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The objective of this study was to understand the resistant-starch (RS) formation during kernel

development of a high-amylose maize, GEMS-0067 line. The RS content of the starch, determined

using AOAC method 991.43 for total dietary fiber, increased with kernel maturation and increase in

the amylose/intermediate component (IC) content of the starch. Gelatinization of the native starches

showed a major thermal transition with peak temperature at 76.6-81.0 �C. An additional peak

(∼97.1 �C) first appeared 20 days after pollination and then developed into a significant peak on

later dates. After removal of lipids from the starch, this peak disappeared, but the conclusion

gelatinization temperature remained the same. The proportion of the enthalpy change of the thermal

transition above 95 �C, calculated from the thermogram of the defatted starch, increased with kernel

maturation and was significantly correlated with the RS content of the starch (r = 0.98). These

results showed that the increase in crystallites of amylose/IC long-chain double helices in the starch

resulted in the increase in the RS content of the starch during kernel development.

KEYWORDS: Resistant starch; high-amylose maize; ae mutant; amylose double helices; amylose-
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INTRODUCTION

Resistant starch (RS) is a portion of starch that cannot be
hydrolyzed by enzymes in the human digestive tract and is
fermented by bacteria in the large intestine. RS present in high-
amylose maize starch has been reported to have many health
benefits, including prevention of colon cancer, type II diabetes,
obesity, and cardiovascular disease (1-12).

A new public high-amylose maize line, GEMS-0067 (PI 643420),
was developed by Dr. Mark Campbell at Truman State Uni-
versity inKirksville,MO,working cooperativelywith theUSDA-
ARS Germplasm Enhancement of Maize (GEM) Project in
Ames, IA. The GEMS-0067 maize line is a homozygous mutant
of the amylose-extender (ae) gene and contains high-amylose
modifier (HAM) gene(s) (13 ). GEMS-0067 starches consist
of 83.1-85.6% apparent amylose, greater than the maize ae
single-mutant starches of H99ae, OH43ae, B89ae, and B84ae
(61.7-67.7%) (14) and normal maize starch (∼30%) (15). The
RS contents of the GEMS-0067 starches, determined using
thermally stable R-amylase at 95-100 �C (AOAC method
991.43) (16), are 39.4-43.2%, which are higher than that of the
maize ae single-mutant starches (11.5-19.1%) (14) and normal
maize starch (∼1.5%) (17). The RS content increases with the
increase in the apparent amylose content (14).

The GEMS-0067 starches consist of 22.6-32.0% elongated
starch granules. The proportions of elongated starch granules of
the GEMS-0067 starches are much larger than that of the maize

ae single-mutant starches (5.2-7.7%) (18) and normal maize
starch (0%) (19). These elongated starch granules are formed by
fusion of small granules through amylose interaction in the
amyloplast at the early stage of granule development (20).

The RS in the maize ae mutant starch is attributed to long-
chain double-helical crystallites of amylose/intermediate com-
ponent (IC) present in the starch granules. These amylose/IC
crystallites, having high gelatinization temperature (>95 �C),
maintain semicrystalline structures at 95-100 �C and, thus, are
resistant to enzyme hydrolysis by thermally stable R-amylase at
95-100 �C (14,18,21). The objective of the current study was to
understandRS formation during kernel development of the high-
amylose maize GEMS-0067 line.

MATERIALS AND METHODS

Materials. GEMS-0067 maize plants were grown in the field of
the USDA-ARS North Central Regional Plant Introduction Station
(NCRPIS) in Ames, IA, in the 2007 and 2009 crop years. Plants were self-
pollinated by hand, and ears were harvested at 15, 20, 30, 40, and
54 (mature) days after pollination (DAP). Maize kernels were removed
from ears and stored at -20 �C until analysis. All chemicals were
of reagent grade and were purchased from Sigma-Aldrich Chemical Co.
(St. Louis, MO) or Fisher Scientific (Pittsburgh, PA).

Starch Isolation. Starch was isolated from maize endosperms using
the method reported by Li et al. (14).

RS Content of Starch. The RS content of native starch was
determined using AOAC method 991.43 for total dietary fiber (16) as
described by Li et al. (14).

Amylose/IC Content of Starch. Amylose/IC content of the starch
was determined using Sepharose CL-2B gel permeation chromatography
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(GPC) (22) followed by total carbohydrate (phenol-sulfuric acid) (23)
and blue value analyses (24). Amylopectin content of the starch was
calculated by subtracting the amylose/IC content from 100%.

Lipid Content of Starch. The lipid content of the starch was
determined using 85% methanol (v/v) extraction in a Soxhlet extractor
for 24 h (25). The starch samples after removal of lipids were dried at 37 �C
overnight.

Scanning Electron Microscopy (SEM). GEMS-0067 starches ob-
tained at different kernel developmental stages were coated with gold-
palladium (60:40). SEM images of starch granules were produced using a
scanning electron microscope (JEOL 5800, www.jeol.com) at 10 kV in
the Microscopy and NanoImaging Facility at Iowa State University,
Ames, IA (26).

X-ray Diffractometry. Native GEMS-0067 starches were equili-
brated in a chamber with 100% relative humidity at 25 �C for 24 h.
X-ray diffraction patterns of the starches were determined using an X-ray
diffractometer (D-500, Siemens, Madison,WI) with copper KR radiation.
The percentage crystallinity of starch was determined using the method
described previously (26).

Thermal Properties of Starch. Thermal properties of GEMS-0067
starches isolated from kernels harvested at different developmental stages
were analyzed using a differential scanning calorimeter (DSC) (DSC-7,
Perkin-Elmer, Norwalk, CT) as reported previously (14, 27). Starch
(∼6 mg, dry starch basis) was precisely weighed and mixed with 3 times
(byweight) deionized-distilled water (∼18 μL). Themixture was sealed in
a stainless steel pan and equilibrated at 25 �C for 1 h. The starch sample
was then heated from 10 to 180 �C at a rate of 10 �C/min. A sealed empty
stainless steel pan was used as the reference. Onset (To), peak (Tp),
and conclusion (Tc) temperatures and enthalpy changes (ΔH) of starch
gelatinization were determined using Pyris software (Perkin-Elmer,
Norwalk, CT).

RESULTS AND DISCUSSION

RS, Amylopectin, Amylose/IC, and Lipid Contents of Starch.

The RS contents of the GEMS-0067 starches isolated from
kernels harvested at different developmental stages in the 2007
and 2009 growing seasons are shown in Table 1. The RS contents
of theGEMS-0067 starches grown in both the 2007and 2009 crop
years increased with kernel maturation and reached a plateau
after 40 DAP.

The amylose/IC contents of theGEMS-0067 starches obtained
at different kernel developmental stages are summarized in
Table 1. The amylose/IC contents of the GEMS-0067 starches
grown in both the 2007 and 2009 crop years increased with kernel
maturation and reached a plateau on around 40DAP. This trend
agreed with the result previously reported for high-amylose
maize (28) and was similar to the increase in amylose content of
normal maize starch during kernel development (29).

The RS content of the starch at different kernel developmental
stages increased with the increase in amylose/IC content, having
correlation coefficients of 0.99 (p<0.001) for both the 2007 and
2009 crop years (Table 1). These results indicated that amylose/IC
molecules were principal components for RS formation during

kernel development. It has been shown that amylose/ICmolecules
in high-amylose maize starch form long-chain double-helical
crystallites (18), which were resistant to enzymatic hydrolysis at
95-100 �C.

The lipid contents of the starches isolated at different kernel
developmental stages are summarized in Table 1. In general, the
lipid contents of the starches grown in both the 2007 and 2009
crop years increased with kernel maturation. It is known that
lipids present in starch granules reduce the enzymatic hydrolysis
of the granules at 95-100 �C (18).

Morphology of Starch Granules. SEM images of the GEMS-
0067 starches harvested at different kernel developmental stages
in 2007 are shown inFigure 1. The SEM images of the 2009 starch
samples were similar to that of the 2007 starch samples and, thus,
are not shown. All of the GEMS-0067 starches obtained at
different kernel developmental stages consisted of mainly two
types of starch granules, spherical and elongated, as previously
reported (18,20,28,30). Starch harvested at 15 DAP (Figure 1A)
had smaller granule sizes and consisted ofmore spherical granules
and fewer elongated granules than the starches harvested on later
dates (Figure 1B-E). These morphological images showed that
starch granules of 15 DAP were immature and were expected to
further grow by apposition to increase the granule size. These
small granules would eventually become the inner part of mature
and large granules. The amylopectin content of the starch har-
vested at 15 DAP (44.8%) was much larger than those of the
starches harvested on later dates (21.6-11.4%) (calculated from
Table 1). These results indicated that amylopectin molecules were
more concentrated at the core and inner part of the mature starch
granule. The results agreed with previous reports of starch
granule structures, showing that amylose molecules were more
concentrated at the periphery of starch granules (31-33). Most
starch granules harvested at 15 DAP (Figure 1A0) and a few
granules in the starches harvested on later dates appeared to have
a rough surface structure (Figures 1B-E). This feature was
different from the smooth surface of the normal maize starch
granules during kernel development (29). The rough surface of
the GEMS-0067 starch granules could be attributed to amylose/
IC crystallites of the starch, which lacked branched chains to fill
the spherical surface (26).

Starch harvested at 15 DAP consisted of less amylose/IC
content and a smaller proportion of elongated starch granules
than the starches harvested at 20 DAP and later dates (Table 1
and Figure 1). These results were consistent with previous reports
showing that the proportion of the elongated starch granules
increased with kernel maturation (28) and with the increase in the
amylose content (18, 20, 28). It also has been reported that
elongated starch granules consist of more RS (18).

Crystallinity of Starch Granules. X-ray diffraction patterns of
the GEMS-0067 starches harvested at different developmental
stages in the 2007 crop year are shown inFigure 2. Starch samples

Table 1. RS, Amylose/Intermediate Component (IC), and Lipid Contents of GEMS-0067 Starches Harvested at Different Kernel Developmental Stages

RSa (%) amylose/ICb (%) lipid (%)

sample 2007 crop year 2009 crop year 2007 crop year 2009 crop year 2007 crop year 2009 crop year

15 DAPc 9.0( 1.2 10.1 ( 0.1 55.2( 0.5 54.5( 0.3 not determined not determined

20 DAP 26.4( 0.1 25.3( 0.7 78.4( 0.2 76.9 ( 0.6 0.43 ( 0.03 0.25d

30 DAP 29.6( 0.8 28.4( 0.3 81.9 ( 0.3 84.3( 0.8 0.42 ( 0.02 0.39

40 DAP 32.0( 0.1 32.9( 0.4 88.6 ( 1.3 89.5( 0.1 0.62 ( 0.03 0.45

54 DAP 32.1( 0.3 33.8( 0.2 87.6 ( 0.4 88.8( 0.4 0.64 ( 0.01 0.50

coefficient between RS and amylose/IC content 0.99e 0.99e

aResistant starch (RS) content was determined using AOAC method 991.43 for total dietary fiber. b Amylose/IC contents were determined using Sepharose CL-2B gel
permeation chromatography followed by the total carbohydrate (phenol-sulfuric acid) determination. cDAP, days after pollination. dValues were analyzed one time because of
limited material. e p < 0.001.
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harvested in 2009 showed similar results (data not shown). All of
the starches displayed the B-type polymorph. There was no
V-type X-ray diffraction pattern of 2θ peaks at 8�, 13�, and
20� (34-36) observed for any of the starches, indicating that no
crystalline amylose-lipid complex was present in the starch
granule.

The percentage crystallinity of the starch (Figure 2) decreased
with kernel maturation and increase in the amylose/IC content
(r=-0.90, p<0.05). The starch of 15 DAP had the greatest
percentage crystallinity, resulting from its largest amylopectin
content. Amylopectin molecules in normal starch granules are
predominantly crystalline because of their clustered branched
chains and abundant free ends, which are prompt to crystallize.
Amylose molecules in normal starch granules are amorphous
because of the low concentration and being interspersed among
amylopectin (37, 38). The amylose/IC molecules were dominant
components in the maize ae mutant starch granules and were
known to interact with one another to form double helices and
contribute to the total starch crystallinity (18).

Thermal Properties of the Starch. DSC thermograms of the
GEMS-0067 starches harvested at different kernel developmental
stages in the 2007 cropyear are shown inFigure 3, and the thermal
properties are summarized in Table 2. Thermal properties of

starches harvested in 2009 showed consistent patterns and, thus,
are not shown. The onset gelatinization temperatures (To) were
68.8-69.9 �C for the starches harvested at 15, 20, and 30 DAP
and then gradually decreased to 64.9 �C at 54 DAP (Table 2).
These results showed a trend similar to that of the To of normal
maize starch (B73) during kernel development. The normalmaize
starch reached the maximum To (69.0 �C) at 14 DAP and then
decreased to 62.8 �C at kernel maturation (29).

All of the native starches showed a gelatinization thermal
transition peak with the peak temperature (Tp1) increasing from
76.6 to 81.0 �C (Table 2 and Figure 3). The intensity of the peak
decreased with kernel maturation and with the increase in
amylose/IC content (Table 1 and Figure 3), indicating that this
peak was likely due to the dissociation of short-chain double-
helical crystallites of the amylopectin molecules (14, 18, 27). An
additional peak (Tp2, ∼97.1 �C) first appeared as a shoulder at
20 DAP, became a minor peak at 30 DAP, and then developed
into a significant peak at 40 and 54 DAP (Figure 3). The size of
this peak coincided with the lipid content of the starch (Table 1),
and the peak shown in Figure 3 disappeared after removal of
lipids from the starch (Figure 4). These results suggested that the
additional peak at ∼97.1 �C (Figure 3) corresponded to the
melting of the amorphous amylose-lipid complex (39,40), which

Figure 1. Scanning electron micrographs of GEMS-0067 starches harvested at different kernel developmental stages in 2007 crop year: A and A0, 15 days
after pollination (DAP); B, 20 DAP; C, 30 DAP; D, 40 DAP; E, 54 DAP.
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had a lower thermal transition temperature than the crystalline
amylose-lipid complex (Tp, ∼120 �C) and showed no V-type
crystalline pattern (Figure 2). It is known that the content of
amylose-lipid complex in wheat, barely, and rye starches in-
creases with kernel maturation (41). The presence of lipids in
starch granules has been reported to reduce the enzyme digesti-
bility of the granules at 95-100 �C (18).

The conclusion gelatinization temperatures of the native
starches increased from 105.0 �C at 15 DAP to 117.8-122.2 �C
on later dates (Table 2). After removal of the lipids from the
starches, the conclusion gelatinization temperatures remained
about the same. The proportion of the enthalpy change of the
thermal transition above 95 �C (Figure 4) increased with kernel
maturation and was significantly correlated with the RS content
of the starch with a correlation coefficient of 0.98 (p<0.05).
These results confirmed that long-chain double-helical crystallites
of amylose/IC present in the starch granule increased with kernel
maturation of the GEMS-0067. The long-chain double-helical
crystallites maintained semicrystalline structures at 95-100 �C
and, thus, were resistant to enzymatic hydrolysis (14, 18).

In conclusion, the RS content of GEMS-0067 starch increased
with kernel maturation and with the increase in the amylose/IC
content of the starch. Starch granules isolated from kernels har-
vested at 15 DAP had smaller granule sizes and consisted of
more spherical granules and fewer elongated granules than those
harvested on later dates. The amylopectin molecules were more
concentrated in the starch granules harvested at 15 DAP and at
the core and inner part of themature granules. The increase in the
amylose/IC content of the starch during kernel development
led to the formation of long-chain double-helical crystallites that
had gelatinization temperatures above 95 �C and resulted in the
increase in the RS content of the starch. The increase in the lipid
content of the starch could also reduce the enzyme digestibility of
the starch.
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