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Abstract

Two genetically modified potato starches derived from the same mother line (64%, 1% and 23% amylose, respectively) were used to
study the bioavailability after various heat treatments. The conditions for the treatments were of minor importance for resistant starch
(RS) formation and hydrolysis results, as compared to the proportion of amylose. A high amylose content gave lower hydrolysis index
(HI) and higher amounts of RS than starches with less amylose. Retrograded amylopectin contributed to a decreased HI, although
only the high amylose line showed sufficient reduction in predicted glycaemic indices (GI). The line with high amylose content contained
25-30% RS vs. in the range of 0-5% for the other starches. Results could neither be explained by the presence of intact granules, nor by
the content of retrograded amylose. Therefore, a synergistic effect between the starch components was suggested to affect the RS and

starch hydrolysis.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Until the early eighties starch was believed to be com-
pletely digested and absorbed in the human small intestine.
However, today it is known that the bioavailability of
starch may vary and that some starch may enter the colon.
This resistant starch (RS) is defined as ““the sum of starch
and the products of starch degradation not absorbed in
the small intestine of healthy individuals” (Asp, 1992).
RS has been divided into three main fractions: (1) physical-
ly inaccessible starch, (2) resistant B-type granules and (3)
retrograded starch (Englyst & Kingman, 1990). Since RS is
not absorbed in the small intestine, it provides the colonic
micro-flora with a fermentable carbohydrate substrate,
promoting colonic production of short-chain fatty acids
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(SCFA). It has been suggested that RS promotes a higher
proportion of butyric acid than other indigestible carbohy-
drates (Scheppach, Fabian, Sachs, & Kasper, 1988). Buty-
rate constitute a major energy substrate for the colonocytes
and is associated with benefits in relation to colonic health
(Brouns, Kettlitz, & Arrigoni, 2002; Hallert et al., 2003).
The amount of RS is increased in retrograded starchy
foods, e.g., boiled potatoes after storage in a refrigerator
(Akerberg, Liljeberg, Granfeldt, Drews, & Bjorck, 1998b;
Englyst & Cummings, 1987; Leeman, Barstrom, & Bjorck,
2005; Tschippdt, 2000). Increased RS contents and/or
decreased enzyme susceptibility of starches may be attained
by time/temperature treatments, which has been shown
previously for starches of different botanical origin and/
or with varying amylose/amylopectin ratios (Berry, 1986;
Eerlingen, Jacobs, & Delcour, 1994; Fredriksson et al.,
2000; Silverio, Fredriksson, Andersson, Eliasson, & Aman,
2000). Melting of retrograded amylopectin and amylose
after time/temperature treatments, as well as of RS has
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been studied by use of differential scanning calorimetry
(DSC) and/or X-ray diffraction techniques (Eerlingen,
Crombez, & Delcour, 1993; Gidley, 1989; Gidley et al.,
1995; Sievert, Czuchajowska, & Pomeranz, 1991; Sievert
& Pomeranz, 1990; Sievert & Wiirsch, 1993; Silverio
et al., 2000). Amylose retrogradation is considered to be
a rapid process completed within 48 h, whereas amylopec-
tin retrogradation may continue for weeks (Miles, Morris,
Orford, & Ring, 1985). Retrograded amylopectin melts in
the approximate temperature range 40-70 °C, whereas ret-
rograded amylose melts in a higher temperature range, or
from 120 to 170 °C (Sievert & Pomeranz, 1990). Retrograd-
ed amylose and amylopectin, and also native potato starch,
is known to give a B-crystalline pattern as studied by X-ray
diffraction.

Both retrograded amylose and retrograded amylopectin
could be expected to have an impact on different nutrition-
al characteristics, though the nutritional consequences of
promoting amylose retrogradation have been more exten-
sively studied. Increased RS content and decreased glycae-
mic response (Akerberg, Liljeberg, & Bjorck, 1998a;
Hoebler, Karinthi, Chiron, Champ, & Barry, 1999) have
been reported in starchy foods with an increased amylose
content. Less is known about the nutritional effects of ret-
rograded amylopectin. However, a decreased rate of a-am-
ylase degradation and an increased RS content was found
by Eerlingen et al. (1994) in gelatinised temperature treated
waxy maize starch. In retrograded waxy maize and high
amylopectin potato starches, a decreased rate of amylase
digestion was found in vitro following incubation with pan-
creatic a-amylase, despite low yields of RS (Fredriksson
et al., 2000). Although not a prerequisite, food factors
which reduce glycaemic indices (GI) also lead to formation
of RS (Bjorck, Liljeberg, & Ostman, 2000; Granfeldt,
Drews, & Bjorck, 1995). However, the reduced available
starch content, i.e., the reduced available carbohydrate
load per se does not explain the reduced GI (Bjorck
et al., 2000; Jenkins et al., 1987; Wolever, 1990). Low GI
foods are increasingly being referred to as beneficial
adjunct to their potential in reducing risk factors for meta-
bolic disease (Frost et al., 1999; Jarvi et al., 1999), and the
disease risk for the insulin resistance syndrome (McKeown
et al., 2004). Based on above, it is therefore of interest from
a nutritional perspective to further elucidate mechanisms
by which the rate of starch digestion may be reduced, hence
promoting a lower GI, and in addition elucidate mecha-
nisms which promote increased yields of RS.

The aim of the present study was to evaluate potential
differences in nutritional characteristics of retrograded
starch containing mainly amylose vs amylopectin; and to
evaluate the relation between the rate of starch digestion
and the RS yield employing in vitro enzymatic models.
More specifically the bioavailability of potato starch in
one genetically modified high amylose starch and one
genetically modified amylopectin starch derived from the
same mother line was studied in starch-water model sys-
tems following selected time/temperature treatments. The

in vitro nutritional characteristics studied included analysis
of available starch and RS, determination of hydrolysis
index (HI) and prediction of GI from HI values. In addi-
tion, crystallinity of the treated starches as measured by
DSC and X-ray diffraction was studied.

2. Materials and methods
2.1. Materials

Isolated starch material from two transgenic potato lines
and one control potato line (Solanum tuberosum cv Preva-
lent, 23% amylose) cultivated 2002 were supplied by BASF
Plant Science Sweden. The transgenic lines were derived by
inhibition of granule bound starch synthase (GBSS) (line
527-1, 1% amylose) and of two starch branching enzymes
(SBE1 and SBE2) (line 342, 64% amylose). Information
regarding amylose/amylopectin ratios determined by size
exclusion chromatography was provided by BASF Plant
Science Sweden.

2.2. Sample preparation

Samples were pre-swelled at 60 °C and thereafter boiled
at 100 °C in a hermetically sealed container as described
by Tufvesson, Skrabanja, Bjorck, Elmstahl, and Eliasson
(2001), at a starch:water ratio of 1:3. Autoclaving was
omitted, since this is not a common procedure for food
preparation. After cooling, the samples were subjected
to selected time/temperature treatments. The temperature
conditions used were selected to promote the retrograda-
tion of the amylopectin and the amylose fractions, respec-
tively. Consequently, 4°C/31°C was used to favour
amylopectin retrogradation, whereas 4 °C/100°C was
used to promote the retrogradation of amylose. In addi-
tion, a treatment at 4 °C was included. The set time was
24 h at each temperature. Samples were then cut into piec-
es, air dried at ambient temperature, and ground in a
cyclotec mill (Tecator, Hogands, Sweden) to pass a
1 mm sieve (Fredriksson et al., 2000; Tufvesson et al.,
2001).

2.3. Starch content

Total starch content was analysed in the starches
according to Bjorck and Siljestrom (1992). Starch analyses
were performed in duplicate.

2.4. Resistant starch and available starch content

Resistant starch (RS) analysis was performed on the
time/temperature treated starches. The RS analysis was
performed according to Akerberg et al. (1998b) where
chewing is a pre-step before incubation with pepsin, pan-
creatin and amyloglucosidase. However, the incubation
was performed at 37 °C instead of 40 °C (Fredriksson
et al., 2000). To avoid exposure of the test subjects to



308 A. Margareta Leeman et al. | Carbohydrate Polymers 65 (2006) 306-313

the genetically modified starches, the chewing step was
omitted and instead glass beads were chewed to stimulate
saliva production. The method allows parallel determina-
tion of RS and available starch by utilising a physiolog-
ical approach mimicking the conditions in the
gastrointestinal tract. The sum of available starch and
RS should equal total starch content, however, devia-
tions may occur due to test persons involved or to pre-
preparation of samples, e.g., milling. Nevertheless, the
method is reproducible and the same test persons are
used for all samples.

2.5. In vitro rate of starch hydrolysis

The method for determination of rate of in vitro
starch hydrolysis (Granfeldt, Bjorck, Drews, & Tovar,
1992) was followed with some modifications. Also for
this analysis the chewing step was omitted and glass
beads were used to stimulate saliva production. Further,
withdrawn dialysate from the hydrolysis performed at
37 °C, was analysed according to Holm, Bjorck, Drews,
and Asp (1986) including incubation with thermostable
a-amylase at 100 °C (Termamyl, Novozymes, Bagsvaerd,
Denmark) and amyloglucosidase at 60 °C (Roche diag-
nostics GmbH, Germany). As a measure of the rate of
starch hydrolysis, the released glucose was assayed.
White wheat bread was used as reference material for
the calculation of a HI which is defined as the area
under the hydrolysis curve for a test product, expressed
as the percentage of the corresponding area for white
bread. GI values were predicted from the hydrolysis
graphs using the equation GI =6.272 + 0.912 x HI (Lee-
man et al., 2005).

2.6. Differential scanning calorimetry (DSC)

The dried and milled starch powders were weighed into
coated aluminum pans (TA Instruments, New Castle,
USA) with doubly distilled water to a starch:water ratio
of 1:3. The samples were allowed to equilibrate for at least
1 h before DSC analysis. Analyses were performed as
described previously (Karlsson & Eliasson, 2003) over the
temperature range of 6-195 °C. Transition enthalpy (AH
expressed as Joules per gram dry matter), onset (7,, °C)

Table 1

and conclusion temperature (7., °C) were determined. All
results are the means of at least three measurements.

2.7. X-ray diffraction

X-ray diffraction patterns were studied using a Ni-fil-
tered Philips X-ray generator type 2223/20 (Philips, Eind-
hoven, the Netherlands) giving a Cug, radiation with a
wavelength of 1.542 A at 40 kV and 20 mA. The measure-
ments were performed at 22 °C and the exposure time was
6 h for native starches and 16-24 h for time/temperature
treated starches. As calibrating reference tristearin
(d = 0.46 nm) was used.

2.8. Light microscopy

Dried and milled sample powders (“4/31 °C” and “4/
100 °C”) were suspended in water, stained with a diluted
Lugols solution (I,/KI solution; 1:2 w/w), and immediately
viewed under an Olympus BX-50 microscope (Olympus,
Japan).

2.9. Statistical analysis

Statistical calculations were performed with MINITAB
Statistical Software (release 13 for Windows, Minitab
Inc, State College, PA, USA) and STATGRAPHICS Plus
Version 5.0 (Manugistics Inc., Rockville MD, USA). Sig-
nificances were evaluated with the general linear model
(ANOVA). For analyses including chewing test persons,
ANOVA was followed by Tukey’s multiple comparison
test and for DSC results means were compared by least sig-
nificant difference (LSD). P values <0.05 were considered
significant.

3. Results
3.1. RS content

Total starch contents as well as contents of available
starch and RS are provided in Table 1. The contents of
available starch were significantly lower, and RS contents
significantly higher for the high amylose line (342) com-
pared with the mother line Prevalent and the amylopectin

Total starch (Total), available starch (Available), and resistant starch (RS) contents in boiled and time/temperature treated potato starches varying in

amylose/amylopectin ratio

Sample Temperature

4°C 4/31 °C 4/100 °C

Total (%) Available (%) RS (%) Total (%) Available (%) RS (%) Total (%) Available (%) RS (%)
342 92.7 77.6 + 0.6> 26.0 + 0.6  90.0 70.2 + 0.4 28.1+0.3** 924 75.7 + 0.4% 29.0 +0.2**
527-1 97.0 108.4 +3.2** 0.1+0.09 957 96.2 + 1.6™ 0.3 £0.0 99.8 93.5+6.7** 0.1 +£0.09
Prevalent  96.7 106.1 + 0.4** 53+02% 960 107.8 £0.3** 3.8+02% 963 99.8 +4.2** 5.240.1%

Total starch values on dry matter (DM) basis, n = 2. Values on available starch and RS are means = SEM (starch basis) of six replicates. Values within a
column (a—c) or row (x-z, available and RS compared separately) not containing the same letter are significantly different (P < 0.05).
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Table 2

Degree of hydrolysis, in vitro hydrolysis index (HI) and predicted GI's obtained from HI in boiled and time/temperature treated potato starches varying in

amylose/amylopectin ratio

Sample Temperature

4°C 4/31 °C 4/100 °C

% hydrolysed  HI Predicted GI % hydrolysed  HI Predicted GI % hydrolysed  HI Predicted GI
342 42+1 68 +3 68 43+1 69+ 1™ 69 3941 65+2° 66
527-1 59+1 94 + 3V 92 55+1 88 + 3% 87 62+ 1 103 + 2% 100
Prevalent 5741 95 4 4% 93 55+1 87 + 3V 86 61 £1 100 + 4 97

Values are means + SEM of six replicates. White wheat bread as reference, HI = 100. HI values within a column (a-b) or row (x-z) not containing the

same letter are significantly different (P < 0.05).

line (527-1) at all temperature treatments used. Further, the
treatment “4/31 °C”, resulted in significantly lower avail-
able starch content in line 527-1 compared with Prevalent.
Also, RS content was lower in 527-1 compared with Preva-
lent, irrespectively of temperature treatment.

When comparing different temperature treatments for
each sample, line 342 contained a significantly lower
amount of available starch at “4/31 °C” compared with
“4°C” and “4/100°C”, and a lower amount of RS at
“4 °C” compared with “4/31 °C” and “4/100 °C”, respec-
tively. For line 527-1 no differences were seen in the avail-
able starch content, but RS was increased at “4/31°C”
compared with “4 °C” and “4/100 °C”. Neither did any
differences occur in the case of Prevalent in the available
starch content, though the amount of RS was significantly
lower at “4/31 °C” compared with the other treatments.

3.2. In vitro rate of starch hydrolysis

Degree of hydrolysis and HI’s are given in Table 2. The
high amylose line displayed a lower degree of hydrolysis
than the other lines, irrespectively of temperature treat-
ment. When comparing the different temperature treat-
ments for each line, the temperature “4/31 °C” resulted
in significantly lower HI values compared with the other
temperature combinations for lines 527-1 and Prevalent.
Further, for line 527-1, the HI at “4 °C”” was significantly
lower compared with “4/100 °C”.

3.3. DSC measurements

Variable amounts of retrograded amylopectin were
found in all samples (Table 3). Most retrograded amylo-
pectin was found in line 527-1, although there were no dif-
ferences in amounts if comparing treatments “4 °C “with
““4/31 °C” either for line 527-1 or Prevalent. Line 342 con-
tained small amounts of retrograded amylopectin regard-
less of preparation conditions. The lowest onset
temperature for melting of retrograded amylopectin was
40.1 £ 3.0 °C, giving that the selected temperature for pro-
moting retrogradation of amylopectin, 31 °C, did not cause
any melting. Retrograded amylopectin in line 342 melted at
higher temperatures (7, 57.9-63.8 °C) compared with line
527-1 and Prevalent (7, 40.1-45.9 °C).

No significant differences in the amount of retrograded
amylose were found, either between starches or time/temper-
ature treatments (Table 3). The values were in the range of
0.7-2.0 J/g dry matter, also for the amylopectin line 527-1.
Melting occurred within the temperature range 109.7-
148.3 °C, where T, were slightly lower for line 342 compared
with line 527-1 and Prevalent. An isolated RS fraction
derived from the RS analysis was analysed for comparison
and gave onset and conclusion temperatures of 116.0 and
140.2 °C, respectively.

3.4. X-ray diffraction patterns of timeltemperature treated
starches

Untreated samples of all starches were analysed and gave
a clear crystalline B-pattern. Of ““4/31 °C” samples, line 527-
1 was clearly crystalline, whereas Prevalent gave a somewhat
weaker crystalline pattern and line 342 only showed a weak
tendency of crystallinity. Samples “4/100 °C” gave unam-
biguous but weak crystalline patterns. Samples treated at
only 4 °C were not analysed.

3.5. Light microscopy

In line 342 intact starch granules were clearly seen, though
more granules were affected after the treatment ““4/100 °C”
(Fig. 1). Discrete starch granules were detected also in Preva-
lent samples, although in a very small amount. No intact
granules were found in samples from line 527-1. Granule
remnants were seen in all samples except 527-1 after treat-
ment “4/100 °C”.

4. Discussion

The proportion of amylose was the main factor influ-
encing HI and RS in temperature treated starches. As
expected, the line with high amylose content contained
appreciable amounts of RS, around 25-30% (starch
basis) vs. in the range of 0-5% (starch basis) in the case
of the mother line and the amylopectin line. Further, the
HI's and thereby the predicted GI values were signifi-
cantly lower for the high amylose line compared with
the lines with lower amylose contents. However, only
the digestion rate profile of the high amylose line showed
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Table 3

Onset (T, °C) and conclusion (7, °C) temperatures and transition enthalpy (AH) for melting of retrograded amylopectin and amylose, respectively, in boiled and time-temperature treated potato starches varying in amylose/

amylopectin ratio

Amylose
4°C

Amylopectin
4°C

Sample

4/100 °C

4/31 °C

4/100 °C

4/31 °C

A. Margareta Leeman et al. | Carbohydrate Polymers 65 (2006) 306-313

AH

143.3+£1.6 20+1.0

AH

AH

AH AH

638 £59 89.8+39 1.0+£09 579+5.1 834+75 1.2+0.8 63.8+64 86.8+43 1.4+0.8 109.9+8.2

AH

1.6+£1.1 109.7+5.0 137.7+7.5 1.6+£0.6 116.7+2.7

1383+ 6.4

342

1.1+£09 1268 +6.6 148.3+2.5 0.7+0.1 118.0+11.8 138.7+13.9 14+1.0

404+43 719+1.7 90+1.0 41.8+49 746+12 89+0.8 447+1.7 69.8+53 33+12 122.6+11.7 1442+ 7.1

527-1

1.24+0.5

Prevalent 43.0+13 709+12 54+0.8 40.1 £3.0 746+1.0 62+13 459+14 734+33 2.6+0.5 121.4+13.7 142.0+109 1.2+09 1259+6.1 147.0+2.0 1.4+1.2 1193 +12.8 143.7+8.3

sufficient reduction in predicted GI from a metabolic
point of view.

It should be noted that degree of hydrolysis was deter-
mined on a total starch basis, thus including also the RS
fraction. In selected time/temperature treated starches
degree of hydrolysis was further determined on basis of
potentially available starch as analysed according to Holm
et al. (1986). Degree of hydrolysis and HI’s were higher (ca.
13-28%) for the high amylose line based on potentially
available starch compared with total starch as basis,
whereas the difference was negligible for the other starches.
Recently, it was recommended that for the purpose of GI
determination, the carbohydrate load should be based on
available carbohydrates (Brouns et al., 2005).

The conditions for the time/temperature treatments of
potato starches were of minor importance for RS forma-
tion and hydrolysis results. In the present study, a
significantly decreased degree of hydrolysis was found at
“4/31 °C” compared with the “4 °C” and “4/100 °C” treat-
ments in the case of the Prevalent and amylopectin starch.
An accompanying small, but significant increase in RS
content was seen in the amylopectin line at <“4/31 °C”. This
was, however, not the case for Prevalent, were the RS
content was significantly lower at “4/31 °C” compared
with the other temperature treatments.

Retrograded amylopectin was found in all samples when
studied by DSC. Treatments “4 °C” and “4/31 °C” did not
result in any significant differences in amylopectin retrogra-
dation. The reason for this could be either that the temper-
ature 31°C was not close enough to the melting
temperature, or that the treatment time was too short to
give detectable discrepancies. The amount of retrograded
amylopectin found in “4/100 °C” samples indicates that
some amylopectin retrogrades during the drying step with-
in the preparation procedure. Differences in melting of ret-
rograded amylopectin in line 342 compared with line 527-1
and Prevalent may be due to the low amylopectin content.
As indicated by the high T,, the genetic alteration of line
342 may also have caused structural changes of the
amylopectin.

The absence of differences in amounts of retrograded
amylose as judged from DSC was unexpected. Line 342
was expected to produce the highest amounts of retrograded
amylose, due to the high amylose content. However, only a
weak tendency in this direction was found. The temperature
treatments, e.g., boiling at 100 °C may have been too weak to
cause considerable differences, alternatively, repeated treat-
ments may be needed. Previously, retrograded amylose
and RS fractions have been reported to give transition
enthalpy values of 2-40 J/g (Eberstein, Hopcke, Koniecny-
Janda, & Stute, 1980; Shamai, Bianco-Peled, & Shimoni,
2003; Sievert & Pomeranz, 1989). The conclusion tempera-
tures 138-148 °C were low compared with previously report-
ed results (Sievert & Pomeranz, 1989; Sievert & Wiirsch,
1993). The melting transition in the region for retrograded
amylose found in samples from line 527-1, containing almost
exclusively amylopectin, indicated that outer chains of
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Fig. 1. Micrographs of boiled and time/temperature treated potato starches varying in amylose/amylopectin ratio. (a) 342 ““4/31 °C”, (b) 342 “4/100 °C”,
(c) Prevalent ““4/31 °C”, (d) Prevalent ““4/100 °C”, (e) 527-1 “4/31 °C”, (f) 527-1 <“4/100 °C”. Scale bar is 50 pm.

amylopectin may act similarly to amylose. This was support-
ed by the results obtained with the mother line Prevalent.

All samples were crystalline according to X-ray diffrac-
tion patterns, although DSC results could not satisfactory
explain whether the crystallinity originated from amylose
or amylopectin. Microscopy pictures clearly showed that
some samples contained intact starch granules. Conse-
quently, some of the resistant starch determined, at least
in line 342, was most likely RS type 2.

One interesting question is whether the retrograded
amylopectin was recovered by the in vitro RS method used
in this study. Most studies have shown that RS type 3, ret-
rograded starch, present in common heat treated starchy
foods most frequently consists of retrograded amylose.
The contribution from retrograded amylopectin has been
shown (Cui & Oates, 1997; Eerlingen et al., 1994), though
it seems as if retrograded amylopectin is less resistant to
digestive enzymes than retrograded amylose. In contrast,
Rabe and Sievert (1992) concluded that retrograded amylo-
pectin is not involved in RS formation. In the present

study, the RS contribution from amylopectin starch was
negligible, although a decreased degree of hydrolysis was
found after the temperature treatment “4/31°C”. These
findings were in line with previous work using similar in vi-
tro analysis methods (Fredriksson et al., 2000). A possible
explanation may be that the in vitro incubation step at
37 °C, chosen to mimic physiologic conditions (Akerberg
et al., 1998b), melts some of the retrograded amylopectin,
although this effect is likely to be negligible (Table 3). More
importantly, the incubation conditions are critical for the
extent of hydrolysis in the case of retrograded starches
(Cui & Oates, 1997; Eerlingen et al., 1994). Consequently,
when incubation time exceeds 2 h, RS levels were consider-
ably diminished, suggesting that enzyme resistance is not
an absolute feature.

Increased RS contents have previously been found in
boiled potato tubers following cold storage over night
(Leeman et al., 2005; Tschiappit, 2000). However, HI was
significantly increased after reheating to 70 °C for 24 h
(Leeman et al., 2005). After reheating to 100 °C of cool
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stored cooked potatoes or retrograded amylopectin, RS
contents decreased (Englyst & Cummings, 1987; Tschip-
pét, 2000), suggesting that retrograded amylopectin at least
partly is responsible for incomplete digestion of starch in
cool stored potatoes. Further, Cui and Oates (1997) discuss
the potential decrease in amylase availability emanating
from the combined influence of the development of the
amylose gel network and increased molecular order due
to amylopectin retrogradation, indicative of amylase barri-
ers emanating from interactions between amylose and
amylopectin.

In the present study, it was clearly shown that retrograd-
ed amylopectin contributed to a decreased HI, whereas no
influence could be observed on RS contents. The absence
of retrograded amylopectin appearing as RS might be
due to the incubation method used. However, this method
was chosen to mimic physiological conditions and has been
suggested as the preferred method after comparing three
different methods for RS determination (Li, Blackwell,
Behall, & Liljeberg Elmstahl, 2001). The content of amy-
lose was found to be the main factor influencing RS con-
tents, although neither the presence of intact granules,
nor the content of retrograded amylose could completely
explain the results. Therefore, a synergistic effect between
the starch components could be suggested to affect both
the RS and starch hydrolysis.
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