC plate was sprayed with
urea-HCI. Numbers refer to days after transfer-
ring to 1 0C. Degree of polymerization (DP) re-
fers to the number of sugar moieties; DP2 is
sucrose.

contained a higher concentration of fructan as reserve carbo-
hydrate and a greater proportion of higher mol wt fructans
when compared with the leaf blades (Fig. 3). Housley and
Volenec ( 11) reported that leaf sheaths contained significantly
more nonstructural carbohydrate and a greater percentage of
high mol wt fructan than did leaf blades of tall fescue. Similar
results were reported in Jerusalem artichoke (Helianthus
tuberosus) ( 13).
Marked changes in the content of fructan were assumed to

be indicative of changes in the activities of the enzymes
involved in fructan synthesis and degradation. The activity of
SST increased in parallel with the accumulation of fructans
in both leaf blades (Fig. 4) and leaf sheaths (Fig. 5). Activity
of SST in the leaf blades increased rapidly and reached a
maximum value 3 d after transfer to cold temperature. Si-
multaneously, fructan hydrolase activity dropped a little. In-
vertase activity in leaf blades remained relatively constant
during cold treatment. In contrast to leaf blades, invertase
and hydrolase activities dropped substantially in leaf sheaths
1 d after exposure to cold temperature.

Activities ofdegradative enzymes were higher in leafsheaths
than in leaf blades. During degradation of fructans at 25@C,
invertase activity increased slowly, but did not reach its initial
value. Hydrolase activity increased within 16 h to its initial
activity, while the activity of SST decreased as others have
reported (19, 23). However, the activity change of fructan
hydrolase was relatively small, in alternating cold and warm
temperature, especially in leaf blades, when compared to that
of SST. Tognetti et al. (19) showed that when cold-adapted
wheat plants were moved back to 23°C the activities of
invertase and fructan hydrolase increased to those of controls
kept in warm temperature (23°C), while SST activity de-
creased. In excised barley leaves, SST activity increased 20-
fold within 24 h in the light and then disappeared upon
transfer to darkness. In contrast, activities offructan hydrolase
and invertase changed only little during the light/dark cycle
(23).
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The data presented in this study, in contrast to the leaf
blade system of Wagner et al. (23), indicate that the activity
of fructan metabolic enzymes in sheaths changes markedly
during both cold treatment and after rewarming in darkness.
The ratio of sheath fructan synthetic activity to hydrolytic
activity was initially 0.66, then increased to 2.8 on the 4th d
of cold treatment and decidely favored fructan synthesis.
Further, the increase in the rate of fructan content (410 ,ug
fructose equivalents/gfw/h, Fig. 2) was similar to the net
synthetic activity (753 [SST] - 244 [hydrolysis] = net synthe-
sis of 509 ,ug/gfw/h, Fig. 5) at d 4. By placing the plants in
the cold, fructan metabolism was directed toward synthesis of
fructans, particularly in sheaths. Although the leaf net syn-
thetic activity (SST-hydrolase = 485 ,ug/gfw/h, Fig. 4) was
similar to that of the rate of fructan accumulation (310 ,g/
gfw/h, Fig. 1), the greater rate and amount of fructan accu-
mulation in sheaths suggest these to be a more interesting
system to examine the control of fructan metabolism. This is
particularly true with regard to fructan degradation. In 4 d
the sheaths accumulated approximately 40 mg/gfw of fructan,
but in less than 20 h, 30 mg/gfw had been hydrolyzed (Fig.
2). During fructan degradation, the rate of loss of fructans
( 1330 ,ug/gfw/h, Fig. 2) exceeded the activity of the hydrolase
(700 ,g/gfw/h, Fig. 5), but the direction of metabolism was
obviously altered toward fructan hydrolase. The ratio of syn-
thetic to hydrolytic activity, 24 h after warming in the dark,
was 0.37, a ratio favoring net hydrolysis. These results indicate
that changing leaf sheath temperature can be utilized to
control the direction of fructan metabolism and thus provide
a system in which synthesis or degradation of fructan can be
examined. Furthermore, these tissues are enriched in enzymes
of fructan metabolism and should provide tissue suitable for
isolating these proteins which is one of the future directions
of our research.
During the preparation ofthis paper, Bancal and Gaudillere

(1) published results of fructan synthesis in wheat seedlings
after chilling. They showed that chilling (5°C) induced fructan
accumulation in 2-week-old wheat seedling leaf blades and
bases. Our results are similar to theirs with a few exceptions.
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Figure 4. Changes in activities of invertase, SST, and fructan hydro-
lase (umol hexose/gfw/h) in wheat leaf blades during cold treatment.
(0), Invertase; (A), SST; (l), fructan hydrolase. Values are the means
of three replications. The bars represent 1 SD.
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Figure 5. Changes in activities of invertase, SST, and fructan hydro-
lase in wheat leaf sheaths in alternating warm (250C in darkness) and
cold (1 0°C) temperature. Values are the means of three replications.
Plant system and symbols are same as in Figures 2 and 4, respec-
tively.

Their final leaf blade fructan concentration (45.70 mg/gfw)
was greater than we found (30.09) but lower (17.62) than our
results (39.82) for leaf bases. Their fructan accumulation rate
(9.14 mg/gfw/d) in leaf blades was higher than ours (7.51)
and lower (3.52) in leaf bases when compared to our results
(9.95). The differences are likely due to a greater movement
of photoassimilates from leaf blades to leaf sheaths in our
system. It is possible that the cooler temperature of Bancal
and Gaudillre reduced sink strength of leaf bases, altering
transport to the bases that resulted in lower fructan concen-
trations. Indeed, Bancal and Gaudillere's array of oligosac-
charides at d 5 corresponds to d 2 or d 3 in our system.

It is hypothesized that fructan, SST, and fructan hydrolase
are located exclusively in the vacuole. This hypothesis requires
the possibility for concomitant fructan synthesis and degra-
dation in the same compartment. It will be interesting to learn
how the direction of fructan metabolism is regulated. In any
case, using wheat sheath tissue we can influence the direction
of metabolism by increasing or decreasing the ratio of synthe-
sis to degradation, a system that can be used to examine
fructan regulation.
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