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Abstract. Florets of cut gladiolus (Gladiolus ×grandiflora hort. cv. Fujinoyuki) spikes kept
at 25 °C under 14 h light/10 h dark condition showed severe wilting 4 days after
flower opening. Treatment with 0.1 M trehalose prolonged vase-life 2 days, whereas
inhibitors and other sugars had no effect. The upper florets also opened properly in
trehalose-treated spikes, but not in cycloheximide-treated ones. After 4 days, the first
florets of trehalose-treated spikes maintained water content more effectively than did
controls or spikes treated with other sugars. The parenchyma adjacent to vascular bundles
in the petals of trehalose-treated spikes maintained viability for 4 days. These results
suggest that trehalose preserves cell viability in gladiolus spikes, thereby enhancing water
uptake into petal tissues.
Trehalose, a disaccharide consisting of
two α-[1, 1] linked glucose units, occurs in
bacteria, yeast, fungi, algae, insects, and
various invertebrates (Elbein, 1974). In angiosperms, high concentrations of trehalose
have been demonstrated only in resurrection
plants such as Myrothamnus flabellifolius
Welw. (Bianchi et al., 1993; Drennan et al.,
1993). Introduction of a gene for synthesis of
trehalose in tobacco (Nicotiana tabacum L.)
plants greatly increased ability to survive
drought (Goddijn et al., 1997; Holmström et
al., 1996). Further, when detached leaves of
transgenic tobacco plants were air-dried to
test their viability, they lost water more slowly
than did those of wild-type plants (Holmström
et al., 1996). Thus, trehalose accumulation in
plant cells appears to improve water retention. It also appears to protect membranes
and enzymes from various stresses (Crowe et
al., 1984; Hottinger et al., 1994; Lee et al.,
1989; Müller et al., 1995), although its mechanism of action remains little understood. In
petals of cut flowers undergoing senescence,
protein content falls (Lay-Yee et al., 1992),
protease activity increases (Valpuesta et al.,
1995), lipid fluidity in the membranes declines (Itzhaki et al., 1990), and respiration
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rate increases (Bieleski and Reid, 1992).
Therefore, we hypothesize that trehalose may
prevent water loss in cut flowers by protecting enzymes and membranes.
Senescence is delayed by sucrose in many
cut flowers such as the carnation (Dianthus
caryophyllus L.) (Koyama and Uda, 1994)
and rose (Rosa hybrida L.) (Kuiper et al.,
1995). In cut gladiolus spikes, sucrose slightly
increased spike quality (Bravdo et al., 1974;
Kofranek and Halevy, 1976). Sucrose prolongs the vase life of cut flowers of sweet pea
(Lathyrus odoratus L.), by a mechanism related to the inhibition of ethylene production
(Ichimura and Hiraya, 1999). However, inhibitors of ethylene action such as silver
thiosulfate (STS) do not affect the life of cut
gladiolus flowers (Serek et al., 1994; Yamane
et al., 1993), suggesting that sucrose does not
act via ethylene inhibition in this species.
Treatment of detached florets with cycloheximide (CHI), an inhibitor of protein synthesis
on the 60S ribosome, prolonged vase-life
two-fold in their opening stage, while its
addition at the bud stage inhibited their growth
completely (Jones et al., 1994; Yamane and
Ogata, 1995). Treatment of detached gladiolus florets with the free radical scavengers
sodium benzoate and n-propyl gallate slightly
delayed wilting (Yamane et al., 1999). In this
study, we demonstrate that 0.1 M trehalose
remarkably suppresses water loss and enhances viability in petals, but slightly hastens
wilting in bract of cut gladiolus spikes.
Materials and Methods
Plant materials and treatment. Spikes of
gladiolus (Gladiolus ×grandiflora hort. cv.
Fujinoyuki), grown in a field at Kyushu Univ.,
were harvested from July to Sept. 1998 at the
early opening stage of the first florets in the
spikes, then used immediately. Cut gladiolus
spikes (50 ± 5 cm long) with 8–10 florets were

recut under distilled water 15 cm beneath the
first floret, then transferred to test tubes containing 10 mL of distilled water (control) or
solutions of 0.1 mM CHI, 0.2 mM iodoacetic
acid, or 0.1 mM phenylmethylsulfonyl fluoride (PMSF) as inhibitors, 5 µM fusicoccin as
a fungal toxin, and 0.1 M sugars, such as
glucose, maltose, trehalose, and sucrose, respectively. They were kept at 25 ± 1 °C and
≈60% relative humidity (RH), under 14 h of
illumination at 100 µmol·m–2·s–1, and evaluated daily.
Wilting score. The state of senescence for
each floret was evaluated daily based on the
degree of both wilting and browning. Life
stages of a floret were defined by the following
six scores: 1 = half-opened; 2 = fully opened;
3 = slightly wilted at the petal edge; 4 = slightly
wilted whole petal; 5 = severely wilted whole
petal; and 6 = severely wilted and browned
whole petal. Typical examples of these stages
are presented in Fig. 1.
Measurement of water content. Fresh and
dry weights of the first florets were recorded
daily and the subtending pair of bracts on eight
gladiolus spikes were harvested each day. Dry
matter was measured after drying in an oven at
90 °C for 20 h.
TNBT staining. Daily, the edges of fresh
petals from the first florets on five spikes
were cut into pieces (5 × 5 mm) and incubated
overnight at 25 °C in the dark in 50 µM
phosphate buffer (pH 7.5) containing 0.1%
tetranitro blue tetrazolium (TNBT). Formation of a purplish-black formazan, accompanied by reduction of the tetrazolium salts by
active dehydrogenase (Rosa and Tsou, 1961),
was observed with a light microscope
(Axiphot, Carl Zeiss, Tokyo).
Results
Senescence symptoms. A floret of gladiolus consists of three outer petals and three
inner ones (Fig. 1). The first and second
florets were fully opened 1 d after harvest,
and about two additional florets opened fully
each additional day. The first floret wilted
and the petal color changed from white to
brown after 4 d in distilled water (Fig. 2). The
senescence process of spikes grown in the
field was similar to that of the cut spikes. We
investigated the effects of various types of
inhibitors on the senescence process (Fig.
2A). The rate of senescence was not significantly affected by 0.2 mM iodoacetic acid or
0.1 mM PMSF, inhibitors of cysteine- or
serine-protease, respectively (Celikel et al.,
1995) (Fig. 2A). The phytotoxin fusicoccin
(5 µM), which increases stomatal opening by
activating the plasma membrane H+-ATPase
(Marre, 1979), accelerated wilting. In contrast, the protein biosynthesis inhibitor, CHI
(0.1 µM) delayed senescence of the first floret, but completely inhibited petal expansion
of the 3rd, 4th, and 5th florets on the spikes
(Fig. 3).
We also studied the effects of 0.1 M monoand disaccharides on senescence of the cut
spikes (Fig. 2B). Maltose did not affect the
longevity of the cut flower, nor did sucrose or
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Fig. 1. Scores of floret senescence in gladiolus spikes: (1) half-opened, (2) fully opened, (3) slightly wilted petal edge, (4) slightly wilted whole petal, (5) severely
wilted whole petal, (6) severely wilted and browned whole petal.

Fig. 3. Effects of 0.1 M trehalose and 0.1 mM CHI on wilting of the 1st to 5th
florets (lowest and oldest floret is the 1st) of cut gladiolus spikes after 4 d.
Flower wilting was scored as shown in Fig. 1. Symbols represent mean ± SE
(n = 10).

▲

Fig. 2. Effects of chemicals (A) and sugars [(B) and (C)] on wilting of first florets
of cut gladiolus spikes. Spikes were kept in: (A) control (distilled water) (❍);
0.1 mM CHI (■); 0.2 mM iodoacetic acid (◆); 0.1 mM PMSF (●); 5 µM
fusicoccin ( ): (B) control (distilled water) (❍); trehalose (▲); maltose (∆);
sucrose (∇); glucose (❏): and (C) distilled water (0 M) (❍); 0.1 M (s); 0.2 M
( ); or 0.3 M (❏) trehalose, respectively. Sugar concentrations used in (B)
were 0.1 M. Flower wilting was scored as shown in Fig. 1. Symbols represent
mean ± SE (n = 6~10). SE bars are not visible when they are smaller than
symbols.
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Fig. 4. Effects of 0.1 M trehalose on water content of the first florets and bracts
of cut gladiolus spikes. Relative water contents are expressed as the ratio of
water to dry weight. Control (distilled water) (❍), 0.1 M trehalose (▲) in
florets, control (❏) and 0.1 M trehalose (▼) in bracts. Symbols represent
mean ± SE (n = 8). SE bars are not visible when they are smaller than symbols.
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glucose. However, trehalose kept the senescence stage at about a score of 3 for 4 d (Fig.
2B). In trehalose-treated spikes, the upper
florets were well developed and without aberration. After 4 d, trehalose-treated spikes
had a higher number of pristine florets with
scores between 2 and 3 than did control or
CHI-treated spikes (Fig. 3). Treatment with
0.1 M trehalose kept florets fresh for a longer
time than did treatment with 0.2 M and 0.3 M
trehalose (Fig. 2C). Therefore, we used 0.1 M
trehalose in subsequent experiments.
Water content. We studied the relative water
content of the first floret in order to evaluate
wilting quantitatively. Beginning 3 d after
harvest, there were significant differences in
the wilting scores among the sugar treatments.
At 3 d, the water contents of first florets were
4.6, 3.8, and 5.9 g·g–1 dry matter in spikes
treated with maltose, sucrose, and glucose at
0.1 M, respectively, all of which were much

lower than the water content of the control. However,
the water content of the first floret of trehalosetreated spikes was 11.1 g·g–1 dry matter, about twice
that of the florets treated with other sugars.
Water content of florets remained relatively
constant for the first 2 d, but after that decreased
faster in control than in trehalose-treated spikes
thereafter (Fig. 4). Changes in dry weights of the
florets showed a similar tendency, but water content of the control floret decreased to <50% of that
in the trehalose-treated floret by 4 d after harvest.
These results suggest that trehalose specifically
enhanced water uptake into petals. However,
changes in relative water contents of the bracts in
the trehalose-treated spikes were lower than those
in the control spikes, resulting from a dry matter
increase in the bracts of the trehalose-treated spikes
(data not shown).
TNBT staining. When tetrazolium salts such as
TNBT are reduced by endogenous dehydrogenase,
a purplish-black formazan is observed. Staining

requires dehydrogenase activity, indicating tissue viability (Rosa and Tsou,
1961). Petals of the spikes treated with
0.1 M trehalose or distilled water were
well-stained 1 d after treatment, particularly the parenchyma cells adjacent to the
vascular bundles. After 4 d, the tissue in
trehalose-treated petals was still wellstained, but no staining was observed in
the control (Fig. 5). These results indicate that trehalose preserved the tissue
viability of the petal for up to 4 d.
Discussion
Of the sugars tested, only trehalose
was effective in delaying gladiolus floret senescence (Fig. 2B). Water content
of the first floret of the trehalose-treated
spikes was about twice that of the florets
treated with the other three sugars. In

Fig. 5. Photomicrographs of petal edges in the first florets of cut gladiolus spikes. (A) and (B) represent the control and trehalose-treated petals at 1 d, respectively,
and (C) and (D) represent those at 4 d. The staining was performed as described in Materials and Methods. Photograph represents one of five samples.
Bar = 50 µM.
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trehalose-treated spikes, large increases in
water and dry matter content occurred on the
first day, and these spikes retained more water
than did the control over the 4-d examination
period. This finding suggests that trehalose
maintains a higher degree of turgor in the
petals than do the other sugars. Additionally,
TNBT staining, which reflects tissue viability
(Iwaya-Inoue et al., 1998; Kano et al., 1993;
Rosa and Tsou, 1961), indicated that the parenchyma tissue adjacent to the vascular
bundles of the florets was alive in the petals
from the trehalose-treated spikes, but not in
the control (Fig. 5). Since the relative water
content of the first floret in the trehalosetreated spike was greater than that of the
control at 4 d (Fig. 4), we conclude that the
transfer of water from vessels to the petal
parenchyma occurs normally in the trehalose-treated spikes.
Most higher plants do not accumulate trehalose, but the desiccation-tolerant angiosperm
Myrothamnus flabellifolius accumulates high
levels of both trehalose and sucrose (Bianch et
al., 1993; Drennan et al., 1993). Detached
leaves of tobacco plants, in which trehalose
accumulation was induced by introduction of
a gene encoding trehalose-6-phosphate synthase, showed improved water retention under
drought stress conditions (Holmström et al.,
1996). Further, introduction of two genes encoding trehalose-synthesizing enzymes into
tobacco plants increased growth rates and
photosynthetic efficiency when water supply
was limited (Pilon-Smits et al., 1998).
Bakaltcheva et al. (1994) suggested that trehalose protects biological membranes, such as
the plasma membrane, the tonoplast, and the
chloroplast envelope, under drought stress. In
contrast, we found that the edge of bracts in the
trehalose-treated gladiolus spikes were dry
(Fig. 4), and bracts appeared to have suffered
some damage over the course of the 4 d.
Growth of transgenic tobacco was inferior to
that of the wild-type when plants were grown
under optimal conditions (Holmström et al.,
1996; Pilon-Smits et al., 1998). Trehalose
feeding also suppressed growth and cell wall
synthesis in vitro of shoot tips of Cuscuta
reflexa Roxb. (Veluthambi et al., 1981, 1982).
Although water loss in gladiolus bracts has
only a slight influence on the appearance of the
spike, we need to elucidate why trehalose
induces desiccation of the bracts in cut flowers.
As previously noted, gladiolus flowers were
found to be ethylene-insensitive (Serek et al.,
1994; Yamane et al., 1993). Treatment with
CHI, an inhibitor of protein synthesis, was
effective in extending the vase-life of half- and
fully opened gladiolus florets, although its
application to flowers at immature stages
inhibited the opening of buds (Jones et al.,
1994; Yamane and Ogata, 1995). A similar
tendency was observed in whole spikes in our
series; the vase-life of the first floret was improved (Fig. 2A), but the opening and development of the immature florets were severely
inhibited (Fig. 3), and pigments accumulated.
These results indicate that CHI is not suitable
for commercial use to delay the senescence of
gladiolus spikes. The protease inhibitors io-
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doacetic acid and PMSF, and the stomatal closure inhibitor fusicoccin, accelerated wilting of
the petal. Thus, only trehalose was effective in
maintaining the first floret over the course of 4
d, while also permitting opening of the fifth
floret.
We conclude that 0.1M trehalose suppressed
water loss and enhanced viability in petals,
although a slight wilting in the bracts of cut
gladiolus spikes was simultaneously observed.
In order to clarify this mechanism of cut flower
senescence, further studies including investigation into sugar components, changes in proteins,
and physical states of water, are necessary.
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