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ABSTRACT

Background and Objectives: The size distribution of starch granules is an important factor in determining the functional and
nutritional properties of starch. However, a simple, standardized method for their analysis is lacking. Here, we developed an
approach for estimating granule size parameters using a Python script that fits curves to volumetric granule size distributions
generated using a Coulter counter.

Findings: The bimodal size distribution of starch from most wheat and barley cultivars could be best described with a mixed
distribution curve. A log-normal distribution was fitted to the small B-type granules, and a normal distribution was fitted to the
large A-type granules, allowing estimation of their relative abundance and size parameters despite their overlapping size
distributions. However, the optimal fitting is altered in wheat mutants with large perturbations in B-type granule content. In
maize and rice, which have unimodal granule size distributions, size parameters were calculated by fitting a single normal
distribution.

Conclusions: Curve fitting is an effective approach for estimating starch granule size parameters in diverse cereals, particularly

the Triticeae with A- and B-type granules.

Significance and Novelty: We provide new tools and guidelines for the quantitative analysis of granule size in cereals.

1 | Introduction

The size distribution of starch granules is characteristic of the
botanical source of the starch. In cereal endosperms, there is
extensive natural variation in starch granule size distributions
(Jane et al. 1994; Matsushima et al. 2013). Perhaps the most
striking is the bimodal granule size distribution in grains of the
Triticeae (wheat, barley, and rye): where large A-type granules
form during early grain development, and smaller B-type gran-
ules form in later grain development (Bechtel et al. 1990; Kamble
et al. 2023). In wheat, B-type granules make up > 90% of granules
by number but < 30% by volume (Kamble et al. 2023; Lindeboom
et al. 2004). Other cereals produce “simple” granules that grow
from a single initiation and are relatively uniform in size (e.g.,

maize) or “compound” starch granules that develop when mul-
tiple granules initiate per amyloplast and grow against each other
to form a larger, tessellated structure (e.g., rice) (Jane et al. 1994;
Kawagoe 2013; Matsushima et al. 2015). Compound granules
tend to fall apart during starch extraction, producing granules
that are small, polygonal, and relatively uniform in size. Some
species, such as oats, have a more complex granule size distri-
bution, containing both simple and compound-type granules
(Saccomanno et al. 2017).

The size of starch granules has a major effect on the physico-
chemical and nutritional quality of starch (Li et al. 2021;
Lindeboom et al. 2004). For example, the relative amount of B-
type starch granules in wheat affects bread- and pasta-making
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quality (Park et al. 2009; Saccomanno et al. 2022; Soh
et al. 2006), and in barley affects malting quality (Langenaeken
et al. 2019). Larger granules are more resistant to digestion in
the native state, as there is proportionally less surface area
available for enzymatic attack (Dhital et al. 2010). Thus,
methods to describe and quantify the size distribution of starch
granules are important not only for the study of starch granule
biosynthesis but also for assessing starch quality for a broad
range of applications.

Despite the importance of granule size distributions, there is
currently no standardized method in grain research and
industry to quantify it. However, several approaches have been
used in the literature. A popular method is to measure granule
size using images captured by light or electron microscopy
(Jane et al. 1994). This requires relatively common instrumen-
tation, and can quickly generate an estimate of the average
granule size. However, it is labor-intensive to generate high-
quality size distributions using microscopy, as many granules
need to be quantified. Further, three-dimensional volume is
difficult to determine from two-dimensional images, so the
method generates granule diameter versus number plots rather
than a volumetric granule size distribution. Therefore, using a
particle size analyzer offers a far superior method to quantify
granule size distributions in terms of accuracy, efficiency, and
reproducibility, as they typically allow sizing of 10,000-100,000
particles in minutes. Such analyzers include Coulter counters
and light scattering particle size analyzers. For accurate quan-
tification of size, the Coulter counter is advantageous in that it
directly measures the volume of granules using the electro-
chemical “Coulter principle” and is relatively insensitive to
granule shape (Lines et al. 1981; Naito et al. 1998). In contrast,
particle size estimates based on optical light/laser scattering are
sensitive to particle shape (Barreiros et al. 2006; Naito
et al. 1998), so differences in starch granule shape can distort
the true measurement of volume. Regardless of the instrument
of choice, both can provide volumetric granule size distribu-
tions, which must be further analyzed to derive parameters of
interest for statistical comparison between different samples
(genotypes, treatments, developmental timepoints, etc.).

Here, we developed a simple method for quantifying starch
granule size distributions in various cereal grains, employing a
Coulter counter and subsequent data analysis with a flexible
Python script. We focused on the Coulter counter because it is
more accessible and affordable than a light scattering device
and holds a significant advantage in that it directly measures
volume with relative insensitivity to particle shape. The open-
access Python script is provided online with documentation. We
hope that the guidelines and resources in this article will lead to
the development of more standardized methods for analyzing
starch granule size.

2 | Materials and Methods
2.1 | Plant Materials and Growth
Seeds of the different wheat cultivars are from the John

Innes Centre (JIC) Germplasm Resources Unit under the
“Hexaploid wheat pangenome” collection (accession codes

PANGO0001-PANGO0016). The additional wheat cultivars Baj,
Chinese Spring; the tetraploid wheat cultivar Kronos; barley
cultivars Golden Promise, Nubet and Shikoku Hadaka; and
Aegilops tauschii (accession AL8/78) were obtained from
John Innes Centre Germplasm Resource Unit. Barley cultivar
‘Haruna Nijo’ was provided from NBRP-Barley (http://earth.
nig.ac.jp/!dclust/cgi-bin/index.cgi?lang=en). Rice grains
(Basmati) were purchased from a local market. Native maize
starch was obtained from Merck (S4126).

All wheat cultivars were grown to provide seeds for starch ex-
traction. These were grown in soil (John Innes cereal mix—65%
peat, 25% loam, 10% grit, 3 kg/m> dolomitic limestone, 1.3 kg/
m?pg mix, and 3kg/m> osmocote exact) in climate-controlled
glasshouses. The glasshouses provided a minimum 16 h of light
at 20°C and 16°C during the dark, and a continuous relative
humidity of 60%. For all other samples, starch was directly
extracted from the obtained seeds.

2.2 | Starch Extraction

Seeds (2-3 seeds per sample) were soaked overnight in 0.5M
NacCl (0.5mL), and then homogenized for 1 min in a ball mill
(set to 25Hz) with 3 mm tungsten carbide beads. The homog-
enate was filtered through a Pluriselect pluriStrainer Mini with
70 um nylon mesh. The filter was washed with an additional
0.5mL of ddH,O. Starch was pelleted at 3000 g for 5 min. The
pellet was washed three times in 1 mL 90% (v/v) buffered Per-
coll solution (prepared in 50 mM Tris-HCI, pH 8), spinning at
2500 g for 5min after each resuspension. The pellet was then
washed three times in 1 mL of wash buffer (50 mM Tris-HCl,
pH 6.8; 10 mM EDTA; 4% SDS; and 10 mM DTT), spinning at
5000 g for 2 min after each resuspension. Finally, the pellet was
washed three times in 1 mL of distilled water, spinning at 5000 g
for 1 min after each resuspension.

2.3 | Coulter Counter Analysis

Purified starch granules were resuspended in Isoton II elec-
trolyte (Beckman Coulter) and analyzed on a Multisizer 4e
Coulter counter (Beckman Coulter), fitted with a 70 pm aper-
ture and 100 mL beaker. The amount of starch measured was
optimized such that it did not exceed the 10% concentration bar,
to ensure that co-incidences (two particles passing through the
aperture at once) were minimized. We initially compared data
by counting different numbers of particles (between 10,000 and
500,000) in a purified starch sample of the wheat cultivar
Kronos. Counting 50,000 particles gave high-quality size dis-
tribution curves that were comparable to those produced by
counting a larger number of particles (Supporting Information
S1: Figure S1). Therefore, all samples were measured on the
Coulter counter with a minimum of 50,000 particles analyzed.
All measurements were performed using logarithmic bin spac-
ing. The data were exported to Comma Separated Value (CSV)
files containing the relative volume measured in each bin. For
consistency with previous literature in the field, the Coulter
Counter was set to output bins measured in units of particle
diameter. As the Coulter counter directly measures particle
volume, this involves a spherical particle assumption. For
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naturally spherical granules, such as B-type wheat granules, this
is a good approximation. For those with more complex geom-
etries, however, such as the lenticular A-type wheat granules or
the polyhedral granules of rice, we note that this is an effective
diameter for a spherical granule of equivalent volume.

2.4 | Data Input Into Curve-Fitting Script

The sections below outline the development and operation of the
script, which was written in Python 3.11.5. The CSV output files
from the Coulter counter were directly input into the script to
generate a volumetric granule size distribution (Figure 1a). To
prepare data for curve fitting, the script normalizes the data by
dividing the relative volume in each bin by the bin width to account
for the logarithmic bin spacing during data collection. The curve
fitting below is performed on these normalized data (Figure 1b). If
the data were acquired with linear (even) bin spacing, this bin
width normalization would not change the distribution.

A generic data input format is provided together with script

documentation, such that data from any Coulter counter model
can be used for the analyses.

2.5 | Defining Fittings to Bimodal Curves

To perform fits with a normal-normal (N-N) distribution, we
used the function:

1 = _ (x - #1)2 _ 1
100[}/[01\/5“)@[ 20,2 ]] + (1 y)[%mexp

=)

Here, u represents the mean of the curve, o represents the
standard deviation of the curve, and y is a constant representing
the relative area of the B-type granule curve. Subscript 1 refers
to the B-type granule curve, and subscript 2 refers to the A-type
granule curve. The initial parameter values used for the fits
were: y = 0.2, u; = 5,01 = 2, 4, = 20, 0, = 5, as these produce
a bimodal distribution that is similar in shape to a typical
normalized Coulter counter trace produced by wheat starch
(Figure 1b). The value of y was constrained to 0 <y <1, while
all others were constrained between 0 and .

To perform fits with a log-normal-log-normal (L-L) distribution,
we used the function:

1 _(Inx - Uu)? B
100[y[x01 TP [ 2o ]] +(1 -y

1 exp | - (Inx — u,)?
X0y 21 20,? .

In this model, u represents the mean of the logarithm of x, o
represents the standard deviation of the logarithm of x, and y is

a constant representing the relative area of the B-type granule
curve. Subscript 1 refers to the B-type granule curve and sub-
script 2 refers to the A-type granule curve. The initial parameter
values used were: y = 0.5, u; = 2,01 =0.5,u, = 3,0, = 0.2, as
these produce a bimodal distribution that is similar in shape to
a typical normalized Coulter counter trace produced by wheat
starch (Figure 1b). The value of y was constrained to 0 <y <1,
while all others were constrained between 0 and .

To perform fits with a log-normal-normal (L-N) distribution,
we used the function:

1 (nx—p) B 1
100[}/[)@1@\.)@[ 20,2 )) + (1 y)[gzmexp

2]

In this model, u,; represents the mean of the logarithm of x for
the B-type granule curve, o; represents the standard deviation of
the logarithm of x for the B-type granule curve, u, represents the
mean of the A-type granule curve, o, represents the mean of the
B-type granule curve, and y is a constant representing the rela-
tive area of the B-type granule curve. The initial parameter values
used were: ¥y =02, u; =15, 0 =0.5, u, =20, 0, =5, as
these produce a bimodal distribution that is similar in shape to a
typical normalized Coulter counter trace produced by wheat
starch (Figure 1b). The value of y was constrained to 0<y <1,
while all others were constrained between 0 and .

2.6 | Defining Fittings to Unimodal Curves

To perform fits with a normal distribution, we used the
function:

A _a-w?
o Znexp( 202 )

The initial parameter values used were: A = 100,u = 5,0 = 2,
as these produce a unimodal distribution that is similar in shape
to a typical normalized Coulter counter trace for rice and maize
starch. All parameters were constrained between 0 and .

To perform fits with a log-normal distribution, we used the
function:

A ox _(Inx - w?
xo27 P 202 '

The initial parameter values used were: A = 200, u = 2, o=1,
as these produce a unimodal distribution that is similar in shape to
a typical normalized Coulter counter trace for rice and maize
starch. All parameters were constrained between 0 and <.

The initial parameters were selected as they produced curves,
which followed a typical Coulter counter trace produced by
maize and rice starch.
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FIGURE 1 | Transformation of Coulter counter data for accurate fittings. (a) Raw volumetric starch granule size data from wheat cultivar Claire,

quantified using a Coulter counter with logarithmic bin spacing. Here, it is plotted over a linear scale as a histogram. Logarithmic bin spacing means that
bins at smaller diameters are narrower than those at larger diameters, so peak heights must be normalized to account for this. (b) Volumetric granule size
distribution data from (a) after normalization for logarithmic bin spacing. A line (black) has been overlaid with the volume (%) density plotted against
the midpoint of the bin; this is the curve which the fitting is conducted against. (c) After curve fitting, the data (gray) and the fitted curves are divided by the
sum of the raw volume (%) so that the total height of the data sums to 100%. This is a simple stretch and results in no changes to the overall fitting or
calculated parameters. This ensures the units of the y-axis are in line with expectations from the output of the Coulter counter. Fitted curves are in blue

(normal-normal), yellow (log-normal-log-normal), or pink (log-normal-normal). [Color figure can be viewed at wileyonlinelibrary.com]

2.7 | Optimization of Fittings and Calculation
of Parameters

For all fittings, the optimise.curve_fit function from the scipy
1.11.1 package (Virtanen et al. 2020) was used to fit optimized
distributions, using the previously stated initial values as the
starting points. The mean and variance of the normal distri-
bution are given by u and o2, respectively. For the log-normal

2
distribution, the mean is exp(,u + %), and the variance is

[exp(c?) — 1]exp(2u + o2). As these values are calculated from
the fitted curves, we note that they do not directly equate to the
mean and standard deviation of the measured particle size
distribution but provide an excellent proxy for comparing size
parameters between different samples. For bimodal fittings,
the B-type granule content (%) is given by the value of 100 = y.
Subsequently, the A-type granule content (%) is calculated as
100 — B-type granule content (%). The term “granule size param-
eters” is used to describe all of the above starch granule-related
parameters derived from the fittings.

For each fitting, the standard error of regression (S) is provided
as a goodness of fit test, which was calculated as

1 =02
n—2 X0 —x)?

where n is the total number of data points, y, the measured
y value, y. the y value calculated from the fitting, x; the mea-
sured x value, and X the mean x value. In addition, we calcu-
lated individual parameter uncertainties as the square root of
the diagonal of the covariance matrix of errors produced by
optimise.curve_fit. Total fit uncertainty was calculated as the
sum of all parameter uncertainties.

2.8 | Plotting Fits and Script Outputs
The scripts produce multiple outputs to allow efficient data
analysis.

First, it generates a series of pdf files containing graphs of the
fittings for each of the samples. In these graphs, the data and
fitted curves have been divided by the sum of the raw volume
(%), which is a simple stretch and results in no changes to the
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overall fitting or calculated parameters (Figure 1c). This brings
the y-axis more in line with the scale from the raw output of the
Coulter counter and previous literature.

Second, it produces Excel spreadsheets: “Starch_parameters_
from_fittings,” which gives the mean and variance of the fitted
volumetric granule size distributions for all optimized fittings,
and for the bimodal script gives A- and B-granule contents
(Table 1); “Mathematical_values_to_reproduce_fittings” contains
all fitting parameters from the optimized fitting, along with un-
certainties for each fitting parameter, to allow users to replot the
mathematical curves if required (Table 2).

Finally, the script produces a plot of S and total fit uncertainty
values for all models for all samples. This assists the user in
selecting the best overall model for curve fitting within their
data set, as the model that produces the lowest values for most
samples can be easily visualized.

Error catching is incorporated to produce lists of samples where
(1) the script completely failed to produce fittings (“Samples_
where_the_script_failed”), suggesting an issue with the format of
the input data, or (2) where the fitting could not be sufficiently
optimized (“Samples_which_fitted_successfully_and_samples_
which_failed”), suggesting that none of the models provide an
optimal fit for the data.

2.9 | Code Availability

The scripts and instructions for use are freely available online
at https://github.com/DavidSeungLab/Coulter-Counter-Data-
Analysis. An example of how data should be organized to use
the script is also included.

3 | Results

3.1 | A Mixed Log-Normal/Normal Distribution
Fits Starch Granule Size Distributions of Wheat

We developed a Python script to estimate A- and B-type granule
contents of wheat starch by calculating the relative area under
the A- and B-type granule peaks in Coulter counter data. These
two peaks are not completely resolved and have substantial
overlap, thus requiring curve fitting to separate them for cal-
culating their relative areas (Figure 1). In this regard, a previous
study developed a script for fitting mixed distributions to wheat
starch granule size distributions from a laser scattering instru-
ment, where the curve was a mixture of three log-normal dis-
tributions (Tanaka et al. 2017). Two of the three distributions
correspond to A- and B-type granules, and the third corre-
sponds to so-called “C-type” granules, which is defined as a
subpopulation of granules that are smaller than the B-type
granules. However, when designing our script, we opted to fit
bimodal distributions for the analysis of wheat starch, excluding
consideration of C-type granules. First, only a few studies report
the presence of C-type granules (Bechtel et al. 1990; Wilson
et al. 2006), and in our own analysis, we only observed peaks
corresponding to A- and B-type granules (Figure 1). Second,

Example of the starch parameter output from the bimodal fitting script for the L-N fitting to starch from wheat cultivar Claire. Diameters and variances are quoted in the same units as the

TABLE 1

bin specifications of the original data file, in this case um.

Standard

Variance of A-type

Variance of B-type

A-type
granule
content (%)

B-type
granule
content (%)

Mean of the A-type
granule diameter-

Mean of the B-type
granule diameter-

error of
regression

Fit

uncertainty

granule diameter-

granule diameter-

distribution

distribution

distribution

distribution

Sample

0.002

0.219

33.214

8.529

77.759

22.241

20.813

7.246

Claire
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TABLE 2 | Example of the mathematical output from the bimodal fitting script for the L-N fitting to starch from wheat cultivar Claire. These
parameters refer to the mathematical constants in the L-N function (section 2.5), which specify the fitted curve.

Sample V4 7 uncert M1 M, uncert o1 o1 uncert M M, uncert =7} o, uncert
Claire 0.222 0.007 1.905 0.013 0.388 0.009 20.813 0.091 5.763 0.098
ag 0.8 N-N
o Uncertainty = 0.27
g 061 S =0.00197
=
L 0.4+
2
= 0.2
o
[J] -
x 0.0 === T T r T 1
0 10 20 30 40 50
Diameter (um)
b 0.8 L-L
o Uncertainty = 0.04
e 0.6 1 S=0.00188
=
L 0.4+
2
= 0.2
©
Q
@ 0.0 = T T T 1
0 10 20 30 40 50
Diameter (um)
c ;\3 0.8 L-N
° Uncertainty = 0.22
€ 0.6 1 S =0.00185
=
L 0.4+
&
= 0.2
o
[0} -
x 0.0 === T T r T 1
0 10 20 30 40 50
Diameter (um)
d 2087 All fits
=~ --== N-N
(0]
15 L-L
g — L-N
[
=
=
(9]
14 T 1
0 10 20 30 40 50
Diameter (um)
FIGURE 2 | Three different bimodal curve fittings to the volumetric distribution of wheat starch. The normalized volumetric size distribution

was determined using a Coulter counter on starch from wheat cultivar Claire (gray). (a-c) We fit two normal (N-N) (a), two log-normal (L-L) (b), or

a log-normal and a normal (L-N) (c) distributions to the measured size distribution. The orange dashed curve represents the fitted A-type granule

distribution, the pale pink dashed curve represents the fitted B-type granule distribution, and the green curve is the sum of these two distributions.

The fit uncertainty and standard error of regression (S) are reported in the top right. (d) All three fittings have been overlaid for comparison, with the

fitting with the lowest S value as a solid line and the other fittings as dashed lines. [Color figure can be viewed at wileyonlinelibrary.com]

unlike the A- and B-type granules that arise from two defined
waves of granule initiation, the biological origin of C-type
granules remains unexplained. Finally, the contribution of
C-type granules to starch quality is unclear since they have an
almost negligible contribution to the total granule volume due
to their small size and low abundance. Our script fits three
different mixed distribution curves to the bimodal starch
granule size distribution, including normal distributions to both
A- and B-type granule peaks (henceforth called N-N), log-
normal distributions to both peaks (henceforth called L-L), and
a log-normal distribution to the B-type granule peak and a
normal distribution to the A-type granule peak (henceforth
called L-N) (Figure 2). The reason why we considered fitting a
log-normal distribution to the B-type granule peak is because

the lower end of the peak comes close to the y-axis and there
can be no granules with a negative diameter value. Full
description of the curve fitting is described in Sections 2.4-2.9.

We tested the fitting of the three different curves on granule size
distributions from wheat starches. Initially, we assessed the
quality of fitting using the standard error of regression (S) and
fit uncertainty values provided by the script. In a typical wheat
starch sample from cultivar Claire, the uncertainty values were
low for all fits. The S values were also low but lowest for
the L-N fitting, indicating it was mathematically the best fit
(Figure 2a-c). Visual assessment of the fitted curves showed
that the N-N curve deviated substantially from the actual
distribution at the lower size range (between 0 and 3 um)
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(Figure 2d). In contrast, the L-L curve deviated from the dis-
tribution at the upper size range (between 32 and 40 um).
However, a noticeable difference between the L-L and the N-N
fitting was that in the L-L fitting, we observed a long “tail” on
the upper end of the B-type granule peak (between 12 and
20 um), which was accommodated by the shape of the log-
normal A-type granule peak. This tail implies that an appreci-
able population of B-type granules are between 12 and 20 um,
but such low-probability events are rarely observed using
microscopy. Although the tail on the B-type granule peak was
still present with the L-N fitting, it was much less pronounced
than with the L-L curve fitting. In the L-N fitting, the lower
end of the B-type peak and the upper end of the A-type granule

peak closely followed the actual granule distribution trace, and
fixing the A-type granule peak to a normal distribution reduced
the “tail” of the log-normal B-type granule peak. Thus, from
both our mathematical and visual assessments, the L-N was the
optimum fit.

To test how these curve fittings might vary with genotypic
variation in granule size distributions in wheat, we analyzed
fittings for 65 different Coulter counter traces representing
17 diverse wheat cultivars from the 104+ wheat genomes project
(Walkowiak et al. 2020), the genome reference Chinese Spring,
and the CIMMYT cultivar Baj (Figure 3 and Supporting Infor-
mation S2: Tables S1 and S2). We saw large differences in the
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FIGURE 3 | Comparison of the three different fittings with starch from different wheat cultivars. (a-d) The normalized volumetric size distri-

bution was determined using a Coulter counter on starch from bread wheat cultivars ArinaLrFor (a), Mace (b), Lancer (c), and durum wheat Kronos
(d) (all gray). We fit two normal (N-N, blue), two log-normal (L-L, yellow), or a log-normal and normal distributions (L-N, pink) to the measured
size distribution, with the fit with the lowest standard error of regression (S) value represented as a solid line and other fits as dashed lines. (e) Sixty-

five (n) Coulter counter traces from 17 wheat varieties were run through the fitting script, and the fitting with the lowest S value was calculated and is

shown as a percentage. [Color figure can be viewed at wileyonlinelibrary.com]
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size distribution traces, particularly in the position of the peaks,
and thus the mean granule diameters (Figure 3 and Supporting
Information S1: Figure S2). Uncertainty values were low
(<0.75) for all three fits. Comparison of S values showed that
the majority of samples (60%) produced the lowest S values with
the L-N fitting, while 40% had the lowest S value for the L-L
fitting (Figure 3e). The N-N distribution never produced the
lowest S value.

From these fittings, we derived the mean of the fitted A-type
granule distribution curve, the mean of the fitted B-type
granule distribution curve, and B-type granule content by
volume (the integral of the B-type granule peak as a per-
centage of the total integral of both curves). To compare
values derived from the different fittings, values from the
L-N fitting were plotted against those from the N-N and
double L-L fittings (Figure 4). Generally, the values from the
three different fittings for each sample were consistent with
each other in rank, such that samples having high values
under one fit were also high with the other fits. Thus, the
Pearson correlation coefficients between values were all
greater than 0.85. However, the absolute values obtained for
each parameter varied substantially between the different
fittings. The mean A-type granule diameter distribution was
similar between the L-N and N-N fittings. The L-L fitting,
however, resulted in higher diameters for both A- and B-type
granules. This is likely a result of the long tail observed on
the B-type granule peak under the L-L fitting, which also
shifts the position of the A-type granule peak. The L-L fitting
also produced the highest B-type granule content values,
which is again likely an overestimate produced by the long
tail. It therefore appears that for a broad range of wheat
cultivars, the L-N fitting provided a reliable fit that is
consistent with experimental observations.

To test the robustness of the L-N fitting to different experi-
mental data, we first examined whether varying the number of
particles counted with the Coulter counter would affect the
granule size distribution and the quality of the fittings. Varying
the number of particles counted between 10,000 and 500,000 on
the same purified starch sample from the tetraploid wheat
Kronos resulted in size distribution traces that were broadly
similar in shape, but counting fewer particles resulted in noisier
traces (Supporting Information S1: Figure S1). However, when
L-N curves were fitted to these size distribution traces, the
calculated granule size parameters were very similar within the
examined range of particle counts (Supporting Information S1:
Figure S3). Therefore, although counting > 40,000 particles
resulted in higher quality data with reduced noise, counting
lower numbers of particles still produced acceptable estimates
of granule size parameters, which is beneficial for the analysis
of limited samples. Second, we tested whether the fitting would
also work on extreme, induced variation in B-type granule
content. We analyzed starch from durum wheat mutants defi-
cient in the plastidial Phosphorylase 1 (phsl) and Myosin-
resembling Chloroplast Protein (mrc), which have low and high
B-type granule contents, respectively (Figure 5, Supporting
Information Figure S1: S4 and Table S3; Chen et al. 2024;
Kamble et al. 2023). Interestingly, the L-N fitting did not pro-
vide the best fit for either mutant. For mrc, the L-L consistently
fitted best. For phsl, the best fit was more variable: the N-N
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FIGURE 4 | Comparison of parameters derived from curve fittings.

A-type granule diameter-distribution mean (a, b), B-type granule diameter-
distribution mean (c, d), and B-type granule content (e, f) were derived
from the normal-normal N-N (a, c, e), log-normal-log-normal L-L (b, d, f)
fittings, and plotted against those derived from the log-normal-normal L-N
fittings (a—f). Individual data points are shown as black dots (n = 65), with
the Pearson correlation coefficient shown in the top left. A dashed gray line
of y =x is overlaid on each plot to show the expected relationship if the
fittings gave the same values.

fitting was best for 50% of the samples, followed by L-L and
L-N. However, it should be noted that the S values were small
for all fittings on both mutants, with the maximum S value
observed being S = 0.0022.

3.2 | The L-N Distribution Fits Starches From
Different Triticeae Species

Given that the L-N model fit best to most natural wheat vari-
eties, we assessed whether this distribution could also fit starch
granule size distributions from other Triticeae species. We tes-
ted starch from four different barley cultivars (Golden promise,
Nubet, Haruna Nijo, and Shikoku Hadaka) and the wild wheat
relative, Ae. tauschii. The L-N fitting produced the most optimal
fitting for all these samples (Figure 6 and Supporting Infor-
mation S1: Figure S5 and Table S4).
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3.3 | Adaptation of the Script to Analyze Starch
With a Unimodal Distribution

Since the occurrence of A- and B-type granules is restricted to
the Triticeae, we created a version of the script for fitting a
unimodal granule size distribution. This script performs bin
width normalization as described for the bimodal script and fits
both normal and log-normal distributions to the data. We tested
the script on maize and rice starch, and for both, the normal
distribution fit better than the log-normal distribution, pro-
ducing a visually better fit and low fit uncertainty and S values
(Figure 7 and Supporting Information S2: Table S5). However,
in rice, we observed the presence of some large particles
(> 8 um) that extended beyond the fitted normal distribution
(Figure 7).

4 | Discussion

Our curve-fitting script enables the estimation of useful granule
size parameters from starch granule size distribution data
obtained by analyzing large populations of granules on the
Coulter counter. We demonstrated the applicability of this
approach to different cereals, including various wheat and barley
cultivars, Aegilops, maize, and rice. We have summarized the
granule size parameters obtained from these analyses in Table 3,
showing differences in these parameters between wheat and
barley cultivars (corresponding mathematical parameters in
Supporting Information S2: Table S6). Small differences between
varieties cannot be easily distinguished using microscopy,
demonstrating the usefulness of our approach.

To allow this approach to be easily applied to a range of dif-
ferent samples, we provided two different scripts for fitting
unimodal and bimodal distributions, and each can fit normal
and log-normal distributions. Even within the small subset of

cereal species analyzed here, we observed that different fittings
worked best depending on species and genotype. For example,
L-N mixed distributions fit the majority of wheat and barley
cultivars, and the wild wheat relative Ae. tauschii. However,
when we perturbed the B-type granule content by introducing
mutations in wheat, the L-N no longer provided the best fit.
Maize and rice starch with unimodal distributions could be
fitted with a single normal distribution. The use of L-N distri-
butions for describing Triticeae starch and the fact that starch
from different species, cultivars, and mutants fit different dis-
tributions are major findings of our work.

In the analysis of these Triticeae starches, we were inspired by
the work of Tanaka et al. (2017), who developed a script for
describing wheat starch with mixed distributions with three log-
normal distributions. Our script is different from this existing
script in three ways. First, the Tanaka script was tested on data
from a laser scattering instrument, whereas ours was tested on
Coulter counter data. Second, our script fits bimodal distribu-
tions rather than trimodal distributions that include the small
“C-type granule” peak, which was never observed in our ex-
perimental samples. It is possible that the occurrence of C-type
granules is conditional (e.g., appears under specific environ-
ments). Finally, our script offers the flexibility of fitting different
distributions, including the L-N fitting that is the best fit for the
Triticeae starches examined here. Given these differences with
the existing script, it is up to the users to decide on which
approach is most suitable for their purposes.

Overall, we obtained values for granule size parameters that are
comparable to other methods reported in the literature. For
example, we estimated B-type granule contents (by volume
percentage) of 8%-35% in our wheat cultivars. Early studies that
used microsieving to separate A- and B-type granules reported
B-type granule contents ranging from 24% to 34% among wheat
cultivars (Evers 1973; Evers and Lindley 1977). The analysis of
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FIGURE 6 | Comparison of the three different fittings with different Triticeae starches. The normalized volumetric size distribution was

determined using a Coulter counter on starch from barley cultivars Golden promise (a), Nubet (b), Haruna Nijo (c), Shikoku Hadaka (d), and the Ae.

tauschii genome reference AL8/78 (e) (all gray). We fit two normal (N-N, blue), two log-normal (L-L, yellow), or a log-normal and normal

(L-N, pink) distributions to the measured size distribution, with the fit with the lowest standard error of regression (S) value represented as a solid

line and other fits as dashed lines. [Color figure can be viewed at wileyonlinelibrary.com]

the same cultivars using Quantimet image analysis or Coulter
counter resulted in an average B-type granule content of 39%
and 45%, respectively (Evers and Lindley 1977). Other
microscopy-based methods estimated a B-type content of 33%
(Hughes and Briarty 1976). Also, multiple studies have used
laser scattering-based particle size analyzers: Stoddard (1999),
Raeker et al. (1998), Peng et al. (2013), and Zhang et al. (2016)
collectively reported B-type granule contents of 7%-50% among
their wheat cultivars. However, all the above studies used a size
cutoff of <10um to define B-type granules rather than using
curve fitting on their respective size distribution data to sepa-
rate the A- and B-type granules. A clear advantage of our
method is that it avoids using a defined size threshold. The
10 um cutoff that is routinely employed can lead to error from
misclassification of large B-type granules or small A-type
granules. Also, the threshold is unlikely to be optimal for all

cultivars of wheat and barley, especially considering the intra-
species variation we observed in the size distribution curves
(Figures 3 and 6). Although the values we obtained with our
script are comparable to these previous studies, it is difficult to
assess the accuracy of our method, given that the true value of
B-type granule content is not known. It is possible that ad-
vances in volume microscopy or tomography could allow more
precise determination of volumes occupied by A- and B-type
granules in the grain, which would be invaluable for evaluating
the different estimation methods.

In our analysis script, it is essential that the user selects the
fitting that is optimal for their experimental data, and we pro-
vide two mathematical indicators (S and fit uncertainty) that
can guide the selection. The S value, which assesses goodness of
fit, should drive model selection. However, S values should only
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be used to compare the different bimodal fittings or different
unimodal fittings and cannot be used to compare unimodal and
bimodal fittings due to the different number of parameters in
the models. Visual inspection of the curves is essential to
determine if bimodal or unimodal fitting is appropriate and to
assess the quality of the fitting. It is also important to assess how
the derived parameters match other experimental observations
(such as microscopy data). For example, the L-L model pro-
vided a good statistical fit to the wheat starch data but poten-
tially overestimated the tail of the B-type granule distribution at
large diameters. Such giant B-type granules have, however, not
been observed using microscopy. This could be due to them
being rare, or difficult to distinguish from A-type granules, or
because they do not exist. The L-N fitting, however, had a
somewhat reduced “tail” on the B-type granule curve compared
to the L-L fitting, and thus was more consistent with micros-
copy data. It is possible that employing a more complex
mathematical model in future studies might result in a better
fit. However, increasing model complexity comes with the risk
of overfitting, which we have avoided by using simple models.

Our analysis of the phsl and mrc mutants provides an example
where different samples within the same experiment optimally
fit different fittings. The fact these fit different distributions
compared to the wild type demonstrates that they have very
different distributions. However, when making comparisons of
quantitative parameters derived from the data, care should be
taken if different fittings are employed between genotypes or
treatments since there could be different errors introduced by
the different fittings. A better option in this example, since all
fittings produced low S values, is to use the same fitting for all
samples but to state clearly that there could be error introduced
by the curve fit being suboptimal for some of the samples.

For rice and maize (Figure 7), the normal distribution fit better
than the log-normal distribution, with low S scores. The granule
size values obtained for these species are in Table 3, with corre-
sponding mathematical parameters in Supporting Information S2:

Table S7. Although this suggests that these distributions could be
mostly described with a normal distribution, there were some
large granules that deviated from the distribution in rice. This
could be a consequence of it forming compound granules
(Matsushima et al. 2015). It is possible that the larger particles
represent granules within the compound that have not fully dis-
sociated from each other during starch extraction. It could also
point to more complex mechanisms governing granule size. For
example, physical interactions between the individual granules
within the compound granules could influence the size of each
particle, potentially causing a slight deviation from the theoretical
distribution.

However, it should be noted that the reason why different
fittings work better for different species is unknown. Also, the
shape of the size distribution is also influenced by technical
factors. For example, although the Coulter counter measures
the volume of each particle and is insensitive to shape, it
assumes spherical particle size when it calculates a diameter
value for the x-axis. A-type granules of Triticeae, however, are
known to be lenticular. Outputting Coulter Counter data using
bin volumes (as opposed to diameter) and fitting accordingly
would provide a more direct quantification of starch granule
size properties. However, the granule size is, by convention,
reported in the literature as diameter rather than volume, and
the script, as currently presented here, has the advantage of
allowing direct comparisons to the existing literature.

5 | Conclusions

Our study provides a new method for the analysis of starch
granule size distributions using curve fitting, as well as insights
into best practices for quantitatively describing granule size
parameters from different species. The script and relevant
documentation are available online (see Methods). This
resource will lead to more widespread, quantitative descriptions
of granule size distributions within the research community.
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TABLE 3 | Granule size parameters derived from the Coulter counter, followed by curve-fitting analysis.

Mean of the B-type
granule diameter-
distribution (um)

Mean of the A-type
granule diameter-
distribution (um)

B-type granule
content (%)

A-type granule
content (%)

Bimodal fittings (L-N)

Wheat cultivars

Range (5.85-8.39)
ArinaLrFor 6.23+0.30
Baj 5.94+0.21
Cadenza 6.18 +0.31
CDC-Landmark 8.00 +0.28
CDC-Stanley 7.62 +0.62
Chinese Spring 7.35+0.21
Claire 6.47 +0.37
Jagger 6.87 +£0.41
Julius 7.03+0.21
Kronos 6.95+0.21
Lancer 5.85+0.82
Mace 6.00 + 0.42
Norin61 6.15+0.24
Paragon 6.58 +0.30
Robigus 8.39+0.31
SY-Mattis 7.08 +£0.39
Weebil 6.33+0.24
Barley cultivars
Range (4.02-5.46)
Golden Promise 4.02+0.07
Nubet* 5.31
Haruna Nijo 4.57+0.05

Shikoku Hadaka* 5.46
Other species

Ae. tauschii 7.51+0.56

(17.63-22.52) (7.61-35.40) (64.60-92.39)
17.85 +0.98 27.67 +1.56 7233 +1.56
19.39 +0.05 7.61 +1.00 92.39 + 1.00
19.44 +0.44 16.24 +2.04 83.76 + 2.04
20.61 +0.23 35.40 +3.15 64.60 +3.15
20.22 +0.38 28.36 + 4.43 71.64 + 4.43
20.80 +0.81 20.03 +2.16 79.97 +2.16
20.24 +0.62 24.59 +2.61 75.41 +2.61
20.33+0.93 19.99 +1.40 80.01 + 1.40
22.52+0.35 25.49 +1.57 74.51 +1.57
22.02 +0.06 25.84 +0.86 74.16 + 0.86
17.63 +0.91 19.11 +4.79 80.89 +4.79
20.93 +1.30 16.59 + 4.79 83.41 +4.79
18.84 +0.91 16.80 + 2.07 83.20 +2.07
21.50 +0.74 18.47 +2.02 81.53 +2.02
21.90 + 0.47 33.03 +5.74 66.97 + 5.74
21.10+0.78 14.44 +1.78 85.56 + 1.78
20.83 +0.16 17.36 + 3.48 82.64 + 3.48

(15.98-20.25) (5.82-15.24) (84.76-94.18)
16.33 +0.25 10.79 + 0.75 89.21 +0.75

20.05 5.82 94.18
20.25 +0.63 15.24 +1.80 84.76 + 1.80
15.98 13.34 86.66
21.87 +0.16 11.52 +0.63 88.48 + 0.63

Mean of the granule diameter-distribution (um)

Unimodal fittings (N)

Maize 16.07 +0.01
Rice 4.80 +0.00

Note: Values are mean + standard error of the mean (SEM) from n = 3-4 replicates, where each represents grains harvested from different plants. Where only one seed

batch was available (*), value represents a single analysis on starch prepared from grains pooled from many plants. The row ‘Range’ of means and granule contents
summarizes the minimum and maximum values, which are found in the corresponding column.
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