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Abstract

Main conclusion Starch granule size distributions in

plant tissues, when determined in high resolution and

specifiedproperly as a frequency function, could pro-

vide useful information on the granule formation and

growth.

Abstract To better understand genetic control of physical

properties of starch granules, we attempted a new approach

to analyze developmental and genotypic effects on mor-

phology and size distributions of starch granules in

sweetpotato storage roots. Starch granules in sweetpotatoes

exhibited low sphericity, many shapes that appeared to be

independent of genotypes or developmental stages, and

non-randomly distributed sizes. Granule size distributions

of sweetpotato starches were determined in high resolution

as differential volume-percentage distributions of volume-

equivalent spherical diameters, rigorously curve-fitted to be

lognormal, and specified using their geometric means �x�

and multiplicative standard deviations s� in a �x� �
=ðmultiply/divideÞs� form. The scale (�x�) and shape (�s�) of
these distributions were independently variable, ranging

from 14.02 to 19.36 lm and 1.403 to 1.567, respectively,

among 22 cultivars/clones. The shape (s�) of granule log-

normal volume-size distributions of sweetpotato starch were

found to be highly significantly and inversely correlatedwith

their apparent amylose contents. More importantly, granule

lognormal volume-size distributions of starches in devel-

oping sweetpotatoes displayed the same self-preserving

kinetics, i.e., preserving the shape but shifting upward the

scale, as those of particles undergoing agglomeration, which

strongly indicated involvement of agglomeration in the

formation and growth of starch granules. Furthermore, QTL

analysis of a segregating null allele at one of three homoe-

ologous starch synthase II loci in a reciprocal-cross popu-

lation, which was identified through profiling starch granule-

bound proteins in sweetpotatoes of diverse genotypes,

showed that the locus is a QTL modulating the scale of

granule volume-size distributions of starch in sweetpotatoes.

Keywords Starch granules � Granule size distributions �
Multiplicative specification � Self-preserving size

distributions � Starch granule-bound proteins �
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Abbreviations

AIC Akaike information criterion

CV Coefficient of variation

DAT Days after transplanting

ESZ Electrical sensing zone

K–S The Kolmogorov–Smirnov test

MALDI-TOF/

TOF

Matrix-assisted laser desorption/

ionization time-of-flight

MV Mie or modified Mie-calculated

geometric means

QTL Quantitative trait locus

SGP Starch granule-bound protein

SSII Starch synthase II
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Introduction

Chemically, starch refers to two types of homoglucan

polymers: (1) the linear or sparsely branched amylose and

(2) the highly branched amylopectin. Physically, starch in

plant photosynthesis and storage tissues exists as granules

that assume many shapes (Shannon and Garwood 1984;

Singh et al. 2003), including spheres, ellipsoids, polyhe-

drons, platelets, cubes, cuboids, and irregular tubules.

Thus, starch synthesis involves at least two phases, the

enzymatic synthesis of amylose and amylopectin, and the

formation and growth of starch granules from amylose,

amylopectin, and minor components of lipid and proteins.

Most of the physicochemical, biochemical, and structural

properties of amylose, amylopectin, and starch granules

have been extensively studied (reviewed in BeMiller and

Whistler 2009; Buléon et al. 1998; Copeland et al. 2009;

Hoover 2001; Lindeboom et al. 2004; Perez and Bertoft

2010; Tester and Debon 2000; Tester et al. 2004; Zobel

1988). Moreover, in recent decades, molecular genetic and

genomics studies have substantially advanced our under-

standing of amylose and amylopectin biosynthesis, and

genetic regulations of these processes (reviewed in Bald-

win 2001; Ball and Morell 2003; Emes et al. 2003; Hannah

and James 2008; James et al. 2003; Jeon et al. 2010;

Keeling and Myers 2010; Smith 2001; Smith et al. 2005;

Tetlow 2011; Tomlinson and Denyer 2003; Zeeman et al.

2010). However, very little is known about the genetic

control of physical properties, especially the size of starch

granules in plants.

Starch granules in plant tissues exist in a range of sizes

that vary in number frequencies and volume (or mass)

percentages, i.e., displaying a certain size distribution.

Although size distributions of starch granules in plant

storage tissues have been well recognized and described

(reviewed in Lindeboom et al. 2004), they have been rarely

defined using distribution specifications. Instead, granule

sizes of starch from many plant storage tissues were often

described using a simple average of or range of ‘diameters’

(reviewed in Buléon et al. 1998; Hoover 2001; Lindeboom

et al. 2004; Moorthy 2002; Shannon and Garwood 1984).

In some cases, this parameter has been simplified as the

arithmetic mean of the microscopically measured largest

dimensions of two-dimensional (2D) granule images (Go-

ering et al. 1973; Li et al. 2011), for which the number of

observed granules was even as low as 15 (Wang et al.

1993). Regardless of the population size of sampled gran-

ules, such a simple average of ‘diameters’ or the largest

dimensions apparently cannot accurately define the dis-

tributed sizes of heterogeneously shaped starch granules,

often with very low sphericity, in a plant tissue. To address

the issue of low granule sphericity, some researchers have

used transformed spherical equivalent diameters for cal-

culation of the average diameter (Lindeboom et al. 2004);

however, the problem of biased average weighting due to

different granule number frequencies for various size cat-

egories remains. Others have simply specified ranges of the

granule size distributions (Chen et al. 2003; Dai 2009) or

used the distribution mean volume or mean equivalent

spherical diameter (weighted by number, volume, or sur-

face area) assuming a normal distribution (Edwards et al.

2008; Karlsson et al. 1983; Li et al. 2008; Park et al. 2009;

Wilson et al. 2006). These varying specifications of starch

granule sizes make it very difficult to meaningfully com-

pare reported granule sizes of starches from different or the

same sources in various studies, which may have hindered

our efforts to understand genetic control of starch granule

size distributions in plant tissues.

In this study, we attempted a new approach to analyze

developmental and genotypic effects on morphology and

size distributions of starch granules in sweetpotato storage

roots for a better understanding of the genetic control of

physical properties of starch granules. To properly define

granule size distributions, we determined granule sizes of

starch in sweetpotato storage roots as differential volume-

percentage distributions of volume-equivalent spherical

diameters in high resolution, and specified the fitted log-

normal distributions using a universally comparable mul-

tiplicative two-parameter specification. We analyzed

granule volume-size distributions of starch from more than

65 cultivars/clones that have diverse genetic background,

and kinetics of starch granule size distributions in devel-

oping sweetpotatoes. We demonstrated for the first time

that granule lognormal volume-size distributions in devel-

oping sweetpotatoes shared the signature self-preserving

kinetics of size distributions of particles undergoing

agglomeration. In addition, a single-locus QTL analysis

using a reciprocal-cross population segregating for a null

allele at one of three homoeologous starch synthase II

(SSII, both granule-bound and soluble) loci showed that the

SSII locus is a QTL modulating the scale of granule log-

normal volume-size distributions of starch in sweetpota-

toes, demonstrating a direct genotypic effect of starch

synthesis enzymes on granule size distributions.

Materials and methods

Plant materials

The initial seeding sweetpotatoes or vine cuttings of cul-

tivars/clones used in this study were kindly provided by the

sweetpotato breeding and genetics program of North Car-

olina State University (Covington, Hernandez, Diane, O’
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Henry, Hannah, NC-Japanese, and Murasaki-29), the US-

Vegetable Lab, SC (Excel, SC1149-19, the Excel/SC1149-

19 reciprocal-cross population, and W364), and the USDA-

ARS Plant Genetic Resources Conservation Unit, Griffin,

GA (all remaining cultivars/clones). Storage roots used for

starch extractions were sampled from freshly harvested

uncured storage roots from plants that were grown in

neighboring rows in the field or individually in pots for

three seasons.

Starch isolation and analyses of apparent amylose

contents

For starch preparation, about *20 g of sweetpotato slices

(1–2 mm thick) were randomly sampled out of 1 kg of

slices from freshly harvested whole sweetpotatoes of

desired size grades (\US No. 1 petite, US No. 1 petite, the

US No. 1 and[US No. 1 sizes), chopped and finely ground

in 20–25 mL of cold water using a Warring Chopper/

Grinder. Starch in the slurry was then filtered through two

layers of Miracloth (pore size: 22–25 lm) into a 250-mL

beaker and allowed to settle for approximately 30 min. The

settled starch was recovered, resuspended in approximately

30 mL of cold water, and transferred to a centrifuge tube.

Starch was pelleted by centrifugation for 5 min at

60009g speed. Colored gel-like materials overlaying the

packed white starch granules were scraped using a spatula.

This raw starch preparation was then washed twice in a

cold buffer [62.5 mM Tris-HCl (pH 6.8), 10 mM EDTA,

and 0.14 M SDS], three times in cold water, and once in

cold acetone (approximately 15 mL) by repeated resus-

pension and centrifugation. The purified starch was air

dried, aliquoted, and stored in a sealed tube at -20 �C.
Three 20–25 mg samples from each of the starch prepa-

rations were used for analyses of the apparent amylose

content with a Megazyme Amylose/Amylopectin Assay

Kit (Megazyme, Wicklow, Ireland).

SDS-PAGE analysis of SGPs and peptide

identification

To extract granule-bound proteins, a 50-mg starch sample

was suspended in 200 lL of an extraction buffer [62.5 mM

Tris-HCl (pH 6.8), 0.35 M SDS, and 0.39 M DTT] and

boiled for 15 min in a screw-cap microcentrifuge tube. The

boiled mixtures were cooled to room temperature and

centrifuged for 15 min at 16,0009g. About 60 lL of the

supernatant (*85 to 105 lg total protein) was transferred

to a new microfuge tube, reduced with 15 mM

tributylphosphine for 1 h at room temperature, alkylated

with 17 mM iodoacetamide for 1.5 h at room temperature,

and finally combined with 15 lL of 59 or 60 lL of 29

loading buffer for SDS-PAGE analysis. For confirmation of

the SGP4 null phenotype, supernatants of about 60 lL each

from two or three individual extractions of 50-mg samples

from the same starch preparation were combined, and

precipitated using the ProteoPrep� Protein Precipitation

Kit (Sigma-Aldrich, St. Louis, MO, USA). The protein

pellets were reconstituted in 60 lL of the extraction buffer,

reduced and alkylated as above. Treated SGPs of about

85–105 lg from regular extractions, and of about

180–270 lg from combined 2X or 3X extractions for

confirmation of SGP4 null phenotype were fractionated

using a 50 g L-1 (5 %) acrylamide (30:0.135 acry-

lamide:bisacrylamide) stacking gel [50 mM Tris-HCl (pH

6.8) and 3.47 mM SDS] and a 150 g L-1 (15 %) acry-

lamide (30:0.135 acrylamide:bisacrylamide) separating gel

[0.375 mM Tris-HCl (pH 7.8) and 3.47 mM SDS] of large

format (16 cm 9 2 0 cm 9 1.5 mm gel) as previously

reported, with modifications (Zhao and Sharp 1996). After

separation, proteins were visualized with silver staining

using a SilverQuest kit (Invitrogen, Carlsbad, CA, USA).

Protein identification of individual peptide bands cut out of

gels by the matrix-assisted laser desorption/ionization

time-of-flight (MALDI-TOF)/TOF) peptide map finger-

print was carried out using the Pick’n Post service of

Alphalyse (Palo Alto, CA, USA).

Analysis of starch granule sizes

A MultisizerTM 3 Coulter Counter was used for reported

granule volume-size analyses of various sweetpotato star-

ches. The instrument was fitted with a 100-lm aperture

tube and calibrated to have a kd of 125 when using 200 mL

of 50 g L-1 Lithium chloride in Methanol as an elec-

trolyte. The control mode was set to detect the sizes of

250,000–300,000 particles with automatic current and gain

settings. The pulse to size conversion was set at 300 size

bins ranging from 2.3 to 300 lm, with log-diameter bin

spacing. For each starch preparation, two 5.0-g samples

were individually suspended in 5 mL Methanol in a 50-mL

conical centrifuge tube and fully dispersed using several

pulses of low intensity ultrasound (12–24 W cm-2) from a

handheld ultrasonic processor (UPH50 with a MS2 sono-

trode; Hielscher Ultrasound Technology, NJ, USA). Using

a 1.5-mL transfer pipette, several drops (0.2–0.5 mL) of

the starch suspension were applied to 200 mL of 50 g L-1

LiCl-Methanol electrolyte under constant stirring in a

250-mL sample cup to reach a concentration corresponding

to a *5 to 6 % reading of the index meter. The sizing

process was monitored manually and paused to flush the

aperture tube if clogging occurred. After completion of

each sizing measurement, the sample cup was emptied,

washed, and refilled with 200 mL of fresh electrolyte

solution for the next measurement. Each 5-mL starch

suspension was drop sampled twice for sizing differential
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volumes of more than 500,000 starch granules, and more

than 1 million starch granules from two independent sus-

pension samples of each starch preparation were thus sized.

This scheme of double drop-sampling each from two sus-

pension samples for one starch preparation was adopted

after this sampling scheme was found to yield sizing results

showing no significant difference from those from one

sizing measurement each of four independent suspensions

of 5-g samples from a starch preparation.

The differential volume-size distributions from the four

independent volume-sizing analyses of a starch preparation

were averaged to yield a differential volume-size distri-

bution in log scale using the instrument software. All of

these averaged volume-size distributions were curve-fitted

to be lognormal, and thus specified using their instrument-

calculated geometric mean (�x�) of volume-equivalent

spherical diameters in lm and geometric standard devia-

tion (s�) in the �x��=(multiply or divide)s� specification

form following the recommendation of Limpert et al.

(2001). The two specification parameters �x� and s� are

mathematically ‘back-transformed’ values of the classic

graphic mean l and the graphic standard deviation r of

lognormal distributions, i.e., �x� ¼ el and s� ¼ er.

The laboratory analysis service Microtrac Inc. (York,

PA, USA) was contracted for the laser diffraction size

analyses of starch granules using an S3500 laser diffraction

particle size analyzer. Starch granules were suspended in

water and analyzed in triplicate in the volume-size range

from 0.0215 to 1408 lm equivalent spherical diameters for

a 30-s run time. For imaging size analyses, at least 10

digital images covering more than 1000 granules for each

cultivar were taken from several granule suspensions pre-

pared from 2 to 3 starch samples isolated from different

storage roots of the same cultivar. The maximal dimensions

of imaged granules were determined with ImageJ (Version

1.41) image processing software. The number of starch

granules in each size group was counted. The number

percentage of starch granules of a particular size group was

plotted against the granule diameter to obtain the distri-

butions of sizes of starch granules from a particular

cultivar.

Microscopy imaging

Bright-field microscopy images of sweetpotato starch

granules were taken from starch granules suspended in

12 M ethanol using an Olympus DP71 digital camera on a

BX51 microscope. Polarized-light microscopy images of

sweetpotato starch granules were taken from starch gran-

ules suspended in water using an Olympus DP 70 digital

camera on a Leitz Diaplan microscope under polarized

light.

Statistical analyses

The Prism 5 statistics and graphing software package

(GraphPad Software, La Jolla, CA, USA) was used for all

statistical analyses other than those performed by the

Multisizer 3 software package. The EastFit 5.5 Professional

package (Mathwave Technologies, http://www.mathwave.

com) was used for all distribution curve fitting.

Results

Starch granules from genotypically diverse

sweetpotato cultivars/clones exhibited similar types

of shapes and surface morphologies, but diverse size

distributions

To understand genotypic effects on granule morphology

and size distributions of sweetpotato starches, we first

assessed the diversity of the physical properties of starches

in storage roots of 50 genotypically diverse sweetpotato

cultivars/clones. Figure 1 shows representative microscopy

images and differential volume-size distributions of starch

granules in sweetpotato storage roots of some of the sur-

veyed cultivars/clones. Starch granules in sweetpotato

storage roots from the same or different cultivar/clone

varied broadly in shape, surface morphology, and sizes.

More predominant granule shapes, as observed in Fig. 1a,

include spheres, hemispheres, ellipsoids, cubes, cuboids,

platelets, polyhedrons, and many irregular types. The

granule sphericity of starches from all the surveyed culti-

vars/clones was generally very low. In addition, surface

cavities and wrinkles of various sizes and shapes were

observed, particularly on many of the larger granules.

However, no significant differences in types of granule

shapes or surface morphology were observed among star-

ches from various cultivars/clones or from different

developmental stages of the same cultivar/clone, although

there was sometimes a discernible difference in the fre-

quencies of certain shapes or surface morphology types

(Fig. S1). Thus, the shape and surface morphology of

starch granules in sweetpotato storage roots appeared to be

independent of genotypes or developmental stages.

A new approach was attempted to accurately determine

and properly specify size distributions of starch granules

having very low sphericity in sweetpotato storage roots.

Granule volume sizes of various sweetpotato starches were

measured in high resolution by quadruple sampling of

more than 250,000 particles each using the Coulter method.

The differential volume-size distributions from the

quadruple measurements for each starch preparation were

averaged (standard deviations of the averages ranging from
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0.0019 of Excel to 0.017 of Murasaki-29), and were then

curve-fitted and evaluated for goodness of fit to the log-

normal and normal distributions using the Kolmogorov–

Smirnov (K–S) test. The probabilities (P, K–S test) of all

these distributions following a three-parameter (scale,

shape, and location factors, i.e., l, r, and c, respectively)
lognormal distribution ranged from 0.98 to 1, and the

maximum difference (D, K–S test) in the cumulative

fraction of these distributions from theoretical distributions

was less than 0.02, indicating an almost perfect fit. How-

ever, the location parameters (c) of these fitted lognormal

distributions, which defined starting points for the support

set of the distribution, were all negative, ranging from

-47.76 to -1.12. These virtual size thresholds at the left of

the fitted curves were likely fitting artifacts that could

compensate for the asymmetrical presence of tails, i.e., the

very small percentage volumes of very large granules, at

the right side of the curves, and thus may not have any

physiological relevance. All the averaged differential vol-

ume-size distributions also fit the two-parameter lognormal

distributions very well (P = 0.25–0.99; D\ 0.05), while

only some of them fit normal distributions equally well.

The preference for the lognormal over the normal distri-

bution for all datasets was further confirmed by the Akaike

information criterion (AIC). All of the granule differential

volume-size distributions of sweetpotato starch were thus

approximated as two-parameter (l, r) lognormal distribu-

tions, and were specified using their geometric means (�x�)
and geometric standard deviations (s�) in a multiplicative

�x� � =s� form, following the recommendation of Limpert

et al. (2001). The specifications of these averaged granule

lognormal volume-size distributions of sweetpotato starch,

a

b

Fig. 1 Representative granule morphology and lognormal differen-

tial volume-size distributions of starch from sweetpotato storage

roots. a Microscopic images of representative starch granules from

storage roots of four cultivars. The scale bars represent 100 lm.

Higher-resolution images of starch granules from four cultivars, and

of representative shapes of starch granule were provided in the

supplemental Fig. S1. b Granule lognormal differential volume-size

distributions of starches from storage roots of six selected culti-

vars/clones. Samples of starches prepared from storage roots grown in

neighboring rows were dispersed in 50 g L-1 LiCl-Methanol solution

and sized for differential volumes in 300 size bins from 2.3 to 300 lm
of equivalent spherical diameter using the Coulter method. Each

distribution curve was derived from an average of four independent

sizing measurements of more than 250,000 particles each and

smoothed by grouping seven adjacent size bins. These lognormal

distributions were specified by their respective scale estimator �x� (the
geometric mean of volume-equivalent spherical diameters in lm) �=
(multiply/divide) their shape factor s� (geometric standard deviation)
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along with their apparent amylose contents, from selected

cultivars/clones are summarized in Table 1.

The scale estimators (�x�) of these lognormal distribu-

tions had a relatively broad range from 14.02 to 19.36 lm
in equivalent spherical diameters, whereas their shape

factors (s�) varied within a narrow range from 1.403 to

1.567. Figure 1b illustrates three pairs of granule lognor-

mal volume-size distributions of sweetpotato starches from

six cultivars/clones, representing the ranges of �x� and s� of
all the observed distributions. Each pair shared a similar s�

(1.403/1.432, 1.459/1.471, and 1.528/1.517) with statisti-

cally insignificant differences but varied substantially in �x�

(16.10/19.36, 14.02/17.90, and 15.05/17.25, respectively).

On the other hand, granule lognormal volume-size distri-

butions of starches from some other sweetpotato culti-

vars/clones (e.g., Excel vs. Centennial and Resisto vs.

Hanna; Table 1) shared similar �x�, but differed signifi-

cantly in s�. The shape (s�) and scale (�x�) of granule log-

normal volume-size distributions of sweetpotato starch

were thus independently variable and may have different

physiological and genetic implications. Furthermore, the

shape (s�) but not scale (�x�) of granule volume-size

distributions of sweetpotato starch was highly significantly

and inversely correlated with their apparent amylose con-

tents (Pearson r2 = 0.3402, P = 0.0045), but not with the

total starch content or any starch thermal properties

(Table S2). In other words, the amylose content of sweet-

potato starch granules appeared to significantly affect the

spread of the granule size distribution.

The microscopy imaging and laser diffraction particle

sizing methods were also attempted for comparison.

Despite many trials, the variance of repeated sizing of the

same starch preparation using both methods was too large

to allow for any meaningful or accurate analyses. The ratio

of the standard deviation to the arithmetic mean of the

means of the maximal surface lengths of starch granules,

i.e., coefficient of variation (CV), for three or four repeated

image size analyses of a starch preparation could be as

large as 30 % (data not shown). Additionally, the CV, or

the ratio of the standard deviation to the arithmetic mean of

Mie or modified Mie-calculated geometric means (MV) of

equivalent spherical diameters for granule volume-size

distributions, for four or five repeated laser diffraction

sizing analyses of two starch preparations from Excel and

Table 1 Properties of granule

lognormal differential volume-

size distributions of starches

from some sweetpotato

cultivars/clones and apparent

amylose contents of these

starches

Cultivar/clones Multiplicative specification

of volume-size distributions

Amylose content

(% of starch)

�x� 9/ s�

Excel 14.19 9/ 1.454 22.11 ± 0.13

Resisto 14.02 9/ 1.459 20.05 ± 0.30

Centennial 14.28 9/ 1.518 19.48 ± 0.21

Hannah 14.08 9/ 1.567 18.11 ± 0.32

Hernandez 15.05 9/ 1.528 20.01 ± 0.42

Covington 15.21 9/ 1.469 21.22 ± 0.47

Murasaki-29 15.66 9/ 1.474 20.64 ± 0.53

Diane 15.61 9/ 1.509 19.86 ± 0.41

Hidry 15.68 9/ 1.497 21.57 ± 0.26

Suwon-122 16.10 9/ 1.403 29.52 ± 0.52

Picadito 16.07 9/ 1.513 20.32 ± 0.37

Tis-70683 16.36 9/ 1.491 18.44 ± 0.25

W369 16.70 9/ 1.482 20.21 ± 0.13

Koto-puki 17.43 9/ 1.427 20.70 ± 0.13

Beauregard 17.25 9/ 1.517 19.80 ± 0.33

O’Henry 17.73 9/ 1.485 19.56 ± 0.14

Hayman 17.87 9/ 1.515 19.73 ± 0.27

L258 17.90 9/ 1.471 20.05 ± 0.55

SC1149-19 17.69 9/ 1.471 20.96 ± 0.55

GA90-16 18.34 9/ 1.484 20.54 ± 0.68

Jewel 19.36 9/ 1.432 18.34 ± 0.30

NC-Japanese 19.36 9/ 1.480 20.77 ± 0.08

Starches were isolated from sweetpotatoes of US No. 1 size grade, which were grown in neighboring rows

in the same season. The distribution specification for each cultivar/clone was from the distribution averaged

from those of four independent sizing measurements of each starch preparation
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SC1149-19 could still reach 15–20 % (MV� SD

15.36 ± 3.16 and 17.65 ± 2.64 lm for repeated sizing of

the Excel and SC1149-19 starch, respectively; Table 2).

Moreover, both the imaging and laser diffraction sizing

methods lacked sufficient resolution to distinguish differ-

ences in shapes of granule differential volume-size distri-

butions of starch. The shape (s�) of granule lognormal

volume-size distributions of starches from 16 sweetpotato

cultivars/clones, which were calculated using data from

laser diffraction sizing analyses (Table 2), showed no sta-

tistically significant differences, contrary to the sizing

results obtained using the high-resolution Coulter method

(below).

Granule lognormal volume-size distributions

of starches at different developmental stages

of sweetpotato storage roots preserved the shape,

but shifted the scale

To understand the kinetics of starch granule growth in

developing sweetpotato storage roots, we examined gran-

ule volume-size distributions of starch from storage roots

of a breeding line SC1149-19 at varying developmental

ages or grown under different conditions. As shown in

Fig. 2, the granule lognormal volume-size distributions of

starches from storage roots at three bulking stages, span-

ning 70 days of early formation, middle bulking, and late

Table 2 Properties of

lognormal differential-volume-

size distributions of starch

granules from some sweetpotato

cultivars/clones, measured with

the angular light scattering

diffraction method

Cultivar/clones Instrument output

specification parameters

Estimated multiplicative

specification parameters

MV ± SD (rg) �x� 9/ s�

Excel

1 11.39 ± 4.40 10.62 9/ 1.28

2 13.84 ± 3.87 13.33 9/ 1.20

3 14.50 ± 5.27 13.63 9/ 1.28

4 17.88 ± 6.05 16.94 9/ 1.24

5 19.19 ± 5.89 18.35 9/ 1.22

SC1149-19

1 16.27 ± 6.00 15.27 9/ 1.27

2 20.09 ± 7.26 18.89 9/ 1.26

3 14.62 ± 5.66 13.63 9/ 1.28

4 19.62 ± 5.91 19.10 9/ 1.21

Beauregard 16.47 ± 5.99 15.48 9/ 1.26

Suwon-122 16.74 ± 4.94 16.06 9/ 1.21

Convington 16.98 ± 4.90 16.31 9/ 1.20

Jewel 23.41 ± 7.11 22.40 9/ 1.22

Diane 15.84 ± 6.10 14.78 9/ 1.28

Picadito 12.97 ± 4.96 12.11 9/ 1.28

SC103 17.79 ± 6.31 16.77 9/ 1.25

SC85 19.31 ± 7.29 18.07 9/ 1.27

SC77 13.93 ± 4.73 13.19 9/ 1.24

SC65 12.07 ± 4.74 11.23 9/ 1.28

XL93 13.43 ± 4.66 12.69 9/ 1.25

XL79 19.25 ± 6.73 18.17 9/ 1.25

XL47 20.31 ± 5.36 19.64 9/ 1.19

XL7 13.55 ± 5.12 12.68 9/ 1.27

Starch samples were all isolated from sweetpotatoes of US No. 1 size grade, which were grown side-by-

side. The Instrument-output specification parameters for Excel and SC1149-19 were the arithmetic average

of three measurements each of the five or four independent samples of the same starch preparations from

Excel or SC1149, respectively. Those for all other cultivar/clones were the arithmetic average of three

measurements of one sample from the respective starch preparation. The multiplicative specification

parameters were estimated using the following formula (Limpert et al. 2001):

�x� ¼ MV/
ffiffiffiffi

x
p

; s� ¼ expð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

logðxÞ
p

Þ, where x ¼ 1þ ðrg=MVÞ2

MV Mie or modified Mie-calculated mean diameter in microns of the ‘‘volume distribution’’, which

represents the center of gravity of the distribution, SD (rg) standard deviation, also known as the graphic

standard deviation (rg), which is one measure of the width of the distribution, but not an indication of

variability for multiple measurements
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harvest stages, and from those grown in pots or in a second

season at comparable harvest stages displayed statistically

insignificant differences (*1.5 % CV) in their shape (s�).
However, the scale (�x�) of the granule volume-size distri-

butions expanded as the bulking of storage roots pro-

gressed, from 14.22/14.60 lm in storage roots of small

sizes (B3.81–5.7 cm in diameter and B7.6–17.8 cm in

length, US No. 1 petite sizes) at 50–70 days after trans-

planting (DAT) to 17.69 lm in those of commercial sizes

(US No. 1,\8.9 cm in diameter, 7.6–22.8 cm in length, and

\567 g in weight) at 120 DAT of the harvest stage during

one growing season, and from 18.25 lm in storage roots of

US No. 1 petite sizes to 19.81 lm in those of US No. 1

sizes at 120 DAT in a second season. Additionally, the

granule volume-size distributions of starches from storage

roots grown under different growth conditions at compa-

rable harvest stages also varied in the scale (�x�) (i.e.,

17.00,17.69 and 19.81 lm for those grown in pots, and in

fields during two seasons, respectively), while preserving

the shape (s�). The same kinetics (i.e., of shifting the scale

while preserving the shape) were also observed among the

granule lognormal volume-size distributions of starches

from storage roots of the cultivar Excel at two develop-

mental ages each in two growth seasons, and those of

another cultivar Picadito at two developmental stages over

two seasons (Supplemental Fig. S2). For this study, the

Excel and SC1149-19 clones were always grown side-by-

side, and harvested at the same time.

Please note that the size of a sweetpotato storage root

alone does not necessarily represent its developmental

ages. Both the growth time after transplanting and the sizes

were thus used to roughly define the physiological and

developmental ages of sweetpotato storage roots. However,

at the same DAT, smaller-sized storage roots were rea-

sonably assumed to be at a younger developmental stage.

An SSII homoeolog was genetically associated with

modulating the scale (�x�) of the granule lognormal volume-

size distributions of starches in sweetpotato storage roots.

A microscopic survey of sweetpotato starches revealed

that starch from two parents, Excel and SC1149-19, of a

reciprocal-cross population exhibited visually discernible

differences in granule size distributions. The Excel starch

contained on average lesser-sized granules than that the

SC1149-19 starch, as could be readily observed by com-

paring polarized-light microscopy images (Fig. 3a) repre-

sentative of starch granule populations from the two lines.

Additionally, similar to potato starch granules, sweetpotato

starch granules extinguished polarized light of a certain

direction and were thus anisotropic. For accurate quanti-

tative comparison, starch samples from storage roots of the

Equivalent Spherical Diameter (µm) of Starch Granules

Fig. 2 Self-preserving granule lognormal volume-size distribution of

starch in developing sweetpotato storage roots. The granule lognor-

mal volume-size distributions of starch in storage roots of a breeding

line SC1149-19 at three or two bulking stages in two growing seasons

and in those grown in pots remained invariant in shape, displaying s�

values having no statistically significant differences, but shifted

upward in scale (�x�) as the bulking of storage roots progressed. This

kinetics approximated the characteristic self-preserving state in

particle agglomeration. Starch was purified from field-grown storage

roots at two or three of the following bulking stages during two

growing season:\US No. 1 petite size (3.8–5.7 cm in diameter and

7.6–17.8 cm in length) at 50 DAT, US No. 1 petite at 70 DAT, and

US No. 1 size (\8.9 cm in diameter, 7.6–22.8 cm in length, and

\567 g in weight), and from pot-grown ones of US No. 1 size at 160

DAT. The sizing of starch granules, averaging and smoothing of these

distribution curves were carried out as described before
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two parents and their reciprocal-cross progenies, which

were grown in neighboring rows and harvested at the same

time, were carefully sized using the Coulter method. As

shown in Fig. 3a, the granule lognormal volume-size dis-

tributions of starches from Excel and SC1149-19 differed

significantly in their scale �x� (14.75 vs. 18.25 lm,

respectively), which was consistent with our microscopic

observations. However, the two distributions shared

essentially the same shape, having s� values (1.455 vs.

1.444, respectively) that did not differ significantly. These

two starch samples from the two lines also did not exhibit

any significant difference in their amylose content (18.9 vs.

19.5 %). Moreover, the starch samples from storage roots

of the two lines grown side-by-side in another season

displayed no statistically significant differences in their

apparent amylose contents (Table 1), gelatinization and

retrogradation thermal properties (Supplemental Table S2),

amylose/amylopectin ratio (0.28 vs. 0.27, Supplemental

Table S2)’, and amylopectin side chain profiles (data not

shown). Thus, the only identifiable difference between

starches from storage roots of Excel and SC1149-19 was

the scale of their granule lognormal volume-size

distributions.

To understand genetic variations underlying the phe-

notypic differences in the �x� of granule lognormal volume-

size distributions of starches from the two lines, we first

compared profiles of SGPs in storage roots of these two

lines using a modified SDS-PAGE procedure. As shown in

Fig. 3b, about 10–12 major bands could be resolved from

extracts of SGPs from the two lines. Twelve slices of these

resolved bands from SC1149-19 or Excel were excised for

peptide sequencing. Table 3 and S1 summarize successful

identification of nine major polypeptides and their probable

orthologs in other species. Three major features of the two

SGP profiles were notable. First, the SGPs were predomi-

nated by a disproportionately heavy band of 60 kDa

(SGP9), and multiple neighboring bands above and below

the major band, which became a heavy smear in the region

spanning from approximately 50 to 68 kDa when silver

staining was developed sufficiently to allow light bands of

higher molecular weights (particularly SGP1) to be

observed. Four major bands from the region, i.e., SGP8, -9,

-10, and -12, were all identified as granule-bound SSIs

(GBSSIs) by peptide sequencing. These multiple ([6)

polypeptide bands of 50–68 kDa were thus most likely all

GBSSI paralogs or homoeologs. Additionally, the neigh-

boring band SGP7 of about 70 kDa was identified as an

ortholog of a potato starch synthase (a maize GBSSI

ortholog), but only by seven Mr-matched peptides, and low

protein score and sequence coverage of 12 % (Table 3).

The starch synthase type of SGP7 may need further clari-

fication, particularly because the apparent size and migra-

tion position of SGP7 on SDS-PAGE were more similar to

those of maize or rice SSI than to those of GBSSI. The

large number of resolved GBSSI bands ([6) and the dis-

proportionate amount of at least one GBSSI band (SGP9)

were consistent with our previous estimate of three GBSSI

paralogs per diploid constituent genome in the hexaploid

sweetpotato, i.e., nine copies in total (Gao et al. 2010). The

varying intensities of these resolved GBSSI bands indi-

cated that these GBSSI homoeologs and paralogs were

unevenly expressed in sweetpotato storage roots.

The second feature of the two SGP profiles was the

presence of only one type of starch branching enzymes

(SBE), the SBEIIs, i.e., SGP1 (*110 kDa) and SGP5

(*97 kDa). Note that the SGP1 band, although very faint

on the particular gel, was confirmed to be present in

SC1149-19 by repeated SDS-PAGE analyses of multiple

independent starch samples. The faint band at *76 kDa

(SGP6) between SGP5 and SGP7 in the SGP file of

SC1149-19 was most likely a degraded polypeptide

because repeated peptide sequencing of the band failed,

and the band was not present in all starch samples from

SC1149-19 storage roots. Attempts at peptide sequencing

of a small-sized band (SGP11 of*15 kDa, not shown) and

a very faint band (the SGP3 slice) at the bottom of SGP2

also failed. The third feature, which was possibly the most

important feature of the two SGP profiles, was the absence

of the SGP4 band (*99 kDa) from starch granules of

Excel. This null SGP4 phenotype in Excel was repeatedly

confirmed by SDS-PAGE analyses of multiple starch

samples purified from storage roots of both parental lines

grown under different conditions over three seasons, and

by overloading of 2 and 3 times of protein extracts from

starches of Excel for all these analyses. SGP4 from

SC1149-19 and SGP2 (*107 kDa) was identified as SSII

orthologs of maize and wheat SSIIa. The SGP2 and SGP4,

and the SGP1 and SGP5, were most likely two separate

groups of homoeologs, SSIIa and SBEII, respectively. The

two homoeologs of each group were resolvable by SDS-

PAGE as they were encoded by homoeologous loci in

different constituent diploid genomes of the hexaploid

sweetpotato genome, and differed slightly in amino acid

sequence and in length so as to have differential electric

mobility. This differential electric mobility of homoeolgs

should be similar to what was well demonstrated in the

hexaploid wheat (Rahman et al. 1995). Moreover, the much

stronger intensity of the SGP2 band indicated that it may

not be homogeneous and could contain two SSIIa

homoeologs having an undetectable size difference and

very limited sequence variations.

To investigate the possible genetic associations of the

loss of one of at least three homoeologous SSII enzymes

with the downsizing of the scale of the granule lognormal

volume-size distribution of starch in Excel, we genotyped

43 progenies from the reciprocal-cross population at the
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SGP4 locus via SDS-PAGE screening for the null pheno-

type of SGP4. Please note that the null SGP4 phenotype in

the progenies was repeatedly confirmed by SDS-PAGE

analyses of multiple starch samples, and by overloading of

two and three times of protein extracts from starches of

these progenies for all these analyses. Typical SGP profiles

of these progenies having or lacking SGP4 were compared

to those of parental lines in Fig. 3b. The SGP4 band was

found to be absent and present from SGP profiles of 24 and

19 progeny, respectively, which fit a segregation ratio of

1:1 (P = 0.45, for X2 = 0.5813). This 1:1 segregation ratio

among progenies of the cross indicates that the SGP4 locus

should be heterozygous for a functional and null allele in

SC1149-19, but homozygous for the recessive null allele in

a

b c
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Excel. Furthermore, relative to the SGP4 locus, the recip-

rocal crosses between the two parental lines were in effect

a test cross.

We further examined whether two phenotypic groups of

�x� or s� of the granule lognormal volume-size distributions

of starches from the two genotypic groups having or

lacking SGP4 differed significantly from each other. Fig-

ure 3c summarizes the statistical test results using unpaired

nonparametric K–S tests against the null hypothesis of

samples drawn from the same distribution. The two groups

of s� values did not differ significantly from each other

(P = 0.9473, D = 0.153). Moreover, the s� values did not

differ significantly within each group (CV = 0.0208 and

0.02338 for the group means of 1.452 and 1.460, respec-

tively) or from those of starches from the two parents. This

indicated that the shape of the granule lognormal volume-

size distributions of starch was inherited intact in the

population and not affected by the loss of the SSII

homoeolog. However, the two groups of �x� values differed
significantly (P = 0.0006, D = 0.6083). The null pheno-

type of SGP4 was tightly associated with the group of �x�

having a smaller group mean of 14.85 lm, and was thus

most likely responsible for the downsizing of the �x�

(14.75 lm) of the granule lognormal volume-size distri-

bution of starch in Excel as compared with that (18.25 lm)

in SC1149-19. Therefore, the SGP4 locus is most likely a

QTL modulating the scale of the granule lognormal vol-

ume-size distribution of starch in sweetpotatoes.

Discussion

In this study, we demonstrated that starch granule sizes in

storage tissues, when determined in high resolution and

specified properly as a frequency distribution function,

could provide useful information on the process of granule

formation and growth. In particular, the finding of the self-

preserving lognormal volume-size distributions of starch

granules in developing sweetpotatoes provided evidence

for the involvement of agglomeration during formation and

growth of starch granules. Furthermore, the identification

of the SSII locus as a QTL modulating the scale of the

granule volume-size distribution demonstrated for the first

time a direct impact of a starch synthesis enzyme on starch

granule size distributions.

A new approach for properly defining starch

granule sizes

The heterogeneous shapes, very low sphericity and dis-

tributed sizes of starch granules in sweetpotatoes, just as in

starch-accumulating tissues of many other plant species,

presented major challenges in accurate determination and

proper specification of granule sizes. Careful comparison

of the three commonly used methods for sizing starch

granules showed that the Coulter (or the electrical sensing

zone, ESZ) method is the only one that yielded satisfactory

repeatability for sizing the same sweetpotato starch sam-

ples (CV \2.5 %). It is likely due to the fact that the

Coulter method is not affected by particle shape, color,

composition and reflective index as it is based on mea-

suring the particle-volume-dependent increase in electric

resistance by particles passing through an aperture between

two electrodes. Moreover, sizing of granules in an elec-

trolyte suspension under constant stirring helped prevent-

ing re-agglomeration and pelleting of granules to ensure a

well-dispersed granule suspension for representative ran-

dom sampling. The high-resolution and high-accuracy

sizing of a large number of starch granules ([2.5 9 105 per

measurement) using the Coulter method also yield repre-

sentative granule volume-size distributions of sweetpotato

starch in sufficiently high resolution to allow detection of

differences in both scale and shape of the granule size

distributions.

Since the measured granule volume at each defined size

bin in equivalent spherical diameter can be weighted by

either the granule number frequency or the total volume (or

mass if granule density is known) percentage, there could

be either number- or volume-weighted granule size distri-

butions. We argue that the number-weighted granule size

distribution is not suited for physiological or genetic

studies for the following reasons. First, a number frequency

bFig. 3 The SGP4 locus for a homoeologous isoform of starch

synthase II is a QTL for the scale (�x�) of the granule lognormal

volume-size distribution of starch in sweetpotatoes. a Comparison of

granule morphology and lognormal volume-size distributions of

starches from two parents, Excel and SC1149-19, of a reciprocal-

cross population. Polarized microscopy images of representative

starch granule populations from the two lines were displayed at the

side of their respective volume-size distribution. The starch samples

were prepared from sweetpotatoes of the US No. 1 petite size for both

lines that were grown side-by-side in the same season. The sizing of

starch granules and smoothing of these distribution curves were

carried out as described before. b Representative profiles of SGPs

from storage roots of the two parents and some of their reciprocal-

cross progeny. SGPs were extracted from starch via boiling in a SDS

Tris-HCl buffer, fractionated using a modified SDS-PAGE procedure,

and visualized with silver staining. The identities of seven SGPs were

revealed by peptide sequencing. c Graphic summary of statistical

comparisons of two datasets each for the �x� and s� factors that specify
granule lognormal volume-size distributions of starches from the two

genotypic groups of progeny (24 vs. 20) of the reciprocal-cross

population. A total of 44 progeny from the population were genotyped

at the SGP4 locus for the presence or absence of SGP4 in starch

granules and phenotyped for the �x� and s� of lognormal volume-size

distributions of starch granules from their storage roots. The two

datasets for �x� and s� were statistically tested for any significant

genotype-associated differences using the unpaired nonparametric

Kolmogorov–Smirnov test
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for an arbitrarily defined size bin may not have any direct

physiological or genetic relevance. Second, the number of

small granules generated from fragmented granules during

isolation, which could not be detected or separated, will

distort both the scale and shape of the granule number size

distributions to a much greater degree than those of a

volume or mass size distribution. For all sweetpotato starch

samples sized in this study, granules having an equivalent

spherical diameter of less than 5.5 lm represented

approximately 30 % of the total number of granules but

only about 1 % of the total volume of all granules (of any

size), as calculated from instrument output data. Thus,

when expressed as a differential volume percentage, the

granule volume-size distribution should have much less

chance to be significantly skewed by a comparatively very

small volume percentage of those fragmented granules in

small-size bins. At last, the differential volume (or mass)

percentage of starch granules at a certain size is apparently

physiologically and genetically relevant in relation to

starch biosynthesis.

We further adopted the use of the geometric mean �x� and
the multiplicative standard deviation s� in the �x� � =s� form
(Limpert et al. 2001) to specify granule lognormal volume-

size distributions of sweetpotato starch instead of using one

scale parameter or two traditional parameters l (the graphic

mean) and r (the graphic standard deviation) in the loga-

rithms. This specification has the following advantages.

First, the scale estimator �x� and the shape factor s� corre-

spond to the geometric mean and geometric standard

deviation calculated by the instrument software and thus do

not require any further mathematical transformation. Sec-

ond, this multiplicative specification intuitively depicts the

interaction between the central tendency and the spread of

the volume-weighted sizes of starch granules in a popula-

tion. Corresponding to �x� s, �x� 2s, and �x� 3s intervals of

a normal distribution, intervals of a lognormal distribution

specified in the multiplicative forms of �x� � =s�,

�x� � =ðs�Þ2, and �x� � =ðs�Þ3 cover approximately 68.3,

95.5, and 99.7 % confidence intervals of a lognormal dis-

tribution, respectively. Third, since �x� is in the form of

volume-equivalent spherical diameter and s� is dimen-

sionless, these parameters can be thus used to universally

compare various granule volume-size distributions in

starch-accumulating tissues of the same or different species.

More importantly, we demonstrated that the two parameters

are quantitative traits and useful physiological indexes.

Characteristics of granule lognormal volume-size

distributions of starches in developing sweetpotatoes

Several lines of evidence demonstrate that the scale (�x�)
and the shape (s�) of granule lognormal volume-size dis-

tributions of starch in sweetpotatoes are independently

variable. This implies that there may be two categories of

physiological and/or genetic factors that either impact the

growth capacity of starch granules or scatter the volume

sizes of starch granules. First, granule lognormal volume-

size distributions of starches from some analyzed sweet-

potato genotypes shared similar �x�, but differed signifi-

cantly in s�, whereas those from some other genotypes

displayed the opposite tendency. Second, the loss of one of

three homoeologous SSIIs in sweetpotatoes was found to

be genetically associated with downsizing only the scale

(�x�) of the granule volume-size distribution. At last, the

shape (s�) but not the scale (�x�) of granule lognormal

volume-size distributions of starch was significantly and

inversely correlated with the apparent amylose contents of

starch (Table 1). Higher amylose contents in starch gran-

ules appeared to be associated with a narrower volume-size

distribution of starch granules.

The impact of the amylose content on granule sizes has

been noticed in previous studies. The ‘average sizes’ of

starch granules in high-amylose barley (Walker 1969),

wrinkled peas (Greenwood and Thomson 1962), and maize

ae mutant endosperm (Boyer et al. 1976; Garwood and

Creech 1972; Katz et al. 1993; Wang et al. 1993) have been

reported to be smaller than normal at all developmental

stages. However, the simple number-averaged sizes (with

as few as 30 sampled granules) for starch granule popu-

lations in these studies could not be representative of the

granule size distributions of those high-amylose starch.

New studies on granule size distributions of these starches

with sufficient resolution are needed to properly determine

the effect of higher amylose contents on granule sizes of

these starches. Moreover, both the scale (�x�) and the shape

(s�) of granule lognormal volume-size distributions were

not found in this study to correlate with any thermal

properties of sweetpotato starches, which were not in line

with the conclusion that granule sizes affected the thermal

properties of starch in several previous studies (Ao and

Jane 2007; Karlsson et al. 1983; Lindeboom et al. 2004;

Singh and Kaur 2004). This discrepancy may have resulted

from differences in determination and specification of the

granule size distributions.

Perhaps the most important finding of this study was that

the granule lognormal volume-size distributions of starch

in developing sweetpotato storage roots attained a self-

preserving state, i.e., staying invariant in the s� but upsizing
the �x�, as summarized in Fig. 2. The self-preserving log-

normal size distributions are well known to be specifically

associated with particles undergoing agglomeration

(Friedlander and Wang 1966; Lehtinen and Zachariah

2001; Tambo and Watanabe 1979; Vemury and Pratsinis

1995; Wang and Friedlander 1967), which refers to the

process of formation of more or less firmly bound particles

by collisions between primary particles, primary particles
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and agglomerates, and pre-existing agglomerates (Flagan

and Mori 2007; Stroh 1993). Therefore, the self-preserving

kinetics of granule lognormal volume-size distributions of

starch in developing sweetpotato storage roots provided a

strong piece of evidence for the involvement of agglom-

eration in the formation and growth of starch granules.

Indeed, small particles, the coacervate droplets, were

observed to accumulate and then decline with the forma-

tion of starch granules in the amyloplast (Badenhuizen

1965, 1973). Please note that the widely accepted mecha-

nism of growth of starch granules by apposition, which is

the process of gradual centrifugal (or layer-wise) deposi-

tion of glucan polymers on the surface of a growing

granule, can be regarded as one type of agglomeration, i.e.,

agglomeration between a primary particle and agglomer-

ates. Whether other types of agglomeration such as coag-

ulation, flocculation, and those between sub-granule

particles are also involved in the formation and growth of

starch granules awaits further studies. Future studies of

kinetics of granule lognormal volume-size distributions of

starch in developing starch-accumulating tissues, espe-

cially those of mutants deficient in starch synthesis, could

provide insights into the formation and growth of starch

granules.

The scale (�x�) and shape (s�) of lognormal volume-

size distributions of starch granules relate granule

sizes to starch biosynthesis

The multiplicative two-parameter specification for granule

size distributions also proved to be a useful tool for proper

quantitative evaluation of genotypic effects of starch

biosynthesis enzymes on both the shape and the scale of

granule size distributions in a plant tissue. As summarized

in Fig. 3, one of the homoeologous SSII loci was shown to

be a QTL for only the scale (�x�) of granule lognormal

volume-size distributions of starch in sweetpotatoes. This

result also indicated that the genetic redundancy of starch

synthesis enzymes conferred by homoeologous loci in the

hexaploid sweetpotato increased the growth rate of all

starch granules, but did not alter the spread of volume sizes

of starch granules. In fact, sufficiently longer growth for

storage roots of Excel could eventually offset the effects of

downsizing of the �x� of granule lognormal volume-size

distributions of starch conferred by the loss of one dose of

SSII (data not shown), which was similar in effect to the

expansion of the scale of self-preserving lognormal granule

volume-size distributions of starch in bulking storage roots

of SC1149-19 (Fig. 2).

On the other hand, deficiencies in other starch synthesis

enzymes or regulatory elements in mutant tissues may

affect only the shape s� or both the shape and scale of

granule volume-size distributions of starch. It has been

reported that the loss of a soluble starch synthase SSIV

resulted in a drastic reduction in granule number per

plastid, but an increase in granule sizes in leaf tissues of an

Arabidopsis mutant (Crumpton-Taylor et al. 2013; Roldan

et al. 2007). Although the result cannot be directly

extrapolated as theses studies were either not at the level of

granule population in a tissue, or used different specifica-

tion for granule size distribution, it does suggest that both

the scale and shape of granule volume-size distributions in

the mutant leave tissue could be affected since the decrease

in granule number per plastid would theoretically affect the

spread of granule size distribution by altering the number

frequency and volume percentages of granules at various

sizes. Since starch granules exist in distributed sizes in

plant tissues, the shape of the granule size distributions,

which defining the spread of distributed sizes, have to be

equally analyzed along with the sizes in any studies con-

cerning starch granule sizes for any meaningful conclu-

sions. The multiplicative two-parameter specification

integrally define the scale and the shape of granule size

distributions in one simple form, and thus could prove to be

a useful tool in future studies concerning starch granule

sizes.

Characteristics of SGPs in sweetpotato storage roots

The major types of SGPs in sweetpotato storage roots,

including two or three starch synthase isoforms and one

SBE isoform, resemble those in maize (Mu-Forster et al.

1996) and rice (Umemoto and Aoki 2005) endosperm,

rather than those in similar underground potato tubes

(Edwards et al. 1995; Ritte et al. 2002). It is unclear

whether this similarity has any biological implications. The

presence of a disproportionately large amount of GBSSI, as

well as multiple homoeologous and paralogous isoforms of

GBSSI in sweetpotato starch granules is quite unique.

Although GBSSI is also the most predominant granule-

bound protein in all normal starch varieties of various plant

species that have been analyzed to date (Baldwin 2001),

GBSSI is generally encoded by a single-copy gene, the so-

called Waxy gene, in most species. This apparently larger

amount of GBSSI in sweetpotato starch granules, however,

was not accompanied by a higher amount of amylose,

which is synthesized exclusively by GBSSI (Ball et al.

1998). The amylose content among starch samples from 22

sweetpotato cultivars/clones ranged from 18.11 to 29.56 %

(Table 1), consistent with those from normal potatoes

(20.1–31.0 %), corn (22.4–32.5 %), and wheat (18–30 %)

(Singh et al. 2003). Thus, the increased amount of GBSSI

due to the genetic redundancy of gene duplications and

hexaploidy in sweetpotatoes may have augmented the

synthesis rate, but not the amount of amylose in

amyloplasts.
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