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The formation of resistant starch (RS) in bread products was evaluated ir vitro in
relation to the processing conditions. The impact of the particular baking condi-
tions applied to pumpernickel bread was investigated as well as the presence of
malt and sourdough acids, commonly present in such bread. Also studied was the
potential effect of including wholemeal barley from a high-amylose genotype. In
some bread, the rate of hydrolysis of the potentially available starch fraction was
evaluated by an in vitro procedure. A low-temperature, long-time baked product
(20 h at 120°C) contained significantly higher amounts of RS (5.4%, starch basis)
than a corresponding ordinary baked bread (40min at 200°C) (3.0%, starch
basis). Addition of lactic acid increased RS recovery further (6.6% starch basis),
whereas malt had no impact on RS yield. The highest level of RS was noted in a
long-time baked bread based on high-amylose barley flour (7.7%, starch basis).
In contrast to all other products, this bread also displayed a lowered rate of
amylolysis of the non-RS fraction (hydrolysis rate index =68). It is concluded
that exchanging ordinary baking conditions for pumpernickel baking, particu-
larly in the presence of certain organic acids, may substantially increase the RS

content. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

Until recently, starch was regarded as a completely
digestible carbohydrate. This assumption was based on
the observation that no starch remnants could be
detected in faeces after a meal. However, it is now well
established that important amounts of starch escape
digestion and absorption in the human small intestine
(Cummings et al., 1990, Cummings & Englyst, 1991).
Such starch is commonly referred to as resistant starch
(RS). Like most dietary fibre components, RS may be
fermented by the colonic micro-flora. The metabolites
formed include, for example, the short-chain fatty acids
(SCFAs) acetate, butyrate and propionate (Cummings,
1981) with potential beneficial health effects. From a
nutritional point of view, the digestibility of starch is,
thus, of great importance. Besides its role in providing
substrate to the faecal bacteria, hence increasing the
bacterial mass and faecal bulk (Shetty & Kurpad, 1986),
it has been purposed that RS is particularly prone to
generating butyric acid upon fermentation (Scheppach
et al., 1988). Owing to the role of butyric acid as the
major energy substrate for the colonocytes, RS might
have a protective effect against colonic diseases (Bing-
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ham, 1990; Jenkins et al., 1986). Moreover, it has been
suggested that a higher RS content, commonly asso-
ciated with lente starchy foods, improves long-term gly-
caemic and lipid metabolism through the SCFA
produced during its fermentation (Jenkins et al., 1987a;
Muir et al., 1993).

Three major forms of RS have been identified in the
human diet: (1) physically trapped starch (e.g. in whole
or partly ground grains); (2) resistant starch granules
(e.g. raw potatoes); and (3) retrograded starch (e.g.
heat-treated and cooled products) (Englyst & Cum-
mings, 1987; Englyst & Kingman, 1990). The extent to
which the different forms of RS are present in foods will
depend on a number of factors including the type of
processing and also the botanical source of the starch.

Cereal products are the most important sources of
starch in the diet. Thus, the estimated annual intake of
bread in European countries ranges from 46 to 100kg
per person (U. Eklund, Swedish Bread Institute, perso-
nal communication). Consequently, RS from bread can
be expected to constitute a considerable part of the total
quantity that escapes digestion in the small intestine.
Attempts to modify RS intake in a mixed diet should
thus focus on optimizing the RS content of bread.

According to in vitro determinations, common flour-
based breads contain limited quantities of RS, i.e. below
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2% (starch basis) (Bjorck et al., 1986; Englyst et al.,
1992; Holm & Bjorck, 1992; Liljeberg & Bjorck, 1994;
Liljeberg et al., 1992; Siljestrom & Asp, 1985). Similarly,
the RS recovered in ileostomy effluent in subjects given
white bread was approximately 2.5% (starch basis)
(Englyst & Cummings, 1985). In contrast, a much
higher content (10% starch basis) was detected in the
ileal effluent following ingestion of a pumpernickel
bread (Jenkins et al., 1987b), suggesting recovery of
botanically encapsulated starch in cereal grains. More-
over, we previously reported a high level of RS in a
commercial sourdough fermented pumpernickel bread,
baked with mostly wholemeal rye flour. Approximately
8% (starch basis) was thus also resistant when employ-
ing an in vitro method which mainly recovers the retro-
graded amylose fraction (Liljeberg & Bjorck, 1994).

Another extensively discussed nutritional parameter
relates to the rate of starch hydrolysis and glycaemic
response. Starch in many cereal products is rapidly
digested and absorbed, resulting in unfavourable high
blood glucose and insulin responses after a meal
(Jenkins et al., 1988b). This is particularly true with
flour-based bread products (Holm & Bjorck, 1992; Jen-
kins et al., 1988a; Liljeberg & Bjorck, 1994; Liljeberg et
al., 1992). Several food factors have been suggested to
affect the rate of small intestinal starch uptake, e.g. the
nature of the starch, food form, dietary fibre and the
type or extent of food processing (Wolever, 1990).
Many food factors which increase RS formation also
reduce the rate of digestion and absorption in the small
intestine (Jenkins et al., 1987h). However, RS formation
in relation to post-prandial glycaemia has not been fully
elucidated.

The purpose of the present study was to see if the
formation of RS in bread products could be affected
by altering the processing conditions. Also studied was
the potential relation between enzyme resistance and
the rate of enzymic hydrolysis of the bulk of starch. The
baking processes were either normal or performed at
the low-temperature, long-time baking conditions com-
monly applied for pumpernickel bread. The impact of
pumpernickel constituents such as malt and organic
acids, formed at sourdough fermentation, was also
investigated. In addition, the possibility of increasing
RS yield by enclosure of high-amylose barley was eval-
vated. All bread products were based on milled ingre-
dients. The irn vitro RS content in the products was
measured by quantifying total starch remnants in an
enzymic—-gravimetric dietary fibre residue. Although this
procedure fails to determine enzyme resistance due
to entrapment of starch, it does include RS in the form
of retrograded amylose, known to be the major form
of RS in flour-based bread. In some bread, the rate of
hydrolysis of the potentially available starch fraction
was evaluated with a method based on chewing the test
product prior to incubation with pepsin, and sub-
sequent incubation with amylase in a dialysis tubing
(Granfeldt et al., 1992). This method has been shown to
predict glycaemia with good accuracy for a number of
cereal and legume foods.

MATERIALS AND METHODS
Bread products

Ordinary bread, baked for 40min at 200°C (WMB-
ordinary), was made from commercial Swedish whole-
meal rye flour and white wheat flour (Kungsérnen,
Sweden), in a ratio of 70:30 (flour basis). Bread pro-
ducts baked with an extended baking process, 20h at
120°C, were prepared from wholemeal rye flour (WMB)
or wholemeal high-amylose barley flour (HAB), mixed
with white wheat flour (70:30). The high-amylose barley
genotype (Glacier, 42% amylose) was obtained from
Montana State University, Bozeman, USA (Granfeldt
et al., 1994). Also, long-time baked breads were pre-
pared from various ingredients. Two products were
added with lactic acid (WMB-la) or acetic acid (WMB-
aa), on a similar molar basis. Furthermore, malt was
included in one product (WMB-m). Finally, long-time
baked breads were baked with the addition of malt in
combination with lactic acid (WMB-m-la) or acetic acid
(WMB-m-aa). A standardized white wheat bread was
baked in a home baking machine and used as a refer-
ence (Liljeberg & Bjorck, 1994).

Recipes
Ordinary baking

WM B-ordinary. Two breads were baked from 450 g
wholemeal rye flour, 200g white wheat flour, 400 g
water (20°C), 70g baker’s yeast and 5g NaCl. The
dough was divided into two pieces and put into alumi-
nium pouches, followed by proofing for 2h at room
temperature. Baking was performed at 200°C for 40
min,

Long-time baking

WMB (basic recipe). Two breads were baked from
450 g wholemeal rye flour, 200 g white wheat flour, 450 g
water (20°C), 70 g yeast and 5g NaCl. The dough was
divided into two pieces and put into aluminium pouches
covered by a double layer of aluminium foil, and fol-
lowed by proofing for 2h at room temperature. Baking
was performed at 120°C for 20 h.

WMB-laand WMB-aa. The breads were baked from
the basic recipe with the addition of 10.5g lactic acid
(90 wt%) and 7.0 g acetic acid (100 wt%), respectively.

WMB-m. Thirty grammes of Bavarian malt extract
(Ireks GmbH, Kulmbach, Germany) was added to the
basic recipe. The breads were proofed and baked as
described above.

WMB-m-la and WMB-m-aa. The breads were
baked from the basic recipe with the addition of malt
(30g) in combination with lactic acid (10.5g), for
WMB-m-la, or acetic acid (7.0 g), for WMB-m-aa.
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HAB
Two breads were baked from 450g wholemeal high-
amylose barley flour, 200g white wheat flour, 500¢g
water (20°C), 70g yeast and 5g NaCl. The products
were proofed and baked as described in the basic recipe.
Before cutting into slices, all breads were stored at
room temperature overnight. The crust was removed
and two slices were wrapped in aluminium foil, put into
plastic bags and stored in a freezer until utilized.

Chemical analysis

A portion from each bread was air dried and milled
(Cyclotec, Tecator, Sweden) (< 0.8 mm) prior to analy-
sts. The bread products were analysed for potentially
available starch (Holm et al., 1986), and in vitro RS was
measured by quantifying total starch remnants in an
enzymatic—gravimetric dietary fibre residue (Siljestrom
et al., 1989).

In vitro starch hydrolysis

Some of the bread products were tested in vitro to
determine the rate of release of starch hydrolysis pro-
ducts following incubation with salivary a-amylase,
pepsin and pancreatic a-amylase (Granfeldt et al.,
1992). Subjects rinsed their mouths with tap water and
subsequently chewed the bread products for 15s
(approximately 15 times). They were told not to eat
within 1h prior to the experiment. All bread portions
contained 1g of starch and were given in randomized
order to six subjects. The products were then expect-
orated into a beaker containing 50 mg of pepsin (2000
FIP-U/g, Merck, Darmstadt, Germany) in 6ml of
0.05M Na,K-phosphate buffer (containing 0.4 g/litre
NaCl) adjusted to pH 1.5 with 2M HCL Finally, the
subjects rinsed their mouths with 5ml of Na,K-phos-
phate buffer (pH 6.9) for 60s and expectorated the rin-
sing solution into the beaker. The contents were stirred
and pH adjusted to 1.5. Each sample was incubated at
37°C for 30min with gentle mixing three times during
incubation. The pH was re-adjusted to 6.9 with NaOH
before incubation with porcine pancreatin a-amylase (A
6255 Sigma Chemical, St Louis, Missouri, USA). The
enzyme (110 Sigma units) was dissolved in 10ml of
buffer, and 1 ml of this solution was added to the bea-
ker. The sample was brought to volume (30 ml) with
phosphate buffer, and transferred to the dialysis tubing
(13cm strips, Spectra Por No. 2, width 45mm, mole-
cular weight cut-off 12 000-14 000). Each bag was incu-
bated at 37°C for 3h in a beaker with phosphate buffer
(800 ml). The beaker was placed in a stirred water bath.
Every 30min, aliquots (2ml) from the dialysate were
removed for analysis of reducing sugar content by the
3,5-dinitro salicylic acid (DNS) method (Hostettler et
al., 1951). A standard curve was prepared using mal-
tose. In addition, a hydrolysis rate index (HI) was cal-
culated as 100 times the area under the curve (0—
180 min) for the product divided by the corresponding
area obtained with white wheat bread (WWB) chewed

by the same person (Liljeberg & Bjorck, 1994). This
procedure has been shown to predict glycaemic respon-
ses in healthy subjects with good accuracy according to
the following formula, GI=0.862-HI+8.198 (Gran-
feldt, 1994), where GI represent the glycaemic index.

Statistical methods

One-way analysis of variance design followed by the
Duncan procedure for multiple comparison were used
to determine significant differences in RS content. The
results concerning the rate of starch hydrolysis are
expressed as means+SEM, and the statistical sig-
nificance of differences were assessed by the Wilcoxon
matched-pair signed-ranks tests. The SPSS/PC+
advanced statistics program (version 2.0, SPSS, Chi-
cago, Illinois, USA) was used. A value of P<0.05 was
considered significant.

RESULTS AND DISCUSSION

All flour-based low-temperature, long-time baked pro-
ducts (20h at 120°C) contained higher amounts of RS
(P<0.05) than a corresponding ordinary baked bread
(40 min at 200°C) (Table 1). The main RS fraction in the
long-time baked products required solubilization in
alkali to render it available to analytical amylases, indi-
cating the presence of retrograded starch. The bread
baked for 20h (WMB) contained 5.4% RS (starch
basis), which is almost twice the amount (3.0%, starch
basis) analysed in the ordinary baked bread (WMB-
ordinary). An even more pronounced RS formation was
noted (P <0.05) in the bread baked with added lactic
acid (WMB-la, pH 4.3), 6.6% starch basis, or lactic acid
in combination with malt (WMB-m-la), 6.7% starch
basis, showing that lactic acid might further promote
retrogradation of starch. In contrast, addition of acetic
acid on an equivalent molar basis (WMB-aa, pH 4.6)
did not exert this effect, nor did malt (WMB-m) or malt
in combination with acetic acid (WMB-m-aa).

The high content of RS formed during long-time
baking is in agreement with the amount (8.1%, starch
basis) previously found in a commercial sourdough fer-
mented pumpernickel bread baked with an extended
baking process (20h) (Liljeberg & Bjorck, 1994). The
high RS levels reported in this and the presently descri-
bed low-temperature, long-time baked breads are
indeed noteworthy in that the RS method used involved
grinding and gelatinization, i.e. removing two potential
sources of RS. Thus, the mechanism for RS formation
is probably retrogradation of amylose. However,
linearization of amylopectin has been reported to
significantly increase RS formation during wet-auto-
claving (Berry, 1986). Hence, it cannot be ruled out that
such linearization of starch occurs during the long low-
temperature baking process due to the prolonged activ-
ity of intrinsic amylases in the dough. Moreover, the
linearization might be more prominent in the presence
of certain organic acids, thus explaining the increased
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Table 1. Ingredients, pH and content of starch in the different bread products

Products Ingredients

pH Starch
Available (dry wt%)  Resistant (RS)(%)

Ordinary baking (40 min, 200°C)

WMB-ordinary Wholemeal rye flour, 5.8 65.9 3.0+0.22
white wheat flour (70:30)
Long-time baking (20 h, 120°C)
WMB Wholemeal rye flour, 5.1 61.6 54+0.1%
white wheat flour (70:30)?
WMB-la Lactic acid 4.3 63.2 6.6£0.5°
WMB-aa Acetic acid 4.6 61.9 5.7+0.2¢¢
WMB-m Malt extract 5.0 60.8 51+0.2b
WMB-m-la Mait, lactic acid 43 61.6 6.7+0.3°
WMB-m-aa Malt, acetic acid 4.6 61.6 5.2+ 2bd
HAB Wholemeal high-amylose 5.1 59.8 7.7+£0.3f
barley flour, white wheat
flour (70:30)

Values are given on starch basis (mean =+ SD, n=13). Values not sharing the same letters as superscripts are significantly different

(P<0.05).

2All long-time baked breads (except for HAB) included wholemeal rye flour, white wheat flour (70:30).

RS formation in the bread product baked with added
lactic acid (WMB-Ia) in the present study. Recently, the
effect of lactic acid in relation to RS formation could
not be shown in bread baked under ordinary conditions,
demonstrating an impact of the baking process per se
(Liljeberg et al., 1995).

When comparing all the long-time baked bread pro-
ducts, the highest RS level (7.7% starch basis) was
detected in the bread prepared from high-amylose bar-
ley flour, P<0.05 (Table 1). This shows that formation
of RS was strongly related to the amylose content.
Similarly, higher amounts of RS have been shown in
barley porridge (Granfeldt ez al., 1994) or Arepa corn
bread (Granfeldt et al., 1993) made from high-amylose
genotypes, compared with corresponding products pre-
pared from flours with ordinary amylose levels. In the
case of the Arepa bread, RS was measured in vitro as in
the present study, and in vivo using antibiotic-treated
rats (Granfeldt er al., 1993). From that work it was
concluded that the RS analysed with the two different
methods were in good agreement. Consequently,
although the RS method has limitations, as it includes
milling and heat-treatment in the analytical procedure,
it is likely that the substantial increase in RS during
long-time baking conditions or with high-amylose bar-
ley flour in the present study also applies in vivo.

Attempts to increase the RS content in bread pro-
ducts have been made by adding defined starch fractions
to white bread. Thus, according to Eerlingen ez al.
(1994), 7.7-8.4% in vitro RS (dry weight basis) was
found in bread products with added high-amylose or
extruded retrograded high-amylose starch fractions.
However, addition of isolated starch fractions to bread
may be less advantagous than optimization of RS con-
tent by use of modified composite raw materials or
processing conditions, in that addition of pure starch
will reduce the nutrient density of the bread.

The rate of hydrolysis of the potentially available
starch fraction remained unaffected in most long-time
baked breads (WMB, WMB-la, WMB-aa) (Fig. 1 and

Table 2), and HI remained similar to that of the white
reference bread (WWB) (Table 3). However, as an
associated feature, the high RS content in the long-time
baked bread made from high-amylose barley flour was
accompanied by a reduced rate of hydrolysis of the bulk
of starch (HI=68) (P <0.05). The fact that the rate of
starch hydrolysis remained high in all the other bread
products suggests that the mechanism for RS formation
may differ, and that the formation of RS may or may
not affect the availability of the non-RS fraction. Based
on previous correlations, the HI in the case of the high-
amylose bread (HAB) corresponds to a GI of 67 using
the following equation for calculation; GI=0.862.-HI+
8.198 (Granfeldt, 1994). A lowering of the rate of starch
hydrolysis is in agreement with results with high-amylose
Arepa corn bread (Granfeldt et al., 1995), which also
had higher RS content and displayed lowered HI, com-
pared with the corresponding product based on a genotype
with an ordinary amylose level. This high-amylose Arepa
product also reduced glycaemia in healthy subjects.
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Fig. 1. The rate of in vitro starch hydrolysis of the potentially
available starch fraction. Values are means, n= 6. Error terms
are given in Table 2.
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Table 2. The percentage of starch hydrolysed within 0-180 min’

30 min 60 min 90 min 120 min 150 min 180 min

Long-time baked breads

WMB 15.6 £ 0.5 28.6+0.7b¢ 39.3+0.8b¢ 48.3+0.65¢ 53.8+0.5° 58.4+£0.5b

WMB-la 14.4 +0.4b° 27.8+0.7° 39.0+0.8° 46.84+0.9° 52.5+0.8 57.2+0.7°

WMB-aa 16.1+0.44 30.3+0.8° 41.94+0.9¢ 50.4+1.1¢ 56.8+1.1° 60.7+1.1°

HAB 9.0+0.32 17.6+£0.72 25.8+0.92 32.9+1.02 38.1+1.0% 42.7+1.0°
Reference bread

WWB 14.0+0.2b 27.74+0.3P 39.2+0.4° 47.7+0.5 54.2 £0.5b 59.2+0.5b

Vaules are means + SEM, n = 6. Values not sharing the same letters as superscripts are significantly different (P <0.05).

Table 3. Hydrolysis rate index (HI)!

HI (%)

Long-time baked breads

WMB 101.2 £2.2abd

WMB-la 98.5+2.12d

WMB-aa 106.4+ 3.3

HAB 68.2+2.1¢
Reference bread

WWB 1002

Values are means + SEM, rn=6. Values not sharing the same
letters as superscripts are significantly different (P <0.05).

Results from the present study show that an extended
baking process favours formation of RS in bread pro-
ducts. In addition, lactic acid might further promote
retrogradation of starch as judged from the increased
RS recoveries obtained in vitro. Sourdough baking is an
old traditionally used process, and its effect on dough
rising, bread taste, flavour, texture and shelf-life is well
established (Lonner, 1988). The information concerning
sourdough fermentation, i.e. lactic acid, in relation to
RS formation is, however, new. The highest level of RS
was noted in a long-time baked bread based on high-
amylose flour. This bread also lowered the rate of amy-
lolysis of the potentially available starch fraction.

It is concluded that the RS content of flour-based
bread products could be considerably increased by
altering the baking process. Consequently, by changing
from conventional baking to low-temperature, long-
time baking, the RS content increased from 3 to about
8%, starch basis, the highest yields being obtained when
lactic acid or high-amylose barley was included. In light
of the quantitative importance of bread, such differences
will even affect total RS intake on a mixed diet. Based
on a EU-mean bread intake (175 g/day), a switch from
conventional bread products to pumpernickel-type
breads may increase total RS intake from the recently
estimated 4g/day (Dysseler & Hoffem, 1994) to
approximately 7 g/day.
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