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The aim of this study was to evaluate the putative role of the sucrosyl-galactosides, loliose [␣-d-Gal (1,3) ␣-d-Glc (1,2)
␤-d-Fru] and raffinose [␣-d-Gal (1,6) ␣-d-Glc (1,2) ␤-d-Fru], in drought tolerance of perennial ryegrass and to compare it with
that of fructans. To that end, the loliose biosynthetic pathway was first established and shown to operate by a UDP-Gal:
sucrose (Suc) 3-galactosyltransferase, tentatively termed loliose synthase. Drought stress increased neither the concentrations of loliose and raffinose nor the activities of loliose synthase and raffinose synthase (EC 2.4.1.82). Moreover, the
concentrations of the raffinose precursors, myoinositol and galactinol, as well as the gene expressions of myoinositol
1-phosphate synthase (EC 5.5.1.4) and galactinol synthase (EC 2.4.1.123) were either decreased or unaffected by drought
stress. Taken together, these data are not in favor of an obvious role of sucrosyl-galactosides in drought tolerance of
perennial ryegrass at the vegetative stage. By contrast, drought stress caused fructans to accumulate in leaf tissues, mainly
in leaf sheaths and elongating leaf bases. This increase was mainly due to the accumulation of long-chain fructans (degree
of polymerization ⬎ 8) and was not accompanied by a Suc increase. Interestingly, Suc but not fructan concentrations greatly
increased in drought-stressed roots. Putative roles of fructans and sucrosyl-galactosides are discussed in relation to the
acquisition of stress tolerance.

One of the strategies employed by plants to survive
drought stress includes the synthesis of protective
compounds, which may act by stabilizing membranes and proteins or mediating osmotic adjustment
(Bohnert et al., 1995; Hare et al., 1998; Hoekstra et al.,
2001). Included among these protective compounds
are the water-soluble carbohydrates (WSCs), Glc,
Suc, raffinose, myoinositol, and fructans.
Raffinose family oligosaccharides (RFOs) such as
raffinose and stachyose accumulate during seed development and are thought to play a role in the
desiccation tolerance of seeds (Blackman et al., 1992;
Brenac et al., 1997). Raffinose also accumulates in
vegetative tissues under drought stress (Taji et al.,
2002). RFO biosynthesis requires the presence of galactinol, which is formed by galactinol synthase
(GolS; EC 2.4.1.123) from UDP-Gal and myoinositol.
Galactinol is the galactosyl donor for the biosynthesis
of raffinose from Suc by raffinose synthase (RafS; EC
2.4.1.82). Because galactinol has not been assigned
any function in plants other than acting as galactosyl
donor for RFOs synthesis, GolS potentially catalyzes
a metabolic key step for RFO synthesis. In a recent
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study, two drought-responsive GolS genes were
identified among seven in Arabidopsis (Taji et al.,
2002). Overexpression of one of them caused an increase in endogenous galactinol and raffinose as well
as an improvement in drought tolerance.
In addition to GolS, myoinositol 1-phosphate synthase (INPS; EC 5.5.1.4) is another enzyme that may
control the levels of galactinol and raffinose. It represents the point of entry into the RFO biosynthetic
pathway because it diverts carbon from Glc-6phosphate to myoinositol-1-phosphate, which is then
used by inositol monophosphatase to produce myoinositol, the galactinol precursor. When potato (Solanum tuberosum) antisense INPS transformants were
analyzed, they showed strongly reduced levels of
myoinositol, galactinol, and raffinose in their leaves
(Keller et al., 1998). In ice plants (Mesembryanthemum
crystallinum), which have remarkable tolerance
against drought, high salinity, and low temperatures,
salinity elevated INPS transcript levels (Ishitani et al.,
1996; Nelson et al., 1998). In Vigna umbellata plants,
myoinositol increased during drought stress, but this
increase was not accompanied by an increase in INPS
activity (Wanek and Richter, 1997). The only report
on the effect of drought stress on INPS gene expression concerns potato plants; INPS transcript levels
were unaffected by drought stress (Keller et al.,
1998).
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Fructans (polyfructosyl-Suc) are a further group of
reported candidates for drought protectants. In several species, fructans are either accumulated (Volaire
and Lelièvre, 1997; De Roover et al., 2000), modified
in chain length (Thomas, 1991; Volaire et al., 1998;
Thomas and James, 1999), or reduced (Spollen and
Nelson, 1994) during desiccation. A role for fructan
in drought resistance was also suggested by Hendry
(1993), who stated that the appearance of fructanproducing taxa corresponded with a climatological
shift toward seasonal drought and that the distribution of present-day fructan flora corresponds with
regions of seasonal drought. Additional evidence for
a role of fructans in drought tolerance was provided
by the finding that transgenic tobacco (Nicotiana tabacum) and transgenic sugar beet (Beta vulgaris) plants
that accumulated low fructan levels were slightly
more drought tolerant than wild-type plants (PilonSmits et al., 1995, 1999). Interestingly, recent reports
point to the possibility that fructans may directly
stabilize membranes under stress conditions (Ozaki
and Hayashi, 1996; Demel et al., 1998; Hincha et al.,
2000; Vereyken et al., 2001; Hincha et al., 2002).
Suc:fructan 6-fructosyltransferase (6-SFT, EC
2.4.1.10) is one of the enzymes involved in grass
fructan biosynthesis (Sprenger et al., 1995). In barley
(Hordeum vulgare), both 6-SFT and INPS genes are
up-regulated by (a) cold temperature, (b) Suc and
Glc supplied to excised leaves in the dark, and (c)
leaf excision followed by illumination. It is hypothesized that Glc released as a by-product of fructan
synthesis may induce the INPS gene expression
(Wei et al., 2001).
Temperate forage grasses such as Dactylis glomerata,
Festuca arundinacca, or perennial ryegrass (Lolium
perenne) cannot maintain growth and development
under prolonged and intense drought, but must be
able to remain alive during a limited water deficit
period to recover actively after rehydration (Volaire
and Lelièvre, 1997; Volaire et al., 1998). Stress responses of growing tissues differ from those of mature
tissues, with younger tissues being more resistant to
water deficit (Barlow et al., 1980; West et al., 1990).
Enclosed leaf bases and apices, which represent the
surviving organs, are protected from evaporative
stress within the older sheaths. They cannot tolerate a
complete dehydration. Consequently, resistant grass
genotypes exhibit a combination of adaptative responses to delay dehydration in the surviving organs.
Monosaccharides, Suc, and fructans have been shown
to accumulate in elongating leaf bases (Thomas, 1991;
Volaire et al., 1998; Thomas and James, 1999). However, accumulation of other recognized protective
compounds such as myoinositol, galactinol, and raffinose has never been investigated in these grass
species.
Under non-stressed conditions, perennial ryegrass
plants accumulate small amounts of raffinose and
loliose (Pavis et al., 2001; Amiard et al., 2003). Loliose

[␣-d-Gal (1,3) ␣-d-Glc (1,2) ␤-d-Fru] is a galactosyl
trisaccharide, structurally similar to raffinose [␣-dGal (1,6) ␣-d-Glc (1,2) ␤-d-Fru]. Loliose has been
found in different species of Festuca and Lolium
where its chemical structure was first elucidated
(MacLeod and McCorquodale, 1958a, 1958b; Chatterton et al., 1993). Its role and its synthetic pathway are
unknown. The main objective of this study was to
investigate whether drought stress could induce loliose and/or raffinose synthesis in addition to fructan
synthesis in perennial ryegrass. To this end, we first
established the loliose synthetic pathway and cloned
the GolS and INPS genes. Second, we studied (a)
loliose accumulation by measuring loliose synthase
activity and loliose concentrations; (b) raffinose accumulation by measuring RafS activity, GolS gene
expression, and galactinol and raffinose concentrations; (c) INPS gene expression and myoinositol concentrations; and (d) fructan accumulation during
drought stress and after rewatering. We here report
that in perennial ryegrass, the synthesis of fructans
but not that of raffinose and loliose is up-regulated
by drought stress. We further report on a novel enzyme, tentatively termed loliose synthase, which is
an ␣-galactosyl transferase producing loliose from
UDP-Gal and Suc.
RESULTS
Loliose Tissue Localization and Loliose
Synthase Characterization

Loliose was not homogeneously distributed in perennial ryegrass plants (Fig. 1A). The highest concentration was found in seeds where it amounted to
almost 2% of the dry weight, and 80.5% of the WSC,
the other sugars being Suc, Glc, and Fru. In vegetative tissues, loliose was found exclusively in leaf
sheaths and the upper part of the roots. In leaf
sheaths, the highest concentration was found in the
middle internal sheaths. Loliose was neither detected
in leaf blades nor in immature growing leaves.
The biosynthesis of galactosyl-Suc trisaccharides
has been shown to proceed by pathways involving
either UDP-Gal (for planteose and umbelliferose synthesis) or galactinol (for raffinose synthesis) as galactosyl donors, with Suc being always the galactosyl
acceptor (for review, see Keller and Pharr, 1996).
Thus, to determine the loliose biosynthetic pathway,
Suc was incubated with UDP-Gal or galactinol, respectively. Incubation of desalted crude extract of
leaf sheaths with Suc and UDP-Gal yielded loliose
but no raffinose (Fig. 1B, top panel), whereas incubation with Suc and galactinol yielded raffinose but
no loliose (Fig. 1B, middle panel). UDP-Gal is therefore the galactosyl donor for loliose synthesis, and
galactinol is the galactosyl donor for raffinose synthesis in perennial ryegrass leaf sheaths. Additionally, the
extract was also able to use Suc for 1-kestotriose synthesis (Suc:Suc 1-fructosyltransferase activity; Fig. 1B,
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Figure 1. Loliose localization and biosynthesis
pathway in perennial ryegrass. A, Loliose repartition in the different tissues of perennial ryegrass. Values are mean of three replicates and
indicate the loliose concentration (milligrams
per gram dry weight). B, HPAEC-PAD profiles
from incubations of desalted crude extract from
leaf sheaths of perennial ryegrass with 50 mM
Suc and either 5 mM UDP-Gal (top panel) or 5
mM galactinol (middle panel) at pH 8.5 for 24 h.
The bottom panel show a mixed standard with
myoinositol (My), mannitol (Ma), Glc, Fru, Suc,
raffinose (Raf), and loliose (Lol). 1-K, 1-Kestotriose. C, pH-dependent activity profile of loliose synthase assayed with 50 mM Suc and 5 mM
UDP-Gal. The enzyme activity was assayed at
different pH from 5.5 to 9.0 using the following
buffer solutions: pH 5.5 to 6.7, MES buffer; pH
6.7 to 8, HEPES buffer; and pH 8 to 9, HEPBS
buffer. Vertical bars indicate ⫾ SE (n ⫽ 3).

top and middle panels) as well as to hydrolyze Suc to
Glc and Fru (invertase activity). The pH dependency
showed a broad optimum between 7.5 and 8.5 in
HEPES and HEPBS buffers (Fig. 1C).
Effect of Drought and Rewatering on Water
Relations and Growth

The water content of the soil was measured to
determine the drought rate. Under control conditions, the water content of the soil remained fairly
constant. Under stress conditions, the soil water content dropped from 3 to 1.2 g g⫺1 dry soil during the
first 7 d of drought and still decreased during the 7
following d to reach almost zero (Fig. 2). By contrast,
the leaf water potential did not change during the
first week of drought but started to decrease sharply
afterward from ⫺0.4 to less than ⫺1.6 MPa. During
the rewatering period, the soil water content increased immediately from 0.1 to 2.6 g g⫺1 dry soil in
3 d and reached the same value as the control soil (3.3
g g⫺1 dry soil) 11 d later. The leaf water potential
increased also sharply in parallel with the soil water
content during the early period of rewatering from
⫺1.6 to ⫺0.7 MPa but remained stable afterward.
Under control conditions, the water content of the
leaf tissues and the roots remained fairly constant
(Fig. 3). Under stress conditions, the water content of
elongating leaf bases and leaf sheaths showed a 25%
2220

to 30% decrease during the 14 d of drought, whereas
that of leaf blade and roots declined only by 16% and
6%, respectively. However, no significant difference
was found on a dry weight basis between control
plants and drought-stressed plants. During the rewatering period, the water content in each tissue of
drought-stressed plants increased again progressively to reach values that were not significantly
different from those in control plants. The dry weight
of drought-stressed plant tissues remained stable after rewatering, whereas it increased in control plants,
leading to 30% to 45% differences in dry weight
between drought-stressed plants and control plants
at the end of the rewatering period. The number of
tillers per plant increased progressively during the
experiment but was always similar between droughtstressed and control plants (data not shown).
Effect of Drought and Rewatering on Fructan, Suc, and
Monosaccharide Concentrations

Under stress conditions, fructan concentrations increased significantly in all leaf tissues. The most pronounced increase was observed in elongating leaf
bases where a 2-fold higher concentration was
reached at the end of the drought period (amounting
to 60% of the dry weight) as compared with control
plants (Fig. 4A). During the rewatering period, fructan concentrations first increased (in mature leaves)

Downloaded from on September 20, 2019 - Published by www.plantphysiol.org Plant Physiol. Vol. 132, 2003
Copyright © 2003 American Society of Plant Biologists. All rights reserved.

Fructans, Sucrosyl-Galactosides, and Drought Stress in Perennial Ryegrass

decreased strongly in elongating leaf bases and only
weakly in leaf sheaths, leading to a greater proportion of high DP fructans after drought stress (d 14) in
those tissues. By contrast, the proportion of low DP
fructans increased slightly in leaf blades. After rewatering (d 28), the proportion of low DP fructans increased again in elongating leaf bases, whereas it
remained unchanged in leaf sheaths and leaf blades.
Contrary to fructans, Suc levels were not significantly affected in leaf tissues, whereas they almost
doubled in roots from d 7 to 14 of drought stress and
declined again after rewatering (Fig. 4B).
Glc concentrations did not change significantly in
elongating leaf bases of drought-stressed plants (Fig.
4C). Fru concentrations, however, declined by 50%
during drought stress and increased after rewatering
(Fig. 4D). In leaf sheaths, both Glc and Fru concentrations remained unchanged throughout the experiment. In leaf blades and in roots, hexose concentrations increased by at least 2-fold during drought and
decreased after rewatering.
Effect of Drought Stress and Rewatering on
Myoinositol, Galactinol, Raffinose, and Loliose
Metabolism

Figure 2. Time courses of soil water content and leaf water potential
in samples that were either well watered (control, black squares) or
subjected to 14 d of drought followed by rewatering (droughtstressed, white squares). Vertical bars represent ⫾ SE (n ⫽ 3). The
asterisk indicates significant differences between control and
drought-stressed samples at P ⬍ 0.05.

or remained stable (in elongating leaf bases) before
declining in all leaf tissues of drought-stressed plants
to come back to values similar to those in control
plants. In roots, fructan concentrations did not
change significantly during the experiment, neither
in control nor in drought-stressed plants.
To determine whether the fructan accumulation in
leaf tissues during drought was due to low or high
degree of polymerization (DP) fructans, WSC samples were analyzed by high-performance anionexchange chromatography with pulsed amperometric detection (HPAEC-PAD; Fig. 5). To compare the
relative proportions of low and high DP fructans, the
same amounts of total fructan were injected for each
type of tissue. At the beginning of the experiment (d
0), elongating leaf bases contained a higher proportion of low DP fructans, whereas in leaf sheaths and
in leaf blades, high DP fructans were predominant.
During drought, the proportion of low DP fructans

Loliose and raffinose concentrations were determined at the beginning and the end of drought and
rewatering, respectively. In roots, the concentrations
were below the detection limit, so only data from leaf
tissues are presented. The RafS activities were measured in elongating leaf bases and in leaf sheaths
(Table I). Raffinose was barely detectable in elongating leaf bases, representing less than 0.1% of the dry
weight. In leaf sheaths and leaf blades, it represented
0.2% and 0.4% of the dry weight, respectively, at the
beginning of the experiment. At the end of the
drought stress, raffinose concentrations declined
more in mature leaf tissues of stressed plants than
those of control plants. Concomitantly, RafS activity
decreased in leaf sheaths under both conditions. Neither raffinose concentrations nor RafS activities were
significantly affected by the rewatering treatment in
mature leaf tissues. In elongating leaf bases, however, where raffinose concentrations and RafS activities were the lowest, raffinose concentrations were
significantly affected by rewatering because it was
higher in drought-stressed plants than in control
plants. These higher raffinose concentrations in elongating leaf bases at the end of the rewatering period
probably resulted from the higher RafS activities detected in this tissue at the end of the drought period
compared with those in control plants. Among mature leaf tissues, loliose was specifically located in the
sheaths. Loliose did not accumulate in this tissue
during drought stress (Table I). Loliose synthase activity was detected in leaf sheaths but at an extremely
low level (⬍0.1 nkat mg⫺1 protein) and did not show
any significant change during drought stress (data
not shown).
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Figure 3. Water content and biomass of the different plant parts of perennial ryegrass that were either well watered (control,
black squares) or subjected to 14 d of drought followed by rewatering (drought-stressed, white squares). Vertical bars
represent ⫾ SE (n ⫽ 3). The asterisk indicates significant differences between control and drought-stressed samples at P ⬍
0.05.

On the basis of known INPS and GolS sequence
data, specific DNA primers were designed and used
for reverse transcription-PCR amplification of homologous sequences from perennial ryegrass leaf
sheaths. The deduced amino acid sequence of INPS
2222

(EMBL accession no. AY154382) is highly homologous to known INPS sequences from monocotyledonous species (Yoshida et al., 1999). The deduced
amino acid sequence of GolS (EMBL accession no.
AY154380) is highly homologous to known GolS se-
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Figure 4. Concentrations of fructans (A), Suc (B), Glc (C), and Fru (D) in the plant parts of perennial ryegrass that were either
well watered (control, black squares) or subjected to 14 d of drought followed by rewatering (drought-stressed, white
squares). Vertical bars represent ⫾ SE (n ⫽ 3). The asterisk indicates significant differences between control and droughtstressed samples at P ⬍ 0.05.

quences from soybean (Glycine max), zucchini (Cucurbita pepo; Kerr et al., 1993), rice (Oryza sativa; Takahashi et al., 1994), common bugle (Ajuga reptans;
Sprenger and Keller, 2000), and Arabidopsis (Taji et
al., 2002).
INPS and GolS expression as well as myoinositol
and galactinol concentrations were determined in

leaf tissues during drought stress and rewatering
(Fig. 6). INPS expression was not affected by drought
and rewatering in elongating leaf bases, whereas it
decreased in leaf sheaths and in leaf blades, compared with that in control plants where it was rather
stable. At the end of the rewatering period, INPS
expression in leaf blades and leaf sheaths was lower
Figure 5. Chromatograms of WSCs in the plant
parts of perennial ryegrass that were subjected
to 14 d of drought followed by 14 d of rewatering. Fructans from elongating leaf bases (0.15
mg), from leaf sheaths (0.20 mg), and from leaf
blades (0.20 mg) were applied to the CarboPac
PA100 column. Glc, Fru, and Suc were eluted
between 2 and 5 min, fructans with low DP (⬍8)
between 6 and 15 min and high DP fructans
(DP ⱖ 8) between 16 and 30 min, according to
the identifications obtained by Pavis et al.
(2001).
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Table I. Concentrations of raffinose and loliose and activities of raffinose synthase in leaf tissues of perennial ryegrass subjected to 14 d of
drought stress, followed by 14 d of rewatering
Values are means ⫾ SE (n ⫽ 3). Asterisk indicates significant differences between control and drought-stressed samples at P ⬍ 0.05. u.d.l.,
Under the detection limit; n.d., not determined.
Leaf Tissue

Raffinose (mg g⫺1 dry wt)
Elongating leaf bases
Leaf sheaths
Leaf blades
Raffinose synthase activity
(nkat mg⫺1proteins)
Elongating leaf bases
Leaf sheaths
Leaf blades
Loliose (mg g⫺1 dry wt)
Elongating leaf bases
Leaf sheaths
Leaf blades

d0

d 14 (End of Drought)

Control

Drought-Stressed

Control

Drought-Stressed

u.d.l.
1.62 ⫾ 0.35
4.15 ⫾ 0.23

0.33 ⫾ 0.25
0.34 ⫾ 0.26
1.56 ⫾ 0.25

0.09 ⫾ 0.21
0.00 ⫾ 0.14
0.37 ⫾ 0.56

0.01 ⫾ 0.12
0.88 ⫾ 0.34
1.46 ⫾ 0.07

0.68 ⫾ 0.14*
0.91 ⫾ 0.23
1.27 ⫾ 0.77

2.28 ⫾ 0.89
29.60 ⫾ 7.27
n.d

2.93 ⫾ 1.33
20.46 ⫾ 10.38
n.d

7.47 ⫾ 2.37
9.67 ⫾ 4.43
n.d

2.80 ⫾ 0.09
20.74 ⫾ 8.84
n.d

0.00 ⫾ 0.87*
9.39 ⫾ 6.58
n.d

u.d.l.
1.92 ⫾ 0.71
u.d.l.

u.d.l.
0.60 ⫾ 1.14
u.d.l.

u.d.l.
0.07 ⫾ 0.35
u.d.l.

u.d.l.
1.49 ⫾ 0.78
u.d.l.

u.d.l.
u.d.l.
u.d.l.

than in plants grown under normal conditions. The
concentration of myoinositol did not change significantly in these two leaf tissues throughout the experiment. It increased in elongating leaf bases during the
first 7 d of drought stress and declined thereafter.
GolS gene expression was much less affected by
drought stress in elongating leaf bases than in leaf
sheaths and leaf blades where it was strongly downregulated. In all tissues, rewatering caused an increase in GolS expression. The galactinol concentrations correlated positively with the changes in GolS
expression; no significant change in elongating leaf
bases and a decrease in leaf sheaths and leaf blades
were observed.
DISCUSSION
Loliose Biosynthetic Pathway and Its Role in Drought
Tolerance of Perennial Ryegrass

The in vitro synthesis of loliose was obtained by
incubation of desalted enzyme extracts from perennial ryegrass leaf sheaths with UDP-Gal and Suc
proceeding according to the reaction: UDP-Gal ⫹ Suc
3 loliose ⫹ UDP. The enzyme, tentatively termed
loliose synthase, can therefore be classified as a UDPGal:Suc 3-galactosyltransferase (EC 2.4.1.?). It exhibits a broad pH optimum between 7.5 and 8.5, suggesting a cytosolic location. The biosynthesis of the
two other galactosyl-Suc, umbelliferose (Hopf and
Kandler, 1974) and planteose (Dey, 1980; Hopf et al.,
1984), have also been shown to proceed with UDPGal as galactosyl donor. The optimal activities for
umbelliferose- and planteose-synthesizing enzymes
were obtained at pH 7.5 and 6.2, respectively. The
same perennial ryegrass leaf sheath enzyme preparation was also able to produce raffinose when UDPGal was replaced by galactinol in the incubation medium. This reaction (galactinol ⫹ Suc 3 raffinose ⫹
myoinositol) is catalyzed by RafS (Lehle and Tanner,
2224

d 28 (End of Rewatering)

Control

1973; Bachmann et al., 1994; Peterbauer et al., 2002).
On the basis of our current knowledge, the biosynthetic pathways for loliose and raffinose in perennial
ryegrass are summarized in Figure 7.
In perennial ryegrass, loliose does not act as a
transport carbohydrate because it was not detected in
the phloem sap collected by the aphid stylectomy
technique (unpublished data). It does not seem to
represent a carbon storage compound either, which
could be mobilized after defoliation to sustain regrowth (Pavis et al., 2001). Loliose was never detected in the leaf growth zone or in the root tips.
Instead, it was found in leaf sheaths and in the oldest
part of the roots, which contain less water than meristematic tissues (Amiard et al., 2003). Besides this
specific location of loliose in plants at the vegetative
stage, seeds store up to 80.5% of the WSC in the form
of loliose, as shown in the present study, the other
carbohydrates being Suc, Glc, and Fru. The aim of
this study was to test the hypothesis that loliose acts
as a desiccation protectant in leaves and roots of
perennial ryegrass subjected to drought stress. Loliose does not seem to fulfill this role, however, because it did not accumulate in these tissues in response to water deficit, and the loliose synthase
activity did not show any significant change during
drought. The possibility that loliose may play important roles in seed desiccation or in other stress situations such as anoxia, low temperature, and high
salinity cannot be ruled out.
Raffinose Biosynthetic Pathway and Its Role in
Drought Tolerance of Perennial Ryegrass

The fact that transgenic plants, which overexpressed AtGolS cDNAs and accumulated galactinol
and raffinose, showed improved drought tolerance
provides direct evidence that the stress-inducible
GolS gene controls the level of RFOs and that galacti-
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Figure 6. Northern-blot analysis of INPS and GolS gene expression (A) and concentrations of myoinositol and galactinol (B)
in the leaf tissues of perennial ryegrass plants that were either well watered (control, black squares) or subjected to 14 d of
drought followed by rewatering (drought-stressed, white squares). A, Twenty micrograms of total RNA per lane was
fractionated on a denaturing agarose gel, blotted to a nylon membrane, and hybridized with 32P-labeled INPS and GolS
cDNA probe, respectively. Loading of an equal amount of total RNA in each lane was verified by UV fluorescence of
ethidium bromide-stained gel (the band corresponding to 18S rRNA was shown). B, Vertical bars represent ⫾ SE (n ⫽ 3). The
asterisk indicates significant differences between control and drought-stressed samples at P ⬍ 0.05.

nol and raffinose play important roles in drought
stress tolerance (Taji et al., 2002). Raffinose, which
was also detected in small amounts in perennial ryegrass shoots and roots at the vegetative stage (Pavis

et al., 2001), did not accumulate under drought stress.
Raffinose metabolism was differentially affected by
drought, depending on the leaf tissue type. In elongating leaf bases, raffinose metabolism was less af-
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Figure 7. Biosynthetic pathways of loliose and raffinose in perennial ryegrass. HXK, Hexokinase; Glc-1-P, Glc 1-phosphate;
Glc-6-P, Glc 6-phosphate; INPP, myoinositol 1-phosphate phosphatase; LolS, loliose synthase; Pi, inorganic phosphate, PPi,
inorganic pyrophosphate; and 1-SST, Suc:Suc 1-fructosyltransferase.

fected than in mature leaves where it was reduced by
a combination of decreased RafS activity and reduced levels of GolS and INPS transcripts. Raffinose
does not seem, therefore, to play a role in desiccation
tolerance of perennial ryegrass. Recently, seven GolS
genes were isolated from Arabidopsis (Taji et al.,
2002). They responded differently to drought stress.
Role of Fructan in Drought Tolerance of Perennial
Ryegrass

The increased carbohydrate concentrations in
shoots and roots of perennial ryegrass subjected to
water deficit can easily be explained by the fact that
growth is limited to a much higher extent than photosynthesis (Arcioni et al., 1985; Chaves, 1991). Exposure to a short-term drought (14 d) resulted in the
accumulation of large amounts of fructans in elongating leaf bases and in leaf sheaths, as already reported for plants of the same species subjected to a
long-term drought (57 d; Thomas and James, 1999).
This increase was mainly due to the accumulation of
high-DP fructans (DP⬎8) and is consistent with their
proposed role as drought protectants maintaining
membrane integrity. Recently, high-DP plant fructans were shown to prevent membrane damage by
interacting with the head groups of phospholipids
(Vereyken et al., 2001).
It is well known that drought stress induces a shift
in the partitioning of photosynthetic products in favor of Suc (Hare et al., 1998), probably achieved by
the activation of Suc phosphate synthase (Toroser
and Huber, 1997). In fructan-accumulating plants,
Suc may not only play a role as a substrate for fructan
synthesis, but it may also act as an effector inducing
fructan-synthesizing genes (Müller et al., 2000). In
the present study, fructan accumulation in perennial
ryegrass leaves was not accompanied by a Suc increase, contrary to previous results (Sprenger et al.,
1995; Vijn et al., 1997; Thomas and James, 1999; De
Roover et al., 2000). Moreover, and somewhat unexpectedly, Suc concentrations greatly increased in perennial ryegrass roots, but fructan accumulation was
not enhanced. These contradictory results suggest
that factors other than Suc are likely to affect the
expression of fructan-synthesizing genes, an assump2226

tion that is also supported by a recent study where
attached and detached barley leaves were exposed to
continuous light and Suc concentrations increased
similarly, but 6-SFT mRNA increased only in detached leaves. Additionally, Suc concentrations remained high in cold-treated plants, but 6-SFT gene
expression was down-regulated (Wei et al., 2001).
Further research is needed to identify the factors
involved in fructan regulation and their signaling
pathways.

Interplay between Fructan and Sucrosyl-Galactoside
Pathways

A recent study showing homologous expression
patterns for 6-SFT and INPS genes in barley leaves
led to the proposition that the Glc produced from
fructan synthesis may stimulate INPS gene activity
(Wei et al., 2001). Under drought stress conditions,
however, fructan levels increased with no concomitant rise in INPS transcripts. INPS gene expression
was even down-regulated. INPS transcripts have already been reported to decline in response to water
stress (Keller et al., 1998).
On the basis of current knowledge, RFO metabolism operates in families (Cucurbitaceae, Lamiaceae,
and Scrophulariacea) where fructans do not accumulate (Keller and Pharr, 1996). Vice versa, RFO metabolism might not function in species that accumulate
fructans. Interestingly, in perennial ryegrass, fructans, loliose, and raffinose were all detected in leaf
sheaths, albeit at different levels, with fructans being
much more concentrated than loliose and raffinose.
Drought stress increased fructan levels but had no
effect on loliose or raffinose levels. In the same species, loliose but not fructans and raffinose are stored
in dry seeds. Hence, fructans may play a role in
inducing drought tolerance in vegetative tissues of
perennial ryegrass, whereas loliose may be important
in inducing desiccation tolerance in dry seeds during
development. Insights into the regulation of both
pathways together with the drought sensitivity of the
working enzymes should help to understand the basis of the apparent discrepancy between fructan and
sucrosyl-galactoside pathways.
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MATERIALS AND METHODS

Loliose Synthase Characterization

Plant Material and Drought Stress Conditions

The loliose synthetic pathway was determined by testing different galactosyl donors, galactinol (purified from cucumber [Cucumis sativus] according to Pharr et al. [1987]), UDP-Gal, and raffinose (Sigma-Aldrich). The pH
optimum of the enzyme reaction was determined using MES buffer (pH
5.5–6.7 adjusted with NaOH), HEPES buffer (pH 6.7–8 adjusted with
NaOH), and HEPBS buffer (pH 8–9 adjusted with NaOH) with 50 mm Suc
and 5 mm UDP-Gal as substrates.

Perennial ryegrass (Lolium perenne L. cv Bravo) plants were grown in a
greenhouse with a photoperiod of 16 h of natural light supplemented by a
photosynthetic photon flux density of 110 mol m⫺2 s⫺1 (Phyto tubes,
Claude, GTE, Puteaux, France). The thermoperiod was 24°C (day) and 18°C
(night). Seeds were germinated on water and transferred to plastic pots
filled with perlite (three plants per pots) after 2 weeks. Nutrient solution,
previously described by Gonzalez et al. (1989), was applied every 2nd d. Six
weeks later, the supply of nutrient solution was stopped for one-half of the
pots (treated plants), whereas the other half was still watered with nutrient
solution (control plants; d 0–14, drought period). Fourteen days later, the
treated plants were rewatered with nutrient solution (d 14–28, rewatering
period). Measurements were made on d 0, 7, 9, 11, and 14 (drought) and d
17, 21, and 28 (rewatering).

Leaf Water Potential Measurements
Measurements were made just before the light period on one excised
laminae (the youngest mature leaf) per plant (three measurements for each
triplicate), using a Scholander-type pressure chamber following the procedure described by Turner (1981).

Harvesting Procedure
For each time point, triplicate pots containing three plants each were
harvested. Plants were divided into four parts: roots, sheaths of mature
leaves, blades of mature leaves together with the emerged part of the
elongating leaf, and elongating leaf bases. One part of the harvested tissues
was used immediately for enzyme extraction, whereas the remainder was
frozen, stored at ⫺80°C for RNA extraction, or freeze-dried for soluble
carbohydrate extraction.

Extraction and Analysis of WSC
Soluble carbohydrates were extracted from 100 mg of freeze-dried tissues
as described previously by Morvan-Bertrand et al. (2001). Aliquots of carbohydrate extracts (100 L) were passed through minicolumns (Mobicols
from MoBITec, Göttingen, Germany) packed, from bottom to top, with 120
L of Amberlite CG-400 II, formiate-form (Fluka, Buchs, Switzerland), 100
L of polyvinylpolypyrrolidone (Sigma-Aldrich, St. Louis), and 120 L of
Dowex 50W X8–400 H⫹-form (Sigma-Aldrich) to remove charged compounds (Bachmann et al., 1994). Glc, Fru, Suc, and fructans were separated
and quantified by HPLC on a cation exchange column (Sugar-PAK, 300 ⫻
6.5 mm, Millipore Waters, Milford, MA) eluted at 0.5 mL min⫺1 and 85°C
with 0.1 mm CaEDTA in water, using mannitol as internal standard and
refractive index detection (Guerrand et al., 1996). Loliose, raffinose, myoinositol, and galactinol were analyzed by HPAEC-PAD (DX-300, Dionex,
Sunnyvale, CA) on a Carbopac PA1 column (4 ⫻ 250 mm) eluted at room
temperature with sodium acetate (25 mm) in 150 mm NaOH (1 mL min⫺1)
using mannitol as internal standard. Fructan chromatograms were obtained
by HPAEC-PAD on a Carbopac PA100 column (4 ⫻ 250 mm; Dionex) eluted
with a sodium acetate gradient in 150 mm NaOH (1 mL min⫺1) as described
by Pavis et al. (2001). Glc, Fru, and Suc eluted between 2 and 5 min, fructans
with low DP (⬍8) between 6 and 15 min, and high DP fructans (DP ⱖ 8)
between 16 and 30 min, according to the identifications obtained by Pavis et
al. (2001).

Enzyme Extraction
Freshly harvested tissues (300 mg) were ground in 840 L of extraction
buffer (50 mm MES, pH 6.3, 1 mm EDTA, 0.01% [v/v] Triton X-100, and 1
mm phenylmethylsulfonyl fluoride) at 4°C. After centrifugation (12,000g, 5
min), samples were desalted by gel filtration on Sephadex G-50 equilibrated
with incubation buffer (75 mm HEPES, pH 8.5, and 5 mm dithiothreitol).

Enzyme Assays
Enzyme activities were determined at 30°C and pH 8.5 with 50 mm Suc
and 5 mm UDP-Gal or 5 mm galactinol for loliose synthase and RafS,
respectively. Assays were stopped after 24 h by boiling. For control reactions, UDP-Gal or galactinol was omitted. Products of the reactions were
quantified by HPAEC-PAD as described above.

RNA Isolation, Reverse Transcription-PCR
Amplification, Cloning, DNA Sequencing, and Probe
Labeling
Plant tissues were ground in liquid nitrogen and suspended in warm
(80°C) solution consisting of 750 L of phenol and 750 L of extraction
buffer (0.1 m LiCl, 100 mm Tris-HCl, 10 mm EDTA, and 1% [w/v] SDS, pH
8.0). After shaking, 750 L of chloroform:isoamylalcohol (24:1, v/v) was
added, and the solution was centrifuged for 5 min (4°C) at 20,000g. Total
RNA was precipitated with LiCl (final concentration 2 m) overnight at 4°C.
After centrifugation for 30 min (4°C) at 20,000g, the pellet was suspended in
250 L of DEPC-water and 250 L of phenol:chloroform:isoamylalcohol
(25:24:1, v/v), mixed, and centrifuged for 5 min. RNA in the supernatant
was precipitated again with 1 mL of absolute ethanol and 50 L of sodiumacetate buffer (3 m; pH 5.6) overnight at ⫺20°C. After centrifugation for 20
min (4°C) at 20,000g, the pellet was washed with 75% (v/v) ethanol, and
total RNA was suspended in 50 L final buffer (25 mm EDTA and 0.1%
[w/v] SDS).
Poly(A⫹) RNA was purified from total RNA isolated from leaf sheaths
and reverse transcripted with oligo(dT) using reverse transcriptase (Invitrogen, Carlsbad, CA). cDNA was then amplified by PCR. Specific primers for
GolS sequence amplification were designed according to conserved amino
acid regions of known GolS sequences (Sprenger and Keller, 2000): 5⬘-TTC
GCC TG GCC TAC TAC G-3⬘ and 5⬘-GGC GGC GGC GCA GTA GTG-3⬘.
Specific primers for INPS sequence amplification were designed according
to conserved amino acid regions of known INPS sequences from Poaceae
species (Clustal multiple sequence alignment of oat [Avena sativa], rice
[Oryza sativa], and maize [Zea mays]): 5⬘-ATG TTC ATC GAG AGC TTC-3⬘
and 5⬘-TGGATC CTG GTG CTG CTG AGC TC-3⬘. Amplification was
achieved under the following conditions: 10 min at 95°C; 35 cycles of
denaturation at 95°C for 30 s, annealing at 60°C (INPS) or 55°C (GolS) for 1
min, and elongation at 68°C for 2 min. PCR products were analyzed by
agarose gel electrophoresis, cloned into pGEM-T Easy vector (Promega,
Madison, WI) and were used for sequencing or 32P-labeled probe synthesis
using the Random Priming Labeling Kit (Roche Diagnostics, Indianapolis).

Northern Blotting
Total RNA, isolated as described above, was quantified according to A260
and loaded (20 g lane⫺1) onto a 1% (w/v) agarose gel containing 2.2 m
formaldehyde subjected to electrophoresis (80 V for 3 h). RNA was then
transferred to a nylon transfer membrane (gene screen, PerkinElmer Life
Sciences, Boston) by capillary blotting with 10⫻ SSC buffer. Membranes
were prehybridized for 3 h at 60°C in a Church buffer (0.25 m Na2HPO4, 7%
[w/v] SDS, 2 mm EDTA, 20 mg mL⫺1 heparin, and 10 g mL⫺1 salmon
sperm denatured DNA). Membranes were hybridized with the INPS probe
overnight at 60°C, and the INPS probe was removed from the blot. Finally,
the blot was hybridized with the GolS probe.

Statistical Evaluation
The significance of the results was evaluated by Student’s t test, where
P ⬍ 0.05 was considered significant.
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