
lable at ScienceDirect

Food Hydrocolloids 52 (2016) 795e803
Contents lists avai
Food Hydrocolloids

journal homepage: www.elsevier .com/locate/ foodhyd
Effect of bacterial b-amylase and fungal a-amylase on the digestibility
and structural characteristics of potato and arrowroot starches

Fl�avia Villas-Boas, C�elia M.L. Franco*

UNESP e S~ao Paulo State University e Department of Food Engineering and Technology, R. Crist�ov~ao Colombo, 2265, CEP 15054-000, S~ao Jos�e do Rio Preto,
S~ao Paulo, Brazil
a r t i c l e i n f o

Article history:
Received 21 January 2015
Received in revised form
28 July 2015
Accepted 24 August 2015
Available online 29 August 2015

Keywords:
Starch
Digestibility
Amylase
Chain length
Structure
* Corresponding author.
E-mail addresses: flavillasb@gmail.com (F. Villas

(C.M.L. Franco).

http://dx.doi.org/10.1016/j.foodhyd.2015.08.024
0268-005X/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

Retrograded and debranched starch, known as resistant starch type 3 (RS3), is resistant to digestive
enzymes and exhibits a behavior similar to that of dietary fibers. In this study, the effect of b- and a-
amylase on the digestibility and structural characteristics of potato and arrowroot starches was evaluated
and compared. Starch samples were gelatinized, hydrolyzed by b- or fungal a-amylase, debranched,
cooled (4 �C/16 h), precipitated with ethanol, and dried. Debranched and gelatinized starch samples were
used as control. The degrees of hydrolysis for the two starches were similar (~25%), regardless of enzyme
used. In both starches, b-amylase resulted in a significant decreases in average degree of polymerization
(DPn) of short chains (from 16.5 to 12) and in proportion of these chains, while fungal a-amylase caused a
significant decrease in DPn of long chains (from 38.9 to 26.8 and from 35.1 to 28.2 for potato and
arrowroot starches, respectively) plus a significant increase in proportion of short chains. Gelatinization
enthalpy and relative crystallinity of modified starches increased with amylolysis, particularly when a-
amylase was used. RS3 content was 20.2% in the debranched potato starch and increased to 36.5% with
amylolysis, regardless of the enzyme used before debranching. However, slowly digestible starch content
increased from 8.5% to 27.8% when a-amylase was used in this starch. Meanwhile, arrowroot starch had
47.5% and 53.4% RS3 contents when b- and a-amylase were used, respectively. Structural characteristics,
particularly the amylopectin branch chain length distribution, are important factors responsible for RS3
formation when amylolysis precedes debranching.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Starch is the main source of carbohydrates in the human diet. It
is composed of two macromolecules: amylose and amylopectin.
Amylose is essentially a linear molecule made up of glucose units
linked by a-1-4 linkage, while amylopectin is highly branched
consisting of numerous short chains of (1e4) -a-D-glucans that are
interconnected by a-1-6 linkage. These a-1-6 linkages are respon-
sible for ramifications. Starch is hydrolyzed by digestive enzymes
into maltose, maltotriose, and branched-limit dextrins, which are
then hydrolyzed into glucose to be absorbed into the blood
(Kittisuban, Lee, Suphantharika, & Hamaker, 2014). Starch di-
gestibility varies and, depending on the speed at which it is con-
verted into glucose, starch is classified as (i) rapidly digestible
starch (RDS), (ii) slowly digestible starch (SDS), and (iii) resistant
-Boas), celia@ibilce.unesp.br
starch (RS) (Englyst, Kingman, & Cummings, 1992).
Slowly digestible starch causes a slow and prolonged release of

glucose in the gastrointestinal tract with a low glycemic response.
This starch fraction may be useful in the control and prevention of
cardiac diseases, type II diabetes, and obesity (Kittisuban et al.,
2014).

Resistant starch is defined as the starch or a starch fraction
which is not absorbed in the small intestine of healthy individuals
(Englyst et al., 1992). By presenting a behavior that is similar to that
of dietary fibers, RS has been associated with several health ben-
efits. Numerous studies have shown the positive effects of RS in
cases of obesity (Morita et al., 2005), diabetes (Zhou, Meng, Chen,
Zhu, & Yuan, 2014), colon cancer (Liu & Xu, 2008), and cardiovas-
cular disease (Morita et al., 2005). Depending on its structural
characteristics and mechanism through which it is resistant to
digestion, RS can be classified into five different types: RS1 repre-
sents physically inaccessible starches that are present in grains, RS2
refers to native granular starches such as those found in green
bananas and raw potatoes, RS3 represents retrograded starches
formed by the reassociation of starch chains, RS4 includes
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chemically modified starches, and RS5 represents those formed by
amyloseelipid complexes (Fuentes-Zaragosa et al., 2011; Luckett &
Wang, 2012). Resistant starch type III (RS3) is unique among the
types because it is formed by natural processes involving heat and
moisture, which in most cases can destroy RS1 and RS2. It has also
been found to be highly stable in food processing steps; i.e., it can
be used in food production without losing its resistance to enzy-
matic digestion (Fuentes-Zaragosa et al., 2011). It mainly consists of
retrograded amylose because of its strong tendency to reassociate, a
feature which thus defines amylose content as the main factor
governing RS3 formation (Eerlingen, Deceuninck, & Delcour, 1993;
Luckett & Wang, 2012). However, Berry (1986) showed that it is
possible to enhance starch retrogradation by breaking down
amylopectin in linear fragments. Therefore, a common way to in-
crease RS3 content is by debranching enzymes, which, by acting on
the starch, release linear fragments with greater mobility for
retrogradation. Reddy, Suriya, and Haripriya (2013) evaluated the
resistant starch production by debranching bean starch using pul-
lulanase, and they observed that RS content increased from 21.27%
in retrograded starch to 42.34% after debranching and retrograda-
tion. The amylase action preceding the debranching has been found
to be a technique that is able to further increase the RS3 content,
since amylase activity breaks down the starch molecules into
fragments of lowmolecular weight and thus interferes in the size of
amylose chains and amylopectin side chains. Both chains may affect
the retrogradation tendency of the hydrolysis residues. Starch
retrogradation rate depends on starch chain length, so the degree of
polymerization (DP) of the molecules affects the formation of RS3
(Eerlingen et al., 1993).

A suitable chain length is required for recrystallization (forma-
tion of double helices) to form higher RS3 content. However, data
on the optimal chain length still are contradictory. Zhou et al.
(2014) reported that the decrease in amylose and amylopectin
chain lengths increased RS content when bacterial a-amylase pre-
ceding pullulanase action was used in the formation of RS3 from
rice starch. Luckett and Wang (2012) observed that amylose and
amylopectin long chains contributed to RS3 formation of maize
starches with different amylose contents when b-amylasewas used
prior debranching with isoamylase, while Hasjim and Jane (2009)
reported that shorter chains obtained by mild acid hydrolysis of
corn starch contributed for increasing RS3.

Both b-amylase and fungal a-amylase hydrolyze the a-1,4 link-
ages of starch chains, but their mechanisms of action are different.
b-amylase is an exoenzyme that cleaves the starch chains from the
non-reducing end (Luckett & Wang, 2012), while the action
mechanism of a-amylase is dependent on enzyme source and
substrates (Robyt, 2009). The a-amylase from Aspergillus oryzae
cleaves a-1,4 linkages present in the inner part of the starch chains
and has a small but measurable extent of multiple attack in the
degradation of malto-oligosaccharides (Allen & Thoma, 1978).

Most studies have used bacterial a- or b-amylases before
debranching starch to obtain RS3. To the authors' knowledge, this is
the first report on using fungal a-amylase before debranching for
this purpose. This enzyme is cheaper and easier of being obtained
than bacterial b-amylase.

This study aims to evaluate the effects of bacterial b-amylase
and fungal a-amylase action followed by debranching with pul-
lulanase on the structural characteristics and digestibility of potato
and arrowroot starches.

2. Material and methods

2.1. Material

Potato (Solanum tuberosum) tubers of the Monalisa cultivar and
common variety arrowroot (Maranta arundinacea) were acquired
from producers in S~ao Paulo state, Brazil. The b-amylase from Ba-
cillus cereus (Megazyme International, Ireland), a-amylase from A.
oryzae (Sigma, USA), pullulanase from Bacillus acid pullulyticus
(Promozyme 400L, Denmark), pancreatin a-amylase (Sigma, USA)
and amyloglucosidase from A. niger (Sigma, USA) were used in this
study.

2.2. Isolation and chemical composition of starches

Potato and arrowroot starches were isolated from the tubers and
rhizomes, respectively, using wet milling according to the method
described by Peroni, Rocha, and Franco (2006). The amounts of
proteins, lipids, and ash were determined according to themethods
of American Association of Cereal Chemists (AACC., 2000). Phos-
phorous was determined as described by Smith and Caruso (1964).

The amylopectins of the native starches were isolated as
described by Jane and Chen (1992). Iodine affinities of the isolated
amylopectins and defatted starches were measured using a
potentiometric autotitrator (716 SM Titrino, Metrohm,
Switzerland) as described by Kasemsuwan, Jane, Schnable, Stinard,
and Robertson (1995). The apparent amylose content was calcu-
lated by dividing the iodine affinity of defatted starch by 20%
(Takeda & Hizukuri, 1987), and absolute amylose content was
assessed by subtracting the iodine affinity of isolated amylopectin
from that of the defatted starch according to Kasemsuwam et al.
(1995). Each analysis was performed in triplicate.

2.3. Enzymatic treatment

Potato and arrowroot starches were hydrolyzed with bacterial
b-amylase or fungal a-amylase according to the method described
by Luckett and Wang (2012) with modifications.

Preliminary tests showed that the percentage of hydrolysis of
both of the starches incubated with 400 U b-amylase/g starch for
6 h was close to 25%. After this time, the rate of hydrolysis became
almost constant. Tests with different concentrations of fungal a-
amylase were then carried out over the same 6 h period of hy-
drolysis in order to obtain percentages of hydrolysis that were
similar to 25% for both of the starches. The enzymatic treatments
were performed as follows: Potato and arrowroot starches (25 g)
were suspended in 400 mL of 0.1 M acetate buffer (pH 6.5 for hy-
drolysis with b-amylase, pH 5.0 for hydrolysis with a-amylase),
heated in a boiling water bath for 30 min, and autoclaved at 122 �C
for 30 min to ensure starch gelatinization. The starch solutions
were equilibrated in a water bath at 40 �C in the case of b-amylase
and at 55 �C in the case of a-amylase, and the enzymes were then
added (400 U b-amylase/g of arrowroot or potato starch; 10 U
fungal a-amylase/g of arrowroot starch; and 5 U fungal a-amylase/g
of potato starch). The solutions were incubated for 6 h and then
boiled for 30 min to inactivate the enzymes. The b- and a-amylase
treated starches were precipitated using 2.0 L of ethanol, and
centrifuged at 7000 g for 20 min. The supernatant was collected
and the degree of hydrolysis was determined by measuring the
total carbohydrate content using the phenol-sulfuric method, as
described by Dubois, Gilles, Hamilton, Rebers, and Smith (1956).
The precipitate was kept at 40 �C for 40 min to evaporate any re-
sidual ethanol and was then lyophilized. Potato and arrowroot
gelatinized starches were prepared at the same way as described
above, but without using enzymes. In order to certificate that there
was no degradation of native starches during autoclaving in
different buffers, the potato and arrowroot gelatinized starches
were analyzed by GPC using Sepharose CL 2B gel according to Jane
and Chen (1992).

The debranching treatment was performed as described by
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Polesi and Sarmento (2011) with modifications. Gelatinized
starches (20 g) and b- and a-amylase treated starches (20 g) were
dispersed in 250 mL of 0.1 M acetate buffer, pH 5.3, and heated in a
boiling water bath that was stirred for 50min. The temperaturewas
equilibrated at 60 �C, and pullulanase was added (40 U/g starch).
The samples were incubated at 60 �C for 10 hwith stirring (80 rpm),
followed by inactivation of the enzyme for 20min in a boiling water
bath.

After the debranching treatment, the starch solutions were kept
at room temperature for 20 min and stored at 4 �C for 16 h to
enhance the retrogradation process. The samples were precipitated
with 1 L of ethanol, filtered, dried at 40 �C for 24 h, grounded in a
mortar, and kept in desiccators for later use.

2.4. Distribution of molecular components of starch by gel
permeation chromatography (GPC)

The molecular size distribution of the starch components was
determined using a Bio-Gel P6 column according to the procedure
described by Song and Jane (2000). Aliquots containing 15 mg of
starch were dispersed in 5 mL of eluent (25 mM NaCl and 1 mM
NaOH), and 1mg of glucose was added. The mixture was constantly
stirred in a boiling water bath for 30 min and was then cooled to
room temperature. A 3.6 mL aliquot of the mixture that contained
11 mg of starch was applied to the top of a column (100 cm height
and 1.0 cm diameter), packed with Bio-Gel P-6, and downwardly
eluted at a flow rate of 0.5 mL/min. Fractions of 2.5 mL were
collected every 5 min and then analyzed for total carbohydrate
through the phenol-sulfuric method (Dubois et al., 1956). The
reducing value of each peak was determined by using the Park-
Johnson modified method (Hizukuri, Takeda, & Yasuda, 1981).
Chain length determinations were repeated at least two times. The
average degree of polymerization was calculated from the ratio of
total carbohydrate/reducing value at each peak fractions (peaks II
and III) (Jane & Chen, 1992). The average molecular weight of the
fractions II and III was calculated using Mw ¼ 162DP þ 18, as
described by Avaltroni, Bouquerand, and Normand (2004).

2.5. Determination of branch chain length distribution of
amylopectin

The amylopectin branch chain length distribution of the modi-
fied starches was determined using a HPAEC-PAD system (ICS-5000
Dionex Corporation, USA). The enzyme-treated starch (50 mg) was
dispersed in 5 mL DMSO 90% solution under boiling and stirring for
1 h, and then under stirring for another 16 h at room temperature. A
solution aliquot (0.5 mL) was mixed with 2 mL of absolute ethanol
and the precipitated starch was recovered by centrifugation, mixed
with 1.8 mL of ultra-pure water (18 MU cm) and kept with agitation
in the boiling water bath for 30 min. After cooling, 0.2 mL of acetate
buffer pH 3.5 0.1M and 6 mL of azide solution 10% (w/v) were added.
The pH was adjusted to 6.5e7.0 with NaOH 1M and the suspension
was heated in the boiling water bath for 15 min. After reached the
room temperature, the samples were filtered (0.22 mm membrane)
and automatically injected into the HPAEC-PAD system (5 mL
sample loop). The flow rate was 1 mL/min at 35 �C. The standard
quadruple potential (E) waveform was employed for the following
periods and using the following pulse potentials: E1 ¼ 0.10 V
(t1 ¼ 0.40 s); E2 ¼ �2.00 V (t2 ¼ 0.02 s); E3 ¼ 0.60 V (t3 ¼ 0.01 s);
E4 ¼ �0.10 V (t4 ¼ 0.06 s). All eluents were prepared using ultra-
pure water (18 mU cm) with N2 sparging. Eluent A was made up of
500 mM NaOH and eluent B was made up of 150 mM NaOH and
500 mM sodium acetate. The branched chains of amylopectin were
separated using a Dionex CarboPac™ PA-100 guard column
(4 mm � 50 mm) and a Dionex CarboPac™ PA-100column
(4 mm � 250 mm). The gradient of eluent B was 20% at 0 min,
80% at 75 min, and 20% at 80 min. A mixture of maltodextrins (GP
1e7) was used to identify homologous series of long chains. The
data were analyzed using the Chromeleon software, version 6.8
(Dionex Corporation). The analyses were performed in duplicate.

2.6. X-ray diffraction and relative crystallinity

Native and modified starches were stored for 10 days at 25 �C
and 90% of relative humidity in a desiccator containing a saturated
solution of BaCl2 and 1% of sodium azide. The X-ray diffraction
patterns of the starches were determined using a RINT 2000 Wide
Angle Goniometer unit (Rigaku, Japan). Relative crystallinity was
quantitatively estimated based on the relationship between the
peak and total areas following the method of Nara and Komiya
(1983).

2.7. Thermal properties

The thermal properties of the starches were determined using a
differential scanning calorimeter (DSCe Pyris1, Perkin Elmer, USA).
The starch samples (3 mg, db) were weighed in stainless steel pans,
mixed with deionized water (9 mL), and sealed. The sealed pans
were kept at room temperature for 24 h to equilibrate and scanned
at a rate of 10 �C/min over a temperature ranging from 25 �C to
180 �C. An empty pan was used as a reference. The analysis was
performed in triplicate.

2.8. Digestibility of starches

Starch digestibility was determined according to the method of
Englyst et al. (1992), with modifications. Starch samples (0.5 g)
were added to 20 mL of acetate buffer (0.1 M, pH 5.2) containing
4 mM CaCl2 and kept in a water bath at 37 �C. Enzyme solution
(5 mL) containing invertase and pancreatin amyloglucosidase was
added. Aliquots of 0.5 mL were taken at 0, 20, and 120 min. Glucose
was measured using a glucose determination kit (Glucose Liqui-
form e Labtest e Brazil). The values of the different carbohydrate
nutritional fractions (rapidly digestible starch, slowly digestible
starch, and resistant starch) were obtained by combining the values
of G20 (glucose released after 20 min), G120 (glucose released after
120 min), FG (free glucose), and TG (total glucose). The samples
were analyzed in triplicate.

2.9. Statistical analysis

The software Statistica for Windows (v. 5.0, Statsoft, USA) was
employed to analyze mean values using analysis of variance
(ANOVA) and Person correlation. Differences were evaluated using
the t-test with Tukey's adjustment. The significance level was set at
a p value < 0.05.

3. Results and discussion

3.1. Starch composition

The starches showed low percentages of lipids, proteins, and ash
(<1%). The phosphorous is an important non-carbohydrate con-
stituent of starch being present in root and tuber starches mainly as
phosphate monoester (Lim, Kasemsuwan, & Jane, 1994). Phos-
phorus content was higher in the potato starch, which was found to
have 0.097% of the mineral (Table 1). Potato starch naturally has
relatively high phosphate content. Phosphorus content can vary
depending on the variety of the botanical species, as well as on
environmental characteristics and the soil where the plant was



Table 1
Chemical composition, iodine affinity, and apparent and absolute amylose contents
of potato and arrowroot starches.

Starch Lipids (%) Proteins (%) Ash (%) Phosphorus (%)

Potato 0.12 (0.0)a 0.12 (0.0)a 0.26 (0.0)a 0.097 (0.0)a

Arrowroot 0.13 (0.0)a 0.10 (0.0)a 0.17 (0.0)b 0.034 (0.0)b

Iodine Affinitya Amylose content (%)

Starch Amylopectin Apparentb Absolutec

Potato 5.96 (0.1)a 2.3 (0.1)a 29.8 20.7
Arrowroot 5.02 (0.0)b 1.4 (0.0)b 25.1 19.5

Values with different letters in the same column are significantly different
(p � 0.05).

a Iodine affinity for pure amylose was assigned as 20% (Takeda & Hizukuri, 1987).
b Calculated as: C¼ 100� IAS/0.20where C is the percentage of apparent amylose

content and IAS is the iodine affinity of the whole defatted starch.
c Calculated as: C ¼ (IAS e IAAP)/{0.20 e (IAAP þ IC/100)} where C is the per-

centage of absolute amylose content, IAS is the iodine affinity of whole defatted
starch, and IAAP is the iodine affinity of the amylopectin.
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grown (Tester, Debon, Davies, & Gidley, 1999). Yoo et al. (2009)
reported variations between 0.042% and 0.083% for different vari-
eties of this starch, while Peroni et al. (2006) found 0.018% of
phosphorous in arrowroot starch.

The potato starch had higher apparent amylose content than
arrowroot starch although both of the starches have close absolute
amylose contents (~20%). This is due to higher proportion of long
side chains of amylopectin in potato starch (Yoo et al., 2009). These
chains are able to complex with iodine, which contributes to in-
crease the iodine affinity and overestimate the apparent amylose
content of starch.

3.2. Molecular component distribution of starches by GPC

Molecular component distributions of the gelatinized starches
before enzymatic treatment determined by GPC using Sepharose CL
2B gel confirmed that there was no degradation of starches during
autoclaving. The amylose fraction of arrowroot starch had lower
Fig. 1. Elution profiles of debranched potato and arrowroot starches obtained by gel permea
(D) starches; b-amylase treated potato (B) and arrowroot (E) starches; a-amylase treated p
molecular weight and a narrower molecular weight distribution
than that of potato starch (data not shown).

Starch hydrolysis before debranching was performed in such a
way that both starches presented similar degrees of hydrolysis
(~25%), regardless of the enzyme used, so that this parameter
would not be another variable.

Molecular component distributions of the starches after enzy-
matic action are shown in Fig. 1. The average chain lengths of
starch fractions at peaks II and III and the percentages of the dis-
tribution of the peaks I, II, and III are shown in Table 2. The chro-
matograms of the debranched potato and arrowroot starches
(Fig. 1a and d) exhibited similar profiles with three distinct peaks
in addition to a peak that represented glucose, which was used as a
marker. The first peak (I) corresponded to amylose molecules and
very long amylopectin chains, which were eluted in the void vol-
ume of the column (55 mL). The second peak (II), eluted at ~75 mL,
corresponded to the long chains of amylopectin with a DPn of 38.9
and 35.1 for potato and arrowroot starches, respectively, and the
third peak (III) eluted at 105 mL corresponded to the short A-
chains of amylopectin (Franco et al., 2010; Kasemsuwan et al.,
1995) with a DPn of ~16.5 for both the starches. Amylopectin
consists of A, B (B1eB4) and C chains. Fractions with DP < 13 and
DP 13e30 make up the short (A) and intermediate (B1) chains,
respectively, while the chains with DP > 30 correspond to the long
chains (B2eB4) (Hizukuri, 1986). The chromatograms of b-amylase
treated starches (Fig. 1b and e) displayed a decrease in peak I, while
peak II became broader and flattened. These results represent an
increase in the proportion of amylopectin intermediate and long
chains (B1, B2). As b-amylase hydrolyzes the starch chains
releasing maltose by exo-action, amylose is only slightly affected
by b-amylase causing all degraded amylose chains to remain in
peak I. Then the reduction in peak I was exclusively due to the very
long chains (B3eB4) of amylopectin that were broken down into
smaller fragments that were eluted at peak II. The heights of peak I
in b-amylase treated potato and arrowroot starches reduced by
16.3 and 6.0%, respectively, which is in agreement with a dimin-
ished effect of b-amylolysis on very long chains as those from
tion chromatography in BIO GEL P6. (B) total carbohydrates. Potato (A) and arrowroot
otato(C) and arrowroot (F) starches; G: glucose.



Table 2
Summary of amylopectin branch chain length distribution and average molecular
weight of the enzyme treated starches and debranched with pullulanase obtained
by GPC.b

Starch Average degree of
polymerization

aAverage molecular
weight (103 g/mol)

Distribution (%)

FII FIII FII FIII FI FII FIII

PP 38.9 (0.9) 16.5 (0.5) 6.3 2.7 56.1 13.0 30.9
PbP 34.3 (0.6) 11.0 (0.6) 5.6 1.8 52.1 29.3 18.6
PaP 26.8 (0.5) 14.0 (3.0) 4.4 2.3 47.5 11.7 40.8
AP 35.1 (3.1) 16.7 (0.7) 5.7 2.7 56.3 10.0 33.7
AbP 32.3 (3.1) 12.0 (1.5) 5.2 2.0 50.8 25.4 23.8
AaP 28.2 (0.4) 15.3 (0.3) 4.6 2.5 44.0 9.5 46.5

a Calculated as Mw ¼ 162 x DP þ 18. FI: fraction I; FII: fraction II; FIII: fraction III.
b Average of the two replicates followed by standard deviation; PP: debranched

potato starch; AP: debranched arrowroot starch; PbP: debranched b-amylase
treated potato starch; AbP: debranched b-amylase treated arrowroot starch; PaP:
debranched a-amylase treated potato starch; AaP: debranched a-amylase treated
arrowroot starch.
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amylose. The peak III also decreased. This result indicates that the
short chains with a DPn of 16.5 were hydrolyzed to smaller and
more soluble oligosaccharides. The exo-action of b-amylase im-
plies that in principle every single chain has equal probability to be
attacked regardless of its DP and that the same absolute amount of
maltose is released from every single chain. As a consequence the
DP of shorter chain populations is affected more than that of the
longer ones, which is expected to result in a significant decrease in
population III for both b-amylase treated starches. This is clearly
observed in Fig. 1 and Table 2.

On the other hand, the fungal a-amylase caused the most sig-
nificant decreases in fraction I and especially in fraction II in that it
increased the release of short chains. Fungal a-amylase acts by
endo-scission releasing large quantities of maltose plus other small
oligosaccharides (Reeve, 1992). This means that the number of
scission events in a single chain is dependent on its DP and long
chains are expected to be affected most. On the other hand, it has
been demonstrated that at moderate degrees of hydrolysis a-
amylase acts on amylopectin preferentially between the clusters
Fig. 2. Normalized amylopectin branch chain length distributions of the starches. Potato (A)
amylase treated potato (C) and arrowroot (F) starches. DP: degree of polymerization.
rather thanwithin the dense clusters (G�erard, Planchot, Colonna, &
Bertoft, 2000; Goesaert, Bijttebier, & Delcour, 2010). Indeed, very
long chains (peak I) are more affected by a-than by b-amylolysis
according to Fig. 1 and Table 2. Peak I might consist mainly of long
amylopectin chains within clusters, whilst amylose is more acces-
sible to a-amylase. The rather strong reduction in population II
suggests that part of these chains were originally long enough to be
cleaved at least once. Population III is shown to increase, which
suggests that (1) these chains were protected from a-amylolysis
because being ‘within cluster’, whereas (2) at the same time this
fraction was enriched from populations I and II. No matter which
enzymewas used, degradation seemed to bemore significant in the
arrowroot starch. Bijttebier, Goesaert, and Delcour (2010) observed
similar results using size-exclusion chromatography when study-
ing themechanism of action of different enzymes that were used to
treat waxy maize starch.
3.3. Distribution of the length of the branched chains of
amylopectin by HPAEC-PAD

The normalized amylopectin branch chain length distributions
of the starches are displayed in Fig. 2, and the results summarized
in Table 3. The potato and arrowroot starches were found to exhibit
bimodal distributions with a first peak observed at DP 13 and a
second peak at DP 46 (Fig. 2a and d). The potato starch had a higher
DPn due to its higher proportion of long chains (DP � 37) when
compared to the arrowroot starch. Similar results were observed by
Jane et al. (1999) and Yoo et al. (2009) when they evaluated the
amylopectin branch chain length distributions of tuber and root
starches using isoamylase as a debranching enzyme.

The amylolysis before debranching caused an overall decrease in
the proportion of long and intermediate chains and an increase in
the proportion of short chains, although the behavior of the
starches acted upon by both a- and b-amylases has differed.

The b-amylase treated starches were found to exhibit a signifi-
cant decrease in the proportion of intermediate chains (DP 13e24)
and a less significant decrease in chains with a DP� 37 (Table 3). b-
amylase is an exoenzyme that breaks down the a-1,4-linkages and
and arrowroot (D) starches; b-amylase treated potato (B) and arrowroot (E) starches; a-



Table 3
Amylopectin branch chain length distribution of the enzyme treated starches and debranched with pullulanase determined by HPAEC-PAD.a

Branch chain length distribution (%) DP � 37 DP Highest detected DP

DP 1e5 DP 6e12 DP13e24 DP25e36

PP 0.5 (0.1) 20.6 (0.2) 47.4 (0.4) 15.3 (0.1) 16.3 (0.4) 23 80
PbP 6.9 (0.3) 22.4 (0.1) 32.6 (0.3) 24.5 (0.2) 13.6 (0.3) 21.8 77
PaP 5.9 (0.2) 34.0 (0.3) 40.1 (0.5) 10.1 (0.1) 9.9 (0.2) 17.9 77
AP 0.7 (0.1) 21.2 (0.3) 50.8 (0.3) 14.0 (0.1) 13.2 (0.3) 21.5 80
AbP 5.6 (0.3) 24.5 (0.4) 37.9 (0.1) 19.6 (0.5) 12.4 (0.2) 20.9 77
AaP 4.0 (0.1) 29.6 (0.3) 43.0 (0.2) 12.3 (0.3) 11.0 (0.1) 19.2 77

a Average of the two replicates followed by standard deviation; PP: debranched potato starch; AP: debranched arrowroot starch; PbP: debranched b-amylase treated potato
starch; AbP: debranched b-amylase treated arrowroot starch; PaP: debranched a-amylase treated potato starch; AaP: debranched a-amylase treated arrowroot starch. DP:
degree of polymerization.
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releases maltose plus maltotriose from linear chains with uneven
DP (Bijttebier et al., 2010; Robyt, 2009). In this way, it causes a
significant increase in the proportion of very short (DP 1e5) chains
and chains with a DP 25e36 as also could be observed by increasing
of the population II in Fig. 1.

When fungal a-amylasewas used before debranching, therewas
decrease in the proportions of chains with DP 13e24, DP 25e36,
and DP � 37, and a significant increase in the proportion of chains
with DP 6e12. These results were more pronounced in the potato
starch. As fungal a-amylase is an endoenzyme, the differences in
the impact of the enzymes on the different starches depend on
enzyme action mechanism and different structural characteristics
of the starches, particularly on the distribution of amylopectin
chain length. This effect was also clearly observed in the GPC results
(Fig. 1, Table 2).

3.4. X-ray diffraction and relative crystallinity

The X-ray diffraction patterns and relative crystallinities of the
native and retrograded enzyme treated starches are shown in Fig. 3.
The native potato starch displayed a B-type crystalline pattern
(Fig. 3A) that is characteristic of tuber starch, with main peaks at
5.6�, 17�, 22�, and 24� in 2q. These results agreed with the findings
reported by other authors (Alvani, Qi, Tester, & Snape, 2011; Yoo
et al., 2009).

Meanwhile, the native arrowroot starch was found to have an A-
type crystalline pattern (Fig. 3B) characterized by main peaks at
15�, 17�, 18�, and 23� (Bule�on, Colonna, Planchot, & Ball, 1998). This
type of crystalline pattern was also observed by Moorthy (2002) in
Fig. 3. X-ray patterns and relative crystallinity of potato (A) and arrowroot (B) starches. (a)
amylase treated starches.
a study on arrowroot starch. Retrogradation resulted in the for-
mation of a B-type crystalline pattern (Sievert, Czuchajowska, &
Pomeranz, 1991) in all of the starches studied. Polesi and
Sarmento (2011), and Zhou et al. (2014) also found B-type crystal-
line patterns in their studies on retrograded chickpea and rice
starches, respectively. The relative crystallinities of native potato
and arrowroot starches were 39.4% and 37.7%, respectively. Ac-
cording to Zobel (1988), native starches have relative crystallinities
varying between 15% and 45%. The diffractograms of all of the
retrograded potato and arrowroot starches displayed more intense
and defined peaks compared to those of the corresponding native
starches (Fig. 3A, B, b, c and d). This difference means that these
retrograded starches are composed of recrystallized amylose
chains, debranched amylopectin fragments, and smaller amylose
fragments with more appropriate lengths for reassociating and co-
crystallizing during retrogradation (Leong, Karim, & Norziah,
2007). As a result, the starches are more crystalline and possibly
more resistant to digestive enzymes. The retrograded debranched
potato and arrowroot starches were found to exhibit higher relative
crystallinities than their corresponding native starches, because the
action of pullulanase releasedmore adequately reassociated chains.
When amylolysis preceded debranching, there was a 16.2% increase
in relative crystallinity of the b-amylase treated arrowroot starch
and of 37.4% when the fungal a-amylase was used. However, the
increases in relative crystallinities of the enzyme treated potato
starches were less significant (13.6% and 16.5% in b-amylase treated
potato starch and fungal a-amylase treated potato starch, respec-
tively) when compared with debranched starch. Zhou et al. (2014)
also observed increases in relative crystallinities in rice starches
native starches; (b) debranched starches; (c) b-amylase treated starches; (d) fungal a-
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exposed to enzymatic hydrolysis and then retrograded at 4 �C. The
action of both of the enzymes on the potato and arrowroot starches
caused a reduction in the size of both the amylose chains and long
and intermediate amylopectin chains, which, after debranching, all
presented higher mobility that aided in their crystallization.

Amylopectin branch chain length distribution and themolecular
size of arrowroot starch amylose aided in the action of the fungal a-
amylase and resulted in the formation of linear chains with more
appropriate sizes that were also prone to reassociation and
crystallization.

3.5. Thermal properties

The native potato starch had lower gelatinization temperatures
than the arrowroot starch (Fig. 4). The high phosphorus content in
the potato starch may have contributed to this result (Alvani et al.,
2011). This starch was also found to have a higher proportion of
long chains (Tables 2 and 3) that formed longer double helices. A
larger proportion of long chains requires more energy to melt the
crystals (Singh, Singh, Kaur, Sodhi, & Gill, 2003), a factor which
explains the higher DH (16.54 J/g) of the potato starch than of the
arrowroot starch (13.74 J/g).

All of the retrograded starches displayed a broad endothermic
transition (between 49 �C and 112 �C, Fig. 4). This large amplitude,
which was more pronounced in starches that were exposed to
amylolysis, indicates higher heterogeneity in the B-type crystals
formed after retrogradation, which have different melting tem-
peratures and levels of stability (Moates, Noel, Parker, & Ring,
1997).

The retrograded debranched starches presented high enthalpies
(10.22 J/g and 11.11 J/g in potato and arrowroot starches, respec-
tively). These values increased when the amylolysis preceded
debranching (13.31 J/g and 14.37 J/g in potato starch and 15.45 J/g
and 19.53 J/g in arrowroot starch when b-amylase and fungal a-
amylase were used, respectively). These findings are consistent
with the relative crystallinity results (Fig. 3). The increases in the
enthalpy and relative crystallinity of the enzyme treated starches
suggest the strengthening of double helices and the formation of a
more organized crystalline structure after the debranching and
retrogradation of these starches. These changes likely occurred
because of the increase in the proportion of shorter chains and the
Fig. 4. Endothermic profile of potato (A) and arrowroot (B) starches: (a) native starch (b)
DH ¼ enthalpy change.
decrease in the proportion of longer chains of amylopectin, pro-
cesses which increased the formation of strongly bonded double
helices (Luckett & Wang, 2012; Zhou et al., 2014). The presence of
very long chains hinders crystallization and can reduce the density
and the stability of the retrograded crystals (Genkina, Wikman,
Bertoft, & Yuryev, 2007).

3.6. Contents of rapidly digestible starch (RDS), slowly digestible
starch (SDS) and resistant starch (RS)

Because of high thermal stability of RS3 (Fuentes-Zaragosa et al.,
2011), the resistant starches obtained were not heated before being
analyzed by the method of Englyst et al. (1992).

Gelatinized arrowroot starch exhibited high digestibility, with
93.1% RDS (Table 4). This level of digestibility is one of the reasons
why this starch is recommended for use in food products for con-
valescents and infant (John, Raja, Rani, Moorthy, & Eliasson, 2002).
However, the potato starch exhibited 8.1% RS and 18.0% SDS. The
potato starch granules are classified as RS2. Gelatinization degrades
resistant starches, but some amount remains preserved in potato
starch. The phosphate groups naturally present in this starch are
covalently bonded to the glucose residues in the B chains of
amylopectin and play a steric hindrance that limits the access of
digestive enzymes (Absar et al., 2009; Alvani et al., 2011; Yoo et al.,
2009).

The RS3 contents in the retrograded debranched potato and
arrowroot starches were similar both were close to 21% (Table 4).
However, the retrograded debranched arrowroot starch exhibited
23.3% SDS. This starch fraction is important for slow and prolonged
releasing glucose levels in the blood (Kittisuban et al., 2014). A
larger proportion of SDS in retrograded debranched arrowroot
starch is related to the structural characteristics of this starch, and
particularly to the larger proportion of short chains and the smaller
proportion of long chains compared to the potato starch (Tables 2
and 3). According to Guraya, James, and Champagne (2001), SDS
formation may be the result of imperfect crystal formation. These
imperfect crystals aremore apt for digestion than the crystals found
in RS.

Amylolysis before debranching caused a significant increase in
RS content in both starches. The breakdown of the starchmolecules
into lower molecular weight fragments increased the number of
debranched starch; (c) b-amylase treated starch; (d) fungal a-amylase treated starch.



Table 4
Rapidly digestible starch (RDS), slowly digestible starch (SDS), and resistant starch
(RS) contents in the potato and arrowroot starches subjected to different enzymatic
treatments and retrograded.a

Treatment RDS(%) SDS(%) RS(%)

PG 72.9 (0.8)b 18(0.6)c 8.1 (0.5)e

PP 70.1 (0.7)c 8.5 (1.2)f 20.2 (0.6)d

PbP 51.5 (0.4)e 11.3 (1.1)e 36.3 (0.7)c

PaP 34.5 (1.1)g 27.8 (0.9)a 36.8 (0.5)c

AG 93.1 (0.9)a 4.7 (0.9)g 1.10 (0.5)f

AP 53.9 (1.1)d 23.3 (0.6)b 21.7 (0.6)d

AbP 37.8 (1.3)f 13.7 (0.7)d 47.5 (0.4)b

AaP 34.1 (1.0)g 11.3 (0.7)e 53.4 (0.5)a

a Average of three replicates followed by standard deviation. Values followed by
different letters in the same column differ significantly by Tukey test (p � 0.05). PG:
gelatinized potato starch; AG: gelatinized arrowroot starch; PP: debranched potato
starch; AP: debranched arrowroot starch; PbP: debranched b-amylase treated po-
tato starch; AbP: debranched b-amylase treated arrowroot starch; PaP: debranched
a-amylase treated potato starch; AaP: debranched a-amylase treated arrowroot
starch.
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smaller linear molecules with greater mobility and an increased
tendency toward retrogradation (Luckett & Wang, 2012). Fungal a-
amylase treated arrowroot starch had the highest percentage of RS,
while the potato starch exhibited 36.5% of RS regardless of the
enzyme used. However, the a-amylase treatment enhanced SDS
formation in potato starch. These results indicate that the amylose
content, the molecular mass of starch components, and the
amylopectin side chain lengths all strongly influence the formation
of RS3. The linear fractions released after fungal a-amylase action
followed by debranching in the arrowroot starch were more
appropriate in size for reassociation. This difference makes their
pairing and recrystallization easier and hinders the access of
digestive enzymes.

The optimum chain length for RS formation is still a matter of
debate because of apparently contradictory findings. In this work,
the highest RS content was obtained from linear chains with DPn
~15, which were in high proportion (Table 2). Eerlingen et al. (1993)
observed that RS3may be formed by aggregating the double helices
along a region of chains with approximately 24 glucose units, since
chains with DP 14e24 play a positive effect on retrogradation
(Silverio, Fredriksson, Andersson, Eliasson, & Aman, 2000). Gidley
and Bulpin (1987) observed that oligosaccharides with DP > 6 in
the presence of longer chains contribute to the formation of double
helices.

The increase in the proportion of short chains seems have a
positive influence on formation of more resistant B-type crystals to
digestive enzymes. High correlation coefficients of RS3 with crys-
tallinity (r ¼ 0.99 and r ¼ 0.95, for potato and arrowroot starches,
respectively) and also with melting enthalpy (r ¼ 0.93 and r ¼ 0.89
for potato and arrowroot starches, respectively) were obtained.
Indeed many workers have obtained good quality A- or B-type
crystals from short linear chains (DPn 15) prepared by acid degra-
dation (Crochet, Beauxis-Lagrave, Noel, Parker, & Ring, 2005;
LeCorre, Bras, & Dufresne, 2012), with high melting enthalpy
(Whittam, Noel, & Ring, 1990). On the order hand, according to
Eerlingen et al. (1993), maximum RS yields in amylose are obtained
from linear chains with DPn � 100. Gidley & Bulpin. (1989)
observed most rapid crystallization in monodisperse amylose at
DP ca 100, whilst chains with DP < 100 formed precipitates rather
than gels, which is likely to promote RS formation. However, these
results were obtained using purified amylose instead of
debranched starch. A possible explanation of these apparent dis-
crepancies is that optimum chain length for crystallization may be
affected by chain length distribution, which is different for amylose,
acid-degraded starch, and debranched starch.
4. Conclusion

Amylolysis preceding debranching is effective in reducing starch
digestibility. Fungal a-amylase is more efficient than bacterial b-
amylase in this process. The structural characteristics of starch and
particularly amylopectin side chain length distribution are impor-
tant factors in RS3 formation when amylolysis precedes
debranching. The RS3 formation is enhanced when there is both a
decrease in the proportion and DP of long chains and an increase in
the proportion of short chains especially with DP ~15.
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