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Levans in Excised Leaves of Dactylis glomerata: 
Effects of Light, Sugars, Temperature and Senescence 
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Dac[ylis glomerata (orchardgrass) accumulates a single series of levans and the high DP polymers might be correlated with an 
increased stress resistance. A single levan series could be induced in excised orchardgrass leaves, without any 1-kestose accu- 
mulation, strongly suggesting that fructan synthesis occurs independently of 1-SST activity. This elegant excised leaf system 
was used to study fructan metabolism regulation as affected by environmental conditions and exogenous sugar treatments. In 
contrast to the well-studied barley excised leaf system, fructan biosynthesis could not be rapidly induced in the light without 
exogenous sugar and only a limited fructan synthesis was observed in the dark with sugar. It can be concluded that both light 
and sugar are needed to achieve an optimal fructan synthesis. To induce fructan biosynthesis, sucrose could be replaced by a 
combination of glucose and fructose. Fructans were found to be a surplus pool of sucrose when a threshold sucrose concen- 
tration is surpassed. A metabolic switch to fructan degradation was observed when induced orchardgrass leaves were incu- 
bated in the dark at 30~ Interestingly, fructans persisted during senescence of sugar-induced orchardgrass leaves. On the 
longer term, these fundamental regulatory insights might help to create superior grasses for future feed and/or biomass pro- 
duction. 
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Fructans, fructose polymers derived from sucrose, are pro- 
duced by several bacteria and about 45000 species of 
angiosperms (Hendry, 1993). They become increasingly 
popular as healthy food compounds and as a source for 
non-food applications. Suggested roles for fructans in planta 
include long and short-term storage, stress protection and 
osmoregulation (Van Laere and Van den Ende, 2002). 
Fructans are believed to accumulate in the vacuole (Frehner 
et al. 1984), although both fructans and the enzymes 
degrading them (fructan exohydrolases or FEHs) have been 
reported to occur in the apoplast (Livingston and Henson, 
1998). 

Fructan biosynthesis has been intensively studied in a 
number of model plants including chicory, Jerusalem arti- 
choke, onion, Lolium, wheat and Asparagus (Edelman and 
Jefford, 1968; Fujishima et al., 2005; Shiomi et al., 2007; 
Van den Ende and Van Laere, 2007; Prud'homme et al., 
2007; Yoshida et al., 2007). In all cases, at least two or three 
fructan biosynthetic enzymes (fructosyl transferases) are nec- 
essary to build the fructans found in these species. Fructan 
breakdown is catalyzed by FEHs sequentially hydrolyzing 
terminal fructosyl units. Many different types of FEHs have 
now been characterized and cloned, fulfilling a number of 
important physiological functions both in fructan plants and 
non-fructan plants (De Coninck et al., 2007). 

Dicotyledonous plants accumulate fructans that consist 
mainly of [32-1 bound fructose units (inulins), whereas in 
monocotyledonous species fructans with [32-6 linkages 
(levans and graminans) are prevalent. Among grasses, fruc- 
tans occur predominantly in C3 species (Hendry, 1993). So 
far research efforts mainly focused on economically impor- 
tant grasses such as barley (Hordeum vulgare L), wheat (Triti- 
cum aestivum L.) and Lolium species (Lolium perenne, 
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Lolium temulentum). Wheat and barley synthesize lower 
degree of polymerization (DP) graminan-type fructans con- 
taining both [32-6 and [32-1 linkages (Yoshida et al., 2007) 
while Lolium perenne accumulates low DP inulin and inulin 
neoseries fructans and higher DP levan neoseries fructans 
(Pavis et al., 2001 ). Dactylis glomerata, Phleum pratense, Poa 
ampla and a few other grass species (Phalaris aquatica, Puc- 
cinellia stricta) are special since they are known to accumu- 
late only a single series of linear [32-6 linked fructans with a 
terminal glucose (Yamamoto and Mino, 1985; Spollen and 
Nelson, 1988; Chatterton et al., 1993; Bonnett et al., 1997). 
Despite the presence of one simple, dominant levan series, 
only a few attempts (Cairns et al., 1999; Wei et al., 2002) 
have been undertaken to unravel the fructan anabolism in 
some of these species. However, it remains unclear how 
many (one or two) fructosyl transferases are needed to bio- 
synthesize the levans accumulating in these plants. Yama- 
moto and Mino (1985) purified and characterized a 6- 
fructan exohydrolase (6-FEH) involved in the degradation of 
levans in Dactylis glomerata. 

Some dicot plant species like Viguiera discolor (Isejima 
and Figueiredo-Ribeiro, 1993) and Echinops ritro (Vergau- 
wen et al., 2003) produce considerably higher DP inulin- 
type fructans than all other species. Since both of these spe- 
cies are drought-tolerant, it can be hypothesized that high 
DP fructans may be directly or indirectly involved in resis- 
tance to abiotic stress. It was demonstrated that the high DP 
inulin profile observed in Echinops ritro could be attributed 
to the presence of a "high DP ~' fructan: fructan 1-fructosyl- 
transferase (1-FFT). A kinetic comparison with a "low DP ~ 1- 
FFT from chicory revealed that the chicory 1-H-T had a 
higher affinity for short carbohydrates (sucrose, fructose and 
1-kestose) while the high DP 1-FFT preferred longer inulin 
chains as acceptors (Vergauwen et al., 2003). Recently, the 
high DP 1-FFTs from Echinops ritro and Viguiera discolor 
have been cloned and heterologously expressed (Van den 
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Ende et al., 20,05, 2006). 
Interestingly, and similar to what is observed among dicot 

species, some monocots developed the capacity to synthe- 
size high DP levan-type fructans. The longest fructans ever 
described in plants are observed in Dactylis glomerata 
(orchardgrass) where they can reach a DP of up to 314, 
depending on the tissue and environmental conditions 
(Yamamoto and Mino, 1985). Like ryegrass, orchardgrass is 
an economically important species cultivated for hay making 
and grazing in temperate zones. Strikingly, some varieties of 
Dactylis and Lolium are able to survive severe summer 
droughts in Mediterranean areas, and this was reported to 
be correlated to their higher "high DP" fructan contents 
(Volaire et al., 1998). The fructan concentration in autumn 
was also founcl to be closely related to winter hardiness in 
orchardgrass (Sanada et al., 2007). 

Under ideal growth conditions, most fructan accumulating 
plants contain no or very low amounts of fructans in their 
source leaves. However, fructan synthesis can often be 
induced in leaf blades under certain physiological condi- 
tions. Therefore, excised leaf blades became a very popular 
system to study regulation of fructan metabolism (Mor- 
cuende et al., :_)004; Nagaraj et al., 2004). In particular high 
DP fructan biosynthesis could be induced by incubating leaf 
blades of Echinops ritro in sucrose (Van den Ende et al., 
2006). 

There are many good reasons to choose orchardgrass as a 
model plant to study fructan metabolism: i) the species 
accumulates a single series of levan-type fructans, so it can 
be expected that the number of enzymes involved in their 
biosynthesis is more limited compared to wheat, barley and 
Lolium all accumulating a complex mixture of oligo- and 
polysaccharide type fructans ii) the species can accumulate 
very high DP fructans which might be related to stress resis- 
tance in plants iii) the limited number of fructan biosynthetic 
genes (maybe only one gene) could be of great biotechno- 
logical value when introduced in economically important 
crop plants iv) so far studies on fructan metabolism regula- 
tion are mainly restricted to barley, and it would be very 
useful to investigate the regulation in orchardgrass and other 
grasses as well, in order to detect common mechanisms or, 
alternatively, marked differences between species v) these 
deeper insights in fructan metabolism regulation might lead 
to a further increase in water-soluble carbohydrates (WSC) 
in grasses which is related to digestibility and fermentation 
quality of silage. 

As a first step towards future work on enzyme purification 
and characterization, gene cloning and biotechnological 
applications, we report here on the accumulation of levan- 
type fructans in excised orchardgrass leaf blades as affected 
by different (environmental) factors such as photoperiod, 
temperature and exogenous sugar treatment. Furthermore, 
the fate of levan-type fructans was followed during leaf 
senescence. 

MATERIALS AND METHODS 

Plant Material 

Mature, photosynthesizing source leaves were collected 

irom a 4-year old stand of Dactylis glomerata derived from a 
natural population in Heverlee, Belgium. The leaves were 
cut with a sharp scalpel and the cut end was immediately 
placed in water. Three leaves were immediately frozen in 
liquid nitrogen (untreated control) and stored at 80~ until 
analyzed. For treatments, three groups of three leaves were 
taken. 

Different Light Regimes 

Excised leaves were placed in a growth chamber at 20~ 
in Milli Q water supplemented with 0.01% chloramin (water 
control) or in 200 mM sucrose supplemented with 0.01% 
chloramin. Leaves were treated for 32h under 3 different 
conditions: i. continuous light (350 ~mol photons m 2 s t) ii. 
12h of light, 12h of clark, 8h of light and iii. continuous 
dark. Thereafter, part of the leaves were extensively washed 
with Milli Q water and subsequently frozen in liquid nitro- 
gen and stored at -80~ until further analysis. The remaining 
leaves of the three conditions were transferred to Milli Q 
water supplemented with 0.01% chloramin. Half of them 
received full light while the other half were kept in the dark. 
After 24h, the leaves were washed with Milli Q water and 
subsequently frozen in liquid nitrogen and stored at -80~ 
until further analysis. 

Exogenous Sugar Treatments 

Excised leaves were placed in a growth chamber for 32h 
at 20~ in Milli Q water supplemented with 0.01% chloramin 
(water control) and in 200 mM sucrose, 200 mM glucose, 
200 mM frud:ose, 100 mM glucose + 100 mM fructose and 
200 mM mannitol, all supplemented with 0.01% chloramin. 
Experiments 'were performed under continuous light (350 
t~mol photons m 2 s 1) and in the dark. After 24h, the leaves 
were washed with Milli Q water and subsequently frozen in 
liquid nitrogen and stored at -80~ until further analysis. 

Effect of Temperature 

Excised leaves were induced to accumulate fructans as 
described above (continuous light, 32 h, 200 mM sucrose) 
and were then transferred to growth chambers at 20~ 
25~ an 30~ and incubated for 24h in the dark or in con- 
tinuous light as described (Geuns et al., 1997). The leaves 
were washed with Milli Q water and subsequently frozen in 
liquid nitrogen and stored at -80~ until further analysis. 

Leaf Senescence 

Excised leaf blades were incubated in 200 mM sucrose in 
continuous light and followed on a daily basis during 1 
week. Daily samples were washed with Milli Q water and 
subsequently frozen in liquid nitrogen and stored at -80~ 
until further analysis. 

Carbohydrate Analysis 

Excised leaf blades were ground in liquid nitrogen with 
mortar and pestle until a fine powder was obtained. Five 
volumes of Milli Q water were added and the mixture was 
incubated at 90~ for 15 min. After cooling, the homoge- 
nate was centrifuged at 3000 g for 5 min. A 200 ~L sample 
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of the supernatant was passed through a 0.5 mL bed vol- 
ume of Dowex~L50 H § and a 0.5 mL bed volume of 
Dowex~R'-l-Acetate. The resins were rinsed six times with 
200 laL distilled water. The pH of the eluate was adjusted to 
pH 6.0 with a small amount of an unbuffered Tris solution 
(1.0 M). The eluate was diluted twice and centrifuged at 
3000 g for 5 min. From this neutral fraction 25 laL was ana- 
lyzed with high-pressure anion exchange chromatography 
with pulsed amperometric detection (HPAEC-PAD) as 
described (Vergauwen et al., 2000). Quantification was per- 
formed on the peak areas with the external standards 
method for glucose, fructose and sucrose. A short HPAEC- 
PAD method was developed in which all levans (DP 3 and 
higher) were eluted from the column with 500 mM Na-ace- 
tate. These fructan peaks were manually collected and sub- 
jected to mild acid hydrolysis as described (Vergauwen et 
al., 2003). The total amount of fructose in fructans (TF) was 
subsequently quantified with the external standard method 
as described above. 

RESULTS AND DISCUSSION 

Levan Synthesis Can be Induced in Excised Orchardgrass 
Leaf blades 

We propose Dactylis glomerata (orchardgrass) as a model 
plant to study high DP levan metabolism in grasses since 
only one prominent fructan series is present. Moreover, the 
highest DP ever reported in plants was observed in orchardgrass 
(Yamamoto and Mino, 1985). Typically, the lower parts of 
the plant (stubble) accumulate higher fructan concentrations 
compared to the upper parts (foliage) and total fructan levels 
strongly vary among ecotype and environmental conditions 
(Volaire and Leli~vre, 1997; Sanada et al., 2007). Research 
efforts focused on fructan metabolism in stubble because 

these fructans are believed to act as an energy reserve allow- 
ing fast re-growth after defoliation (Prud'homme et al., 
2007). To our knowledge, no specific research was ever 
dedicated to fructan metabolism in excised mature leaf 
blades of Dactylis glomerata. Leaf blades from healthy, well- 
watered plants only contain glucose, fructose and sucrose 
and no fructans could be detected (Fig. 1). However, after 
incubation of excised orchardgrass leaves in 200 mM 
sucrose for 32h, a single fructan series became apparent in 
these induced leaves, similar to the one occurring in the 
stem base of the plant (not shown). Accumulation of low DP 
fructans was limited and most of the material eluted from 
the HPAEC-PAD column only when using 500 mM Na Ace- 
tate, already indicating the presence of higher DP fructans 
(arrow in Fig. 1). Manual collection and mild acid hydrolysis 
of these peaks from sucrose-induced leaves (4 days) resulted 
in a mean DP of about 20 (as calculated from the fructose 
to glucose ratio). We show here that oligofructans do not 
accumulate to a great extent in Dactylis, suggesting that 
higher DP fructans are even better acceptor substrates for 
the enzyme(s) involved in the biosynthetic process. The 
absence of consistent oligofructan accumulation was also 
reported in Phleum (Spollen and Nelson, 1988). By using 6- 
kestose and a complex wheat fructan pattern as a reference 
(the position of 6,6 nystose, 6,6,6 kestopentaose and 
6,6,6,6 kestohexaose is known in wheat; Yoshida et al., 
2007), it could be confirmed that the fructan series in 
orchardgrass is indeed of the levan-type, as previously 
reported (Yamamoto and Mino, 1985). Furthermore, the 
levan-type nature was re-confirmed by manual collection of 
these "higher DP fructan peaks" and treatment with sugar 
beet 6-FEH (Van den Ende et al., 2003) and with c~-amylase 
(not shown). These peaks disappeared after treatment with 
6-FEH but not after treatment with c~-amylase. Moreover, 
mild acid hydrolysis removed sucrose and the levan type 
fructans (Fig. 1). Starch is known to be insensitive to mild 
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Figure 1. HPAEC-PAD chromatograms showing carbohydrates in excised orchardgrass leaf blades before and after induction of fructan biosyn- 
thesis (200 mM sucrose, 32h, continuous light, 20~ and also after additional mild acid hydrolysis with HCI as described in Vergauwen et al., 
2003. For comparison, HPAEC-PAD chromatograms of carbohydrate standards and a wheat stem are included as references. G: glucose; F: 
fructose; S: sucrose; 1 K: 1 -kestose; 6K: 6-kestose; NK: neokestose; B: bifurcose; 4:6,6 kestotetraose; 5:6,6,6 kestopentaose; 6:6,6,6,6 kesto- 
hexaose. The arrow shows the position of higher DP levan. 
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Figure 2. HPAEC-PAD chromatograms showing carbohydrates in excised orchardgrass leaf blades incubated in 200 mM sucrose under differ- 
ent light regimes at 20~ L: continuous light (32h); L/D: 12h of light, 12h of clark, 8h of light; D: continuous dark (32h). G: glucose; F: fructose; 
S: sucrose; 6K: 6-kestose; 4:6,6 kestotetraose; 5:6,6,6 kest:opentaose; 6:6,6,6,6 kestohexaose; 7:6,6,6,6,6 kestoheptaose; 8:6,6,6,6,6,6 
kestooctaose. TF: total fructan. A control carbohydrate pattern (no treatment) is also presented. The arrow shows the position of higher DP 
levan. The concentrations (in i~moles g FW 1) of G, E S and TF are shown. 

acid hydrolysis. It can be concluded that the compounds in 
the chromatograms represent fructans and not starch, but it 
cannot be ruled out that starch is present (perhaps in lower 
concentrations) in induced leaves of orchardgrass. 

Strikingly, neither 1-kestose nor bifurcose could be 
detected in the induced orchardgrass leaves, strongly sug- 
gesting that fructan biosynthesis is independent on 1-SST 
activity. In case 1 -SST would occur, the absence of 1 -kestose 
accumulations could only be explained by the presence of a 
6-FFT type enzyme with an extremely high affinity for 1 -kes- 
tose as fructosyl donor. However, this seems highly unlikely 
since i. no 6-FFT ~ype enzymes have ever been reported in 
plants ii. so far fructan biosynthetic enzymes generally show 
a very low affinity (high Km) for their substrates (Van Laere 
and Van den Ende, 2002), a noticeable exception being the 
high DP 1-FFT from Echinops ritro (Van den Ende et al., 
2006) showing an apparent donor Km of 15 mM for 1-kes- 
tose. Taken togetk, er, these observations suggest that fructan 
biosynthesis in orchardgrass is independent of 1-SST and 
FFT-type enzymes but might occur by a combination of 6- 
SST and 6-SFT enzymes or even by a single 6-SST/ 6-SFT 
enzyme with characteristics that might resemble those of 
some bacterial levansucrases. 

As a first step towards unravelling the enzymology of fruc- 
tan biosynthesis in orchardgrass and better understanding 
the regulation of this fructan metabolism, we further used 
the elegant excised leaf system to follow fructan patterns 
under various environmental conditions. 

Combining Light and Exogenous Sucrose Maximizes Fruc- 
tan Accumulation 

Untreated plants accumulate up to 1 7.3 ~moles sucrose g 
FW t but this concentration seems not high enough to 
induce fructan synthesis. Fig. 2 shows the carbohydrate pat- 
terns in excised orchardgrass leaves upon incubation in 200 

mM sucrose under different light regimes. The introduction 
of a 12h dark period in the treatment did not compromise 
fructan accumulation compared to a continuous light treat- 
ment. It is striking that fructan accumulation is greatly 
affected (5 times lower) in the dark. Dark abolishes the pro- 
du(~ion of endogenous sucrose so the total concentration of 
sucrose in the tissue might fall below a threshold sucrose 
concentration (as proposed by Pollock et al., 2003) needed 
to efficiently induce fructan biosynthesis at the gene level 
and/or provide enough substrate for the fructan biosyn- 
thetic machinery. Many fructan biosynthetic genes contain 
both sucrose responsive elements (SURE) and light respon- 
sive elements in their promoters (Nagaraj et al., 2004 and 
own observations), suggesting that the presence of both light 
and sugar signals are needed for an efficient fructan produc- 
tion, as we observed (Fig. 2). However, it should be noticed 
that light is not indispensable for induction of fructan bio- 
synthesis in excised barley leaves since equal amounts of 
fructans could be generated in continuously illuminated 
leaves (incubated in water) compared to leaves held in the 
dark but incubated in 0.5 M of sucrose (Wagner et al., 
1986). However, it is questionable whether the use of 0.5 M 
sucrose can be considered as a "physiologically relevant" 
concentration. It is well known that such high sugar concen- 
trations cause osmotic stress. Moreover, it is unlikely that 
experiments using such high concentrations are still suitable 
to study sugar signalling (,'vents and therefore we decided 
not to use sugar concentrations higher than 200 mM. Up to 
date there is still a lot of debate on the localization of fruc- 
tan biosynthesis (vacuolar versus vesicular) and the putative 
sucrose concentration near the active sites of the fructosyl 
transferases involved in the process (Prud'homme et al., 
20O7). 

We pre-treated excised orchardgrass leaves under 3 dif- 
ferent conditions as shown in Fig. 2 and then half of the 
lea~es were transferred to continuous dark for 24h in water 
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whereas the other half were kept under continuous light in 
water (Fig. 3). As expected, leaves kept in the light further 
accumulated fructans. Interestingly, leaves that were pre- 
induced in continuous or discontinuous light and sucrose 
further slightly increased their fructan contents during subse- 
quent incubation in the dark and in water. Apparently, the 
endogenous concentration of sucrose in these leaves (12.3 
and 9.7 pmoles sucrose g FW -1) was still sufficient to con- 
tinue fructan synthesis with the enzymes induced during the 
pre-treatment. Leaves that were pre-treated in the dark 

could be stimulated to accumulate fructans (up to 81 
pmoles fructose g FW 1) when they were transferred to 
water in the light for 24h. However, further incubation in 
water in the dark resulted in a decrease of sucrose and fruc- 
tans. It is likely that the sucrose concentration in these leaves 
dropped below a critical concentration (3.8 lumoles sucrose 
g FW 1), resulting in a downregulation of fructosyl trans- 
ferase transcripts and/or enzyme activities as described in 
excised barley leaves (Nagaraj et al., 2004). These research- 
ers showed a strong decrease in fructan concentration when 
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Figure 3. HPAEC-PAD chromatograms showing carbohydrates in excised orchardgrass leaf blades first incubated in 200 mM sucrose under dif- 
ferent light regimes (cfr Figure 2) and then transferred to water for 24 h in continuous light (L) and dark (D). G: glucose; F: fructose; S: sucrose; 
6K: 6-kestose; TF: total ffuctan. The arrow shows the position of higher DP levan. The concentrations (in lumoles g FW 1) of G, F, S and TF are 
shown. 
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illuminated barley leaves (24h) were placed in the dark for a 
period of 24h. This was explained by a downregulation of 
both 1-SST mRNA transcripts and 1-SST enzymatic activity. 

It is possible that low sugar concentrations could induce 
6-FEH gene transcription. It was demonstrated before that 
the induction of 6-FEH in excised stem base of orchardgrass 
was suppressed by exogenously supplied glucose, fructose 
and sucrose (Yamamoto and Mino, 1987). On the other 
hand, low sucrose concentrations might activate sucrose- 
inhibited FEHs as reported in wheat (Van den Fnde et al., 
2003a) and Lolium tissues (Lothier et al., 2007), even during 
the period of active fructan biosynthesis. 

Effect of Hexoses and Sucrose on Fructan Accumulation 
in Excised Orchardgrass Leaves 

Figure 3 demonstrated that a combination of light and 
sucrose drive efficient fructan synthesis in excised leaves of 
orchardgrass. What is the effect of absence of exogenous 
sugar in this system? Can sucrose be replaced by other 
metabolizable sugars and what is the effect of a non-metab- 
olizable sugar in this system? In severe contrast to the 
excised leaf system of barley, showing a very rapid accumu- 
lation of sucrose and fructans under continuous light and 
without addition of exogenous sugar (Nagaraj et al., 2004), 
no fructan synthesis could be induced when excised 
orchardgrass leaves are placed in the light for 32h (Fig. 4). 
This observation strongly suggests that the threshold sucrose 
concentration to induce fructan biosynthesis in orchardgrass 
is considerably higher than in barley. Compared to 200 mM 
sucrose, a combination of 100 mM glucose and 100 mM 
fructose led to a similar amount of fructans, while 200 mM 
glucose or 200 mM fructose resulted in lower amounts (Fig. 
4). It is well known that grass source leaves contain very high 
activities of sucrose anabolic and catabolic activities (King- 
ston-Smith et al., 1999). This means that exogenously applied 
hexoses can be rapidly transformed into sucrose and that 

exogenously applied sucrose can be rapidly broken down to 
hexoses, making it difficult to fully discriminate between 
hexose and sucrose-mediated signalling in such systems. 
l-lowever, studies with hexose analogues on barley and 
wheat leaves (M~ller et al., 2000) strongly suggested that 
induction of fructan biosynthesis occurs independently of 
hexokinase but very likely occurs via a specific interaction of 
sucrose with specific transporters/sensors that remain to be 
identified. Compared to glucose, fructose and sucrose, fruc- 
tan synthesis was very low with mannitol in the incubation 
medium, excluding the possibility that fructan synthesis 
could be induced by osmotic stress. When excised orchardgrass 
leaves were incubated in the dark in the presence of 200 
rrM of these sugars, proportionally similar results were 
obtained but the total fructan concentrations were much 
lower (see also Fig. 2) and more difficult to quantify. These 
results suggest that light might be a more prominent effector 
in the orchardgrass leaf system compared to the barley leaf 
system and this is an interesting subject of further investiga- 
tion. 

Reversing Fructan Accumulation 

Thorsteinnson et al. (2002) reported that intact Phleum 
plants accumulated more high DP fructans when transferred 
from higher to lower temperatures, and explained this 
observation by a change in source/sink balance within these 
plants. Higher concentrations of fructan were also reported 
during late autumn in several orchardgrass varieties (Yama- 
moto et al., 1999; Sanada et alo, 2007). These observations 
on intact plants prompted us to investigate whether excised 
orchardgrass leaves, after induction of fructan biosynthesis 
by sucrose and light, would arrest fructan accumulation by 
transferring them to water in the dark and at increasing tem- 
peratures (20, 25 and 30~ We detected a clear metabolic 
switch in the dark at 30~'C, resulting in much lower fructan 
concentrations than in the light. Interestingly, this even 
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Figure 5. HPAEC-PAD chromatograms showing carbohydrates in excised orchardgrass leaf blades first incubated in 200 mM sucrose under 
continuous light at 20~ and then transferred to water at different temperatures (20~ 25~ and 30~ in the light (L) and in the dark (D). G: 
glucose; F: fructose; S: sucrose; 6K: 6-kestose; TF: total fructan. The arrow shows the position of higher DP levan. The concentrations (in 
lamoles g FW 1) of G, F, S and TF are shown. 

occurred despi te  the fact that the total sucrose concentra-  
tion (41.1 lumoles g FW ~) was higher compared to the light 
condition (Fig. 5). Like in barley, it can be speculated that 
fructosyl transferase transcripts or enzymes are much more 
sensitive to degradation in the dark at elevated tempera- 
tures. Obenland et al. (1991) postulated that 1-SST is con- 
tinuously subjected to constant proteolytic degradation in 
the vacuole of barley leaves, and that the observed 
enhancement of 1-SST activity in the light or upon feeding 
sucrose is due exclusively to de novo protein synthesis. 
Likely, high temperatures (30~ in the dark might further 
accelerate vacuolar protein degradation but not promote 
the de novo protein synthesis to the same extent, since 
energy requirements are needed to sustain the strongly 
increased respiration and compensate for the absence of 
photosynthesis. On the other hand, it cannot be excluded 
that FEHs are specifically induced to degrade the fructans 
and provide energy to cope with the dark treatment and the 
increased respiration at 30~ 

Fate of Fructans During Leaf Senescence 

Leaf senescence is characterized by a decline in chloro- 
phyll content and photosynthetic activity. There is debate 
whether natural leaf senescence is induced by sugar starva- 
tion or by sugar accumulation. Perhaps different types of 
senescence need to be distinguished (Buchanan-Wollaston 
et al., 2005). Dark or starvation-induced senescence is 
observed when seedlings are transferred to a glucose-free 
medium under a low light intensity limiting photosynthesis, 
and this senescence can be delayed by overexpressing KIN 
10 (Baena-Gonzalez et al., 2007). On the other hand sugar- 
induced senescence has been demonstrated and the senes- 
cent-specific gene SAG 12 is over 900 times upregulated by 
glucose (Pourteau et al., 2006). Hexokinases have been 
implicated as sugar sensors, since mutants affected in hex- 
okinase did not accumulate  hexoses and showed delayed 

Figure 6. Pictures of excised {ea,~c~ of o~'chaMgrass showh~g pr~ ~gress 
of {ear senescence. At the left, Ibme leaves are show~'} after 2~ 4 a~d 7 
days o~ incubation in 200 mM sucrose. At the righL lhree untrealed 
control leaves are shown ti:~r comparison, 

senescence (Moore et al., 2003; Pourteau et al., 2006). Par- 
rott et al. (2007) prevented phloem but not xylem transport 
by steam girdling of barley leaves. Such leaves accumulated 
sugars to a high extent and this was associated by acceler- 
ated leaf senescence in the steam-girdled leaves. The yel- 
lowing of the leaves correlated with increased sugar levels 
and drastic changes in senescent specific proteins as 



678 Maleux and Van den Ende J. Plant Biol. Vol. 50, No. 6, 2007 

.__,K_ 

_4 , , -  

o 

, .J  

',.JI 

~J 

k,,,/I 

G: 11.8; F: 11.0; S: 2.2; TF: 3.4 

G: 83.3; F: 80.1; S: 36.3; TF:20.6 

G: 91.1;F:~86.6; S: 3516; TF: 90.0 

G: 156.0; F: 147.4; S: 101.4; TF: 279.5 

, G:117.9; F: 93.0; S: 76.4; TF: 311.4 

Day 0 

..A... Day 1 

-, Day 2 

Day 3 

Day 4 

Day 5 

Day 6 

Day 7 

. i1[ A  :1162;,:99.3;s: 65.3; TF:409.6 " - 

~ ~ - H / ~ .  G:133.7;F:103,5;S:85.7;TF:313.7 

GF S 6K Higher DP 
levan 

0 5.0 10.0 15.0 20.0 25.0 30.0 

Retention time (min) 

Figure 7. HPAEC-PAD chromatograms showing carbohydrates in 
excised orchardgrass leaf blades incubated in 200 mM sucrose in 
continuous light at 20~ and followed as a function of time (day 0- 
day 7). Leaf senescence became apparent at day 5. G: glucose; F: 
fructose; S: sucrose; 6K: 6-kestose; TF: total fructose fructan. The 
arrow shows the position of higher DP levan. The concentrations (in 
i~rnoles g FW ]) of G, F, S and TF are shown. 

revealed by elaborated transcriptomic analyses. One of the 
typical characteristics of senescing leaves is the degradation 
of biopolymers to monomers that, after export, can be used 
to sustain other parts of the plant (sink leaves, seeds). 
Gregersen and Holm (2007) demonstrated that c~-amylase, 
invertase and sucrose synthase are upregulated in senescing 
flag leaves of wheat while sucrose phosphate synthase was 
downregulated, in accordance with a degradation of sucrose 
and starch in senescing leaves. These observations prompted 
us to follow leaf yellowing and the fate of fructan, hexose 
and sucrose concentrations in excised leaves of orchardgrass 
during senescence in the presence of sucrose. Onset of leaf 
yellowing became apparent after 4 days (Fig. 6), which is 
comparable to the girdled leaves in Parrott et al., 2007. 
However, fructans were not subjected to extensive hydroly- 
sis in senescing leaves incubated in 200 mM sucrose (Fig. 7) 
suggesting that FEHs are absent or inhibited by sugars during 
sugar-induced leaf senescence. Overall, fructans tend to 
accumulate when sucrose concentrations exceed 30 ~moles 
g ~ FW (day 1, Fig. 7). This is in line with the point of view 
that fructans can be considered as a true extension of 
sucrose. 

General  Conclusions and Further Research 

Besides high DP inulin accumulators (Viguiera, Echinops), 
some monocots such as Dactylis glomerata accumulate a 
single series of levans reaching high DP in some parts of the 
plant (Yamamoto and Mino, 1985). The presence of these 
polymers might be correlated with an increased stress resis- 
tance. Levans could be induced in excised orchardgrass 
leaves incubated with sugar in the light. We used the ele- 
gant excised leaf system to study the regulation of fructan 
metabolism as aifected by light, temperature and different 

small sugars. Most of our results are in line with the general 
point of view that fructans can be considered as a surplus 
F.ool of sucrose and that: a threshold sucrose concentration is 
needed to induce fructan synthesis. In contrast to the well- 
studied barley excised leaf system, dark and sugar only 
result in a negligible fructan synthesis. Moreover, no rapid 
fructan accumulation was observed in the light without add- 
ing extra sugar to the incubation medium. These observa- 
tions strongly suggest that both sugar and light are necessary 
to achieve an optimal fructan synthesis in orchardgrass. Fructans 
persisted during senescence of sugar-induced orchardgrass 
leaves. However, a metabolic switch to fructan degradation 
was observed when induced leaves were incubated in the 
dark at 30~ 

The absence of 1-kestose in the carbohydrate patterns 
suggests that levan biosynthesis in orchardgrass might occur 
by a single 6-SST/6-SFT enzyme. Now that we know the 
environmental conditions needed to maximize fructan con- 
centrations in orchardgrass, we can generate optimal mate- 
rial for purification and further characterization of the 
fructosyltransferase(s) inw)lved. Generating peptide sequence 
information will lead to cDNA cloning and functional analy- 
sis by heterologous expression in Pichia pastoris. It will be 
interesting to introduce the cDNA(s) of orchardgrass in agro- 
nomically important species (such as rice) to make them 
more resistant to drought or cold-stress. Moreover, the avail- 
ability of the cDNA and the enzyme will allow much deeper 
stadies on the regulation of fructan metabolism in orchardgrass. 
These fundamental insights in fructan metabolism regula- 
tion might lead to a further increase in WSC in grasses. 
/vliller et al. (2001) demonstrated the benefit of using high 
WSC cultivars for milk production. Other authors argue that 
grasslands hold great promises for biodiesel and biomass 
production (Tilman et al., 2006). 

A C K N O W L E D G E M E N T S  

The technical assistance of Ingeborg Millet and Rudy Ver- 
gauwen is highly appreciated. Wim Van den Ende is sup- 
ported by grants from FWO Vlaanderen. 

Received September 18, 2007; accepted November 8, 2007. 

LITERATURE C I T E D  

Baena-Gonzalez E, Rolland F, Thevelein ]M, Sheen J (2007) A cen- 
tral integrator of transcription networks in plant stress and 
energy signalling. Nature 448:938-942 

Bonnett GD, Sims IM, Simpson RJ, Cairns AJ (1997) Structural 
diversity of fiuctan in relation to the taxonomy of the Poaceae. 
New Phytol 136:11-17. 

13uchanan-Wollaston V, Page T, Harrison E, Breeze E, Lim PO, Nam 
HG, [in J-~ Wu S-H, Swidzinski J, Ishizaki K, Leaver CJ (2005) 
Comparative transcriptome analysis reveals significant differ- 
ences in gene expression and signalling pathways between 
developmental and dark/starvation-induced senescence in 
Arabidopsis. Plant J 42:567-585 

Cairns AJ, Nash R, Machado-Carvalho MA, Sims IM (1999) Char- 
ac:terization of the enzymatic polymerization of 2,6-1inked 



Levans in Excised Orchardgrass Leaves 679 

fructan by leaf extracts from timothy grass (Phleum pratense). 
New Phyto1142:79-91 

Chatterton NJ, Harrison PA, Thornley WR, Bennett JH (1993) 
Structures of fructan oligomers in cocksfoot (Dactylis glomerata 
L.). J Plant Physio1142: 552-556 

De Coninck B, Van den Ende W, Le Roy K (2007) Fructan ExoHy- 
drolases in plants: Properties, Occurrence and 3-D structure. 
In N Shiomi, N Benkeblia, S. Onodera, eds, Recent Advances 
in Fructo-oligoaccharides Research. ISBN: 81-308-0146-9. pp 
157-159 

Edelman J, Jefford T (1968) The mechanism of fructosan metabo- 
lism in higher plants as exemplified in Helianthus tuberosus. 
New Phytol 67:517-531 

Frehner M, Keller F, Wiemken A (1984) Localization of fructan 
metabolism in the vacuoles isolated from protoplasts of Jeruza- 
lem artichoke tubers (Helianthus tuberosus L.). J Plant Physiol 
116: 197-208. 

Fujishima M, Sakai H, Ueno K, Takahashi N, Onodera S, Benkeblia 
N, Shiomi N (2005) Purification and characterization of a fruc- 
tosyltransferase from onion bulbs and its key role in the syn- 
thesis of fructo-oligosaccharides in vivo. New Phyto1165:513- 
524 

Geuns JMC, Cuypers AJF, Michiels T, Colpaert JV, Van Laere A, Van 
Den Broeck KAO, Vandecasteele CHA (1997) Mung bean 
seedlings as bio-indicators for soil and water contamination by 
cadmium. Sci Tot Env 203:183-197 

Gregersen PL, Holm PB (2007) Transcriptome analysis of senes- 
cence in the flag leaf of wheat (Triticum aestivum L.). Plant Bio- 
tech J 5:192-206 

Hendry GAF (1993) Evolutionary origins and natural functions of fruc- 
tans -a climatological, biogeographic and mechanistic appraisal. 
New Phyto1123:3-14 

Isejima EM, Figueiredo-Ribeiro RCL (1993) Fructan variations in 
tuberous roots of Viguiera discolor Baker (Asteraceae): the 
influence of phenology. Plant Cell Physiol 34:723-727 

Kingston-Smith AH, Walker RP, Pollock CJ (1999) Invertase in 
leaves: conundrum or control point? J Exp Bot 50:735-743 

Livingston DP III, Henson CA (1998) Apoplastic sugars, fructans, 
fructan exohydrolase, and invertase in winter oat: Responses 
to second-phase cold hardening. Plant Physiol 116:403-408 

Lothier J, Lasseur B, Le Roy K, Van Laere A, Prud'homme MP, Barre 
P, Van den Ende W, Morvan-Bertrand A (2007) Cloning, gene 
mapping and functional analysis of a fructan 1-exohydrolase 
(1-FEH) from Lolium perenne implicated in fructan synthesis 
rather than in fructan mobilization. ] Exp Bot 58:1969-1983 

Miller LA, Moorby JM, Davis DR, Humphreys MO, Scollan ND, 
MacRae JC, Theodorou MK (2001) Increased concentration of 
water-soluble carbohydrate in perennial ryegrass (Lolium 
perenne L.): milk production from late-lactation dairy cows. 
Grass Forage Sci 56:383-394 

Moore B, Zhou L, Rolland I-, Hall Q, Cheng W-H, Liu Y-X, Hwang I, 
Jones T, Sheen J (2003) Role of the Arabidopsis glucose sensor 
HXK1 in nutrient, light, and hormonal signaling. Science 300: 
332-336 

Morcuende R, Kostadinova S, Perez P, del Molino IM, Martinez- 
Carrasco R (2004) Nitrate is a negative signal for fructan syn- 
thesis, and the fructosyltransferase-inducing trehalose inhibits 
nitrogen and carbon assimilation in excised barley leaves. New 
Phytol 161 : 749-759 

MiJller J, Aeschbacher RA, Sprenger N, Boiler T, Wiemken A (2000) 
Disaccharide-mediated regulation of sucrose:fructan-6-fructo- 
syltransferase, a key enzyme of fructan synthesis in barley lea- 
ves. Plant Physio1123: 265-74 

Nagaraj VJ, AItenbach D, Galati V, Luscher M, Meyer AD, Boiler T, 
Wiemken A (2004) Distinct regulation of sucrose: sucrose-1- 
fructosyltransferase (1-SST) and sucrose: fructan-6-fructosyl 
transferase (6-SFT), the key enzymes of fructan synthesis in 

barley leaves: 1-SST as the pacemaker. New Phytol 161 : 735- 
748 

Obenland DM, Simmen U, Boiler T, Wiemken A (1991) Regulation 
of sucrose: sucrose fructosyltransferase in barley leaves. Plant 
Physiol 97:811-813. 

Parrott DL, Mclnnerney K, Feller U, Fischer AM (2007) Steam-gir- 
dling of barley (Hordeum vulgate) leaves leads to carbohydrate 
accumulation and accelerated leaf senescence, facilitating 
transcriptomic analysis of senescence-associated genes. New 
Phytol 1 76:56-69 

Pavis N, Boucaud J, Prud'homme MP (2001) Fructans and fructan- 
metabolizing enzymes in leaves of Lolium perenne. New Phy- 
tol 150:97-109 

Pollock C, Farrar J, Tomos D, Gallagher J, Lu C, Koroleva O (2003) 
Balancing supply and demand: the spatial regulation of carbon 
metabolism in grass and cereal leaves. J Exp Bot 54:489-494 

Pourteau N, Jennings R, Pelzer E, Pallas J, Wingler A (2006) Effect 
of sugar-induced senescence on gene expression and implica- 
tions for the regulation of senescence in Arabidopsis. Planta 
224: 556-568. 

Prud'homme MP, Morvan-Bertrand A, Lasseur B, Lothier J, Meuriot 
F, Decau ML, Noiraud-Romy N (2007) Lolium perenne, back- 
bone of sustainable development, source of fructans for graz- 
ing animals and potential source of novel enzymes for 
biotechnology. In N Shiomi, N Benkeblia, S. Onodera, eds, 
Recent Advances in Fructo-oligoaccharides Research. ISBN: 
81-308-0146-9. pp 231-258 

Sanada Y, Takai T, Yamada T (2007) Ecotypic variation of water-sol- 
uble carbohydrate concentration and winter hardiness in 
orchardgrass (Dactylis glomerata L.). Euphitica 153:267-280 

Shiomi N, Benkeblia N, Shuichi O (2007) The metabolism of the 
fructooligosaccharides in asparagus (Asparagus officinalis L.) In 
N Shiomi, N Benkeblia, S. Onodera, eds, Recent Advances in 
Fructo-oligoaccharides Research. ISBN: 81-308-0146-9. pp 
213-230. 

Spollen WG, Nelson CJ (1988) Characterization of fructan from 
mature leaf blades and elongation zones of developing leaf 
blades of wheat, tall fescue and timothy. Plant Physiol 88: 
1349-1353 

Thorsteinsson B, Harrison PA, Chatterton NJ (2002) Fructan and 
total carbohydrate accumulation in leaves of two cultivars of 
timothy (Phleum pratense Vega and Climax) as affected by 
temperature. J Plant Physiol 159:999-1003 

Tilman A, Hill J, Lehman C (2006) Carbon-negative biofuels from 
low input high diversity grassland biomass. Science 314:1598- 
1600. 

Van den Ende W, Clerens S, Vergauwen R, Van Riet L, Van Laere A, 
Yoshida M, Kawakami A (2003a) Fructan 1-exohydrolases: 
13(2,1) trimmers during graminan biosynthesis in stems of 
wheat (Triticum aestivum L.)? Purification, characterization, 
mass mapping and cloning of two 1-FEH isoforms. Plant Phys- 
io1131: 621-631 

Van den Ende W, De Coninck B, Clerens S, Vergauwen R, Van 
Laere A (2003b) Unexpected presence of fructan 6-exohydro- 
lases (6-FEHs) in non-fructan plants. Characterization, cloning, 
mass mapping and functional analysis of a novel ~'cell-wall 
invertase-like" specific 6-FEH from sugar beet (Beta vulgaris 
L.). Plant J 36:697-710 

Van den Ende W, Van Laere A, Le Roy K, Vergauwen R, Boogaerts 
D, Figueiredo-Ribeiro RCL, Machado-de Carvalho MA (2005) 
Molecular cloning and characterization of a high DP fructan: 
fructan 1-fructosyl transferase from Viguiera discolor (Aster- 
aceae) and its heterologous expression in Pichia pastoris. Phys- 
iol Plant 125:419-429 

Van den Ende W, Clerens S, Vergauwen R, Boogaerts D, Le Roy K, 
Arckens L, Van Laere A (2006) Cloning and functional analysis 
of a high DP 1-FFT from Echinops ritro. Comparison of the 



680 Maleux and Van den Ende J. Plant Biol. Vol. 50, No. 6, 2007 

native and recombinant enzymes. J Exp Bot 57:775-789 
Van den Ende W, Van Laere A (2007) Fructans in dicotyledonous 

plants: Occurrence and metabolism. In N Shiomi, N Benke- 
blia, S. Onodera, eds, Recent Advances in Fructo-oligoaccha- 
rides Research. ISBN: 81-308-0146-9. pp 1-14 

Van Laere A, Van den Ende W (2002) Inulin metabolism in dicots: 
chicory as a model system. Plant Cell & Env 25:803-815 

Vergauwen R, Van den Ende W, Van Laere A (2000) The role of 
fructans in flowering of Campanula rapunculoides. J Exp Bot 
51 : 1261-126(3 

Vergauwen R, Van Laere A, Van den Ende W (2003) Properties of 
Fructan: Fructan 1-fructosyltransferase (l-EFT) from Cichorium 
intybus L. and tchinops ritro L., two Asteracean Plants Storing 
Greatly different types of inulin. Plant Physio1133: 391-401 

Volaire F, Leli~vre E- (1997) Production, persistence, and water-sol- 
uble carbohydrate accumulation in 21 contrasting populations 
of Dactylis glomerata L. subjected to severe drought in the 
south of France. Austr J Agric Res 48:933-944 

Volaire I-, Thomas H, Leli~vre F (1998) Survival and recovery of 
perennial forage grasses under prolonged Mediterranean drought. 
I. Growth, death, water relations and solute content in herb- 

age and stubble. New Phytol 140:439-449 
Wagner W, Wiemken A, Matile P (1986) Regulation of fructan 

metabolism in leaves of barley (Hordeum vulgate L. cv. Ger- 
bel). Plant Physiol 81 : 444-447 

Wei JZ, Chatterton NJ, Harrison PA, Wang RRC, Larson SR (2002) 
Characterization of fructan biosynthesis in big bluegrass (Poa 
Secunda). J Plant Physiol 159:705-715 

Yamamoto S, Mino Y (1985) Partial purification and properties of 
phleinase induced in stem base of orchardgrass after defolia- 
tion. Plant Physiol 78:591-595 

Yamamoto S, Mino Y (1987) Effect of sugar level on phleinase 
induction in stem base of orchardgrass after defoliation. Phys 
Plant 69:45(3-460 

Yamamoto S, Anlano S, Mino Y (1999) Carbohydrate metabolism 
in the stem base of timothy and orchardgrass in winter. Grass- 
land Sci 44:315-319 

Yoshida M, Kawakami A, Van den Ende W (2007). Graminan 
metabolism in cereals: wheat as a model system. In N Shiomi, 
N Benkeblia, S. Onodera, eds, Recent Advances in Fructo-oli- 
goaccharides Research. ISBN: 81-308-0146-9. pp 201-212 


