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Although fructans play a crucial role in wheat kernel devel-
opment, their metabolism during kernel maturation is far
from being understood. In this study, all major fructan-
metabolizing enzymes together with fructan content, fruc-
tan degree of polymerization and the presence of fructan
oligosaccharides were examined in developing wheat kernels
(Triticum aestivum L. var. Homeros) from anthesis until ma-
turity. Fructan accumulation occurred mainly in the first
2 weeks after anthesis, and a maximal fructan concentration
of 2.5 ± 0.3 mg fructan per kernel was reached at 16 days
after anthesis (DAA). Fructan synthesis was catalyzed by
1-SST (sucrose:sucrose 1-fructosyltransferase) and 6-SFT
(sucrose:fructan 6-fructosyltransferase), and to a lesser
extent by 1-FFT (fructan:fructan 1-fructosyltransferase).
Despite the presence of 6G-kestotriose in wheat kernel ex-
tracts, the measured 6G-FFT (fructan:fructan 6G-fructosyl-
transferase) activity levels were low. During kernel filling,
which lasted from 2 to 6 weeks after anthesis, kernel fructan
content decreased from 2.5 ± 0.3 to 1.31 ± 0.12 mg fructan
per kernel (42 DAA) and the average fructan degree of poly-
merization decreased from 7.3 ± 0.4 (14 DAA) to 4.4 ± 0.1
(42 DAA). FEH (fructan exohydrolase) reached maximal
activity between 20 and 28 DAA. No fructan-metabolizing
enzyme activities were registered during the final phase of
kernel maturation, and fructan content and structure
remained unchanged. This study provides insight into the
complex metabolism of fructans during wheat kernel devel-
opment and relates fructan turnover to the general phases
of kernel development.
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Abbreviations: DAA, days after anthesis; DP, degree of poly-
merization; FEH, fructan exohydrolase; 1-FFT, fructan:fructan
1-fructosyltransferase; 6G-FFT, fructan:fructan 6G-fructosyl-
transferase; HPAEC–PAD, high-performance anion-exchange

chromatography with pulsed amperometric detection; KEH,
kestose exohydrolase; 6-SFT, sucrose:fructan 6-fructosyltrans-
ferase; 1-SST, sucrose:sucrose 1-fructosyltransferase.

Introduction

Fructans are one of the most important reserve carbohydrates
in the vegetative tissues of wheat and play a crucial role
in wheat kernel development (Pollock and Cairns 1991,
Schnyder 1993). They are present in wheat leaves, stems,
roots and kernels, and serve, apart from their role as reserve
carbohydrate, various functions. Fructan metabolism is asso-
ciated with cold resistance in wheat (Tognetti et al. 1989,
Yoshida et al. 1998) and might be involved in counteracting
oxidative stress (Peshev et al. 2013). Furthermore, fructans are
thought to protect wheat under drought stress by maintaining
osmotic potential and/or preserving the carbon flow to the
wheat kernel during kernel filling (Schnyder 1993, Wardlaw
and Willenbrink 2000). Indeed, fructan pools in the vegetative
tissues preserve the carbon flux to the kernel when the trans-
port of current photosynthesis products is insufficient. The
relative contribution of these reserves increases under dry con-
ditions (Bidinger et al. 1977, Schnyder 1993). Fructans are remo-
bilized as sucrose (Fisher and Gifford 1986) and transported via
the phloem to the kernel where they can be resynthesized and
temporarily stored. Fructans can represent up to one-third of
the DW of the immature kernel (Nardi et al. 2003, Paradiso et al.
2008). However, 2–3 weeks after anthesis, fructan concentra-
tions start to decrease and the mature kernel contains only
between 0.7 and 2.9 g fructan 100 g–1 DW (De Gara et al.
2003, Huynh et al. 2008). Nevertheless, the exact mechanisms
of fructan metabolism in developing wheat kernels are poorly
understood. Based on the results of Montgomery and Smith
(1957), wheat kernel fructans are thought to have a complex,
branched structure with a b(2–6)-linked fructose backbone

Plant Cell Physiol. 54(12): 2047–2057 (2013) doi:10.1093/pcp/pct144, available online at www.pcp.oxfordjournals.org
! The Author 2013. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists.
All rights reserved. For permissions, please email: journals.permissions@oup.com

2047Plant Cell Physiol. 54(12): 2047–2057 (2013) doi:10.1093/pcp/pct144 ! The Author 2013.

R
egu

lar
P

ap
er

 at K
U

 L
euven U

niversity L
ibrary on D

ecem
ber 9, 2013

http://pcp.oxfordjournals.org/
D

ow
nloaded from

 

http://pcp.oxfordjournals.org/
http://pcp.oxfordjournals.org/


and b(2–1)-linked fructose branches. Similar branched fructans
are found in wheat stems (Bancal et al. 1992, Yoshida et al.
2007) and wheat leaves (Carpita et al. 1989, Bancal et al.
1991). These fructans belong to the graminans which are
extensions of 1&6-kestotetraose (bifurcose) containing both
b(2–1)- and b(2–6)-linked fructose (Lewis 1993). However,
the presence of considerable levels of the trisaccharide 6G-
kestotriose (neokestose) in wheat flour (Nilsson et al. 1986,
Verspreet et al. 2013a) suggests that fructan neoseries, fructan
structures with 6G-kestotriose as the core molecule, may also be
present in wheat kernels (Nilsson et al. 1986). Fructans have
become increasingly popular as health-promoting functional
foods (Di Bartolomeo et al. 2012), with a clear shift in interest
from linear inulin-type fructans (e.g. derived from chicory)
to branched graminan (e.g. derived from wheat) and
6G-kestotriose-based fructans (e.g. derived from Agave) (Van
den Ende et al. 2011).

Knowledge of fructan-metabolizing enzymes is crucial in
understanding fructan metabolism in developing wheat kernels
and can help in unraveling the fine structure of wheat kernel
fructans. In the vegetative tissues of wheat, three types of fructan-
synthesizing enzymes have been detected so far (Yoshida et al.
2007, Gao et al. 2010). Their combined action allows the synthesis
of graminans (Kawakami and Yoshida 2005). 1-SST (sucrose:su-
crose 1-fructosyltransferase) transfers fructose from one sucrose
to another, forming 1-kestotriose and glucose (Kawakami and
Yoshida 2002). 6-SFT (sucrose:fructan 6-fructosyltransferase)
also transfers fructose from a sucrose donor but prefers either
1-kestotriose as acceptor forming 1&6-kestotetraose or another
fructan introducing a b(2–6) linkage (Duchateau et al. 1995,
Sprenger et al. 1995, Kawakami and Yoshida 2002). 1-FFT (fruc-
tan:fructan 1-fructosyltransferase) catalyzes the transfer of fruc-
tose from one fructan to another or to sucrose, forming a b(2–1)
linkage (Jeong and Housley 1992, Kawakami and Yoshida 2005).
Wheat fructan degradation is catalyzed by fructan exohydrolases
(FEHs) that only release terminal fructose units. Several FEH iso-
forms have been identified in wheat stems, including 1-FEH (Van
den Ende et al. 2003a, Van Riet et al. 2008) and 6-FEH (Van Riet
et al. 2006) that exhibit a strong preference for b(2–1) and
b(2–6) linkages, respectively. In addition, 6-KEH (6-kestose exo-
hydrolase) (Van den Ende et al. 2005) and 6&1-FEH (Kawakami
et al. 2005) that have a strong affinity for 6-kestotriose and for
small graminans, respectively, were described. Furthermore,
Kawakami and Yoshida (2012) detected a 6-FEH with low
1-FEH activity that, in contrast to other wheat FEH isoforms,
was able to degrade almost all graminans in vegetative wheat
tissues. Finally, acid invertases are able to hydrolyze fructan oligo-
saccharides although they clearly prefer sucrose as substrate. Two
types can be discerned based on their cellular localization. Cell
wall invertases are found in the apoplast, in contrast to vacuolar
invertases (Lammens et al. 2009). Intriguingly, some cell wall in-
vertases show no invertase activity at all. Based on the study of a
defective cell wall invertase in tobacco, it was recently suggested
that they may have a function in regulating the activity of active
cell wall invertases (Le Roy et al. 2013).

Despite the extensive research on fructan enzymes in the
vegetative tissues of wheat, little is known about fructan-
metabolizing enzymes in developing wheat kernels. To the
best of our knowledge, only one study has been published on
this topic. Housley and Daughtry (1987) observed high SST and
FFT activities in wheat kernels from 6 to 12 days after anthesis
(DAA), and these activities decreased rapidly thereafter.
However, no distinction was made between 1-SST, 6-SFT and
1-FFT activity. 1-Kestotriose, the smallest fructose donor for the
1-FFT-catalyzed reaction, had to be produced during the assay
by 1-SST concomitantly extracted from the kernel sample.

In the present study, the 1-SST, 1-FFT, 6-SFT and total FEH
activity were examined in developing wheat kernels. In
addition, the activity of 6G-FFT (fructan:fructan 6G-fructosyl-
transferase) that is putatively involved in the synthesis of
6G-kestotriose, and the soluble invertase activity were assessed.
Enzyme activity levels were examined by measurement of the
respective reaction products during incubation with specific
substrate combinations. The results on enzyme activities were
then related to the fructan concentrations and their structural
properties [i.e. their degree of polymerization (DP) and type of
oligosaccharides]. This integrated approach allows a more com-
prehensive view on the role of fructans in developing wheat
kernels.

Results

Fructan synthesis and degradation

Fructans accumulated during the first 2 weeks after anthesis
and reached a maximum of 2.5 ± 0.3 mg fructan per kernel at 16
DAA (Fig. 1A). During the next 4 weeks, the kernel fructan
content declined and during the last 4 weeks of kernel devel-
opment fructan concentrations remained roughly constant.
This corresponds to the three maturation phases reported ear-
lier (Sofield et al. 1977, Pepler et al. 2006, Shewry et al. 2012,
Verspreet et al. 2013b) that describe wheat kernel development
in general: the division and expansion phase, the kernel filling
phase and the maturation and desiccation phase (Fig. 1A). The
decreasing fructan content during the second development
phase coincided with a decrease in the average DP. Whereas
the average fructan DP was roughly constant during the first
2 weeks after anthesis, it declined from 7.3 ± 0.4 at 14 DAA to
4.4 ± 0.1 at 42 DAA and remained unaltered thereafter
(Fig. 1B). As well as fructan concentrations and DP, fructan
structure also changed during kernel development (Fig. 2).
1-Kestotriose and 1&6-kestotetraose were the main DP 3 and
DP 4 fructans, respectively, early in development and remained
present until maturity. Considerable amounts of the inulin-type
fructan 1,1-kestotetraose were detected from anthesis until
20 DAA, but not thereafter, and significant levels of 1,1,1-kes-
topentaose were observed only at anthesis. 6-Kestotriose, the
smallest fructan structure with a b(2–6)-linked fructose, was
present in kernels of the first days after anthesis but dis-
appeared between 9 and 20 DAA. 6G-Kestotriose, in contrast,
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was absent in the earliest development stages and was detected
from 9 DAA onwards. Besides the shifts in fructan structures,
the late accumulation of raffinose [a-D-galactopyranosyl-(1,6)-
a-D-glucopyranosyl-b-D-fructofuranoside] commencing at 42
DAA is noteworthy.

1-SST

The main 1-SST-catalyzed reaction is the formation of 1-kesto-
triose and glucose from two sucrose molecules (Fig. 3, reaction
A). When sucrose was the sole substrate, 1-kestotriose forma-
tion was the highest during the first 9 DAA (Fig. 4A).
Incubation of sucrose and kernel extracts from 0 or 2 DAA
was not performed, but high 1-kestotriose formation can be
expected. Indeed, during incubation with 6G-kestotriose and
sucrose (Fig. 4B), 1-SST was again able to form 1-kestotriose
from sucrose and once more 1-SST activity was highest during
the first 9 DAA, after which it suddenly decreased. Little
1-kestotriose formation was seen in wheat kernels harvested
between 9 and 28 DAA whereas no such activity was
observed later on during kernel development. Furthermore,

1&6G-kestotetraose was formed during incubation with
6G-kestotriose and sucrose (Fig. 4B). This 1&6G-kestotetraose
formation followed a similar pattern to 1-kestotriose synthe-
sis throughout kernel development although the formed
1&6G-kestotetraose levels were always lower. However, the
1-kestotriose levels in the immature kernels (Fig. 2) did not

Fig. 3 Schematic presentation of the main reactions catalyzed by the
discussed fructan-synthesizing enzymes. 1-SST uses sucrose (1) to
form 1-kestotriose (2) (reaction A). 6-SFT forms 1&6-kestotetraose
(3) from sucrose and 1-kestotriose (reaction B), and 1-FFT can form
1,1-kestotetraose (4) from 1-kestotriose (reaction C). 6G-FFT forms
6G-kestotriose (5) from sucrose and 1-kestotriose (reaction D).
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follow the same pattern throughout development as the 1&6G-
kestotetraose levels, pointing to differences between in vitro
and in vivo fructan synthesis.

6-SFT

In addition to 1-kestotriose, 6-kestotriose was also formed
during incubation of kernel extracts with sucrose, albeit to a
lesser extent (Fig. 4A). When 6G-kestotriose and sucrose were
provided as enzyme substrate (Fig. 4B), some 6-kestotriose
formation was also detected during the first 9 DAA. 6-SFT is
able to form 6-kestotriose out of sucrose although it is well
known that it prefers 1-kestotriose as the fructosyl acceptor
(Fig. 3, reaction B) and not sucrose. Indeed, high levels of
1&6-kestrotetraose were released during incubation with 1-kes-
totriose and sucrose (Fig. 4C). 1&6-Kestotetraose formation
was prominent during the first 13 DAA, and little or no 6-SFT
activity was observed later on during maturation.

1-FFT

The formation of 1,1-kestotetraose from 1-kestotriose as the
single substrate (Fig. 3, reaction C) can be ascribed to 1-FFT
activity. 1-FFT was almost exclusively active during the first 9
DAA and no 1,1-kestotetraose was produced during the last
weeks of kernel development (Fig. 4D). Similarly, the formation
of 1&6G-kestotetraose during incubation with 6G-kestotriose
and 1-kestotriose (Fig. 4E) occurred mainly during the first 9
DAA. 1-FFT can catalyze this reaction by transferring fructose
from a 1-kestotriose donor to a 6G-kestotriose acceptor.

6G-FFT

6G-Kestotriose is formed by 6G-FFT, transferring fructose from
1-kestotriose to sucrose (Fig. 3, reaction D). Surprisingly, the 6G-
kestotriose levels formed in the assays with added 1-kestotriose
and sucrose were rather small (Fig. 4C). Perhaps this can best be
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2050 Plant Cell Physiol. 54(12): 2047–2057 (2013) doi:10.1093/pcp/pct144 ! The Author 2013.

J. Verspreet et al.

 at K
U

 L
euven U

niversity L
ibrary on D

ecem
ber 9, 2013

http://pcp.oxfordjournals.org/
D

ow
nloaded from

 

http://pcp.oxfordjournals.org/
http://pcp.oxfordjournals.org/


explained by a rapid chain elongation of 6G-kestotriose into
1&6G-kestotetraose and possibly other higher DP fructans.
1&6G-Kestotetraose was formed at 5 DAA with both sucrose
and 1-kestotriose as substrate (7.7 nmol mg–1 DW h–1) and also
with sucrose as a single substrate (11.2 nmol mg–1 DW h–1).

Soluble acid invertase

High levels of glucose and fructose were released during incu-
bation of extracts of kernels of the first 9 DAA with sucrose at
pH 5.0 (Fig. 5A). Sucrose-degrading activity dropped after
9 DAA to about 90 nmol released glucose mg–1 DW h–1 and
remained roughly constant until 28 DAA, after which sucrose
degradation almost disappeared. The steep decline between
9 and 12 DAA is consistent with the increased sucrose

concentrations in the same time period (Fig. 1A). Also,
during incubation with 1-kestotriose and sucrose (Fig. 5B),
massive and similar levels of glucose and fructose were released
the first 9 DAA (573 nmol glucose mg–1 DW h–1 and 612 nmol
fructose mg–1 DW h–1 at anthesis), which was not the case in
the assay with 1-kestotriose only (Fig. 5C, 29 nmol glucose mg–1

DW h–1, 81 nmol sucrose mg–1 DW h–1 and 139 nmol fructose
mg–1 DW h–1 at anthesis).

FEH and KEH

1-Kestotriose can be hydrolyzed by 1-FEH or 1-KEH (1-kestose
exohydrolase) into fructose and sucrose, and the latter can be
hydrolyzed again by invertase into glucose and fructose
(Fig. 5C). However, acid invertase, which prefers sucrose as
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substrate, also possesses some 1-kestotriose-hydrolyzing activ-
ity (Sturm 1999). The level of fructose released during incuba-
tion with 1-kestotriose (Fig. 5C) is a measure of the total
hydrolyzing activity towards 1-kestotriose. This fructose release
followed a pattern between 5 and 14 DAA rather similar to the
level of fructose released in the assay with added sucrose
(Fig. 5A). In both experiments, there was a marked decline in
fructose release between 9 and 12 DAA. With both 1-kesto-
triose and sucrose (Fig. 5B), with 6G-kestotriose (Fig. 5D) or
with both 6G-kestotriose and 1-kestotriose (Fig. 5E) as the
added substrate, the same pattern is observed for the levels
of released fructose, with a clear decrease between 9 and 12
DAA. Hence, since invertase activity was high during the 9 DAA,
it is quite conceivable that invertase was the main enzyme
responsible for 1-kestotriose and 6G-kestotriose hydrolysis
during this initial phase of development. Between 14 and
20 DAA, fructose release from 1-kestotriose (Fig. 5C), from
6G-kestotriose (Fig. 5D) and from 1-kestotriose and 6G-kesto-
triose (Fig. 5E) increased again, in contrast to the fructose levels
released during incubation with only sucrose (Fig. 5A).
Consequently, not invertase but KEH or FEH were probably
more active during this period.

The level of fructose released in the assay with wheat kernel
fructans as added substrate (Fig. 5F) provides information on
the total FEH activity, although the smallest wheat kernel fruc-
tans can probably also be hydrolyzed by KEH or invertase. In
contrast to acid invertase activity, which showed the highest
activity during the first 9 DAA (Fig. 5A), the total FEH activity
reached a maximum between 20 and 28 DAA when kernel
fructan content was sharply declining (Fig. 1A).

Discussion

Fructan enzyme activities were measured in the current study
by incubating kernel extracts with high levels of the corres-
ponding substrates. Obviously, reaction conditions from these
in vitro experiments differ from those of the in vivo situation,
and the generated fructan oligosaccharide profiles hence do
not necessarily correspond to that of the immature kernel
extracts (Fig. 2). Nevertheless, the results of in vitro experi-
ments provide essential information with regard to the activity
of fructan-metabolizing enzymes as a function of kernel devel-
opment time.

Based on literature data (Sofield et al. 1977, Jenner et al.
1991, Pepler et al. 2006, Shewry et al. 2012, Verspreet et al.
2013b), and on this study, wheat kernel development can be
divided into three consecutive phases. The first phase, which
occupied the first 2 weeks after anthesis, has been reported as
the phase of cell division and expansion (Shewry et al. 2012),
also called the phase of kernel enlargement (Jenner et al. 1991).
During this initial phase, there is a rapid deposition of water
into the kernel (Sofield et al. 1977, Pepler et al. 2006). The
second phase, also termed the kernel filling phase, is character-
ized by a rapid accumulation of dry matter. This phase

extended to about 42 DAA in the present study. The final
phase is the phase of kernel maturation and desiccation
(from 42 DAA until 69 DAA), when the kernel dry matter con-
tent remained constant and the kernel moisture content
decreased.

Fructan accumulation was restricted to the first phase of
development which is the phase of rapid spatial growth and
water uptake. This observation confirms the results of Schnyder
et al. (1993) and suggests that fructan plays a role in this process
by affecting cell osmotic pressure. More research, combining
the measurement of both cell sap osmolality and fructan con-
centrations, is required to confirm this hypothesis. All fructan-
synthesizing enzymes were almost exclusively active during the
first 2 weeks after anthesis and the kernel fructan content
reached a maximum at 16 DAA, the start of kernel filling. The
key initiator enzyme for fructan synthesis, 1-SST, was highly
active during the first 9 DAA when the majority of fructans
accumulated. Similarly, increased SST activities at the onset of
fructan synthesis have been reported in water-stressed wheat
stems (Yang et al. 2004), chilled wheat roots (Santoiani et al.
1993), chilled wheat leaves (Tognetti et al. 1989, Jeong and
Housley 1990) and developing wheat kernels (Housley and
Daughtry 1987). As 1-SST was highly active during the first
9 DAA, it is plausible that 1-SST activity caused 1&6G-kestote-
traose formation during incubation trials with added 6G-kesto-
triose and sucrose. In this reaction, 6G-kestotriose would act as
acceptor substrate instead of sucrose. Alternatively, it cannot
be excluded that 1&6G-kestotetraose was formed by a genuine
1-SFT type of enzyme using 6G-kestotriose as the preferential
acceptor substrate.

Next to 1-SST, 6-SFT was the most prominent fructan-
synthesizing enzyme. 6-SFT, which needs 1-kestotriose pro-
duced by 1-SST to form 1&6-kestotetraose, followed a rather
similar activity pattern throughout development to that of
1-SST. Accordingly, 1&6-kestotetraose was the major identifi-
able fructan oligomer formed during the first 9 DAA. During the
first 9 DAA, some 1-FFT activity was detected as well, though
1-FFT was clearly less active than 6-SFT. As a consequence, only
low levels of the inulin-type fructans 1,1-kestotetraose and
1,1,1-kestopentaose were formed early in kernel development.

The last fructan-synthesizing enzyme investigated in this
study was 6G-FFT. Surprisingly, little 6G-kestotriose formation
by 6G-FFT was observed, although 6G-kestotriose was one of
the main oligosaccharides found in the mature kernel.
Moreover, 6G-kestotriose was not detected in developing ker-
nels of the first 6 DAA, as reported before (Carman and Bishop
2004). One possibility is that the 6G-kestotriose formation in
the enzyme assays was underestimated due to a rapid elong-
ation of 6G-kestotriose into higher DP fructans (Fig. 6, reaction
A and B). Indeed, the concentration of formed 1&6G-kestote-
traose, for example, was higher than that of 6G-kestotriose
(Fig. 4A, C). As 1&6G-kestotetraose was not observed in
kernel extracts of the first days after anthesis (Fig. 2),
higher DP 6G-kestotriose-based oligosaccharides were possibly
formed in early development. The degradation of these
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6G-kestotriose-based oligosaccharides later on during kernel
maturation may cause the gradual accumulation of 6G-kesto-
triose during the second phase of development. Secondly, the
low observed 6G-FFT activities may have been caused by the
use of suboptimal substrate concentrations in the enzyme
assays. A third explanation for the low 6G-kestotriose concen-
trations and the apparent low in vitro 6G-FFT activities during
early kernel development is a rapid hydrolysis of the formed
6G-kestotriose by 6-FEH activities (Fig. 6, reaction C). Sugar beet
6-FEH, for instance, which is related to cell wall invertases, has
been shown to be highly active towards 6G-kestotriose (Van
den Ende et al. 2003b). If such a cell wall-associated 6-FEH is
present in developing wheat kernels, it will presumably be
unanchored early in wheat kernel development as cell walls
are still being formed. Hence, after extraction, such soluble
apoplastic 6-FEHs might counteract the accumulation of
6G-kestotriose in vitro, underestimating the 6G-FFT activity
in vivo, where apoplastic FEHs do not have access to the
6G-FFT reaction products.

In contrast to the fructan-synthesizing enzymes, fructan-
degrading enzymes were still active during kernel filling. The
1-kestotriose and 6G-kestotriose degradation capacity from im-
mature kernels generally decreased from anthesis throughout
kernel development despite a temporary increased degradation
around 20 DAA. It is difficult to assign this activity to one par-
ticular enzyme. Since huge sucrose-degrading activity was
detected in kernels of the first 9 DAA and since acid invertase
is known to have some side activity on small DP fructans

(Sturm 1999), acid invertase may have been responsible for
this degradation early in development. High invertase levels
have been detected in a broad range of other rapidly growing
plant tissues (Sturm 1999, Andersen et al. 2002, Ruan et al.
2010). Therefore, invertase was suggested to play an active
role in cell growth and expansion by delivering energy-provid-
ing hexoses and by increasing the cell osmotic potential
through sucrose hydrolysis. Later on, between 9 and 12 DAA,
invertase activity declined markedly, which corresponds to the
increased sucrose concentrations found in these kernels.

It is apparent that not only invertase but also FEH activities
were registered during the first 2 weeks after anthesis when the
kernel fructan content increased. As explained above, one
explanation is that the total FEH activities found early in devel-
opment in vitro (0–14 DAA in Fig. 5F) are overestimated as
compared with the situation in vivo where soluble apoplastic
FEH activities cannot access endogenous fructan substrates.
Secondly, during the phase of cell division and expansion, su-
crose may inhibit several vacuolar FEH isoforms (Le Roy et al.
2008). Nevertheless, it cannot be excluded that some FEHs
might act as trimmers during fructan biosynthesis in wheat
(Bancal et al. 1992, Van den Ende et al. 2003a) and in barley
(Wagner and Wiemken 1989). The highest FEH activities were
reached during the kernel filling stage, between 20 and 28 DAA
in particular, when the kernel fructan content was decreasing.
This fits with the findings of Wardlaw and Willenbrink (2000)
and Yang et al. (2004), stating that increased FEH levels are
pivotal for fructan degradation in wheat stems. During kernel
filling, not only the fructan content but also the average fructan
DP decreased. According to Schnyder et al. (1993), this DP shift
coincides with an almost complete disappearance of fructans in
the outer pericarp. Schnyder et al. (1993) studied the fructan
content of different kernel tissues in developing wheat kernels
and used thin-layer chromatography to study their fructan DP
distributions. They observed that accumulation of mostly
higher DP fructans took place during the first 5 DAA and this
mainly in the outer pericarp. From 9 DAA onward, fructans in
the outer pericarp disappeared almost completely, whereas the
lower DP endosperm fructans partially remained (Schnyder
et al. 1993).

During the final kernel development stage, fructan content
and fructan structures remained unchanged. The only compos-
itional shift during the phase of kernel desiccation and matur-
ation was the accumulation of raffinose. Raffinose deposition
has been observed by several authors during the period of kernel
drying (Chen and Burris 1990, Black et al. 1996, Taji et al. 2002).
Raffinose, together with sucrose, was therefore suggested to
play a role in the acquisition of desiccation tolerance possibly
by prevention of sugar crystallization. Indeed, sucrose caused a
phospholipid model membrane to retain the characteristics
of a hydrated lipid during dehydration (Caffrey et al. 1988).
Raffinose in turn prevents sucrose crystallization and so may
help to protect the membrane during desiccation. However,
according to Black et al. (1999), raffinose accumulation is not
essential for the acquisition of desiccation tolerance as the
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Fig. 6 Schematic presentation of the possible reactions involving 6G-
kestotriose. 1-Kestotriose (1) and sucrose (2) can be used by 6G-FFT to
produce 6G-kestotriose (3) (reaction A). The latter may be either
elongated into higher DP fructans such as 1&6G-kestotetraose (4)
(reaction B) or hydrolyzed by a 6-FEH into sucrose and fructose
(reaction C).
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acquisition of desiccation tolerance occurred before raffinose
accumulation in developing wheat embryos.

In conclusion, it can be stated that mainly 1-SST and 6-SFT,
and to a lesser extent 1-FFT, catalyzed fructan biosynthesis in
developing wheat kernels and this almost entirely during the
first 2 weeks after anthesis. This is in line with the findings of
Montgomery and Smith (1957) who proposed a graminan-type
structure for fructans in mature wheat kernels. Nevertheless,
6G-kestotriose also accumulated and was one of the major
identified fructan oligosaccharides in the mature kernel.
Hence, further research is required to determine whether
high DP neofructans are accumulated and to reveal the com-
plete fine structure of wheat kernel fructans. Furthermore, our
data suggest that in addition to the above-mentioned enzymes,
a genuine 1-SFT and an FEH attacking the 2,6 linkage in the
6G-kestotriose backbone may be active during the period of
fructan accumulation. However, these enzymes should first
be purified and fully characterized before such activities in
developing wheat kernels can be claimed. In addition, cloning
of the wheat 6G-FFT gene and its expression analysis in
developing wheat kernels may provide a better understanding
of neofructan accumulation.

The second phase of kernel development, the kernel filling
phase, was characterized by a decrease in the total kernel
fructan content, a decreasing average fructan DP and high
FEH activities. During the phase of kernel maturation and
desiccation, no fructan-metabolizing enzymes were active.
Consequently, kernel fructan content and fructan structure
remained unchanged during this final maturation phase. This
study focused on enzyme activities and provides a good basis
for further research at the molecular level. Based on the above
findings, a gene expression analysis should be performed to
obtain a global picture of fructan metabolism in developing
wheat grains. This knowledge is an essential tool for plant
breeding and genetic engineering that can be used for increas-
ing wheat grain fructan concentration and, hence, improve-
ment of wheat nutritional value.

Materials and Methods

Materials

All chemicals, solvents and reagents were purchased from
Sigma-Aldrich and were of analytical grade unless specified
otherwise. 1-Kestotriose, 1,1-kestotetraose and 1,1,1-kestopen-
taose were purchased from Megazyme. 6-Kestotriose was a
generous gift from Dr. Iizuka (Iizuka et al. 1993), whereas
1&6-kestotetraose was isolated from wheat culm (Bancal and
Triboi 1993) and 6G-kestotriose was purified from a
Xanthophyllomyces dendrorhous culture broth (Kritzinger
et al. 2003). Wheat kernels were sampled from two plots
(10� 10 m2) in a wheat field (Triticum aestivum L. var.
Homeros, 2011) in Leefdaal (Belgium). Plants were tagged
when anthesis or the appearance of the first anthers on the
ear occurred. At 18 time points during development, from

anthesis until kernel maturity, four ears were taken from each
plot and frozen with liquid nitrogen. Grain kernels were taken
from the middle part of the frozen ears and distributed over
three aliquots in such a way that each aliquot contained the
same amount of kernels from the first and from the second
plot. Next, kernels were ground under liquid nitrogen to a
wheat whole meal and lyophilized. A part of each of the
three aliquots was used for fructan analysis. The remaining
part of the three aliquots was pooled and used to examine
enzyme activities. A second set of kernels was taken from the
same ears in a similar way for kernel weight and kernel moisture
content determination. Finally, a water extract of immature
wheat kernels was purified to use as substrate for the measure-
ment of fructan-hydrolyzing activities. Immature wheat kernels
(milky stage) were ground to wheat whole meal, heated in 80%
ethanol until all ethanol evaporated and extracted with hot
water (100�C). After filtration, the extract was centrifuged
(40,000� g, 10 min) and purified with ion exchange mixed
bed resins (Dowex). The obtained solution was neutralized,
concentrated with a rotary evaporator and purified with a
Dowex calcium resin to remove glucose, fructose and sucrose
with a minimal loss of fructan oligosaccharides. This extract will
be further referred to as wheat kernel substrate.

Determination of kernel weight and
moisture content

From 15 to 30 kernels were weighed in triplicate, freeze-dried,
weighed once more and ground to a wheat whole meal. An
adapted version of AACC method 44-15.02 (AACC 2000) was
used to determine the moisture level in the wheat whole meal.
The total moisture content was calculated as the sum of mois-
ture lost during lyophilization and the moisture remaining in
the wheat whole meal.

High-performance anion-exchange
chromatography with pulsed
amperometric detection

Fructans, sucrose, glucose and fructose were analyzed by
high-performance anion-exchange chromatography with
pulsed amperometric detection (HPAEC-PAD) performed on
a Dionex ICS3000 chromatography system. Fructan concentra-
tions and fructan average DP were determined after mild acid
hydrolysis as described before (Verspreet et al. 2012) and the
HPAEC elution conditions described by Vergauwen et al. (2000)
were used for the analysis of fructan oligosaccharides in extracts
of immature kernels and to quantify sugars released during
enzyme activity measurement. The HPAEC retention time of
1&6G-kestotetraose was based on the observations of Shiomi
et al. (1991) and on the retention time of a by-product pro-
duced by X. dendrorhous during 6G-kestotriose synthesis. As X.
dendrorhous forms, besides 6G-kestotriose, small amounts of
1&6G-kestotetraose during incubation with sucrose (Linde
et al. 2012), the HPAEC elution time of 1&6G-kestotetraose
can be determined by chromatographic analysis of this
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biosynthetic reaction. The response factor of 1&6-kestotetraose
was used to calculate 1&6G-kestotetraose concentrations as no
pure 1&6G-kestotetraose standard was available.

Enzyme activity measurements

About 50 mg of lyophilized wheat whole meal was ground with
a pestle and mortar in liquid nitrogen and in 600 ml of sodium
acetate extraction buffer (50 mM, pH 5.0) containing 1 mM
mercaptoethanol, 10 mM sodium bisulfite, 3 mM sodium
azide and 0.1% polyvinylpolypyrrolidone. The extract was cen-
trifuged (15,000� g, 5 min), after which 250 mg of ammonium
sulfate was added to 450 ml of supernatant and incubated for
30 min on ice to precipitate proteins. After centrifugation
(15,000� g, 5 min), the supernatant was discarded. This wash-
ing step was repeated and followed by two similar washing
steps with 600 ml of ice-cold 80% ammonium sulfate. The ob-
tained pellet was dissolved in 140 ml of sodium acetate (50 mM,
pH 5.0) and used to measure enzyme activity levels. The protein
extract (20 ml) was incubated with sodium acetate buffer
(50 mM, pH 5.0) with seven different substrates. The final
reaction mixture (50 ml) contained either 200 mM sucrose,
50 mM 6G-kestotriose, 50 mM 1-kestotriose, 50 mM sucrose
and 50 mM 6G-kestotriose, 50 mM sucrose and 50 mM 1-kesto-
triose, 50 mM 1-kestotriose and 50 mM 6G-kestotriose or 2 mM
kernel substrate. Samples were taken after 0, 30, 60 and 120 min
incubation, heated for 5 min (90�C) to stop the reaction and
transferred to a solution containing 0.4% sodium azide and
20mM mannitol as internal standard. An additional sample
was taken from the incubation with kernel substrate after
19 h since the degradation of wheat kernel fructans was slow.
The released sugars were quantified with HPAEC-PAD and used
to calculate sugar release mg–1 dry kernel h–1. 1-Kestotriose
levels formed from the incubation with sucrose were used to
assess 1-SST activities, while 1-FFT activities were calculated
based on the level of 1,1-kestotetraose formed from incubation
with 1-kestotriose. 6-SFT and 6G-FFT activities were assessed by
measuring 1&6-kestotetraose and 6G-kestotriose levels, respect-
ively, formed from the incubation with both sucrose and 1-kes-
totriose as substrate. Soluble invertase activity was measured by
studying glucose and fructose release during incubation with
sucrose, whereas the release of fructose from kernel substrate
was used to measure the total fructan hydrolase activity.
Enzyme purification and enzyme activity measurement were
only performed once for each time point during development.
Yet, the fact that differences between enzyme activity levels
measured on three consecutive days (12, 13 and 14 DAA)
were small in comparison with the differences in activity
levels seen between kernels of different development phases
indicates that the measurements were accurate. For the three
incubation experiments where only one substrate was added
(either sucrose, 1-kesotriose or 6G-kestotriose), it was possible
to calculate a theoretical fructose release. This theoretical value
was generally consistent with the observed values. The calcula-
tion of these theoretical values together with graphs showing

the correlation between observed and theoretical values are
included as Supplementary data B.

Supplementary data

Supplementary data are available at PCP online.
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