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Abstract Numerous studies have been published that
attempted to correlate fructan concentrations with freezing
and drought tolerance. Studies investigating the effect of
fructan on liposomes indicated that a direct interaction
between membranes and fructan was possible. This new
area of research began to move fructan and its association
with stress beyond mere correlation by confirming that
fructan has the capacity to stabilize membranes during
drying by inserting at least part of the polysaccharide into
the lipid headgroup region of the membrane. This helps
prevent leakage when water is removed from the system
either during freezing or drought. When plants were
transformed with the ability to synthesize fructan, a con-
comitant increase in drought and/or freezing tolerance was
confirmed. These experiments indicate that besides an
indirect effect of supplying tissues with hexose sugars,
fructan has a direct protective effect that can be demon-
strated by both model systems and genetic transformation.
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Introduction

Sucrose and starch are the primary vegetative storage
carbohydrates in tropical and subtropical grasses, while
temperate and cool zone grasses mainly accumulate fruc-
tose polymers called fructans [1]. From 12 to 15% of
angiosperms reportedly contain fructan [2]. They are pro-
duced in monocots as well as dicots [3] and are distributed
in stems, leaves, inflorescences, and seeds [4]. While
fructan is considered a short-term storage carbohydrate, it
has been implicated for many years in stress-tolerance
mechanisms in plants. In this review, a brief description of
fructan and the enzymes involved in its synthesis and
hydrolysis will be followed by a focused review of research
investigating the role of fructan in minimizing the effect of
abiotic stress on plant tissue.

Structure

Five types of fructan (Table 1), distinguished by glyco-
sidic linkages, have been described [5]: (1) Inulin, which
occurs, e.g., in chicory and Jerusalem artichoke, has 2-1
linkages between its fructosyl residues. The shortest form
of inulin is the trisaccharide 1-kestose (Fig. 1) (See
Roberfroid [6] for a comprehensive review of inulin). (2)
Levan (or phlein) is the principal monocot fructan and
consists of 2-6 linked fructosyl units in a linear arrange-
ment. (3) Branched (graminin) fructans have been
reported in wheat [7] and have either a levan or inulin
backbone with one or more short branches. (4) Inulin
neoseries are linear with 2-1 linkages but with the glucose
molecule between two fructosyl subunits. This type of
fructan has been identified in onion and asparagus [8]. (5)
Levan neoseries has been reported in oat and Lolium
[9, 10] and is based on 6G kestotriose (neokestose). This
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Table 1 Five types of fructan in plants showing a representative plant species in which the respective type of fructan has been identified

Type Representative species Linkage (f) Initial trisaccharide

Inulin Chicory, Jerusalem artichoke 2-1 1-kestose

Levan Dactylis glomerata 2-6 6-kestose

Branched Wheat, barley 2-1 and 2-6 1- and 6-kestose

Inulin neoseries Onion, asparagus, Lolium 2-1 6G-kestotriose (neokestose)
Levan neoseries Lolium, oats 2-6 6G-kestotriose (neokestose)

65-kestotriose (neokestose)

Fig. 1 The structure of the initial trisaccharides of fructan listed in
Table 1. The system used to name fructan is described by Waterhouse
and Chatterton [11]. The boxes show the sucrose moiety in each
molecule. The linkage between monomers is indicated by numbers
adjacent to the respective carbon atoms

fructan has an internal glucose molecule as in (4) but the
linkages are 2-6 [11].

Biosynthesis

Fructan synthesis is initiated when photosynthesis exceeds
demand, reportedly when sucrose levels in sink organs
reach a critical level [12]. Synthesis is complex due to
differences between species in linkages, branching pat-
terns, and sizes; however, a model for synthesis in plants

that includes four fructosyltransferases has been proposed
[5] (Fig. 2).

Synthesis reportedly begins in the vacuole with sucrose
as both the donor and substrate. The first transferase
enzyme, sucrose-sucrose fructosyltransferase (1-SST),
forms 1-kestose (Fig. 1) from two sucrose molecules
(releasing a glucose). An elongating enzyme, fructan-
fructan fructosyltransferase (1-FFT), transfers a single
terminal fructose residue from an oligosaccharide to the
same carbon position on another molecule, thus producing
the fructan inulin.

1-SST and 1-FFT were first described by Edelman and
Jefford [13] and Darbyshire and Henry [14] and were
cloned by Hellwege et al. [15, 16] and Van der Meer et al.
[17]. In barley and wheat the enzyme sucrose:fructan 6-
fructosyltransferase (6-SFT) was cloned by Sprenger et al.
[18]. This enzyme is capable of producing 6-kestose as
well as elongating 6-kestose and 1-kestose and producing
both levan (Table 1) and branched fructans.

An enzyme capable of synthesizing 6G-kestose (neo-
kestose) in onion was first described by Shiomi [8] and was
cloned by Vijn et al. [19]. A third elongating enzyme (6G-
FFT) that causes elongation of 6G-kestose and produces
the inulin neoseries in Lolium was identified by St. John
et al. [20].

Researchers have been cautioned that fructan synthesis
may be more complex than shown in the model [5] because
different fructosyltransferase enzymes have been found to
synthesize several different fructan molecules depending
on substrate availability or incubation conditions. In addi-
tion, sucrose may not be the only substrate for fructan
synthesis since fructan molecules without a glucose residue
have been reported [21]. Another complication is that acid
invertases are highly homologous to fructosyltransferases,
and the role these and other invertases might play in fructan
synthesis [22] is unclear.

Environmental factors, affecting growth rates, have a
significant influence on fructan accumulation. Grasses can
store large quantities during slow growth periods, when
assimilate production exceeds demand. This typically occurs
in the fall with low temperatures and continuing photosyn-
thesis [12, 23, 24]. Fructan accumulation for four different
grasses was highest between November and January [25].



Fructan and abiotic stress

Fig. 2 Proposed model for
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Nutrient availability also affects fructan accumulation.
Archibold [23] found an inverse relationship of nitrogen
and phosphorus levels to fructan amounts in barley and a
positive relationship of potassium to fructan. Besides
confirming the inverse nitrogen relationship, Westhafer
[26] demonstrated that fructan was the most responsive
carbohydrate to nitrogen levels in Kentucky bluegrass
stems.

Chatterton et al. [27] reported a range for fructan of O up
to 45% of dry weight in an analysis of carbohydrates
(including fructan) from leaves of 185 genotypes of
Gramineae. In that study, fructan accumulated only in cool-
season grasses and not in warm-season species. Other
researchers reported that during environmental conditions
that favored accumulation, fructan accounted for as much
as 80% of dry weight [13, 28]. Concentrations as high as
90% were reported by Meier and Reid [4].

Fructan has been found to accumulate in various tissues
during periods when light levels promoted carbon fixation
while lower temperatures reduced growth [23, 24, 29-31].
Edelman and Jefford [13] suggested that fructan accumu-
lated in the vacuole and provided a sink within the cell that
allowed photosynthesis to continue. Vacuolar compart-
mentation of fructan was confirmed by Wagner et al. [32]
in barley and helped explain high fructan concentrations
under conditions where low temperatures reduced growth
rates while photosynthesis continued (see reviews [30,
33, 34]).

Mobilization

Mobilization of fructan reserves usually begins when
active growth starts through exolytic hydrolysis with
fructan exohydrolases (FEH). Several FEHs have been

bifurcose ———— mixed-type levan
B(2-1) and B(2-6)
FEH JG—SFT

1-FFT

levan
B(2-6)

characterized and cloned. There are FEHs that hydrolyze
the 2-1 linkages of inulin (1-FEH) [35], 6-FEHs that
preferentially hydrolze 2-6 linkages [36, 37] as well as
those that hydrolyze both 2-1 and 2-6 linkages [38]. In
addition, FEHs that hydrolyze fructan based on 6-kesto-
triose have also been described [39]. An FEH has recently
been cloned from Lolium that may be involved in fructan
synthesis by acting as a trimming enzyme [40].

FEHs are closely related to cell-wall invertases [41].
The rice genome encodes two vacuolar invertases with
fructan exohydrolase activity but lacks the related fructan
biosynthesis genes of the Pooideae [42]. In some species,
sucrose is an inhibitor of FEH activity suggesting that it
may be a feedback inhibitor in the hydrolysis of fructan
during mobilization [43].

Role of fructan in abiotic stress resistance

Fructan accumulation during periods of reduced growth
under low but nonfreezing conditions (cold acclimation)
has frequently been correlated with an increase in freezing
tolerance [24, 44-46]. This correlation stimulated research
to explain how fructan might be involved in protection
from freezing stress. In addition, because desiccation is an
important component of freezing stress [47-49], studies
investigating the possibility that fructan may be involved in
alleviation of drought stress were also initiated. Advanta-
ges of fructan accumulation over that of starch as a
protectant in abiotic stress are (1) fructan’s high water
solubility, (2) the resistance of fructan to membrane-dam-
aging crystallization at subzero temperatures, and (3) the
ability of the synthesis pathway of fructan to function
normally even at low temperatures [5, 45].
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Fructan as a source of hexose sugars

The demonstration that simple sugars can protect plants
from freezing injury [50-53] led to the speculation that
fructan may act as a source of hexose sugars that would
protect tissues by reducing the freezing point of plant liquid
[46, 54]. Johanssen [55] followed the freezing point of
wheat at different solute concentrations and found that the
temperature at which leaf tissues froze was lowered on a
“purely colligative basis”. While this seems to support the
hypothesis that the role of fructan in cryoprotection is to
provide simple sugars, it has been observed that even if
most of the fructan in oat were hydrolyzed, the increased
hexose sugars would only lower the freezing point of water
by a fraction of a degree [56, 57]. In fact, the highest
recorded vegetative plant cell-sap concentration would
lower the freezing point by only 4°C [47].

These observations caused some authors to question
whether a relationship between sugars and protection from
freezing existed at all [57, 58]. Contributing to the uncer-
tainty of the role of sugars in cryoprotection was the fact
that most studies correlating sugars with freezing tolerance
measured sugars in whole plants or major plant organs such
as leaves, roots, or crowns. However, it has been shown
that plant death from freezing is a result of the death of
specific regions of plants and even specific cells [59-66].
Canny [67] demonstrated that sugars are concentrated in
specific regions of plants called “sumps”. These regions of
high sugar concentrations could reduce the freezing point
in those locations significantly beyond the 4°C cited by
Levitt [47]. If higher concentrations of sugar were within
regions of the plant crucial for whole-plant survival, then
while freezing-point depression would certainly not be the
only protective mechanism, it could be a significant means
by which plants survive abiotic stress.

Cell plasmolysis is an additional negative effect on
plants induced by freezing and drought that sugars may
help prevent. Williams [68] found a minimum volume to
which cells were reduced before being killed by deter-
mining kill temperatures of shrinking cells in solutions of
different solute concentration (see [47] for a detailed
review of frost plasmolysis). Freezing damage to indi-
vidual cells is the combined result of many injuries (e.g.,
oxidative damage, membrane phase changes, membrane
fusion, break-down of transmembrane gradients, to name
a few); however, plants can use sugars, synthesized dur-
ing cold acclimation or from hydrolyzed fructan, to resist
plasmolysis by increasing osmotic pressure within cells.
Minimum cell volume was shown to be a significant
contributor to tissue death, but Williams [68] demon-
strated that wheat changed its lethal cell volume size by
altering membrane properties, which in turn lowered its
kill temperature.

A similar protective mechanism for fructan with regard
to dehydration stress was proposed because of the rela-
tionship of sugars to drought tolerance [69]. It has been
suggested that hexose sugars from hydrolyzed fructan
could lower the water potential of intracellular liquid and
allow continued leaf expansion during periods of drought
[70-72].

Role of fructan in subzero acclimation

Freezing wheat at —3°C for several days induced a
decrease in fructan concentration along with an increase in
simple sugar [73]. The subzero treatment also increased
freezing tolerance to levels beyond that achieved when
plants were cold acclimated at temperatures above freez-
ing. This increase in freezing tolerance at subzero
temperatures (Trunova [73] credits Tumanov with this
discovery in 1931) was called “second-phase hardening”
in contrast to first-phase hardening (or cold acclimation)
that occurs at temperatures just above freezing. Second-
phase hardening is now referred to as “subzero acclima-
tion” [62].

Olien [74] proposed a mechanism of freeze injury called
adhesion, which is a result of a hydrophilic compound such
as a cell wall or membrane competing with ice for liquid
water at an interface [75]. As freezing progresses in plants
and dehydration causes cells to shrink, adhesions to walls
and membranes can cause significant damage to cells that
is histologically distinct from desiccation injury. A carbo-
hydrate analysis of winter cereals indicated that fructan
hydrolysis and a concomitant increase in hexose sugars
during subzero acclimation was more pronounced in rye
(the most winter-hardy cereal crop) than it was in barley,
and furthermore the increase in sugars was primarily in the
apoplast [76]. Olien proposed that hexose sugars from
hydrolyzed fructan were released into the liquid interface
during freezing in hardy plants. This would increase the
chemical potential of the liquid interface, which would
induce melting and either prevent or relieve adhesions.

Studies that contradict the relationship of sugar concen-
trations to freezing tolerance [45, 51, 77] indicate that the
role of sugars and fructan in protection from abiotic stress is
complex [78]. While most studies with grasses report posi-
tive correlations of fructan with freezing tolerance [79],
Hendry [3] calls into question the relationship of fructan with
freezing tolerance in 130 species of the less freezing-tolerant
Sheffield flora. Pollock et al. [57] report no correlation
between freezing and soluble carbohydrate in two Lolium
perenne cultivars. Livingston et al. [80] reported that the
tolerance of 23 oat genotypes to freezing under con-
trolled conditions was correlated with a low degree of
polymerization (DP) in fructan (DP < 6) and not with fructan
DP > 6. However, in wheat, triticale, and several rye
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cultivars, high-DP fructan was more closely correlated with
freezing tolerance than low-DP fructan [45].

The relationship of fructan to abiotic stress tolerance is
clearly more complicated than originally supposed and is
likely related to differences between fructan molecules in
size and structure as well as localization [62] within tissue
that is vital for survival of the whole plant [61].

Direct protective effects of fructan: membrane
stabilization

Problem of fructan localization

While several mechanisms to explain the indirect role of
fructan as a hexose reserve had been proposed, the local-
ization of fructan exclusively in the vacuole [13, 32, 81]
made a direct role in protection of the plasma membrane
from freezing somewhat problematic. It did, however,
leave open the possibility that fructan may protect the
tonoplast from damage. Livingston and Henson [56] stud-
ied fructan and its hydrolysis products in crown tissues of
oat and confirmed that a mild freeze increased apoplastic
hexoses but also somewhat unexpectedly discovered that
fructan itself increased in the apoplast beyond levels that
could be explained by simple membrane rupture. Fructan
was also found in guttated liquid [56] confirming the
presence of fructan in the apoplast of cold-acclimated
plants. Zuther et al. [82] demonstrated long-distance
transport of DP3 fructan via the apoplast (phloem) in
potato, albeit this was in a transgenic system that does not
occur naturally in potato. Wang and Nobel [83] demon-
strated phloem transport of small fructans in leaf tissue of
Agave deserti. The presence of fructan in the apoplast
supports the hypothesis that fructan directly protects tissues
from freezing/dehydration injury, in addition to serving an
indirect role as a hexose reserve.

Liposomes as a model system

Many investigations on the protective effects of various
solutes have used liposomes as model systems to elucidate
the physical details of membrane protection during dehy-
dration induced by freezing or drying. In addition,
liposomes are increasingly used to encapsulate active
compounds for pharmaceutical or cosmetic use, and com-
plexes of liposomes and DNA (lipoplexes) may be used to
deliver DNA for targeted transfection to specific cells in
the body. For all these applications to be practical, the
active formulations have to be stored and shipped, prefer-
ably at ambient temperature in the dry state, adding further
interest to understanding the molecular determinants of
dry-state stability.

Membrane fusion and sugar glasses

When water is removed from a liposome suspension during
drying, all components within the original suspension are
progressively concentrated. This is also true for the lipo-
somes, which are brought into close physical contact that
can lead to membrane fusion. In most cases, the fusion of
liposomes is accompanied by the formation of transient
pores in the membranes, leading to the leakage of soluble
molecules out of the vesicles [84, 85] and to the formation
of larger liposomes or of large multilamellar membrane
aggregates [86].

Most sugars form glasses (vitrify) during drying at
ambient temperatures (see [87, 88] for reviews). Physi-
cally, a glass is a metastable solid. It is spatially
homogeneous, but it has no defined long-range structure,
such as a crystal lattice [88]. Due to its extremely high
viscosity, all processes that require diffusion are slowed
down in glasses to the point that under human observation
they appear to stop [89]. Vitrification during drying will
therefore fix the position of the liposomes in the glassy
matrix, so that the close approach of vesicles necessary for
fusion is prohibited. Obviously, the effectiveness of this
mechanism, especially during long-term storage, depends
on the physical stability of the glass. The melting tem-
perature of a sugar glass (glass transition temperature; T)
is a convenient and often used measure of glass stability
[87]. Raising the temperature above T, leads to increased
fusion and leakage from liposomes [90]. In addition, water
is an effective plasticizer of sugar glasses, although the
degree of plasticization differs among different di-, oligo-,
and polysaccharides [91-93]. Therefore, storage stability of
a sample or survival of an organism will depend in a
complex manner on time, temperature, and humidity.
During the drying process itself, a sugar with a higher T,
will vitrify at a higher water content at a given temperature.
Therefore, a higher T, will be beneficial during drying
because it allows vitrification and prevents fusion at an
earlier stage of the drying process. Using sugars with
increasing T, results in reduced liposome fusion in the dry
state, especially at elevated temperatures [94].

Liposome protection by polysaccharides

In general, T, increases with the molecular weight of the
solute [95]. Polysaccharides could therefore be expected to
be good protectants for liposomes during drying because in
the dry state, all polysaccharides that have been investi-
gated in this regard showed high 7, values (fructans 154°C
[96]; hydroxyethyl starch (HES) > 100°C [93, 97]; dextran
> 100°C [98]). Therefore, they are expected to be efficient
protectants against liposome fusion in the dry state. Such
protection has been shown during air-drying for HES [97,
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99], dextran, and fructan [100]. Also, lipoplexes can be
protected from fusion and aggregation by high DP fructans
and dextrans [101, 102].

Oligosaccharides also protect liposomes from fusion
during drying. In general, one would expect better pro-
tection against fusion from longer oligosaccharides
because of the expected increase in T,. This is true for
raffinose family oligosaccharides (RFO) [94, 103] and
malto-oligosaccharides up to DP 5 [104, 105], which show
increased protection against fusion with increasing DP.
However, protection against fusion decreases with DP in
the presence of longer-chain malto-oligosaccharides, inu-
lins, and manno-oligosaccharides [104, 105].

On the other hand, T, increases as expected with DP in
all investigated oligosaccharides [91, 92, 96, 103, 105]. As
a result, for malto-, manno-, and fructo-oligosaccharides,
the expected reduction in fusion with increasing T, during
liposome drying was not observed in all cases. In fact, in
the presence of manno-oligosaccharides and inulins, a
linear increase in fusion with increasing T, has recently
been reported [105]. These unexpected findings suggest
that there must be a certain degree of structural flexibility
in sugar glasses that depends on both the chain length of
the oligosaccharides and the nature of the monomeric
building blocks and/or their linkages and that allows the
diffusion of liposomes at least over very short distances.
Inhomogeneities in sugar glasses below 7T, have indeed
been shown by spectroscopic methods [106, 107], but their
structural basis is so far unknown. Recent progress in
molecular dynamics (MD) simulation of the glassy state
[108] may offer the opportunity to understand the atomic
interactions contributing to the structural features that
determine the ability of a particular oligosaccharide to
prevent liposome fusion in the dry, glassy state.

Sugars prevent lipid phase transitions

The removal of water from a liposome suspension leads to
the close approach of vesicles, resulting in membrane
fusion events as discussed above. Water plays a much more
general, essential role in the formation of bilayers from
lipids and in membrane stability. The lipid headgroups
directly interact with water through H-bonding and thereby
ensure spacing of the lipid molecules in the liquid-crys-
talline state (see [109] for a comprehensive review). During
dehydration, the water molecules that help to maintain this
spacing between the lipid headgroups are (partially)
removed, allowing a closer approach of the lipid mole-
cules. This leads to an increase in van der Waals
interactions between the fatty acyl chains and to an
increase in the gel to liquid-crystalline phase transition
temperature (7},) of the membranes by as much as 70°C
[110]. This elevation of Ty, in dry membranes is especially

detrimental if the membrane lipids have a subambient T},
under hydrated conditions, as is the case for almost all
biological membranes. When T;, increases above the
ambient temperature, the lipids will undergo two phase
transitions, one from liquid-crystalline to gel phase during
drying and one from gel to liquid-crystalline phase during
rehydration (see [111, 112] for reviews). These phase
transitions result in transient leakage of soluble cell con-
tents through the membrane [97, 113]. Therefore, in
liposomes, damage during drying and rehydration is com-
monly determined as the leakage of a soluble marker
molecule from the interior of the lipid vesicles. This
leakage is thought to be due to inhomogeneities in the
membrane during the phase transition [114] because of the
coexistence of gel- and fluid-phase lipids that results in
packing defects and increased permeability [115].

In contrast, when membranes are dried in the presence
of sufficiently high amounts of disaccharides, such as tre-
halose or sucrose, leakage of soluble content from
liposomes can be largely prevented [90, 116, 117]. The
water-replacement hypothesis suggests that the sugar
molecules prevent the close approach of lipids during
dehydration through H-bonding interactions between the
sugar OH-groups and the lipid headgroups. This prevents
the dehydration-induced increase in T, [111] and conse-
quently phase transitions and solute leakage. Fourier-
transform infrared spectroscopy (FTIR) and nuclear mag-
netic resonance spectroscopy (NMR) have provided
evidence for such interactions between disaccharides and
phospholipid headgroups, mostly at the level of the P=O
moiety of phosphatidylcholines (see e.g., [118-120]).
However, such H-bonding interactions may be even more
effective, but also more specific to particular sugars, in
membranes containing glycolipids [121-124]. Evidence
from several MD simulation studies indicates that inter-
actions between membrane phospholipids and sugars are
not restricted to completely anhydrous systems, but
already occur in hydrated membranes at moderate sugar
concentrations [125-129]. This may indicate that similar
interactions could also contribute to the stabilization of
membranes by disaccharides during freezing, where water
is only partially removed by ice crystallization and also
already at early stages of the drying process. This latter
point has been convincingly demonstrated in experiments
where liposome samples containing different amounts of
sucrose were equilibrated at various relative humidities.
Measurements by differential scanning calorimetry (DSC)
showed that sucrose reduced the dehydration-induced
increase of lipid T}, already at moderately lowered relative
air humidities, where the samples still contain an appre-
ciable amount of water [130].

Despite their superior ability to prevent fusion during
drying, polysaccharides such as HES and dextran did not
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protect liposomes against leakage [97, 99, 131, 132]. The
reason for this is the inability of HES [97, 99, 120, 133]
and dextran [100, 133] to depress T, in dry membranes.
This has been related to the inability of these polysaccha-
rides to H-bond to the lipid headgroups [97, 99, 116, 120,
131].

Role of fructan in membrane stabilization

The class of polysaccharides that has been most thoroughly
investigated with regard to their protective effects on lip-
osomes during drying are fructans. Both a plant inulin
(from chicory roots) and a bacterial levan (from Bacillus
subtilis) can protect liposomes from leakage during freeze-
drying or air-drying [131, 132]. Chicory inulin is a mixture
of polysaccharides with a degree of polymerization (DP)
between 10 and 30, corresponding to molecular masses
between approximately 1,600 and 5,000 [131]. During
freeze-drying, the presence of the chicory inulin in phos-
phatidylcholine liposome preparations reduces the degree
of leakage after rehydration [131]. This protective effect is
related to a depression of T;, in the dry membranes com-
pared to liposomes dried without the fructan. By FTIR, it
could also be shown that the inulin establishes H-bonds to
the lipid P=O despite its large size [131]. This indicates
that steric factors can be overcome even by large molecules
to enable the insertion of at least part of the polysaccharide
into the lipid headgroup region. It was shown in the same
study that HES was not able to interact with the P=0O
groups in dry membranes or depress T;, under identical
experimental conditions. This indicates that inulins have
structural properties different from glucans. During slow
air-drying, chicory inulin provides no protection to lipo-
somes [131]. This is due to the fact that chicory inulin has a
low solubility and therefore precipitates during the slow
drying process, while during freeze-drying, the inulin is
immobilized during the freezing step. Similarly, high-DP
fructans from oat and rye are also not able to prevent
leakage or fusion in liposomes during drying [134]. This
may also be related to solubility problems. Inulins as well
as fructans from oat and rye with a lower DP (below 7 to
10, depending on the structures), which are more soluble,
do not precipitate during air-drying and provide protection
to liposomes [104, 132, 134].

The levan isolated from Bacillus subtilis has a DP of
about 125, corresponding to a molecular mass of approxi-
mately 25,000 [135]. Although this fructan has a much
higher DP than chicory inulin, it also has a much higher
solubility. Therefore, it will not precipitate from solution
during air-drying and protects liposomes from leakage and
fusion [132]. It has been shown by x-ray diffraction mea-
surements that the levan is located between the liposomes
in the dry state, thus enabling both encasement in a glassy

matrix and direct interactions with the membrane lipids
[132]. In contrast to most other polysaccharides, the pres-
ence of levan resulted in a depression of T, and increased
mobility of fatty acyl chains in the dry membranes, as
determined by FTIR and NMR spectroscopy [132]. NMR
measurements also indicated a strong immobilization of the
headgroup both at the P=O and the choline level in the
presence of levan [100] and detailed FTIR analyses pro-
vided evidence for limited H-bonding of levan to the lipid
P=0 groups [136].

To gain further insight into the physical mechanisms and
structural determinants of membrane protection by fruc-
tans, we compared the effects of different structural
families of oligosaccharides on liposomes during drying. It
had been suggested earlier that oligosaccharides show
reduced protection for liposomes during drying, compared
to sucrose, and that strongly reduced protective effects can
be expected above DP 3 [99, 137]. Our analyses showed
that this is true for manno- and malto-oligosaccharides,
while inulins and RFO show the opposite behavior, i.e.,
increased protection with DP [94, 104, 138]. The struc-
turally more complex fructans from oat and rye showed
increased protection only up to a DP of about 4 and with
higher DP protection decreased again [104]. Interestingly,
some of these cereal fructans showed synergistic behavior
in mixtures. Collectively, these findings indicate that there
must be specific structural features of the oligosaccharides
that determine their efficacy as membrane stabilizers dur-
ing drying.

The protective effects of sugars for liposomes against
leakage of their soluble content can at least in part be
related to the effects of the protectants on Ty, in the dry
state [111, 118]. Inulins (up to DP 5) show no effect of DP
on Ty, [104, 138], the RFO (up to DP 5) lead to a slight
increase in Ty, with DP [94], while malto-oligosaccharides
(up to DP 7) and manno-oligosaccharides (up to DP 6)
lead to progressively greater increases in T,, with DP
[104, 138]. The shift in the spectral position of the P=0O
vibration in FTIR spectra, indicating H-bonding between
sugar and lipid headgroup shows no effect of DP for inu-
lins, a slight reduction for RFO, but a strong reduction for
malto- and manno-oligosaccharides, in general agreement
with the T, data [94, 104, 138].

Protective function is a result of oligosaccharide
structure

These data suggest that specific structural features of the
different oligosaccharide families determine their dramat-
ically different abilities to H-bond to lipid headgroups in
membranes in the dry state. There are various levels at
which the structure of oligosaccharides could differ and
thereby influence the interactions with membrane surfaces.
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These could include different degrees of structural flexi-
bility around the glycosidic bonds and differences in
exposed hydrophobic surface area that might facilitate
interactions with membrane lipids. There is some indica-
tion in the literature that structural flexibility may be a
crucial factor that distinguishes different oligosaccharide
families. Evidence for this hypothesis comes for instance
from MD simulations that show large differences in oli-
gosaccharide structure between gas phase and solution,
indicating a major influence of H-bonding interactions on
oligosaccharide structure [139-141].

The main structural difference between inulins and the
other oligosaccharides is that inulins are mainly (except for
one terminal glucose unit) oligofructoses composed of
structurally rather flexible furanose rings [142, 143], while
the others are composed of more rigid pyranose galactose,
glucose, or mannose rings. Therefore, the higher flexibility
of the furanose ring may counterbalance the negative steric
effects of increasing DP in inulins, leading to an inde-
pendence of inulin-membrane interactions from size. In
more rigid oligosaccharides, on the other hand, negative
steric effects dominate the size dependence of these
interactions.

This leaves open the question why different pyranose-
based oligosaccharides behave differently, and the avail-
able evidence suggests a significant contribution of linkage
type to the structural flexibility of such sugars. Of the
pyranose-based oligosaccharides, RFO show the highest
degree of interaction with dry lipids [94]. RFO are 1—6-
linked carbohydrates and this linkage type affords the oli-
gosaccharides additional flexibility compared to 1—4-
linked oligosaccharides [144]. This is related to the fact
that 1—-6 linkages involve three dihedral angles, while
1—4 and 1-3 linkages only involve two dihedral angles,
contributing different amounts of structural flexibility
[145]. This is reflected in the fact that 1—6-linked sugars
show a strong influence of H-bonding to water molecules
on their conformation [141], implying the ability to adapt
their conformation also to optimize H-bonding to lipid
molecules in the absence of water. The complexity of the
structural dynamics of sugars was recently highlighted by
an MD study that systematically investigated the dynamic
properties of all possible linkage types between two glu-
cose molecules, showing that each resulting disaccharide
had distinct flexibility features [146]. Also, differences in
the effects of malto- and manno-oligosaccharides may be
related to the higher flexibility of the a-glycosidic linkage
compared to the -glycosidic linkage [147]. While the type
of glycosidic linkage will certainly have an effect on the
mechanical properties of sugars, there are no simple rules
to link the two properties. Different f 1—4-linked poly-
saccharides for instance differ in their mechanical
properties and bond flexibility between highly rigid (e.g.,

chitin, cellulose) and highly flexible (e.g., xylan, hyaluro-
nan) [139], indicating that depending on other structural
features, the same glycosidic bond can result in opposite
mechanical properties for different sugars.

In addition, although they are usually highly soluble in
water, sugars nevertheless have hydrophobic properties,
determined by the planar, rigid ring structures with a CH-
rich hydrophobic plane on one side [148]. This hydro-
phobicity has been quantified as the ratio of hydrophobic to
hydrophilic surface area of the sugar rings, expressed as a
hydrophobic index (HI) [149]. There is a close correlation
between the HI of various sugars and their effect on lipid
T, in systems of low water content [150]. This indicates
that hydrophobic interactions play an important role in
determining the effectiveness of at least simple sugars on
membrane behavior at low hydration. A recent NMR study
provided additional evidence that the binding of model
polyol compounds to phospholipid membranes in the fully
hydrated state occurs through hydrophobic interactions
[151]. Unfortunately, these studies have so far not been
extended to more complex oligo- and polysaccharides. It
can, however, be assumed that for such larger molecules,
more complex behavior would be observed that would be
the result of several different properties and structural
constraints. This will have to be elucidated if we are to
understand the differences in protective properties of dif-
ferent saccharides for membranes during drying or
freezing. This seems all the more interesting in the light of
an additional array of novel oligosaccharides that have
recently been identified in various organisms [152-154]
and that have also been hypothesized to be involved in
cellular stress tolerance.

Use of transgenics in studying fructan biosynthesis
and abiotic stress tolerance

The expression of genes encoding enzymes of fructan
biosynthetic pathways in non-host systems has been
applied since the mid 1990s and from the very beginning
played an important role in characterizing enzymatic
properties of the fructosyltransferases, at least of plant
[18, 155] and fungal enzymes [156, 157].

The first cloned genes encoding fructosyltransferases
were of bacterial origin. They are levansucrase genes from
e.g., Bacillus subtilis [158], Zymomonas mobilis [159] and
Erwinia amylovora [160] (Table 2) as well as an inulin-
sucrase from Streptococcus mutans [161]. All four genes
and homologs from other bacterial species (reviewed in
[162]) were the first used to generate transgenic plants that
produced fructans. Most of these attempts aimed at
increased carbohydrate deposition or the production of
commercially interesting raw materials. The Bacillus sacB
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Table 2 Heterologous expression experiments using fructosyltransferase

genes mentioned in this review. Genes of bacterial, plant, and fungal

origin are grouped, and expression studies are sorted by date of publication

Origin Target Transformation Note References
Bacterial enzymes
Bacillus subtilis Escherichia coli Plasmid vector SacB gene [158]
Zymomonas mobilis Escherichia coli Plasmid vector LevU gene [159]
Bacillus subtilis Nicotiana tabacum Genomic integration  Enhanced stress tolerance [78]
Bacillus amyloliquefaciens  Nicotiana tabacum Genomic integration  Deleterious [164]
Solanum tuberosum
Zymomonas mobilis Nicotiana tabacum Genomic integration Enhanced stress tolerance [163]
Bacillus subtilis Nicotiana tabacum Genomic integration Enhanced stress tolerance [166]
Plant enzymes
Hordeum vulgare Nicotiana plumbagenifolia Transient [18]
Cynara scolymus Solanum tuberosum Genomic integration  1-SST gene [15]
Allium cepa Nicotiana plumbagenifolia Genomic integration ~ 1-SST gene [170]
Hordeum vulgare Pichia pastoris Genomic integration  6-SFT [172]
Cynara scolymus Nicotiana tabacum Transient 1-FFT [16]
Heliantus tuberosus Petunia hybrida Genomic integration ~ 1-SST gene [17]
1-FFT gene
Heliantus tuberosus Beta vulgaris Genomic integration 1-SST [184]
Cynara scolymus Solanum tuberosum Genomic integration ~ 1-SST gene [171]
1-FFT gene
Festuca arundinacea Pichia pastoris Genomic inegration 1-SST [173]
Nicotiana tabacum Transient
Allium cepa Beta vulgaris Genomic integration 1-SST [182]
6G-FFT
Triticum aestivum Lolium perenne Genomic integration 1-SST [196]
6-SFT
Viguiera discolor Pichia pastoris Genomic integration  1-FFT [176]
Asparagus officinalis Pichia pastoris Genomic integration  6G-FFT gene [177]
Triticum aestivum Pichia pastoris Genomic integration  6-FEH [37]
Echinops ritro Pichia pastoris Genomic integration 1-FFT [178]
Lolium perenne Pichia pastoris Genomic integration  6G-FFT/1-FFT [179]
Agave tequilana Pichia pastoris Genomic integration 1-SST [180]
Heliantus tuberosus Solanum tuberosum Genomic integration 1-SST [185]
Zea mays 1-FFT
Lactuca sativa Nicotiana tabacum Genomic integration 1-SST [198]
Triticum aestivum Oryza sativa Genomic integration 1-SST [199]
6-SFT
Fungal enzymes
Aspergillus foetidus Saccharomyces cerevisiae Plasmid vector [156]
Aspergillus sydowi Escherichia coli, Saccharomyces cervisiae ~ Plasmid vector Deleterious [157]

Solanum tuberosum

Genomic integration

gene and the Zymomonas levU gene expression in tobacco
[78, 163] were used to study the effects of fructan accu-
mulation on abiotic stress tolerance.

In many cases, adverse effects of transgene expression on
host metabolism or development, such as growth retardation,
necrotic lesions, or sterility, were reported (e.g., [164]). This,
as well as low concentrations of bacterial fructans, raised

concerns about the physiological significance of these effects
on stress tolerance [162, 165]. Nevertheless, in 2002 Kon-
stantinova and colleagues [166] field-tested transgenic
tobacco plants expressing the Bacillus subtilis sacB gene and
demonstrated higher freezing tolerance under a controlled
environment as well as under field conditions. Although the
amount of fructan accumulating in transgenic lines was not
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determined, an increase after cold treatment was reported
that probably resulted from accumulation of the substrate
sucrose during the cold treatment, a response observed in
many plant species. When transgenic tobacco plants were
analyzed for oxidative damage at chilling and subzero tem-
peratures, malondialdehyde levels had been lowered,
indicating reduced lipid peroxidation [167]. Although
interactions of fructans with lipids are well established (see
above), no mechanism of protection against peroxidation has
been described, and thus the observed effect may argue for
secondary effects of sacB gene expression. Elevated
hydrogen peroxide levels reported for sacB transgenics may
be indicative, since hydrogen peroxide can stimulate abiotic
as well as biotic stress responses in plants [168, 169].

When plant genes encoding fructosyltransferases became
available [15, 18, 170], they were used in plant transforma-
tion to study enzyme properties because they could not be
functionally expressed in prokaryotic systems. Using plant
hosts that did not normally synthesize fructans, it was shown
that the sucrose-dependent fructosyltransferase 1-SST pro-
duces not only the trisaccharide 1-kestose but also higher
homologs in planta [17, 171]. By expression in potato,
Hellwege and colleagues [171] confirmed that to synthesize
inulin only two enzymes, 1-SST and 1-FFT, are needed as
hypothesized by Edelman and Jefford in 1968 [13].

The methylotrophic yeast Pichia pastoris turned out to
be a more convenient system for rapid expression of plant
fructosyltransferase genes, as it allows production of the
enzymes as secreted proteins [172, 173]. Expression of the
1-SST gene from barley and the 6-SFT gene from tall
fescue revealed that enzyme specificity is determined by an
N-terminal large subunit of the protein [174] and that
transferase and hydrolytic activity can be separated [175].
For the chain-elongating enzyme of dicot plants, 1-FFT,
Van den Ende and co-workers found that differential sub-
strate specificities of enzymes from various plant species
are responsible for the differing fructan patterns that occur
in nature [176], thus confirming earlier studies using plant
protoplasts as expression systems [16].

In some cases, abnormal activities of fructosyltransfe-
rases expressed in Pichia have been reported. For example,
a barley 6-SFT had additional 1-SST activity, which was
not found for the enzyme isolated from its natural source
[172]. Whether this difference is due to secretion of the
protein in Pichia is not clear. Nevertheless, the system
allows rapid identification of fructosyltransferase activities
and is therefore frequently used for cloning fructosyl-
transferase genes [37, 177-180].

Transgenics and human consumption of fructan

Because inulin and other oligofructoses are health-pro-
moting food ingredients [181], strategies for developing

plant production systems [182—-184] or fructan-enriched
food and feed [185] have been evaluated. Expression of
fructosyltransferase genes in nonfructan plants generally
yielded only low amounts of fructan with highest levels of
about 7 mg/g tissue in potato [171] and 41 mg/g tissue in a
high-sucrose maize cultivar [185]. The only exception is
sugar beet, in which more than 90% of the storage sucrose
was converted into oligofructose upon expression of the 1-
SST gene from Jerusalem artichoke [183]. Combined
expression of 1-SST and 6G-FFT, a transfructosylating
activity from onion, produced a 50% conversion rate, and
in this case, the total carbohydrate yield was not reduced
[184]. Stoop and colleagues [185] demonstrated that
sucrose availability limits fructan synthesis in most non-
fructan plants. However, why similar sucrose levels
support high-level fructan accumulation in chicory [186]
but not in potato has not been resolved. A possible expla-
nation for the difference between fructan and nonfructan
plants could be the presence of a vacuolar invertase activity
in the latter that could interfere with fructan accumulation
[162]. Negative correlation of invertase gene expression
and fructan accumulation was demonstrated in wheat
[187]. Invertase activity is also low in growing potato
tubers [188], but the amount of fructan that accumulates in
tubers is only about 5% of the amount of starch and far
below the fructan content of chicory [171].

Despite these difficulties in transgenic fructan production,
studies evaluating quality and safety aspects of possible
products have been initiated in recent years. Speculations
about specific risks of transgenic nutrients have raised the
question of “substantial equivalence” of transgenic and
conventional foods, and metabolic fingerprinting methods
using mass spectroscopic methods were introduced to test
applicability of this concept for safety assessment [189].
Suitability of the concept of substantial equivalence is
questionable because possible side effects of transgene
expression may depend on experimental conditions. For
inulin-producing potato plants, reduced accumulation of the
amino acid proline has been observed only under water-
deficit conditions [190]. Whether this has to be regarded as
an unspecific effect or a balancing response of plant cells that
contain high amounts of soluble sugars as osmolytes is an
interesting question to plant physiologists. Regarding sub-
stantial equivalence, it poses the question of which
differences are security-relevant. An even more important
point is that not all plant substances are detectable by fin-
gerprinting methods. Thus, combinations of the so-called
unbiased screening techniques and case-specific analyses
addressing toxins, e.g., glycoalkaloids in potato, are cur-
rently recommended for safety assessment [191].

In addition to safety, nutritional aspects have been
explored. Although it was demonstrated that addition of
inulin or oligofructoses to pet feed and livestock diet has
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beneficial effects on health status and growth performance
[192], silage from transgenic potatoes synthesizing inulin
caused reduced daily liveweight gains, probably because of
a lower starch content [193]. However, positive effects on
gut microflora were not investigated, making it impossible
to draw final conclusions on the utility of transgenic food
and feed.

The use of transgenic approaches to investigate
physiological roles of fructan in plants

The physiological advantage of fructan biosynthesis in
plants is one of the most active research fields applying
transgenic fructan production. Although more than 40,000
plant species produce fructans, a selective advantage for
fructan still remains unclear. These questions are now
being addressed using expression of fructosyltransferases
in nonfructan as well as in naturally fructan-synthesizing
plants.

The genes wif2 and wifl, encoding 1-SST and 6-SFT,
respectively, were identified from wheat based on sequence
homology and heterologous expression in Pichia [194].
These genes were subsequently transferred into perennial
ryegrass (Lolium perenne) either alone or in combination.
Perennial ryegrass naturally produces fructans mainly of
the 6G kestotriose (neokestose) and inulin type [195], and
accumulation of fructans during autumn is correlated with
a gain in winter hardiness. Constitutive expression of each
of the wheat fructosyltransferases alone led to 3- to 15-fold
increases in total fructan content and caused increased
freezing tolerance [196]. Although it is generally assumed
that 1-SST and 6-SFT operate jointly to generate the levan
series of fructans, combined overexpression of both genes
in ryegrass failed to increase fructan production. A likely
reason was a co-suppression effect of the two transgenes,
which led to reduced fructosyltransferase mRNA level in
the plants transgenic for both wheat genes [196].

Freezing tolerance of the transgenic ryegrass was tested
under laboratory conditions after a cold acclimation period
of 3 weeks at 6°C during the day and 2°C during the night.
Since the change in fructan concentration was not reported,
it is not known whether fructan hydrolysis occurred, in
which case an indirect role of fructan in freezing tolerance
must be assumed. Clearly, additional data are needed for
these plants to fully exploit the potential of this system. It
would be interesting to study the structural pattern of
fructans in ryegrass plants overexpressing 6-SFT. Pavis and
co-workers [197] reported that a typical 6-SFT activity
may not be present in Lolium perenne, which produces
mainly inulin- and neokestose-type fructans. 6-SFT
expression would thus establish a new pathway of fructan
synthesis. Although no difference in freezing tolerance
between 1-SST- and 6-SFT-overexpressing ryegrass plants

was obvious from the study of Hisano and colleagues, the
system offers the chance to study the influence on freezing
tolerance not only of chain length but also of the structure
of fructans.

Expression of a 1-SST gene from lettuce (Lactuca sativa)
in tobacco significantly reduced electrolyte leakage from
leaves that were exposed to —2°C for 18 h [198]. However,
as shown for other nonfructan hosts, fructan contents of
transgenic plants were extremely low with 0.04 mg/g FW
before and 0.1 mg/g FW after cold acclimation. When
comparing the 3-5 mg/g FW found in wild-type ryegrass
and the 40 mg/g FW obtained in the transgenic plants
described above, it seems unlikely that improvement of
freezing tolerance in both transgenic plants is caused by a
similar mechanism. Lower lipid peroxidation was observed
for transgenic tobacco plants expressing bacterial fruc-
tosyltransferases. This indicates that expression of plant
fructosyltransferases caused an amplified oxidative defense,
although this could not be demonstrated at the level of
superoxide dismutase (SOD) activity [198]. It will be nec-
essary to analyze in more detail whether increases in
protection against lipid peroxidation are specific effects of
fructans, or whether the reduced lipid peroxidation in the
transgenic tobacco plants indicates that transgene expres-
sion led to some nonspecific stress responses.

Relationship of fructan to chilling and drought
tolerance

Transgenic rice expressing the wif2 gene encoding 1-SST
accumulated fructo-oligosaccharides at a mean concentra-
tion of 16.2 mg/g FW [199], which is well above the
concentration found in ryegrass [197], however, still below
that found in barley or oat [9]. Kawakami and colleagues
[199] attributed the high transgenic fructan levels to the high
sucrose concentrations in rice leaves. Indeed, sucrose con-
centrations in rice leaves appear about 50-fold higher than in
potato or Arabidopsis thaliana, and still 15-fold higher than
in potato tubers, which accumulated only one-third of the
fructan found in transgenic rice leaves. The strict depen-
dence of fructan accumulation on sucrose concentrations is
in agreement with the work of Stoop and colleagues [185],
who demonstrated inulin accumulation up to 41 mg/g kernel
in high-sucrose maize. However, the existence of an addi-
tional metabolic difference between the monocotyledonous
and dicotyledonous host systems used so far for the expres-
sion of fructosyltransferases cannot be excluded.

The concentration of soluble sugars in the fructan-
producing rice plants was twice as high in leaves and showed
no growth retardation or other abnormalities [199]. This
increased sugar was a result of higher glucose and fructan
concentrations both of which were correlated with improved
chilling tolerance [199]. Since glucose and fructan were both
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correlated among each other, except for two lines that
expressed the 6-SFT homolog wifl, it is difficult to assign a
specific effect to fructan, especially because, of the latter two
lines, only one showed improved chilling tolerance.

One component of chilling stress in rice is water deficit
caused by an imbalance of transpiration and water transport
from the roots. Thus, any osmolyte can have a positive
effect, so a specific role for fructan would not be required.
To investigate how fructan may be involved in chilling
tolerance the possibility of fructan degradation in the cold
should be determined. The vacuolar invertase OsVIN2 of
rice shows high fructan exohydrolase activity [42] and is
induced at low temperature [200]. A degradation of fructan
during abiotic stress treatments has also been found in
crown tissue of the naturally fructan-producing grass
Festuca novae-zelandiae during prolonged water deficit
[201]. Therefore, fructans could act indirectly by providing
carbon and energy for the synthesis of other osmo-pro-
tectants. Alternatively, fructans could accumulate in the
cold or at mild water deficit simply because of high sucrose
levels resulting from low respiratory demand in sink organs
under stress. The key enzyme of fructan biosynthesis, 1-
SST, is induced by high sucrose contents in barley [202,
203], and fructan synthesis increases when sucrose accu-
mulates in leaves of grasses [32] and Asteraceae [15].
Thus, clarification of the physiological advantage of fruc-
tan biosynthesis is still pending, but transgenic systems are
now available to resolve this question.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
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