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Abstract

Physicochemical factors affecting cooking and eating quality of rice and their mechanisms were
investigated. The stickiness of cooked rice was negatively correlated with amylose content (r=-0.
58, p<9.65) and protein content ( r=-0.72, p<9.01), but not affected by crude fat content of rice.
The ultrastructure of cooked rice grain showed the progressive gelatinization of starch from the
periphery toward the center of the endosperm as water and heat energy diffused into. The rate of
water diffusion appears to be dependent on the cell arrangement in the endosperm and the
protein content of milled rice. Once water and heat reach the starch granules, the rate of in situ
gelatinization of starches appears to be dependent on their own gelatinization temperature
range and amylose content. Protein acts as a barrier for the swelling of starch and water
diffnsion in two ways : 1} by encasing starch granules in the starchy endosperm, and 2) by
forming a barrier between the subaleurone layer and the starchy endosperm. Therefore, the
separation and fragmentation of the outermost layers of the endosperm occurred more easily in
the low-protein content rices, and was associated with increases of solids lost in cooking-water at
95°C and stickiness of cooked rice.
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INTRODUCTION

Rice (Oryza sativa 1..) has been cultivated for
centuries and produced in many countries. Rice is
the only cereal whose primary use is through
cooking and consumption of the whole grain. The
cooking of rice results primarily in the gelatini-
zation and swelling of the starch in the rice en-
dosperm, with absorption of water. Although rice
starch may increase as much as 60 times in volume
when cooked in excess water”, the rice kernel
swells no more than 4 times even in excess water,
the nonstarch constituents obviously suppressing
this swelling®. Since there have been observations
of different endosperm cell arrangements of rice
grains, loosely-packed and compactly-packed ones®
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%, it appears that the physical structure of rice
grain might be important, oo,

It is now generally believed thai the amylose to
amylopectin ratic and gelatinization temperature
is the most important determinants affecting the
cooking and eating qualities of milled rice. Since
these differences do exist among varieties with
similar amylose content and gelatinization tem-
perature, some additional indices are needed to
differentiate among them, especially in breeding
program.

Further studies are required to elucidate the
physicochemical changes during cooking and their
relationship to the texture of cooked rice. The use
of scanning election microscope may help to clarify
the role of starch and nonstarch constituents and
the effect of rice grain structure on determining
cooking and eating qualities of rice.
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MATERIALS AND METHGDS

Materials

Twelve varieties of milled rice differing in phy-
sicochemical properties were examined.

All the varieties except Kokuho Rose were obtain-
ed from the National Rice Research Laboratory,
Beaumont, TX. XKokuho Rose was obtained from
the local oriental store, Ames, IA.

Milled rice was ground to flours in a burr mill
type grain grinder, passed through a No. 70 sieve
(212 pm), and stored at -207C until used. Rice sta-
rches were isolated by alkali extraction of protein
using cold 0.2% sodium hydroxide solution to
minimize the damage of starch granule®.

Physicochemical properties of rice

Moisture, protein and crude fat of rice were
measured according to the AOAC procedures®.
Amylose content of rice starch was measured by
the potentiometric iodine titration method des-
cribed by Schoch”. The gelatinization temperature
range was determined by measuring the percent
loss of birefringence (2%~98%) with an electrically
heated hot stage and a polarizing microscope (Leitz
Wetzlar, Germany) using the method described by
Watson®. The 98% loss-point was taken as the
birefringence end point temperature {BEPT).

Water uptake and solids lost in cooking-water of
rice during cooking was determined basically in the
same way that measures the swelling power and
solubility of starch described by Schoch®. The vise-
osity pattern of a 10% (as-is basis, w/w) flour susp-
ension was determined using the Visco/amylo/Gr-
aph (C.W. Brabender Instruments, Inc., NJ) as
described by Tipples™.

Scanning electron microscopy

Rice was cooked to various temperatures in a
Viseo/famylo/Graph to contrel the heating rate (1.5
¢/min). The cooked rice was taken out at each
temperature and frozen quickly by immersion in
melting trichlorodiﬂuoromethane {(Freon 113, TED
Pella, Inc., CA) in liquid nitrogen {m.p. -195.8C) to
avoid the insulation effect of nitrogen bubbles.

Frozen samples were freeze-fractured transv-
ersely with a precooled sharp razor blade and then
freeze dried.

Samples were examined with a JSM-35 scanning
electron microscope (Jeol Litd., Japan).

Stickiness of cooked milled rice

Stickiness of cooked milled rice was determined
with the Instron Universal Testing Instrument
{model 1122, Instron Engineering Co., MA) based
on the method of Mossman et al.”” and the resulis
from the preliminary examination, because of the
different sensitivity of the instrument.

Eight grams of rice (as-is basis} were placed in a
50ml beaker to which 12ml of distilled water were
added.

The beaker was then covered with a watch glass
and steamed at the precalibrated heating rate.
After steaming 20 minutes, the pan was removed
from the heat and the samples were held in the
pan an additional 10 minutes. Each beaker was
then removed and inverted on its watch glass to
cool for 40 minutes at room temperature before
testing. Without mixing, 4g of rice from the center
were placed on the stationary plate. A 500kg Ten-
sion/Compression cell was lowered at bmm/min,
while the recorder chart moved at 200mm/min. At
80% of compression pressure, the crosshead move-
ment was stopped for exactly 20 seconds, during
which time the sensitivity was increased to max-
imum,

After the relaxation period, the crosshead was
moved upward at the same speed, causing the pen
to move to the negative field and return. The total
area, which was converted to work unit (g - cm)
was taken as representing stickiness value.

RESULTS AND DISCUSSION

Physicochemical properties of rice

Physicochemical properties of rices from twelve
different varieties are presented in Table 1. Amy-
iose content, BEPT, protein content, crude fat con-
tent varied significantly among the varieties tested
{a=0.01).

Stickiness values ranged from 17.51 to 85.34¢ -
cra (Table 1)} showed significant varietal differences
{a=0.01). Stickiness is the tendency of the cooked
rice {0 adhere to itself and to other objects. With
bulk samples, Instron stickiness was more sensi-
tive when measured after compression to constant
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Tahle 1. Physicochemical properties of rices"

Variety Amylose CTrange” Protein Crude fat Stickiness Water Uptakes  Cockewater ~ Loss®
%, d-b. T %, d.b, %, d.b. g om 50 957 75 951
Newrex 278 B1.5~74.8 892 0.18 17.51 a7 389 0.68 6.36
Lebonnet 23.2 60.5~74.7 10.16 0.24 28.22 51 344 048 5,09
Pecos 23.0 55.7~61.3 7.83 0.18 69.73 85 386 3.70 7.52
Bellemont 212 58.6~75.1 8.62 0.22 21.70 39 373 0.93 5.95
Labelle 20.5 59.3~75.8 7.76 0.17 3553 35 379 1.13 5.36
36 19.7 55.0~64.7 8,42 0.21 42,64 115 356 3.59 8.03
Kokuho Rose 18.2 55.0~73.5 7.12 0.25 54.35 114 383 5.32 9.53
Brazos 15.2 58.0~68.0 8.21 0.14 85.07 84 358 1.49 €.30
Lemont 14.1 61.2~74.0 1048 0.20 25.13 38 358 1.27 6.09
Early Colusa 12.8 56.2~68.8 8.45 0.29 44,96 71 348 L75 831
Vista 11.2 59.7~71.2 8.32 0.18 61.29 51 333 1.22 £.81
Century 10.4 65.2~78.8 5.68 0.21 85.34 38 385 2.17 10.68
Patna 231
* : Mean value of replicates
b 1 2% birefringence loss-98% birefringence loss (BEPT)
€1 %, db.
Table 2. Brabender Visco/amylo/Graph characteristics of rice flours
Variety Pasting Peak(F) 95, 15min. 500(C) Breakdown Setback Consistency
temp, T B.U, hold(H) B.U. B.U. P-H)LBU. (CP,BU (CH),BU
Newrex 8.5 850 745 1420 165 570 675
Lebonnet 75.0 735 520 1150 215 415 630
Pecos 69.0 1000 610 1060 390 50 450
Bellemont 73.5 695 520 1090 175 395 570
Labelle 78.5 975 575 1120 400 145 545
5-6 84.5 770 465 900 305 130 435
Kokuho Rose 72.0 65 490 920 275 155 430
Branzes 87.5 10458 550 980 495 -65 430
Lemont 2.0 710 515 1175 195 465 660
Early Colusa 69.0 990 520 1000 470 10 480
Vista 71.3 1216 650 1120 560 ~90 470
Century 8.3 1150 500 750 850 -400 250
Patna 231

* 1 10% (as-is basis, w/w) paste ; 1.5 /min heating and cooling rate ; 75 rpm

pressure than after compression to constant clear-
ance”. Indeed, hardness of cooked rice influences
the obtained stickiness. Juliano et al.’® reported
that stickiness values showed significant negative
correlation with hardness values.

Water uptake and solids lost in cooking-water
were determined as an indication of cooking gual-
ity. Water uptake at 95 ranges from 339 to 389%
(db) and solids lost in coocking-water at 957 from 5.
09 to 10.68% (db) (Table 1). Water uptake at 76¢
ranges from 37 to 115% (db) and solids lost in coo-
king-water at 75 from 0.48 to 5.32% (db) (Table 1).

Brabender Visco/amylo/Graph
characteristics of rice flours

Amylography is viewed as a measure of cooking
characteristics of rice’®. Amylograph pasting char-
acteristics of rice flours are tabulated in Table 2.

Correlations among physicochemical
properties of rice
Cooked rice stickiness was significantly affected by
protein content (r=-0.72, p<0.01) and amylose
content (r=-0.58, p<0.05), but not by crude fat
content. It has been known for a long time that the
ratio of amylose and amylopectin is the major



640 Young-Fun Lee and Elizabeth M. Osman

factor governing the eating guality of rice’. Bui
there have been contradictory resuits about the
effect of protein on cooked rice stickiness™™,
Generally, when samples with a wide range of
amylose content were employed, the effect of
protein content seemed to be cutweighed because
the difference in amylose content was far larger
than that of protein content.

From these results, it might be concluded that the
ratio of amylose to amylopectin is the primary
factor affecting the cooked rice stickiness, but the
effect of protein on the cooked rice stickiness be-
comes more apparent among the rices of narrow
ranges of amylose content.

Cooked rice stickiness was significantly correlated
with amylograph viscosities of rice flours (Table 3).

Table 3. Correlation coefficients of milled rice and starch properties with cooking and eating guality indexzes

among nonwaxy rices (n=12)

Property Amylese Protein Crude fat Stickiness BEPT
Amylese 1.00
Protein 0.25 1.00
Crude fat 0.12 0.07 1.00
Cooked rice stickiness (.58* 0.72*> 0.18 1.00
Water uptake at 757 0.04 -0.81 0.28 0.29 -0.69**
Water uptake at 95 .42 -0.47 0.36 0.08 0.35
Cook-water loss at 75¢C 0.06 -{1.56" 0.21 0.47 -0.38
Cook-water loss at 95T 0.23 -0.68** 0.04 .82 012
Arylograph Peak -0.55 0.55 .35 0.75%* -0.06
Breakdown Q.78 61" 0158 o.87 3,10
Setback 0.71%* G74* 0.09 0.93"* £.13
Consistency 0.58* nga (.00 -0.91°° 015
¥ p<0.05
= p<(.01

Fig. 1. Cell surface and compound starch granule of loosely —packed Early Colusa (A, B) and compactly —
packed Lebonnet (C, D) cs=compound starch granule, dm = demazcation.
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Especially, cooked rice stickiness showed strong
correlation with breakdown {(r=0.87, p<0.01),
setback (r=-0.93, p<0.01} and consistency (r=-0.
91, p<<0.01) of rice flour. These strong correlations
are due to the synergistic effects of amylose content
and protein content of rice. Therefore, amylograph
viscosities of rice flour can be used as good indices
to differentiate among rices within the narrow ra-
nge of amylose content.

Ultrastructural changes of rice during
cooking

The starchy endosperm consists of thin walled
parenchyma cells which are elongated radially on
cross-sectional view and filled with compound star-
ch granules and some protein bodies.

The fracture faces of crumbly or soft-endosperm
nonwaxy rice showed mainly intercellular cleavage.
The cell boundaries in crumbly rices were relat-
ively rough in appearance, indicating the presence
of less matrix material between compound starch
granules and parenchyma cells (Fig.1). The cell
walls were composed of cellulose microfibrils, a
matrix phase of hemicellulose, pectic substances

<

P
Fig. 2.

; R
Srarch granules in the center (A) and the
peripheral cells of the endosperm of rice gr-
ain cm=cell matrix, cs=compound starch
granule, is=individual starch granule, p=
protein hody.

Fig. 3. Progressive changes from the periphery ioward the center of the endosperm during cooking at 75°C

(A), 85°C (B), 90°C (C), 95°C, 10min(D).
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and 3% protein'”. In the center, individual starch
granules were shown through intracellular cleav-
age and the loose packing among individual starch
granules was most marked.

The fracture faces of hard-endosperm nonwaxy
rice showed mainly intracellular eleavage. The cell
boundaries were smooth, and angular and starch
granules in parenchyma cells compact, and the
demarcation between individual granules and com-
pound granules were not apparent (Fig. 1). This
difference in packing state affected the shape of
compound granule markedly, and also that of indi-
vidual granules ; some of the starch granules from
loosely-packed rices had one or more faces well
rounded.

Starch granules in the peripheral cells of the end-
osperm were smaller than those in the major centr-
al portion, confirming previous observations made
by Little and Dawson®. The compound granules in
the peripheral cells were separated by electron-
dense proteinaceous materia''"”, whereas those in
the central portion were closely packed without
any apparent intervening material (Fig. 2).

Fig. 4. Differences in water diffusion rate between
compactly-packed (A, Lebonnet} and loosely-
packed (B, Brazos) endosperm at 75°C es=
componund starch granule, is=individual
starch granuale, m-~missing granule.

All the rice samples studied showed a similax
pattern of structural changes during heating, re-
gardless of variety. The variations were dependent
upon the rate of water and heat diffusion, proper-
ties of starch {(amylose content and BEPT) and pro-
tein content of the rice. Progressive changes from
the periphery toward the center of the endosperm
were evident in both sticky and less sticky rices
(Fig. 3).

The water diffusion rate seems to be affected
greatly by the packing state of rice grain during
the initial cooking period (75C). At the same temp-
erature and time, water diffused into the central
portion more easily in loosely packed rices than in
compact ones (Fig. 4).

As water and heat penetrated into the endosperm
with temperature increase, the cell matrix started
to loosen up, admitting enough water and heat for
gelatinization of starch. Above the gelatinization
temperature, starch granules gradually started to
gelatinize and swell further without losing their

Fig. 5. Differences in the extent of gelatinization of
starches between loosely-packed and low
amylose rice (A, Early Colusa) and compact.
Iy-packed and high amylose rice(B, Newrex)
at 85°C cs=compound starch granule, cm-
cell matrix, 1=indentation by protein body,
p=protein body-
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Fig. 6. Fracture surface of fully cooked rice grain (A, Lemont, 95°C, 10min) and enlarged view of thé center
(B} and the middle regior (C) of endosperm {cell boundary is shown as arrow heads).

shape. At this time (857), cell matrix materials
and protein bodies have not been affecied by heat
and water, even though the starch granules have
already started to gelatinize (Fig. 5). As more
water is absorbed, the size of parenchyma ecells in-
creased markedly and starch granules lost their
original shape and structure. The resistance to loss
of structure may be dependent on amylose content
as previously described™.

After being heated for 10 minutes at 85, starch
granules were fully gelatinized and milled rice
grains were fully cooked (Fig. 6). The fractured
surface showed starch gelatinization in sitv was
somewhat limited inside the cell and cell boun-
daries were still maintained. The enlarged view of
the fully cooked rice grain showed the homogen-
eous gel matrix structure with cell boundaries.,

Separation of the subaleurone layer from starchy
endosperm occurred during heating (Fig. 7). Once
this outermost layer of endosperm was separated
from starchy endosperm and even removed, water
and heat penetration and solids lost in cooking-
water could be increased rapidly, and this assisted
gelatinization of starches to a great extent. This
fragmentation of the outer layers of grain seems to
be greater in low-protein rices (Fig. 8). This sugg-
ested that protein may act as a barrier for water

. , .
Fig. 7. Separation of the subaleurone layer of Cen-
truy Pataa 231 (A) and S-6 (B) at 95°C E=
endosperm, P—protein body, $=subaleu-

rone layver.
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Fig. 8. Fragmentation of the outer layer of Century
Patna 231(A) and Kokuehe Rose(B) at 95°C,
10mein.

diffusion from the subaleurone layer toward the
center of starchy endosperm. Increase in sclids lost
in cooking-water by separation of the subaleurone
layer and/or fragmentation may affect the sticki-
ness of cooked rice. This is supported by the correl-
ation coefficients between solids lost in cooking-
waker at 951 and protein content (r=-0.68, p<0.
1), solids lost in cooking-water at 957 and stic-
kiness (r=0.62,p<0.05), and protein content and
stickiness (r=-0.72, p<0.01) (Table 3).

So far, the effect of the physical structure of
milled rice and the role of protein on the cooking
and eating gualities of rice have been underes-
timated. This study suggests that differences in
cocking and eating gqualities of rice seem to be due
to several factors : endosperm cell arrangement
and protein content of rice, and gelatinization tem-
perature range and amylose content of starch.
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