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Amylopectin synthesis is controlled by the coordinated action of several types of enzymes, including
starch synthases, branching and debranching enzymes. The contributions of some of these enzymes to
the building of starch molecules have been previously established. Changes to the activity of an enzyme
can affect amylopectin structure, which is associated with diversity in functional properties. One such
property, gelatinisation temperature, has been studied at the genetic, biochemical and phenotypic level.
A technique, the ‘log(number distribution) approach’, offers a means of collecting normalisation-free rep-
resentations of the chain-length distributions of starch, with the potential to reveal new information
about kinetics and processes of starch synthesis; this method of plotting the data can potentially reveal
much more than that usually employed, viz., the simple number chain-length distribution. In this study,
samples from genotypes with defined mutations in starch biosynthetic genes that specifically and differ-
ently alter the chain-length distribution of single-cluster chains, with a resultant effect on gelatinisation
temperature, are used to show that log(number distribution) plots have sufficient discriminative capacity
to diagnose the gene affected by mutations, provide new information, and determine those features of
the plot which associate with genotype and phenotype.
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1. Introduction

Molecules of amylopectin constitute the largest component of
starch, and their structure contributes to many of the functional
properties of the starch. Amylopectin molecules consist of linear
chains of glucose linked by a1-4 bonds, and the chains are ar-
ranged in clusters with o1-6 linkages forming the branch points
(Ball & Morell, 2003). The structure of whole molecules of amylo-
pectin is highly complex and difficult both to specify and to inter-
pret, mainly because of its branched structure. However, the
debranched chain-length distribution (CLD) of the amylopectin
can be obtained with relative ease by debranching with isoamy-
lase, which specifically hydrolyses the a1-6 linkages, and separat-
ing with capillary electrophoresis (O’Shea et al., 1998). Information
can be obtained from the CLD about the regulatory and synthetic
processes leading to the various chain lengths of amylopectin (Ball
& Morell, 2003; Castro, Dumas, Chiou, Fitzgerald, & Gilbert, 2005;

Abbreviations: FACE, fluorophore-assisted capillary electrophoresis; DP, degree
of polymerisation; SS, starch synthase; BE, branching enzyme; GBSS, granule-bound
starch synthase.
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Fujita et al., 2006, 2007; Konik-Rose et al., 2007; Morell et al.,
2003; Ryoo et al.,, 2007).

The CLD of debranched starch can be plotted as the logarithm of
the number distribution, N(X), as a function of degree of polymer-
isation X (Castro et al., 2005) (to conform to IUPAC recommenda-
tions (Cohen et al., 2007; Jones et al.,, 2009) the notation N is
used to refer to a generic number distribution, and X to refer to
the degree of polymerisation (DP); in some earlier work (Castro
et al., 2005), the symbol P has been used for number distribution
and the symbol N for DP). The data can be plotted in this way be-
cause the simplest hypothesis for the formation of a given linear
chain is that the only processes involved are random (chain
length-independent) elongation and termination, and the distribu-
tion for such a process is a single exponential X. Moreover, this
method of plotting the data is essentially assumption-free. Regions
where this simple hypothesis is valid will show a linear InN(X)
(with a negative slope) (Eq. (1)):

(1)

N(X) = exp ( termination rate )

" “elongation rate

where the slope is the ratio of the rates of chain termination and
elongation (Castro et al., 2005). Chain elongation is carried out by
the family of starch synthases (SS) and chain termination occurs
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via a number of mechanisms. It can occur by cleavage of a portion of
the chain by a branching enzyme (BE), by removal of a chain though
debranching, or when affinity of the enzyme for the elongated chain
rises to a point where turnover rates are zero. Regions where linear
behaviour is seen can be reasonably ascribed to chain length-inde-
pendent activity, whereby the collective processes of elongation
and termination over that particular region, which may or may
not be individually random, are independent of chain length (Castro
et al., 2005).

Four regions of the InN plots of amylopectin have been defined:
Regions 1 and 3, where chain length-dependent behaviour is seen,
and Regions 2 and 4, where the synthesis of a particular chain is
independent of its length. Chains in Regions 1 and 2 fit into one la-
mella, while those in Regions 3 and 4 extend into subsequent
lamellae (Castro et al., 2005). Any alteration to the kinetics of the
synthesis of any group of chains should alter the slope of some re-
gion of the InN plot (Castro et al., 2005); potentially, this provides
an in vivo tool for extracting mechanistic information about starch
synthesis, and a basis to generate biochemical and genetic
hypotheses.

Our present knowledge of starch synthesis is incomplete, as is
the potential capacity of each activity to alter the slope of the InN
plot. However, much is known in rice about the genetics and bio-
chemistry of SSlla (Bao, Corke, & Sun, 2006; Cao et al., 1999;
Nakamura et al., 2005; Umemoto et al., 2004; Waters, Henry, Re-
inke, & Fitzgerald, 2006) and BEIIb (Jiang, Dian, & Wu, 2003;
Nishi, Nakamura, Tanaka, & Satoh, 2001; Tanaka et al., 2004),
and the effect of these enzymes on the CLD of the starch and
the functional property of gelatinisation temperature. In rice, sin-
gle nucleotide polymorphisms (SNPs) in exon 8 of the SSlla gene
classify rice into four haplotypes, two of which have fully func-
tional forms of the SSlla enzyme (haplotype 1, G/G/GC, and hap-
lotype 2, A/G/GC) while the other two (haplotype 3, A/A/GC, and
haplotype 4, A/G/TT) are associated with a decrease or loss of
enzyme activity (Cuevas et al, 2010; Nakamura et al., 2005;
Umemoto & Aoki, 2005). Loss of SSIla activity leads to a decrease
in gelatinisation temperature of rice (Cuevas et al., 2010; Nakam-
ura et al., 2005; Umemoto & Aoki, 2005) and wheat (Konik-Rose
et al., 2007) because of a decrease in the proportion of chains DP
12-24. By contrast, loss of BEIIb activity in rice leads to an in-
crease in GT because of an increase in the proportion of long
chains within an amylopectin cluster (Nishi et al., 2001; Tanaka
et al., 2004). Such well characterised mutants can be used to test
the utility of the InN plot as a diagnostic tool for detecting genes
affected by mutations.

An extension of the simple idea described above shows that Eq.
(1) is in fact an approximation to a fuller treatment (Gray-Weale &
Gilbert, 2009). If it is assumed, for these purposes, that the distri-
butions of branches in a given region are controlled by only a single
starch synthase, a single branching and a single debranching en-
zyme, and the branching enzyme randomly cleaves off a chain of
any DP and joins it to any other chain to produce a cleaved and a
new chain, both of which can undergo further propagation. Solu-
tion of the resulting evolution equations for starch synthesis then
yields:

()

N(X) = X exp < branching rate X>

" elongation rate

Another extension of this (Hasjim, Wu, Godwin, Gidley & Gilbert,
unpublished results) is to take account of the fact that branching
enzymes preferentially cleave off chains longer than a certain
length denoted X, (typically Xmin ~ 8). Eq. (2) then becomes:

branching rate

N(X) = (X — Xmin) €Xp <_m

X - xmm>) 3)

The derivation of this functional form means that it is only
applicable to Regions 1 and 2 (extensions to take into account
chains extending over more than one lamella will be given else-
where (Hasjim, Gidley & Gilbert, unpublished results)). This deriva-
tion is only applicable to branching, and not to debranching or
kinetic saturation of starch synthase activity.

While Eq. (3) is a mechanistically based means of data-fitting,
the simple InN plot suggested by Eq. (1) is always a good means
of plotting the CLD. First, a simple change of ordinate enables data
to be compared independent of normalisation, which otherwise
introduces artefacts (Castro et al., 2005). Second, because the CLD
typically varies by 3 orders of magnitude, it brings out features
arising from significant variation in the distribution at higher
DPs, which might not be apparent in a number (CLD) plot.

In the present paper, our objective is to test the applicability of
Eq. (1), to data which obey Eq. (3), and then to test the diagnostic
capacity and sensitivity of the InN plot by using samples that differ
in the ratio of chains DP 6-10 and DP 11-24. The first set of samples
is a diverse collection of rices with allelic variability for SSIla (Cue-
vas et al., 2010); the second is a doubled haploid population of mu-
tants of wheat with progressive deletions of SSlla (Konik-Rose
et al.,, 2007) representing all the possible genotypes for SSlla; and
the third set consists of an amylose-extender mutant with func-
tional SSIIa, and a sample that behaves like an amylose-extender
and has reduced SSlla functionality. Both enzymes are associated
with gelatinisation temperature (Tanaka et al., 2004; Umemoto,
Yano, Satoh, Shomura, & Nakamura, 2002).

2. Results

Fig. 1 compares the rate ratios obtained from the fits of Regions
1 and 2 to Eq. (3) for a wide variety of grains (six rice varieties, and
several varieties of each of wheat, maize and barley (Castro et al.,
2005)), with the slopes of Region 2 determined using Eq. (1).
Results from the two methods correlate well (Fig. 1), so the simpler
procedure of using the slope, rather than the more precise use of
Eq. (3), was used for all further analyses.

Fig. 2a shows the CLDs of two varieties of rice obtained from
fluorophore-assisted capillary electrophoresis (FACE), plotted as
InN(X). The plots can be divided into four regions, as previously
reported (Castro et al., 2005). The difference in the InN(X) plots
of these varieties is the presence of an interruption to linearity at
DP 18-22 in one and not the other. This shoulder is not observed
in the slope of Region 4 of either variety.
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Fig. 1. Comparison of rate ratios obtained from the fits to Eq. (3) of InN data for
Regions 1 and 2, with the slopes of Region 2, using Eq. (1) for a wide number of
species of various grains: barley, rice (ACCN 105, ACCN 186, ACCN 1799, ACCN
14487, IR 72 and Koshihikari), wheat and maize.
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Fig. 2. (A) Chain-length distributions of two varieties plotted as InN(X): Khao Dawk Mali 105 (a), which has the interruption to linearity at DP 18-22 (arrow and inset), and IR
64 (O) which does not have this feature. The plots are offset by 1.5. (B) Classical presentation of chain-length distributions for these two varieties. Khao Dawk Mali 105 is

represented by grey columns, IR 64 by black columns.

Examination of the InN(X) plots obtained for a set of 93 rice
varieties shows that the slope of Region 2 from DP 13-17 is
significantly more negative in varieties with the shoulder at DP
18-22 than for varieties without, but no significant change was
found between the varieties for the slope once linearity was
resumed over the range of chain lengths DP 24-35 (Table 1). In this
set of samples, the average gelatinisation temperature of varieties
with the DP 18-22 shoulder (35.5%) clearly present was
66.7 + 2.4 °C, while the average gelatinisation temperature of vari-
eties showing a continuous Region 2 (64.5%) was 74.1 £2.3 °C
(Table 2). Those varieties showing the DP 18-22 shoulder all car-
ried haplotypes 3 or 4 of SSIla, and those with uninterrupted slopes
all carried haplotypes 1 or 2 of SSIla (Table 2, Supplementary Table
1). Presenting the data as chain-length distributions (Figs. 2b and

Table 1
Analysis of variance (ANOVA) on the mean values of the slopes of the InN plot at DP
13-17, and DP 24-35 for rice varieties with and without the interruption at DP 18-22
(n=93).

Interruption at DP 18-22 Mean slope values of the InN plot®

DP 13-17 DP 24-35
Absent —0.1012 —0.186%
Present -0.119° —-0.194°
LSDo.os 0.005 0.015

A In each column, means followed by a common letter are not significantly dif-
ferent at the 5% level.

Table 2
Average gelatinisation temperature of varieties with and without the shoulder at DP
18-22 using 93 diverse rice varieties.

Gelatinisation
temperature (°C)

66.7 £2.4
741 +23

Presence of the
shoulder

(+) Shoulder
(=) Shoulder

Proportion of the
population (%)

355
64.5

3b) shows the shoulder at DP 18 in both rice and wheat samples,
but it is more easily seen when the data is presented as InN(X)
(Figs. 2a and 3b).

Binary logistic regression analysis of the relationship between
the slope of DP 13-17 in rice and observation of the DP 18-22
shoulder showed that, for every 0.01 increase in the slope of Region
2 above the shoulder at DP 18-22, the probability of the interrup-
tion appearing decreases by 71% (Table 3). The InN(X) plots of the
wheat samples showed that linearity in Region 2 was interrupted
between DP 18-22 for all genotypes (Fig. 3a). A decrease in dosage
of SSlla was accompanied by increasingly negative slopes of InN(X)
at DP 13-17 (Table 4).

Analysis of the relative CLDs of two rice varieties, IR36 and
[lpumbyeo, carrying wildtype BEIIb shows that the proportion of
chains DP 13-25 is greater for IR36 than Ilpumbyeo, while the pro-
portion of chains DP 6-11 is greater for Ilpumbyeo than for IR36
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Fig. 3. (A) Chain-length distributions of different SSlla genotypes of wheat plotted as InN(X) showing that linearity in Region 2 is interrupted: wildtype ABD (4), single null

(O), double null (), and triple null, abd (
wheat representing these different SSIla genotypes.

Table 3

). The inset shows that the interruption is more severe as dosage of SSlla decreases. (B) Classical chain-length distributions of

Binary logistic regression coefficient statistics on the slope of DP 13-17 and on the shoulder at DP 18-22 in 93 varieties of rice, from CropStat. The results show that the probability
of the bump appearing decreases by 71% for every 0.01 increase in the value of slope of DP 13-17.

Coefficient statistics

Coefficient Standard error Asymptotic z-statistic Asymptotic p-value 1—exp (Spp13-17)
Intercept —14.09 2.96 —4.75 0.00
Slope DP 13-17 -1.23 0.27 —4.63 0.00 0.71

(Fig. 4a). IR36 carries haplotype 1 of SSlla and Ilpumbyeo carries
haplotype 4 of SSlla (Supplementary Table 1). However, compari-
son of the CLDs of amylopectin of their respective BEIIb mutants,
IR36ae and Goami 2, showed no significant differences at any chain
length (Fig. 4b). When the CLDs were replotted as InN(X) plots
(Fig. 5), it was observed that Ilpumbyeo, Goami 2, and IR36ae all
showed the shoulder at DP 18-22, and IR36 did not.

The mean values of the slopes of the different regions of the
InN(X) plots for the mutants and wildtypes are shown in Table 5.
The InN(X) plots of IR36ae and Goami 2 were similar for all features
(Fig. 5a and b), and the slope at DP 13-17 was significantly more

positive than either wildtype. In addition, wildtypes Ilpumbyeo
and IR36 had significantly higher proportions of chains DP < 12 than
their mutants (Fig. 5c and d). There were also differences in propor-
tion of chains DP 13-24 between the wildtype and the mutant.

3. Discussion
3.1. Fitting of the data

As shown above, a simple straight-line fitting of Region 2, as in
Eq. (1), rather than fitting to the more complex form of Eq. (3),
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Fig. 4. Comparison of chain-length distributions (in mol%) between (a) wildtypes IR36 and Ilpumbyeo; and (b) mutants IR36ae and Goami 2.

A 18
17 4
16
15 4
Q 14
S
=
— 12 4
11
10
9
8
6 11 16 21 26 31 36 41 46 51
X
C 307 z Ilpumbyeo - Goami 2
401 =
e 309 7
Ez.m- §
= 1.0‘= I
A 00 Trrrrrmmrm e rre———e
106 9 1 I&%IS lltéél 27 30 33 36 39 42
-2.0 -

X

B s

[ ad .

% o
—_

6 11 16 21 26 31 36

X

41 46 51

5.0
4.0
3.0
2.0
1.0
0.0
-1.0
-2.0

O

IR36 - IR36ae

Diff mol%

4 27 30 33 36 39 42

X

Fig. 5. Comparison of chain-length distributions presented as InN(X) plots of (A) Ilpumbyeo (filled) and Goami 2 (unfilled), and (B) IR36 (filled) and IR36ae (unfilled), and
presented as difference plots of relative amounts per chain length between (C) Ilpumbyeo and Goami 2 and (D) IR36 and IR36ae.

gives a value of the slope which has the same trends as the rate
ratio of the latter equation. This is because, except close to the
maximum, the more complex form has only a slight curvature
when plotted logarithmically, and the average slope obtained by
using Eq. (1) will then vary monotonically with the rate ratio of
the more complex form. Thus use of Eq. (1) is adequate for the
semi-quantitative needs of the present paper.

3.2. Information from InN plots

In the present study, the previously reported four-region behav-
iour (Castro et al., 2005) was seen for a wide range of varieties
(exemplified in Fig. 3a). A shoulder in the InN(X) plot was observed
for some varieties at DP 18-22, in Region 2 (Fig. 2a). This can be dis-
tinguished as a deviation in the decreasing linear function, to a
greater or lesser extent, on close examination of previously
published data plotted as InN(X) (Castro et al., 2005). Further, a
shoulder at DP 18 was noted previously in the chain-length distri-
bution of a number of starches from different botanical sources

(Hanashiro, Abe, & Hizukuri, 1996; Jane et al, 1999), which
presumably would correspond to the DP 18-22 shoulder if those
data were replotted as InN.

It would seem that the shoulder in Region 2 arises from two
separate types of processes, each of which has mechanisms similar
to those originally proposed for Region 2. SSlla and BEIIb are both
clearly involved in the first component, since the absence of either
one of them alters the slope of Regions 1 and 2 as far as the shoul-
der. The slope following the DP 18-22 shoulder in Region 2 did not
differ between a mutant and its respective wildtype (Tables 4 and
5), so we conclude that neither SSIla nor BEIIb are essential for the
synthesis of chains to DP 24- 35 in the mutants; if they are
involved in the wildtypes, other SSs and BEs must be able to carry
out required activity in the mutants.

3.3. SSlla and the interruption at DP 18-22

It is well established that mutations in SSlla alter the chain-
length distributions of amylopectin in different rice varieties
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Table 4

Analysis of variance (ANOVA) on the mean values of the slopes of the InN plots at DP
6-10, DP 13-17, and DP 24-35 in 40 wheat lines with different genotypes for SSlla.
Wildtype (ABD), single null (AbD, ABd, aBD), double null (Abd, aBd, abD) and triple null
(abd).

Genotype® Mean values of the slopes from the InN plot (%)*
DP6-10 DP 13-17 DP 24-35
Wildtype 0.48° —0.20¢ -0.16°
Single null 0.48° —0.21"¢ —-0.15%
Double null 0.44° -0.22° -0.15°
Triple null 0.25% -0.25° -0.14*
LSDo 05 0.02 0.01 0.01

A In each column, means followed by a common letter are not significantly dif-
ferent at the 5% significance level.

Table 5
Analysis of variance (ANOVA) on the mean values of the slopes of DP 6-10, DP 13-17,
and DP 24-35 of the InN plot of IR36, IR36ae, llpumbyeo, and Goami 2.

Varieties Mean values of the slopes from the InN plot®  Gelatinisation
DP6-10  DP13-17  Dp24-35 temperature(°Q)

IR36 0.55% —0.09° -0.21* 74

IR36ae 0.51% -0.06? -0.21° 77

llpumbyeo  0.46° —-0.12¢ —0.19% 64

Goami 2 0.44°¢ -0.07* -0.21* 77

LSDo.05 0.02 0.01 0.02

A Average of three replications; in each column, means followed by a common
letter (a,b,c) are not significantly different at the 5% level.

(Nakamura et al., 2005; Umemoto & Aoki, 2005; Umemoto et al.,
2002, 2004). These mutations increase the proportion of chains
DP 6-10 and decrease the proportion of chains DP 12-24, which
lead to a decrease in gelatinisation temperature (Konik-Rose
et al, 2007; Nakamura et al., 2005; Umemoto & Aoki, 2005).
Haplotypes 3 and 4 of SSila are defined by SNPs in the binding
and catalytic region of the gene (Waters et al., 2006), which could
explain the decrease of SSIla activity. SSlla activity is an elongation
event in starch synthesis. The interruption to linearity, observed
between DP 18-22, correlates with gelatinisation temperature
and with the decrease in SSlla activity (Table 2). Table 2 also shows
that each variety with the DP 18-22 shoulder carries a low-activity
haplotype of SSlla and varieties without the DP 18-22 shoulder car-
ry the active haplotypes, as previously defined (Nakamura et al.,
2005). This indicates that the DP 18-22 shoulder arises from the
decrease of SSlla activity and that the InN technique is capable of
detecting that loss.

In the doubled haploid wheat population (Konik-Rose et al.,
2007), an obvious interruption to Region 2 for every genotype
(Fig. 3a) was noted when the data were plotted as InN. The
decreasing dosage of SSlla in these lines led to increasingly nega-
tive slopes in the InN plot of chains DP 13-17 compared with the
wildtype (Table 4), in the same way as was seen in rice. The
changes in the slope at DP 13-17 indicate changes in the kinetics
of amylopectin chain synthesis as affected by changes in SSlla
functionality. However, the absence of SSIla activity in wheat and
in rice does not lead to a complete loss of chains DP 12-24,
indicating that other starch synthases either contribute to the
elongation of those chains, or are able to compensate when SSIla
activity is lost. Furthermore a shoulder at DP 18-22 was also seen
in the wheat lines carrying full SSIla activity (Fig. 3a), which is in
contrast to rice that carries an active SSlla haplotype. This suggests
that there are significant differences between processes or regula-
tion of those processes in wheat and rice for the synthesis of chains
DP 13-17.

3.4. BEIIb and the interruption at DP 18-22

Another enzyme that affects gelatinisation temperature in rice
by altering the relative ratios of single-cluster chains is BEIIb (Jiang
et al., 2003; Nishi et al., 2001; Tanaka et al., 2004; Yamakawa,
Hirose, Kuroda, & Yamaguchi, 2007). BEIIb cleaves a portion of an
elongating chain to create a new short chain via an o1-6 linkage
(Nakamura, 2002). The new chain and the remaining stub are pref-
erentially elongated by SSI (Fujita et al., 2006) and then by SSlla
(Umemoto et al., 2004). BEIIb activity is therefore a termination
event in the process of the synthesis of chains DP 11-24.

IR36ae, a mutant of IR36, carries a mutation in BEIIb (Asaoka
et al., 1986; Juliano, Perez, Kaushik, & Khush, 1990; Nishi et al.,
2001; Vandeputte & Delcour, 2004; Yano, Okuno, Kawakami, Satoh,
& Omura, 1985), and Goami 2 is considered to be a BEIIb mutant of
[lpumbyeo (Kang, Hwang, Kim, & Choi, 2003). IR36 carries a func-
tional haplotype of SSlla and Ilpumbyeo does not (Supplementary
Table 1). In the BEIIb wildtypes, there are proportionately more
chains of DP 6-12 and fewer of DP 12-24 in Ilpumbyeo compared
with IR36 (Fig. 4a), which is consistent with carrying a non-func-
tional haplotype of SSIla. The similarity of the chain-length distri-
bution of Goami 2 and IR36ae (Fig. 4b) suggests that a decrease
in BEIIb activity over-rides any effect of the difference in SSlla sta-
tus of the two genotypes. In wheat and maize, enzymes involved in
starch biosynthesis are reported to form complexes in the amylo-
plast, with altered functionality in any one of the components lead-
ing to pleiotropic effects (Hennen-Bierwagen et al., 2008; Tetlow,
Morell, & Emes, 2004; Tetlow et al., 2008). The effect of BEIIb activ-
ity on SSlla activity in Goami and IR36ae chain-length distributions
(Table 5), as compared to those of their respective wildtypes, sug-
gests that these two enzymes might also be in complex in rice.

The InN of Region 2 in IR 36 is smooth, but a shoulder, or disrup-
tion of linearity, at DP 18-22 is observed in IR36ae (Fig. 5b). This is
also observed in llpumbyeo, which has altered elongation mecha-
nisms due to the decreased activity of SSIla, and in Goami 2, which
has non-functional alleles of both SSila and BEIIb (Fig. 5a). The pres-
ence of the DP 18-22 shoulder in IR36ae (Fig. 5b) suggests that BEI-
Ib is part of the process that synthesises chains DP 13-17. However,
the similarity of the slopes for chains between IR36 and IR36ae and
between Ilpumbyeo and Goami 2 (Table 5) suggest either that BEI-
Ib is not directly involved in the synthesis of chains of DP 24-35, or
that in its absence other BEs (BEIla and/or BEI) compensate for any
loss of BEIIb activity in this region of the profile. Further, the signif-
icantly higher proportion of short chains in [lpumbyeo and IR36 as
compared to their mutants (Fig. 5c and d) indicate a decrease in the
synthesis of chains DP < 12 in the mutants, consistent with the
effects of losing BEIIb activity; this is particularly noticeable in
the temperate japonica pair.

Mutations in SSlla increase the negativity of the slope at DP 13-
17, but inactivation of BEIIb is associated with an increase in slope
(the value becomes more positive) of DP 13-17 (Table 5). This dif-
ference is consistent with the gene affected by mutation. SSlla
activity is an elongation process and BEIIb activity is a termination
process. The direction of change seen in the slopes is consistent
with Eq. (1), and it indicates that the InN plot is sufficiently sensi-
tive to discriminate between interruptions to elongation and
termination events, at least in the processes that are involved in
creating single-cluster chains.

4. Experimental procedures

4.1. Plant materials

A set of rice varieties (Oryza sativa L.) was selected from the col-
lection at the International Rice Research Institute (IRRI) based on
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known diversity for traits of grain quality. The set (93 accessions)
was obtained from the TT Chang Genetic Resources Centre (GRC)
at IRRI, Philippines. A table of the list of varieties is available in
the Supplementary Material. Samples of milled rice of llpumbyeo
and Goami 2 were a gift from Dr Park of the Korean Rural Develop-
ment Administration and IR36 and its mutant IR36ae were ob-
tained from the collection at IRRI. A doubled haploid wheat
population was established, genotyped, and phenotyped previ-
ously (Konik-Rose et al., 2007).

For rice obtained as paddy, grains were dehulled (Satake Rice
Machine, Tokyo, Japan), milled (Grainman 60-230-60-2AT, Grain
Machinery Mfg. Corp., Miami, FL), and ground (Udy Cyclone Sam-
ple Mill 3010-030, Fort Collins, CO) to pass through a 0.5 mm sieve.
Reagent-grade chemicals were used. Reverse osmosis water, fil-
tered through a 0.22 pm Millipore (Billerica, MA) filter, was used
throughout the study.

4.2. Gelatinisation temperature

Gelatinisation temperature was measured by differential scan-
ning calorimetry (DSC) (model Q100 TA Instruments, New Castle,
DE). Flour (4 mg) was mixed with water (8 pL) in an aluminium
hermetic pan which was then hermetically sealed. The tempera-
ture was raised from 35 to 140 °C at 4 °C/min, with modulation
of £0.5 °C every 40 s. Thermal transitions were recorded and ana-
lysed using Universal Analysis 2000 software. The gelatinisation
temperature is reported as the peak of the gelatinisation
endotherm.

4.3. Chain-length distributions

Starch was gelatinised and debranched according to a previ-
ously published method (Lisle, Martin, & Fitzgerald, 2000). Deb-
ranched chains were labelled following an established method
(O’Shea et al., 1998) with one modification: samples were labelled
at 50 °C for 24 h, which resulted in more labelled chains than when
labelling was carried out at 37 °C (data not shown). After the la-
belled samples were filtered (Freeze and Squeeze spin columns,
Bio-Rad), chain-length distributions were obtained using a P/ACE
MDQ capillary electrophoresis unit (Beckman-Coulter, Fullerton)
with the cathode at the injection side (reverse polarity). A laser-in-
duced fluorescence detector was used with an argon laser as the
excitation source. The N-CHO coated capillary (50 um LD.,
50.2 cm total length) and the carbohydrate separation gel buffer
were obtained from Beckman-Coulter. Separations were conducted
at 23.5 kV at 25 °C (O’Shea et al., 1998) for 80 min. Separation con-
ditions were controlled, and data was recorded and analysed using
32-Karat 7.0 software.

The degree of polymerisation, X, was assigned to peaks based on
the migration time of maltose. The area of each peak was con-
verted to velocity-area (Demorest & Dubrow, 1991), to obtain the
number distribution of chain lengths, N(X). Note that the normali-
sation of this distribution is arbitrary. The chain-length distribu-
tion is presented as InN(X); metrics of the distribution were
calculated as previously reported (Castro et al., 2005; Chiou, Fel-
lows, Gilbert, & Fitzgerald, 2005).

4.4. Genotyping for SSlla

DNA was extracted from the leaf samples using an established
protocol (Fulton, Chunwongse, & Tanksley, 1995). The polymerase
chain reaction (PCR) was performed using a G-Storm Thermal Cy-
cler (GS1, Gene Technologies Ltd, Essex, UK). The amplification
conditions and PCR primers used were as previously reported
(Cuevas et al., 2010). Amplified products were resolved in 2% aga-
rose gel stained with SybrSafe nucleic acid stain (Invitrogen, Carls-

bad, CA, USA), and visualised with Dark Reader non-UV
transilluminator (DR 195M, Clare Chemicals, Dolores, CO, USA).

4.5. Statistical analysis

Statistical analysis was carried out using binary logistic regres-
sion (Kleinbaum, Kupper, Muller, & Nizam, 1998), in CropStat
(IRRI) for Windows (version 6.1.2007.1). This is a technique for pre-
dicting the mean value of a binary response variable as a function
of one or more covariates. Statistical analyses of the metrics of the
chain-length distributions, and of the number of chains, were con-
ducted by balanced analysis of variance (ANOVA) in CropStat (IRRI)
for Windows (version 6.1.2007.1). Comparison of means was done
using least significant difference (LSD) at a 5% level of significance.
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