Chalky and Translucent Rice Grains Differ in Starch Composition
and Structure and Cooking Properties
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Chalk is an important quality characteristic in rice and occurs mosthan were those in the superior position. The presence or absence of chalk
commonly when high temperatures are experienced during grain devedffected cooking quiy but neither amylose content, amylopectin struc-
opment. The aims of this report are to determine whether chalk affectare nor protein composition explained the differences in cookinigtygua
cooking qudity and to attempt to explain the effects on the basis of starctiowever, the shape, size, and packing of amyloplasts and cells in chalky
and protein in chalky and translucent grains. Three cultivars of rice wergrains differed from those in translucent grains and might offer an expla-
grown in the glasshouse at either 38/21°C or 26/15°C (day/night temperaation for the differences in cooking djty It seems likely that the pro-
tures). Rice grown at the higher temperature contained more chalky graireesses involved in theifiation or packing of amyloplasts are susceptible
Grains in the inferior position were more susceptible to forming chalko high temperatures.

Australia is one of the smallest rice producers in terms of the
world rice trade, yielding much less annually than other temperate
rice-growing areas. However, the Australian rice industry is, pro-
portionally, one of the largest exporters of rice; approximately
85% of the grain produced is sold to overseas markets. Thisis not
the case in most other rice-growing countries, where the domestic
market consumes the mgjority of the grain produced. Because the
Australian rice industry cannot compete with other temperate rice-
growing areas in terms of quantity, its marketing strategy has been
to supply high-quality grain specifically to niche markets. There-
fore, Australian rice must meet narrow specifications for each
parameter of quality and undergo a stringent quality testing pro-
cedure before being sold to various markets.

Chalk, an opague areain the grain, affects the visual appearance
of white rice. Chalk mainly occurs at the center of the grain and
can occupy >50% of the area of the grain. It is an undesirable charac-
teristic in al markets except the arborio market; most markets will
not accept rice that contains >2% of chaky grains. Here, we inves-
tigate whether chalk affects cooking qudity or whether itissimply a
cosmetic problem, and then we proceed to define the differences
in the components of chalky and translucent grains.

Studies (Tashiro and Ebata 1975, Tashiro and Wardlaw 1991)
have shown that high temperatures during specific stages of grain
development tend to increase the occurrence of chalk in rice grains.
However, another effect of high temperatures during grain devel-
opment is a decrease in amylose content. The subsequent effect of
this on the cooking quality of the rice might mask any effect of
chalk on cooking quality (Tashiro and Ebata 1975). Because high
temperatures seem to be the main cause of chalkiness in rice, the
effect of high temperature on cooking quality complicates any work
aiming to understand the effect of chalk on cooking quality.

Here, we report that chalky grains differ, independently of high
temperature, from translucent grains in cooking properties, cellu-
lar structure, and the morphology and packing of the starch granule.

MATERIALSAND METHODS

Field Experiment

Plant growth. Oryza sativa (cvs. Millin and Amaroo) were sown
on October 17, 1997, at the research farm of Yanco Agricultura
Institute on a Birginbigil clay loam soil. Millin is a short duration
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crop and reaches anthesis =10 days before Amaroo. Because of this,

Millin experienced a sustained period of high temperatures (day/

night 39/25°C) during grain development, whereas during grain devel-

opment in Amaroo, the temperatures were, on average, 32/15°C.
Harvest. Mature grain was harvested from the field trials with a

Hege header. Paddy rice was dried on aerated drying racks in low

humidity to 14% moisture and placed in a warm room (28°C) for

two days, reaching a final moisture contentd2%. Paddy rice

(150 g) was dehulled (THU35A 250V 50Hz Test Husker, Satake),

and then milled (McGill No. 2 Mill) for 60 sec.

Glasshouse Experiment

Plant growth. Oryza sativa (cvs. Millin, lllabong, and Amaroo)
were chosen for varying tolerances to forming chalk. Millin is a
medium-grain rice that historically is unlikely to form chalk in
high temperatures. Amaroo is another medium-grain rice, but with
different textural properties, and is moderately resistant to forming
chalk. lllabong is an arborio-style rice that generally forms chalk
in the climate of Australia’s rice-growing region.

Seeds of Millin, Amaroo, and lllabong were sown in a clay soil,
in pots (20 cm diameter). About two weeks after germination, seed-
lings were thinned to five plants per pot and then grown in a glass-
house until plants reached anthesis. At anthesis, plantswesed
to one of two controlled temperature environments for the remainder
of grain development. In one glasshouse, plants were grown in a
temperature regime of day/night 38/21°C, and in the other, plants
were grown at day/night 26/15°C.

Harvest. The date of anthesis was recorded for each panicle.
Panicles were harvested in duplicate from plants in both temper-
ature conditions at either 7, 10, 12, 15, 20, and 25 days post
anthesis (dpa) or at maturity. For each stage of development, the
panicles from each harvest were dissected by separating grains in
the superior position from grains in the inferior position (Fig. 1).
The developing grains were carefully peeled to isolate the endo-
sperm. The endosperm was immediately frozen in liquid nitrogen
(LN,) and 10 were pooled. Grains harvested at maturity were
dried and dehulled as described above and then milled for 1 min in
a homemade small-sample miller.

M easuring Chalkiness

The amount of chalk in the milled mature rice was measured
using image analysis (Reece and Blakeney 1993). Briefly, after
accounting for the background, chalk is expressed as the propor-
tion of opaque relative to translucent areas in a single layer of white
rice grains (130 cAn=300 grains). In the field experiment, chalk-
iness was measured on all grains. In the glasshouse experiment,
chalkiness was measured on grains that were either from the super-
ior position or from the inferior position on the panicle (Fig. 1).
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Grinding on ice for 10 min and centrifuged (12,00@) for 10 min at 4°C.

For analysis with a Rapid Visco Andyser (RVA), mature polished The supernatant was collected, and the pellet was resuspended in
rice was ground to pass through a 0.5-mm screen (Cyclotec 1093  Tricine-NaOH buffer (0.5 mL), vortexed another 10 min on ice, and
sample mill, Tecator, Hoganas, Sweden). For starch and protein com- then centrifuged (12,000 @ for 5 min. The two supernatants were
position, grains were dried in an oven at 80°C overnight, and keppooled. Buffer was evaporated from duplicate aliquots (0.1 mL)
desiccated until they could be ground to a fine powder using a dentaging a vacuum concentrator (RC 10.09, Jouan). When dry, the sam-
amalgamator (Ultramat 2, Southern Dental Industries, Melbourngle was resuspended in benzoic acid (O0M25 mL). The sucrose
Australia). The flour was then brought to ambient moistet8%)  content of triplicate samples was determined by UV-visible spec-
before use. trophotometry (UV-Vis 918, GBS Scientific Equipment, Australia)

at 415 nm (Blakeney and Mutton 1980).
Viscosity

In the field experiment, viscosity was measured on samples &canning Electron Microscopy
chalky and translucent grains of Amaroo and Millin. In the glass- Milled rice was desiccated over silica gel for seven days, then
house experiment, viscosity was measured on grains from the ibroken along natural fracture planes and the piecested on stubs.
ferior and the superior positions for each cultivar from both temperfhe specimens were platinum coated to a thicknes8 am. The
ature treatments. specimens were examined using a field emission scanning electron

Ground sample (3 g) was weighed into an aluminum cup anchicroscope (Philips FESEM XL30FEG, 1kV accelerating voltage).
distilled water (25 g) was added. The mixture was stirred to remove
lumps. Viscosity was measured using a RVA (Newport Scientificdmylose Content
model 3D) using Approved Method 61-02 (AACC 2000). To Amylose content was measured on mature grains of Millin and
ensure that differences observed were not daeamylase activity, =~ Amaroo from the field experiment, and of Millin, Amaroo, and llla-
a-amylase was denatured by replacing 0.5 g of distilled watdsong from the glasshouse experiment. Chalky grains were separated
with AgNO; solution (0.5 g, 10%, w/v) (Batey et al 1997). Vis- from translucent grains. Chalky areas were predominantly in the

cosity was measured in duplicate samples as above. centers of the chalky grains. Chalky centers were excised from
=30 chalky grains, and translucent centers were excised<80m
Sucrose Content translucent grains of either Amaroo or Millin. The excised areas

Grains from each stage of development were ground in LNwere amalgamated as described above and amylose content was
using a precooled mortar and pestle. Tricine-NaOH buffer (Umeaneasured on the flour (Juliano 1971, Blakeney et al 1994). Juliano
moto et al 1994) (pH 8, 100y 0.5 mL) containing MgGI(8 V1), (1971) reports no difference in amylose content between whole flour
EDTA (2 mM), 2-mercaptoethanol (50M), and glycerol (12.5%, and defatted flour. Briefly, a subsample of flour (100 mg) was weighed
v/v) was added to the ground sample. The mixture was vortexedto a 100-mL volumetric flask, wetted with ethanol (95%, 1 mL),

then a solution of NaOH |4, 9 mL) was added. The flasks were

TABLE |
Amount of Chalk (%) in Superior (S) and Inferior (1) Grainsfrom
Different Temperature Treatmentsin Two Experiments?

Glasshouse Experiment 360 @) Amaroo || ® A;r/x;:?;g
38/21°C 2
Field Experiment 38/21°C 26/15°C

Cultivar 39/25°C 32/15°C S I S I 240 S S
Amaroo 5.2 <1.0 20 <10 <10 ' \ /’/: v
Millin 125 59 107 26 52 0 \/ K -

lllabong 185 232 28 55 | NS

a Field experiment values for chalk in Millin were significantly higher than

chalk in Amaroo (P < 0.001). Glasshouse experiment values in superior and 0.

inferior grains of Millin and Illabong for chalk is significantly higher when 360l © @

grown in high temperatures (P < 0.001). In inferior grains of Amaroo, 0.06 S

< P<0.1, and in superior grains of Amaroo, 0.1 < P <0.2. /\ - 8
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Fig. 2. Viscosity curves of grains from superior (S) or inferior (1) posi-

Fig. 1. Rice grain positions on the panicle: A, grains in superior position, tion on the panicle from the glasshouse experiment: Amaroo grown at day/
branching from a main stem; B, grains in inferior position, attached to a night 38/21°C and 26/15°(&, b); Millin grown at 38/21°C; and 26/15°C
superior branch. (c, d); lllabong grown at 38/21°C and 26/T(e, f).
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placed in a sandbath (180°C) and refluxed for at least 5 min, allowing at either 38/21°C or 26/15°C during grain development. The char-
the ethanol to evaporate and the starch to gelatinize completebcteristics of the viscosity curves differed between the two temper-
The volume was then made to 100 mL with distilled water. An ali-ature treatments. In grains of all three cultivars grown at 38/21°C,
quot of each was pipetted into two test tubes. To each was addpdsting temperatures and peak viscosities were higher than in grains
citric acid (0.1, 2 mL), iodine solution (1 mL) containing (3.2  grown at 26/15°C. Furthermore, setback was negative for grains
mM) and Kl (48.2 nvl), and distilled water (16 mL). Solutions grown at 38/21°C and positive for grains grown at 26/15°C. These
were vortexed for 5 sec, left to stand for 20 min, then vortexed fdrends were observed in grains from both the superior and the inferior
another 5 sec. Absorbance was measured using a UV-visible spectposition on the panicle. The addition of AgNdicated thati-
photometer at 620 nm. Amylose in the starch solution was calcamylase did not influence the viscosity curves (data not shown).

lated from a standard curve of potato amylose. Also, grains in a superior position on the panicle always had a higher
peak viscosity than those in an inferior position.
HPLC Figure 3 shows the sucrose content of developing endosperms

Starch was debranchday the alkali procedure (Batey and of Millin grown at 38/21°C and 26/15°C. The pool of sucrose in
Curtin 1996) with some modifications. Briefly, rice flour (50 mg) the endosperm was larger in grains from plants grown at 38/21°C
was wetted with ethanol (95%, 0.5 mL), then NaOH (@26 mL)  and reached a maximum size<d2-15 dpa, decreasing after this
and distilled water (3.5 mL) was added to the powder. The vialpoint. However, in plants grown at 26/15°C, the pool of sucrose in
were refluxed and the starch gelatinized as described above. Aftile endosperms fluctuated little from anthesis until 20 dpa, but then
cooling to 50°C, sodium acetate buffer warmed to 50°CMQ.2 it increased between 20 and 25 dpa. Changes in the sucrose
pH 4, 1 mL) and glacial acetic acid (AR) was added. An aliquot content of endosperms of Millin and lllabong were similar (data
(1 mL) was mixed with isoamylase (iL) and incubated at 50°C not shown).
for 2 hr. The process was then continued according to the alkali Figure 4 shows SEM images of the surface of a transverse section
method described by Batey and Curtin (1996). of the center of a translucent grain and a chalky grain. Figure 4a

HPLC was performed on debranched starches using a Waters 2689tbws that cells were packed tightly together, and cell contents
Alliance and a Waters 2410 Refractive Index detector. The prografamyloplasts) were packed tightly within the cells. This contrasts
Millennium was used to control the pump and to acquire and processth the image in Fig. 4b, which shows a structural difference in
data. Chromatography was performed on a Waters Ultrahydrogéie middle of the area, with airspaces and irregular cells. Figures
250 gel permeation column at 60°C using a mobile phase of ame and d show cells that have broken open, revealing amyloplasts
monium acetate (0.08) at a flow rate of 0.5 mL/min. Run time and starch granules. The amyloplasts in the translucent grain (Fig. 4c)

was 50 min. were=12 um in diameter, compound, and tightly packed with starch
granules. Conversely, in chalky grain (Fig. 4d), not all cells were
Gd Electrophoresis tightly packed with amyloplasts, and in the less ordered cells, there

Rice grains (chalky and translucent) of Millin, lllabong, andwere a few amyloplasts of 3#m, and the rest of the starch gran-
Amaroo were ground using an amalgamator as described abowdes were not packed into compound amyloplasts. Figures 4e and 4f
Proteins were extracted from 50 mg of rice flour in Tris-HClshow the amyloplasts and individual starch granules of translucent
buffer (pH 6.8, 125 M, 1 mL) containing SDS (4%), ureaMy,
glycerol (20%, v/v), and 2-mercaptoethanol (5%) (Mizuno et al
1993). The mixture was vortexed for 1 min and allowed to stand at
room temperature overnight. The mixture was centrifuged (5 min,
10,000 xg), and proteins in the supernatant solution were separated
using SDS-PAGE with a Hoefer 10- x 8-cm Mighty Small, using
a 10% gel and all solutions as described in the operator manual.
Gels were dried (Hoefer Easy Breeze) after staining with Coomassie
Blue R-250 as described in the operator manual.

RESULTS

Sucrose content (umoles/mg)

Table | shows that grains from the field experiment of Amaroo
contained significantly less chalk than those of Millin. In the glass-
house experiment, the amounts of chalk differed significantly 3
between the 38/21°C and 26/15°C treatment groups for Millin and Days post anthesis (dpa)

lllabong @ < 0.001). In aI_I c_ultlv_ars In t_he glass_house e_xperlrr_]entFig_ 3. Change in sucrose content over time (umol/mg) of developing grains
more chalk was present in inferior grains than in superior grains. of Millin, Amaroo, and lllabong rice grown at 38/21 and 26/15AC=

Figure 2 shows the viscosity curves of grains from either th@g/21°C superior,® = 38/21°C inferior,0 = 26/15°C superior® =
superior or inferior position of Amaroo, Millin, and lllabong grown 26/15°C inferio.

10 15 20 25

TABLE Il
Amount of Amylose (%) in Chalky (C) and Translucent (T) Grains from Field and Glasshouse Experiments?
Field Experiment Glasshouse Experiment
39/25°C 32/15°C 38/21°C 26/15°C
Cultivar n C T C T C T C T
Amaroo 2 —b — 17.1 174 -C 14.7 s 19.9
Millin 4 16.3 171 — — 144 14.0 18.8 16.9
I1labong 4 — — — — 16.6 14.8 19.5 19.3

a Field experiment values were highly significant (Amaroo 0.02 < P < 0.03, Millin P < 0.001). Glasshouse experiment values were significant (Millin grown at
26/15°C 0.005 ¥ < 0.01, lllabong grown at 38/219< 0.001); all others not significarf® & 0.10).

b No sample.

¢ Insufficient sample.
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and chalky grains. The amyloplasts of tranducent grains (Fig. 4€) are Table Il shows the amounts of each starch fraction from de-
regular, compound and tightly packed. In chalky areas (Fig. 4f), branched starch, separated by HPLC, of translucent and chalky grains
most starch granules are single, but some show evidence of com- of Amaroo and Millin. For both cultivars there were no significant
pound organi zation. differences between chalky and translucent grains in the amount
Table 11 shows the amylose content (%) of mature grainsfromthe  of high or low molecular weight glucans in the amylopectin fraction.
field and glasshouse experiments. The amylose content of chalky =~ The amylose in chalky and translucent grains of Millin was not
grains was significantly lower than that of translucent grains for significantly different either, however there was a slightly signifi-
both Millin (P < 0.001) and Amaroo (0.02 < P < 0.03) inthefield  cant difference between chalky and translucent grains of Amaroo
experiment. In the glasshouse experiment, the amylose content of (0.06 <P < 0.1).
both chalky and translucent grains from plants grown at 38/21°C There was no discernible difference in the protein composition
was significantly lower than that of both chalky and translucenof chalky and translucent grains from any cultivar grown in the glass-
grains from plants grown at 26/15°C for all three cultivds<(  house when separated on polyacrylamide gels (results not shown).
0.001). Furthermore, at each temperature treatment, the amylose con-

tent was always slightly higher in chalky grains than it was in trans- DISCUSSION
lucent grains (Millin 26/15°C, 0.005 R < 0.01; lllabong 38/21°C,
P < 0.001; all others not significant). Rice grown in Australia undergoes stringent quality testing before

Figures 5a and b show viscosity curves of chalky and translucebeing sold to various markets. Chalk is one quality parameter that
grains of Amaroo and Millin from the field experiment. In both casesis very closely monitored. Most markets will not accept rice that
translucent grains have higher peak and final viscosities than chalkgntains >2% of chalky grains because the rice is not visually
grains. pleasing. We attempted to determine whether chalk affects cooking

Fig. 4. Fractured plane of translucent (a,c,e) or chalky (b,d,f) grain: a, center of a translucent grain at low magnification b, center of a chalky grain
where overall structure appears less ordered and less tightly packed (magnification showing regular cellular structure); c, at higher magnification,
amyloplasts packed together inside a cell that has broken open; d, a cell of the chalky grain that has broken open, exposing loosely packed amyloplasts
and single starch granules; e, at very high magnification, the regular size and shape of starch granules in a translucent grain packed into the amyloplasts
(indicated by arrows); f, in the chalky grain, starch granules gppear to very easly fall away from one another when an amyloplast (indicated by an arrow) is
broken open.
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quality and to explain the effects on the basis of the composition
of chalky and tranducent grains. Previous studies show that growing
plants a high temperatures leads to higher numbers of chalky grains
(Tashiro and Ebata 1975, Tashiro and Wardlaw 1991). Many other
studies report a variety of responses to high temperatures, all of
which can change different components of the grain and cooking
quality. In using high temperatures to induce chalk, we must account
for the effects of high temperatures on cooking quality separately
from the effects of chalk on cooking quality.

Effect of High Temperatures on Chalkiness
Illabong is an arborio rice; this class of rice is unique in that a
chalky center is a normal and desirable quality. However, Table |

26/15°C suggest different starch or protein compositions or different
degrees of crystallinity within the starch granules (Testerk199).

The shape of the viscosity curve for grains in the superior and
inferior positions on the panicle does not vary significantly, but
the height of the curves indicate that inferior grains are a little
softer than superior grains (Fig. 2). The differences were present
independently of the growing temperatures. This indicates that
superior and inferior grains could always differ in quality. Umemoto
et al (1994) report that inferior grains have less amylose than do
superior grains (this was also the case in the glasshouse experi-
ment in this study, Table 1), which could explain this difference in
texture between inferior and superior grains.

Table 1l shows that the amylose content of all grains grown in

shows that when lllabong did not experience temperatures >30%8e higher temperatures was lower than of those grown at lower tem-
during its growth, the incidence of chalk was very low. The sameeratures. According to Ayres et al (1997), variation in the amylose
response, though not so obvious, was noted in Amaroo and Millirontent of Californian rice cultivars can be explained by a single-
This study and others (Tashiro and Ebata 1975, Tashiro amuicleotide polymorphism in an allele of the waxy gene encoding
Wardlaw 1991) indicate that rice forms more chalk in the grain whethe granule bound starch synthase (GBSS) enzyme. This poly-
the plant experiences high temperatures during grain developmentorphism is also temperature sensitive (Larkin and Park 1999),
In all cultivars, and in both temperatures, grains in the inferiowith fewer GBSS transcripts accumulating in grains grown at high
position on the panicle formed more chalk than did those in theemperatures. Amaroo, Millin, and lllabong are all descendants of
superior position (Table I). This could be due to differences in th€alifornian cultivars that carry the temperature-sensitive allele, and
development of grains in superior and inferior positions on thé& has been determined that these cultivars also carry the temperature
panicle, which could be due to vascular supply or events in theensitive allele (unpublished data). Therefore, higher temperatures
endosperm. Presuming that the vascular system supplying veould lead to less amylose in the grains of all three cultivars.
panicle of rice is similar to that supplying a head of wheat

(O'Brien et al 1985), materials such as sucrose (the primary form Effects of Chalkiness on Cooking Quality

which carbon is transported to the grain) and amino acids traveling Grains from the field experiment were separated into chalky
in the phloem would reach superior grains before inferior grainsand translucent grains. Figures 5a,b show that viscosity of chalky
However, Fig. 3 indicates that chalk is not due to insufficient vasgrains differs from that of translucent grains, indicating different
cular supply. In each temperature regime, inferior grains contain @®oking quality. Differences in cooking quality may be explained
much sucrose as superior grains. Therefore, it is more likely thaly different starch and protein compositions.

chalk is related to metabolic events within the developing grain that The amylose content of chalky and translucent grains from Amaroo
utilize carbon in sucrose for starch deposition. In high temperaturesy Millin grown in the field was significantly differenP(< 0.03)
inferior grains, therefore, must be more susceptible than superi¢fable 11). The amylose content of chalky and translucent grains was
grains to those other metabolic events as the amount of chalk mot significantly different in most cases in plants grown at either

inferior grains is higher than in superior grains.

Effects of High Temperatures on Cooking Quality

38/21°C or 26/15°C in the glasshouse; Millin grown at 26/15°C
and lllabong grown at 38/21°C were the exceptids<(0.01)
(Table II). Data in Table Il shows that GPC-HPLC did not reveal

Viscosity curves are routinely used to indicate the cookinfitgua differences in the structure of long-chain glucans between chalky
of rice (Blakeney et al 1994, Okadome et al 1998). The differencend translucent grains. However, technology such dtacaglectro-
between the final and peak viscosities (setback) correlates witthoresis (O'Shea et al 1998) could provide more detailed information
the amylose content of the grain (Juliano et al 1964); a momn the fine structure of amylopectin. In wheat, high temperatures
positive setback relates to a higher amylose content. Also, finaluring grain development lead to differences in the types of proteins
viscosity is related to softness of the gel, with a low final viscosityaccumulated in the grain, which leads to different cooking prop-
correlating to a softer gel. Figures 2a,c,e show that superior amgties (Blumenthal et al 1997). However, there were no differences
inferior grains grown at 38/21°C have different peak and finaln the protein compositions of chalky or translucent rice (data not
viscosities and different setbacks from those grown at 26/15°Ghown). Therefore, it seems that the molecular structure of starch and
The lower peak viscosity in the 26/15°C treatments (Figs. 2b,d,froteins in chalky grains is not measurably different from that of
was not due to the action afamylase. The negative setback for translucent grains.

grains grown at 38/21°C (Figs. 2a,c,e) contrasted with the positive
setback for grains grown at 26/15°C (Figs. 2b,d,f). Pasting temper-
ature was also higher for the grains grown at 38/21°C. Taken
together, the differences in functional properties and pasting tem-

peratures of grains grown at 38/21°C and of grains grown at 3601 ., Amaroo o) Millin
TABLE 111 240 T
Distribution (%) of Amylose and High Molecular Weight (HMW) T
and Low Molecular Weight (LMW) Glucansin Chalky (C)
and Translucent (T) Grains of Amaroo and Millin2 c /
Amylose HMW Glucans LMW Glucans 120 €

Cultivar n C T C T C T
Amaroo 3 823" 554° 2192 2369 69.76 70.77
Millin 2 5.80 5.56 2275 2340 7146 7105 0-

a From the field experiment. HMW and LMW glucans are shouldering peaks
of the amylopectin fraction.
b Significant at 0.06 < P < 0.10; all others not significant.

Fig. 5. Viscosity curves of grains of Amaroo (a) and Millin (b) from the
field experiment. T =Translucent grains; C = chalky grains.
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Chak mostly occurs in the center of a grain and can occupy >50%
of the area of the grain. Figure 4 shows that the ultrastructure of
chalky areas differs greatly from that of tranducent aress. In chalky
aress, the air gpaces, the presence of single granules rather than com-
pound amyloplasts, and the disorganized cellular structure all offer
the opportunity for increased water absorption during cooking, and
thus a softer cooked grain. In chalky areas, the spaces and disorgan-
ized packing suggest that the concentration of starch is lower per
square millimeter in chalky than in translucent centers. However,
the error inherent in current methods of starch analysis could mask
small differences in starch concentration. Also, it is most likely
that individual granules swell differently from granules packed into
compound amyloplasts, and that air spaces in chalky areas would
alow greater swelling of cells and granules during cooking to
occupy the spaces. Therefore, in chalky grains, greater swelling of
less starch would dilute the concentration of starch in the gel and
lead to a softer cooked rice.

Very little is known about the factors or processes that affect the
packing of granules into amyloplasts or the initiation of amylo-
plasts, but these are the key differences observed in chalky and
translucent areas. Juliano and Bechtel (1972) have shown that the
starch granules in the rice grain increase in size first and fastest at
the center of the endosperm and that starch synthesis begins in the
center and moves outward. Therefore, at early stages of develop-
ment, starch and starch granules are being synthesized in the middle
of amilky sac. It would seem that, at this stage, high temperatures
can disrupt this process, and perhaps chalk is a result of such a
disruption.

CONCLUSIONS

The presence of chalk in rice grains is not merely a cosmetic
factor. High temperatures during grain development lead to an
increased incidence of chalky grains. However, chaky grains differ
from translucent grains in cooking properties, in cellular structure,
and in the morphology and packing of the starch granule, indepen-
dently of high temperature, indicating that the formation of chalk
inagrain is not controlled solely by environmental factors. Even
though different starch and protein compositions seem likely between
chalky and translucent grains, more sensitive techniques must be
used to ascertain whether or not thisis the case. Future work should
allow us to explain the variations in amylose content at different
growth temperatures by screening for a temperature-sensitive poly-
morphism in an alele encoding for granule-bound starch synthase.
More information about the initiation and packing of amyloplasts
is needed to understand how high temperatures affect individual
starch granules and amyloplasts, changing their morphology and
packing so much as to cause air spaces and the appearance of chalk
in grains.
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