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The aim of this work was to determine if the molecular structure of starch from tomato (Solanum
lycopersicum L.) is influenced by fruit physiology and carbohydrate metabolism. The effect of fruit
size, fruit ripening behavior, and assimilate availability on starch granule accumulation was
examined in nine tomato samples. The percentage of '*C-glucose partitioning to starch was similar
among samples, but starch contents varied 10-fold, suggesting differences in metabolism. In
contrast, granule size (10—20 um), amylose content (19—23%), degree of crystallinity (26-31%),
and enthalpy of gelatinization (14.8—17.2 °C) were similar. Some differences in structure were
detected in starch from the largest and smallest fruit using more sensitive analyses such as thermal
properties, chain length distribution of amylopectin, and susceptibility to in vitro a-amylase digestion.
However, overall, our results suggest that granule characteristics are highly conserved in tomato

fruit, and we conclude that this is likely due to inherent metabolic constraints.
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INTRODUCTION

Starch biosynthesis in tomato (Solanum lycopersicum L.) is
important from a food and agricultural perspective. Starch
granules may give green tomato fruit key textural and physico-
chemical properties that make them suitable for foods such as
chutneys, relishes, and green fried tomatoes. From an agricultural
standpoint, starch may be an important determinant of tomato
crop yield. Its accumulation in the earliest stages of fruit develop-
ment may help to increase import of photosynthate leading to
higher dry matter content (/—3). Furthermore, in several culti-
vars, starch degraded to sugars during ripening makes a signifi-
cant contribution to fruit soluble solids and hence to quality (3,4).
Still, in spite of the importance of tomato as a horticultural crop
(world production is ~1.26 million metric tonnes pa) and the
potential role starch metabolism plays in determining fruit yield
and quality, comparatively little is known about starch granule
characteristics in this species.

Aside from economic considerations, tomato starch may also
be important as a model to study starch-metabolism—molecular-
structure relationships. (i) Manipulating fruit sugar supply,
physiology, and metabolism can be easily done by pruning, that
is, changing the plant leaf-to-fruit ratio, and the effect on starch
monitored (5, /3). (ii) Examining tomato starch may offer novel
insight on starch biosynthesis. Tomato may be considered to
make “transitory-storage” starch. This starch is synthesized over
longer periods than that for leaf “transitory” starches but much
shorter than that for the “storage” starches of heterotrophic
tissues before degradation, and this could influence granule
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characteristics. (iii) Finally, in contrast to most plants studied,
starch accumulation in tomato fruit may be subject to turnover,
that is, simultaneous synthesis and degradation (/), and differ
from the temporally separated cycles of synthesis and degrada-
tion in other tissues; how or if this influences granule properties is
unknown.

The aim of this work was to determine the extent to which
starch granule characteristics vary in tomato fruit in different
physiological, metabolic, and genetic backgrounds. This could
broaden our understanding of starch biosynthesis in tomato and
its control by changes in the internal environment of the fruit.
There is good evidence that substrate concentration and organ
physiology can influence the morphology, composition, and
crystalline structure of starch from tuber, endosperm, and
leaf (6—10). It is not known if tomato fruit starch would be
similarly influenced. First, fruit of distinct sizes were compared, as
this can influence sink capacity and potential for sugar im-
port (11, 12). Second, we looked at the effect of substrate supply
on tomato granule characteristics by increasing the leaf-to-fruit
ratio in two genotypes: Moneymaker and a high Brix-line Solara
via pruning (/3). Third, we asked if delayed ripening would affect
starch granule structure. Two near-isogenic ripening mutants, rin
(ripening-inhibitor) and nor (nonripening), and the normal parent
line Ailsa Craig (/4) were studied. Reduced climacteric ripening in
the mutant may delay or reduce starch breakdown, thereby
increasing starch levels. In addition, the mutants stay green longer
and more starch may accumulate from fruit CO, fixation which
accounts for up to 15% of starch synthesized (/5). For all samples,
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Figure 1. Mature green tomato fruit (40 DPA) of Beefsteak, Micro-Tom, Ailsa Craig, rin, nor, Moneymaker , and Solara with and without pruning. Solara and
Moneymaker where the inflorescences were pruned are twice as large as those without pruning. Physical characteristics of Ailsa Craig, rin, and nor were

essentially the same.

starch metabolism was assessed by measuring the amount accu-
mulated at sampling, as well as the proportion synthesized from
C-glucose fed to fruit disks. Starch granule size, morpho-
logy, amylose-to-amylopectin ratio, crystallinity, glucan chain
distribution, thermal properties, and rate of degradation by
o-amylase were analyzed to develop a comprehensive picture
of starch physiochemical structure. This study should expand
our basic knowledge of starch characteristics in tomato.

MATERIALS AND METHODS

Reagents and Plant Materials. All chemicals were purchased from
Sigma-Aldrich (St. Louis, MO) unless otherwise stated. Seeds of Solanum
lycopersicum L. cv. Moneymaker, Ailsa Craig, rin, and nor were from the
C. M. Rick Tomato Genetics Resource Center (TGRC; Davis, CA). Seeds
of Solanum pimpinellifolium L. cv. Solara were a kind gift from Dr. Lilliana
Stamova (Davis, CA). Seeds of Micro-Tom were a kind gift from
Dr. David Weiss (The Hebrew University of Jerusalem, Israel). The
Beefsteak variety was a gift from Seminis Vegetable Seeds (Woodland, CA).

Plant Growth Conditions and Fruit Sampling. Tomato plants were
grown as described by Luengwilai and Beckles (2). Fruit developmental
stage was recorded by tagging flowers after pollination on six individual
plants for each genotype. For the pruning experiment, all but two flowers
were removed from each inflorescence. All fruit used was harvested at
mature green (MG), according to USDA standards (approximately
40 days post-anthesis (DPA)) (7). Whole fruit was weighed, and then
200—300 mg of fresh tissue was taken from the pericarp of each fruit for
starch measurements. The rest of that fruit was used to determine dry
weight by measuring the mass after 14 days in a ventilated oven at 55 °C.

Starch, Sugar, and Titratable Acidity Measurements. Starch
extraction from the pericarp was as described by Luengwilai and Beckles (2).
Glucose released from starch was assayed using the hexokinase glucose
assay reagent (Sigma-Aldrich, St. Louis MO) as previously reported by
Beckles et al. (16). Total soluble solids and titratable acidity (TA) was done
as described by Luengwilai et al. (7).

Starch Granule Purification and Analysis. Starch granules were
subjected to scanning electron and light microscopy, measurement of
amylose content, particle size distribution, X-ray powder diffraction, and
high performance size exclusion chromatography (HPSEC) after deb-
ranching starch. These analyses were done exactly as described by
Luengwilai and Beckles (2).

o-Amylase Digestibility. Aliquots of 5 mg of starch were digested
with a-amylase isolated from Aspergillus niger at a final concentration of
50 U/mg starch. The digestion volume was 0.5 mL, and the reaction was
done in 200 mM sodium acetate buffer pH 4.8 at 37°Cfor 0, 12, 24, 36, 48,
and 60 h. The samples were spun at 15000g for 10 min, and the pellet was
washed three times in 80% (v/v) ethanol, five times with water, and then
twice in 100% (v/v) acetone. The powder was allowed to dry by evapora-
tion of acetone. The loss in weight of undigested starch was used to
calculate the degree of hydrolysis. The supernatant was saved for

measurements of glucose using a hexokinase kit as described previously.
Three biological replicates, each consisting of starch extracted from
different fruit, were used. Percentage of hydrolysis was calculated as
follows:

degree of hydrolysis (% wet weight basis)

100

= amount of glucose released (mg/mL) x 180 * Starch weight (mg)

Differential Scanning Calorimetry (DSC). Thermal properties of
starch were measured using a Perkin—Elmer Diamond differential scan-
ning calorimeter (Perkin-Elmer Co., Norwalk, CT) with Pyris operation
software. The calorimeter was equipped with an Intracooler 2P apparatus
(Perkin-Elmer) and nitrogen gas purge. An empty volatile sample pan was
used as a reference. A starch-to-water ratio of 1:3 using ~15 mg of starch
was weighed into a volatile sample pan, hermetically sealed, and equili-
brated overnight at room temperature prior to analysis. The sample
and reference pans were scanned from 30 to 85 °C at a heating rate of
10 °C/min. Gelatinization temperatures were reported as onset tempera-
ture (T,), peak temperature (7;,), and conclusion temperature (7). The
range of gelatinization temperature (AT,) was calculated by the difference
between T, and T.. Enthalpy of gelatinization (AH) was calculated from
the area of the gelatinization peak from the DSC thermogram.

Radiolabeling of Starch with *C-Glucose. Labeling of fruit disks (at
the MG stage) was performed using methods established for tomato (/8).
Three biological replicates, each consisting of a single fruit, were used. The
length of the incubation period was 2 h.

Statistical and Multivariate Analysis. All statistical analyses includ-
ing PCA and calculation of loading scores were conducted in SAS version
9.1.3 software (SAS Institute Inc., Cary, NC). Comparison of means was
performed by analysis of variance (ANOVA) followed by Tukey’s test at
95% degree of confidence (P < 0.05). Correlative analyses were performed
using Pearson'’s correlation coefficient where n = 9 samples x 3 biological
replicates = 27.

RESULTS

Tomato Fruit Morphology and Mass Weight. The cultivars
studied were grouped by physiological characteristics; one group
was based on differences in fruit size (most disparate between
Beefsteak and Micro-Tom), another on time-to-ripening (Ailsa
Craig, rin, and nor), and the third on substrate availability (Solara
and Moneymaker with or without pruning). Mature Green (MG)
fruit was chosen for starch extraction because the total yield of
starch is greatest at this stage (/).

Beefsteak fruit (~200 g) was several-fold greater in mass than
all cultivars and 40-fold greater than Micro-Tom (~5 g) (Figure 1,
Supporting Information Table 1). Moneymaker and Solara from
pruned plants were twice as large as those from the unpruned
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Table 1. Accumulation, Synthesis, Granule Characteristics, and Molecular Composition of Tomato Fruit Pericarp Starch at MG (40 DPA)?
total uptake of % of total

starch content  total soluble ~ average granule % of granule amylose degree of 14C-glucose 14C-incorporated
genotypes (mg-gDW") solids (%) size (um) <10 um content (%)  crystallinity (%)  (Bg ngW’1) into starch

Beefsteak 52+ 19b 41+01e 170+21a 19.24+29b 23+2ns” 26+2ngs” 18.6+3.0a 6.1+ 1.3ns”
Micro-Tom 137 +57ab 6.1+0.1bc 11.1+0.8b 420+48a 2242 3140 9.8+0.6b 59+0.7
Ailsa Craig 391+95a 6.7+0.1b 16.0+04a 20.6+1.5b 23+0 31+3 10.3+0.3b 57407
rin 204 +43ab 5.0+0.3d 1474+0.3a 236+0.7b 2241 26 +1 77+04b 44+18
nor 196 +38ab 49+02de 17.0+09a 17.4+1.6b 23+0 27+2 93+13b 33+1.2
Solara pruned 188 +52ab 9.5+0.3a 17.7+06a 1824+0.9b 21 +1 28 +1 10.6+1.3b 6.8+0.8
Solara unpruned 46 +25b 9.1+0.1a 16.24+0.7a 21.14+1.9b 21 +1 2942 12.14+0.4b 35402
Moneymaker pruned 173+ 41ab 59+0.6¢ 17.5+0.5a 17.0+0.7b 19+1 30+4 85+0.3b 52+1.0
Moneymaker unpruned 104 +17ab 54+0.1cd 15.8+0.3a 21.0+05b 1940 28+2 7.3+04b 79403

@Values are mean = standard error of three different biological replicates. Means with different letters within the same column show a statistically significant difference
(p < 0.05) by Tukey’s test (n = 3) while means with the same letter do not. bns: Means do not differ significantly within the column (p < 0.05) by Tukey’s test (n = 3).

plants, while Ailsa Craig, rin, and nor fruit were similar in size
(Figure 1, Supporting Information Table 1). From a quality
perspective, Solara had the highest total soluble solids (9.5%)
and Beefsteak had the lowest (4.1%). Micro-Tom had the highest
TA values, and Solara and Moneymaker had the lowest (data not
shown).

Starch Accumulation and '*C-Metabolism to Starch. Starch
content varied from 5 to 39% of fruit dry weight across samples
(Table 1). Ailsa Craig had the highest starch content (391 £
95 mg-gDW '), whereas Beefsteak and unpruned Solara had the
lowest (52 & 19 and 46 + 25 mg-gDW ', respectively; Table 1).
Although pruning increased fruit size (Supporting Information
Table 1), this did not appear to alter starch content, as there was
no statistically significant difference in the amount of starch
assayed in the pruned versus unpruned samples (Table 1). There
was also no difference in starch content between the ripening
mutants, that is, rin and nor, and the normal parental line Alisa
Craig (Table 1).

The flux of sugars to starch was estimated by feeding [U—'*C]-
glucose to fruit pericarp disks. The total '*C imported into the
disk and the percentage of this '*C incorporated into starch was
assayed (Table 1). Only Beefsteak differed, showing a higher
uptake of "*C-glucose. In addition, the proportion of glucose that
partitioned to starch over 2 h was identical among all samples,
implying similar rates of starch synthesis (Table 1). This contrasts
with the marked differences in starch accumulation recorded
among some genotypes (Table 1).

Starch Granule Size and Morphology. Starch granules from all
samples were spherical or oval in shape with two size populations
when viewed by scanning electron microscopy (Supporting Infor-
mation Figure 1). Similar to our previous reports (2), average
granule size was 10—20 um, as determined by laser diffraction.
There were no significant differences in granule size distribution
among genotypes except Micro-Tom, which had the smallest
average size (11.1 £ 0.8 um) and the greatest proportion (42%) of
granules smaller than 10 um (Figure 2 and Table 1). Beefsteak
showed the broadest distribution profile with granules bigger
than 100 um (Figure 2).

Amylose Content and Degree of Crystallinity. Starch is com-
posed of two o-1-4-linked homoglucans called amylose and
amylopectin and forms semicrystalline particles with varying
degrees of crystallinity. Amylopectin exclusively determines
crystallinity, while amylose is found in the amorphous (non-
crystalline) region of the granule (19).

Amylose content and degree of crystallinity were not different
among genotypes (Table 1). Amylose content at the MG stage
was 19—23% (w/w), just slightly higher than tomato at 16 and 28
DPA (2). The X-ray crystallography of these starches indicated a
C-type pattern with both the B-type (a strong peak at 26 = 17.2°)

and A-type (the lack of a split peak at 26 = 22—24° and a peak at
14.6°) peaks (Supporting Information Figure 2). Consistent with
our previous work, the degree of crystallinity was 26—31%
(Table 1) and was within the range of other C-type starches (20).

Starch Glucan Chain-Length Distribution. The backbone of the
amylopectin molecule is branched with regular periodicity by
o-1,6 linkages creating chains of defined lengths. The frequency
of occurrence of the different chains dictates amylopectin orga-
nization within granules (2/). Chain length distribution of dis-
persed tomato starch solutions after enzymatic debranching was
analyzed using HPSEC. The chromatogram of the hydrolyzed
starches showed four main peaks of chain-length fractions, which
were designated as AmpF1, AmpF2, AmpF3, and AmpF4. These
fractions were defined with inflection points at elution volumes of
16, 19.2, and 21 mL (Figure 3). AmpF1 contained extra-long
chains of debranched amylopectin and debranched amylose.
AmpF2, AmpF3, and AmpF4 contained long, medium, and
short chains of debranched amylopectin, respectively. Average
molecular weights (and calculated degree of polymerization, DP)
of AmpF2, AmpF3, and AmpF4 fractions were approximately
60000—250000 (DP 370—1500), 10000—50,000 (DP 60—300),
and 4600—26000 (DP 30—160), respectively. There was no
significant difference among the genotypes studied except Beef-
steak and Moneymaker (both pruned and unpruned), which had
the highest and lowest molecular mass of long-chain amylopectin
(Amp F2), respectively (Table 2).

The relative mass of the different fractions were then examined
to get a better description of the frequency of the different
amylopectin chain lengths identified in Figure 3 within the starch
granule. The concentrations of the chains in each of the defined
fractions (Figure 3), that is, the long, medium, and short chains of
amylopectin, are expressed as ratios relative to the long chain for
easier comparisons (Table 2). Micro-Tom, Beefsteak, and Solara
(both pruned and unpruned) exhibited a greater modal frequency
of shorter chains (short/medium/long chain ratio = 7:3:1, 5:2:1,
4:1:1, and 4:2:1, respectively). In contrast, Ailsa Craig, rin, nor,
and Moneymaker (both pruned and unpruned) had similar
distributions of short/medium/long chains (2:1:1, 1:1:1, 2:1:1,
and 1:1:1, respectively) (Table 2).

Differential Scanning Calorimetry. DSC gelatinization para-
meters can provide insight into starch granule structure. Gelati-
nization temperatures and differences in gelatinization enthalpy
can be influenced by the degree of crystallinity and the length of
the amylopectin chain involved in the crystalline unit as well as the
proportion of double helical material (22,23). To our knowledge,
there is no information on the thermal properties of tomato
starch.

In excess water, tomato starch exhibited a single endothermic
transition, having T, values of 56.2—60.5 °C, T, values of



1278 J. Agric. Food Chem., Vol. 58, No. 2, 2010

-
(=]

Micro-Tom

et 10 B0 6

% Volume

l I“ M

_ Sol-unpruned

o N A O 0 O N BB O 20 O N A OO O NGO @R O N B OO O N BB O N BB OO O N B OO O N B O

1 10 100
Particle Size (micron)

Figure 2. Particle size distribution of starch by laser diffraction. Each graph
depicts the mean =+ standard error of three biological replicates. Dashed
lines indicate granules of 10 um. Arrow indicate granules of >100 um.
Key: MM, Moneymaker; Sol, Solara.
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Figure 3. Molecular weight of four subfractions of debranched starch from
Beefsteak by HPSEC-MALLS-RI. Fraction 1 (AmpF1) is predominantly
amylose, while fractions 2, 3, and 4 (Amp F2, 3, and 4) are long, medium,
and short chains of amylopectin, respectively. The degree of polymerization
(DP) was calculated by dividing glucan M, by 162 (mass of anhydrous
glucose). Chromatographs were drawn for all samples and were used to
calculate the data shown in Table 2.

61.2—67.2°C, and T, values of 68.5—75.0 °C (Table 3), which are
within the range of normal starch (7). Micro-Tom possessed the
highest T, and T}, values, while these parameters were lowest
for Moneymaker. All samples showed similar values of AT,
(11.7-13.8 °C), except Beefsteak, which manifested significantly
higher values (16.8 °C). There was no significant difference in
AH among the starches (Table 3).

Starch Enzymatic Hydrolysis. Tomato starches were incubated
with o-amylase, and the kinetics of digestion was compared.
Starch surface features, morphology, and internal structure
(amylose/amylopectin ratio and their organization) may influ-
ence the rate of hydrolysis (20, 24). Studies of starch from a range
of species show that granule hydrolysis is initially rapid but then
slows as the remnants become more resistant to the action of the
hydrolytic agent (25). It is plausible that unique patterns of
kinetics of in vitro starch hydrolysis may highlight important
differences in starch structure. From a biological perspective,
differences in starch structure could affect its degradation and
could control the production of sugars during fruit ripening.

There were no differences in the initial hydrolysis of the nine
tomato starch samples after 24 h (Figure 4). However, after 60 h,
the Beefsteak and Micro-Tom starches were less susceptible to
hydrolysis whereas unpruned Moneymaker and Solara were most
sensitive. Consistent with their role in metabolism, tomato leaf
(transitory) starch was digested more rapidly and potato tuber
(storage) starch more slowly than tomato fruit starches (Figure 4).

Correlative Analysis and PCA. Pairwise correlations between
the different parameters studied were established to identify
potentially novel relationships between tomato starch para-
meters. Two parameters were considered to be correlated if r >
0.45 (P < 0.01). To check that r-values were not skewed by
outliers (26), we plotted the data and recalculated the r-values
after removing these distant points; those falling below 0.45 were
excluded (Supporting Information Table 2).

Many of the starch structure parameters did not show strong
correlations, and those that did were related to gelatinization
temperatures. T}, T¢, and AT, correlated negatively with starch
hydrolysis patterns (after 60 h), but T, T, and T, varied
positively with the fraction of smaller starch granules (< 10 um)
in the samples. '“C-glucose uptake was positively related with
fruit fresh weight and Brix positively correlated with the starch
hydrolysis.

Principal component analysis (PCA) can provide an overview
of the relatedness of the different starches based on the multiple
parameters measured. Samples that group closely on the principal
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Table 2. Molecular Weight (M,), DP, and Mass Ratio of Three Subfractions of Debranched Starch from Tomato Starch by HPSEC-MALLS-RI?

average M, (g-mol~") average DP mass ratio
genotypes Amp F2 Amp F3 Amp F4 Amp F2 Amp F3 Amp F4 AmpF4:F3:F2
Ailsa Craig 138797 ab 51090 ns 15929 ns 857 315 98 2:11
rin 107980 ab 50653 26 325 667 313 162 1:1:1
nor 205467 ab 56 087 17173 1268 346 106 2:1:1
Micro-Tom 123643 ab 22003 8695 763 136 54 7:3:1
Beefsteak 253033 a 48770 9581 1562 301 59 5:2:1
Moneymaker pruned 61580 b 10261 4590 380 63 28 1:1:1
Moneymaker unpruned 59720 b 10127 5736 369 63 35 1:1:1
Solara pruned 87005 ab 28890 10013 537 178 62 4:1:1
Solara unpruned 92037 ab 21580 7611 568 133 47 4:2:1

?Fractions 2, 3, and 4 (Amp F2, 3 and 4) are long, medium, and short chains of amylopectin respectively. M, is the molecular weight of the glucans and indicates the size of the
chains based on molarity. Average DP indicates glucan chain length. The mass ratio is calculated from the concentration of glucans within each of the fractions defined in Figure 3.
The proportions shown represent the concentration of long, medium, and small amylopectin chains expressed relative to the concentration of long chains.Values are mean +
standard error of three different biological replicates. Means with different letters within the same column differ significantly (p < 0.05) by Tukey’s test (n= 3). ns: Means within the

same column do not differ significantly (p < 0.05) by Tukey’s test (n = 3).

Table 3. Gelatinization Properties of Various Tomato Starch Measured by DSC?

genotypes T, (°C) T, (°C) T. (°C) AT, (°C) AH (J/g starch DW)
Beefsteak 58.2+0.1bc 66.8+0.1a 750+02a 16.8a 16.5+£0.1ns
Micro-Tom 60.5+04a 67.2+0.3a 7444+05a 13.8ab 15.0+ 0.3
Ailsa Craig 58.8+0.2b 64.4+0.1b 713+04b 125b 152404
rin 58.3+0.0bc 64.4+£0.0b 719+0.2b 13.7ab 149405
nor 57.1+£0.2bcd 63.4 £0.3bc 70.6+0.3bc 134 ab 148405
Solara unpruned 58.5+0.2bc 62.7+0.3bc 70.0+0.8bc 11.6b 16.7 £0.2
Solara pruned 57.9 £0.4bc 62.8+0.2bc 70.1 £0.8bc 12.2b 172+£0.3
Moneymaker unpruned 56.8+1.4cd 61.4+18c 68.5+1.8¢ 11.7b 15.7+1.3
Moneymaker pruned 56.2+0.4d 61.2+02c 68.5+05¢ 12.2b 15.3+0.4

“T, = onset temperature, T, = peak temperature, T, = conclusion temperature, AH = enthalpy (J/g starch), AT, = gelatinization range (T, — T,) (°C). Values are mean +
standard error of three different biological replicates. Means with different letters within the same column differ significantly (p < 0.05) by Tukey'’s test (n= 3). ns: Means within the

same column do not differ significantly (p < 0.05) by Tukey’s test (n = 3).
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Figure 4. Pattern of hydrolysis of tomato starch after digestion by
o-amylase. Potato and tomato leaf starch were included as references
of storage and transitory starch, respectively. Values are mean + SE of
three different biological replicates. Key: MM, Moneymaker; Sol, Solara.

component (PC) are more similar to each other, while less similar
samples are on distant coordinates. Three groups can be dis-
cerned on the PCA plot. Ailsa Craig, rin and nor, Solara and
Moneymaker with or without pruning grouped together, whereas
Beefsteak and especially Micro-Tom were outliers (Figure SA). By
examining the loading scores of the PC, the relative importance or
absolute magnitude of each variable within each PC can be
discerned. Variables that cluster around the origin have little
effect on the PC, whereas those that are further apart make a
greater contribution. Ty, percent of granule size <10 um (small
granule), and average granule size (psa) explained the separation

seen in PC1 (29%), while the relative mass ratio of long- and
short-length chains (AmpF2, AmpF4) and enthalpy (AH) ex-
plained the separation seen in PC2 which accounted for 21%
of the variability (Figure 5B). The fact that the PCs only explained
29 and 21% of the variation between samples highlights that
starch properties of all samples were very similar.

DISCUSSION

Our aim was to examine starch biosynthesis in different tomato
samples and determine if this has an effect on starch structure.
This could inform generally on the nature of starch biosynthesis
and provide more insight on “transitory-storage” starches. The
results presented here indicate that starch granule structure in
tomato fruit is fairly constant across genotypes and that few
features are responsive to changes in cellular conditions. Granules
from fruit differing in size, ripening behavior, and substrate
availability (by pruning) did not show any consistent pattern
related to their phenotype or even their genotype. This is
remarkable given that we demonstrated the extent to which these
fruit differed in starch metabolism: the percentage of starch
accumulated varied 10-fold among some samples, and therefore,
metabolism may vary widely over the 40 days prior to sampling
which might be reflected in structure. However, in spite of these
differences, granule characteristics were similar (Table 1).

Starch synthesis alone may not determine starch accumulation
in tomato fruit. The capacity for synthesis was similar in all
samples we examined, but the amount of starch accumulated, as
mentioned earlier, varied 10-fold. A noteworthy example is the
Beefsteak tomato. This cultivar imported 1.5—2.5-fold more
labeled glucose than the others compared and should have a
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Figure 5. (A) PCA of all structural variables of tomato samples studied. The first two principal components were plotted. Tomato fruit with similar starch
characteristics will cluster together, while outliers will form separate groups. (B) PCA loading scores and percent variance that explained each of the components
presented in (A). Loading scores specify the magnitude of each variable in contributing the principal components. Key: psa, average granule size; small size,
percentage of granules < 10 «m; AmpF2 and AmpF4, molecular weights of amylopectin fraction 2 and 4, respectively, after isoamylase hydrolysis; T,, peak
temperature; AH, enthalpy (J/g starch); Hydrolysis24 and Hydrolysis60, glucose released after a-amylase starch hydrolysis for 24 and 60 h incubation, respectively.

similar or greater amount of starch synthesized, since the percen-
tage of this label that partitioned to starch was identical to thatin
the other tomatoes (Table 1). However, Beefsteak accumulated
2—4-fold less starch than other samples. The discrepancy between
the amount of starch synthesized and the amount accumulated
can be explained if the starch is being degraded (Table 1). We have
previously shown that there is simultaneously synthesis and
degradation of starch in Moneymaker fruit (/), and turnover
may also occur in other tomato cultivars (). Pulse-chase experi-
ments would be needed to prove definitively that the starches in
the cultivars examined are also subjected to turnover. Still,
overall, the data in this study points to this possibility that starch
accumulation is regulated differently among genotypes.

Our data are consistent with the idea that increased sink
strength in larger fruit is determined by increases in cell division
and less so by cell volume. Our work showed that sink strength,
that is, the ability to take up sugars, was greatest in the large-
fruited Beefsteak cultivar (Table 1). This was not seen when fruit
size increased from pruning. Varying rates of cell division are
generally regarded as the basis for differences in fruit size between
most tomato genotypes, while an increase in cell volume usually
explains increased fruit size from pruning (27). Therefore, larger
cell volume may be less important in determining sink capacity
than the number of cells.

It is known that very long or very short chains (within certain
optimal limits) and their molar masses can increase the stability of
crystalline lamellae in a starch granule (22), and we wanted to
identify parameters that would have such an effect in tomato.

Both Beefsteak and Micro-Tom had a high proportion of short
chains (7:3:1 and 5:2:1) of DP (54—359) and these starches had
highest gelatinization temperature, implying enhanced stability of
crystallites within a granule (Tables 2 and 3). Therefore, chains
with these characteristics could promote double helical formation
within the crystalline lamellae increasing their rigidity. However,
Solara also had a high proportion of short chains (4:2:1) of DP 55,
quite similar to the case of Micro-Tom, but its gelatinization
temperatures were lower. The only other difference was the DP of
the long chains (Amp 2), which was ~550 in Solara, significantly
lower than that in Beefsteak (1562) and Micro-Tom (763)
(Tables 2 and 3). Thus, there may also be a role for long chains
in reinforcing granule stability even if they occur at low frequency.
We also noticed that Moneymaker starch had the smallest DP for
each chain length fraction and they may have led to the low
gelatinization temperatures for this sample (Tables 2 and 3).

Few generalizations can be made about structure—property
relationships of tomato starches from this study. Some observa-
tions however make sense in the context of what is known about
starch, while others may be novel. We established that

(1) Unlike other starches (7, 22), differences in gelatini-
zation temperature were not caused by differences in
the degree of crystallinity, as these were similar
across samples (Tables 1 and 3).

(i) A complex set of factors determines susceptibility of
starch to hydrolysis. Pruning (in both Moneymaker
and Solara) increased the resistance of starch to
enzymatic hydrolysis. This may be through some
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unknown mechanism because there were no other
differences in starch metabolism between these
samples.We also found that starches with the highest
gelatinization temperatures (Beefsteak and Micro-
Tom) also showed high recalcitrance to enzymatic
hydrolysis after 60 h, indicating greater stability of
the crystallites (Table 3, Figure 4). For the Beefsteak
sample, the high M, of the long chain fraction might
also have contributed to this resilience (28, 29). The
results of the enzyme digestibility experiment would
appear to contradict our conclusion that Beefsteak
starch is subject to greater rates of starch degrada-
tion during synthesis than in the other genotypes.
There is however no overlap between the two experi-
ments. The '"“C-glucose feeding experiment was
done using an in vivo system, whereas the enzyme
digestibility was performed using highly artificial
in vitro conditions. In this experiment, purified
starch isolated from the cellular environment was
used, as were high, nonphysiological amounts of
o-amylase activity. This in vitro data therefore can-
not be used to draw conclusions on starch meta-
bolism but is important for identifying structural
differences between starches.

(iii) The affect of granule size on tomato starch character-
istics may not be significant. There was no relationship
between granule size and any other starch structure
measurement. The granule surface area-to-volume
ratio influences granule structure—function in other
species (10, 29, 30), but Micro-Tom and Beefsteak,
which had the smallest and largest granule size dis-
tributions, had similar gelatinization temperatures,
starch hydrolysis patterns, and glucan chain-length
distribution (Figures 2 and 4). However, a possible
relationship between granule size distribution and
gelatinization behavior was found. Beefsteak starch,
which showed the broadest granule size distribution,
also had the greatest gelatinization temperature range
(AT,) (Figure 2 and Table 3). This could imply that
Beefsteak contained a mixture of small-to-large starch
granules with different thermal stabilities.

(iv) A positive relationship was found between Brix and
starch hydrolysis in this study. This finding supports
the view that in some cultivars starch can contribute
to ripe fruit soluble solids (4).

Our research extends knowledge of factors influencing starch
granule characteristics in plants. We showed that starch accumu-
lation in tomato fruit is appreciable up to 39% (w/w) in some
cultivars. However, most of the tomato starches had similar
structure and properties in spite of differences in starch accumu-
lation and metabolism. The highly conserved nature of the starch
granule three-dimensional architecture found in different genetic,
physiological, and biochemical backgrounds presented here sug-
gests that there are intrinsic mechanisms that limit variations in
starch structure in tomato fruit.
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pericarp at MG stage and dry weight was measured from the
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same tissue after 14 days in a ventilated oven at 55 °C. Values are
mean + SE of six different biological replicates. Supplemental
Table 2: Pearson correlation coefficients for all measured proper-
ties of starches of different tomato cultivars. All fruit physio-
logical and physicochemical properties of nine different tomato
starch samples (n = 9 samples x 3 replicates = 27) were used.
Note that minor correlated parameters are not shown. Data were
significantly different at P < 0.01. Supplemental Figure 1: Scan-
ning electron micrographs of purified starch granules from MG
tomato fruit. Magnification = 500x. The bar scale is 50 um.
Supplemental Figure 2: Representative X-ray powder diffracto-
gram of starch purified from different cultivars at MG using a
Scintag X-ray diffractometer. Crystallinity was calculated on
three different biological replicates for each sample. Arrows
indicate a peak at 14.6°, a strong peak at 260 = 17.2°, and the
lack of a split peak at 26 = 22—24°. This material is available free
of charge via the Internet at http://pubs.acs.org.
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