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Soluble starch synthase I (SSSI) cDNA was isolated from taro (Colocasia esculenta var. esculenta)
by RT-PCR and rapid amplification of cDNA ends reaction. The transcript of this single-copy gene is
2340bp and encodes 642 amino acids protein containing a putative transit peptide of 54 residues.
Recombinant SSSI protein displayed both primer-dependent and primer-independent activities of
starch synthase. More SSSI transcript was expressed in taro leaves than in tubers, with no evident
expression in petioles; and more transcript and protein were found in tubers of 597 ( 37 g of fresh
weight than in smaller or larger ones. Two forms of SSSI, i.e., 72 and 66 kDa, exist in leaves, and
only the 66 kDa form was found in tubers. The taro SSSI, proposed as a novel member, was located
only in the soluble fraction of tuber extract, while SSSI from other sources exist in both soluble and
granule-bound forms.
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INTRODUCTION

Starch, the major storage compound accumulated in chloro-
plasts of leaves or amyloplasts of storage organs, is used as a
source of energy during periods of dormancy and growth. It
remains the most important source of calories in the diet of
both humans and animals and is utilized in many industrial
processes. The structure and proportion of the two components,
amylose and amylopectin, determine the physicochemical
properties of starch, such as swelling, solubility, plasticity,
viscosity, and retrogradation (1,2).

The dramatically increasing demand in industry for special-
ized starches has prompted efforts to tailor the quantity and
quality of the polymers. A clarification of the mechanism of
starch synthesis has enabled the genetic modification of crops
in a rational manner to produce novel starches with improved
functionality (3).

Starch synthase (SS, EC 2.4.1.21) catalyzes the elongation
of R-1,4-glucosidic bonds on amylose and amylopectin by
transferring glucose from ADP-glucose. Two forms have been
reported, i.e., a soluble starch synthase (SSS) and a granule-
bound starch synthase (GBSS) (4). Thewaxymutants of some
plant species containing little or no amylose exhibit less GBSS
than normal plants (5, 6), consistent with the findings that the
waxylocus in plants is the structure gene encoding GBSS (7-
9). Therefore, the lack of amylose in the starch ofwaxymutants
is related to the deficiency of GBSS, implicating that this
enzyme is critical for amylose synthesis.

Multiple forms of SSS have been found in plant leaves and
storage tissues (10). On the basis of the amino acid sequences,
this synthase is classified into SSSI, SSSII, SSSIII, and SSSIV
(11). SSSII is the major starch synthase in pea embryos, and
its absence causes severe alterations of starch content and
structure (12). SSSIII is the major starch synthase in potato tuber,
contributing up to 80% of total SSS activity (13, 14).

In contrast, the roles of SSSI in starch biosynthesis are still
not well understood, partly because of the ill-defined nature of
this enzyme. While it accounts for a low proportion of starch
synthase activity in potato tuber (15), SSSI provides the major
starch synthase activity in rice and maize endosperms (16,17).
The failure to obtain mutants in these species suggests that the
mutations are either lethal or result in no apparent morphological
changes (11).

We herein report the isolation and expression inEscherichia
coli of a novel SSSI cDNA from taro, an important food crop
in Africa, Asia, and South America. The expression patterns of
this soluble starch synthase gene in some taro tissues and during
different developmental stages are also described.

MATERIALS AND METHODS

Plant Material. Taros (Colocasia esculentavar. esculenta) were
grown in the field. The collected leaves, petioles, and tubers were frozen
immediately in liquid nitrogen, lyophilized, and then stored at-20 °C
until required.

RNA Isolation. RNA was prepared by modifying the method,
described in “Current protocols in molecular biology” (18). In the
procedure, RNA solution was added with 20% enthanol and 0.5 M
potassium acetate to selectively remove polysaccharide contamination.
And then chloroform was used to replace the phenol/chloroform for
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removing the protein contamination. The quality and quantity of RNA
were determined by spectrophotometric methods and by agarose gel
electrophoresis (19). Finally, RNA was stored at-70 °C until required.
In addition, poly(A) RNA was purified with Oligotex (Qiagen, Valencia,
CA) following the manufacturer’s protocol.

Taro SSSI cDNA Cloning.A schematic representation of cloning
strategy is shown inFigure 2A. The first strand cDNA mixture was
prepared by Superscript II RNaseH- reverse transcriptase (Invitrogen,
Carlsbad, CA) following the manufacturer’s protocol and then was
subjected to PCR with the degenerated primers (Table 1), P1 and P2
for the first RT-PCR and P3 and P4 (GCATGCCAATCATTGGCAA)
for the second RT-PCR product. Based on the results of RT-PCR
described above, information of the full-length SSSI cDNA clone was
obtained by combination of 3′- and 5′-RACE. 3′-RACE was performed
with the primers P5 and P6 (GTTGATTGGTTTCATTGGAAG and
GAC TCGAGTCGACATCG) by the method described by Frohman
et al. (20). The template used in 5′-RACE was prepared with primer
P4 by a SMART RACE cDNA amplification kit (BD Biosciences
Clontech, Palo Alto, CA) following the manufacturer’s procedure. Then
it was subjected to PCR with primers P7, P8, and P9 (GAGACGAC-
CATGACACGATGACCA, GGGCAAAGGCAAAGAACCACATAC,
and AAGCAGTGGTAACAACGCAGAGTA, respectively). The frag-
ments including the full-length of SSSI cDNA were amplified with
primers P10 and P11 (GCAAACA TCACACCTCCACACAC and
GTTCCTGCTGCCCCTTTGGACCA, respectively) by PlatinumPfx
DNA polymerase (Invitrogen) following the manufacturer’s protocol.
All PCR products were sequenced after cloning into a pGEM-T-Easy
vector (Promega, Madison, WI). And pGSSI850, pGSSIa, pGSSI3′,
pGSSI5′, and pGSSIF were generated respectively in this cloning
process. The sequence of taro SSSI has been deposited in GenBank
under Accession No. AY142172.

Expression, Production, and Purification of Recombinant SSSI
in E. coli. Two 1.9 and 1.8 kb fragments, which encode the entire
coding region and transit the peptide truncated coding region, were
PCR-amplified from pGSSIF using primer sets PA-PB (AATTCA-
GGTACCATGGAGG TTCTACGGGTAGCA and AATTCGAAGCTT-
TCTGACAT AAGGAGGATCTATGA, respectively) and PC (ATC-
GAAGAATTCATGTGCGCTG CGGAGAAGAGGGA)-PB with the
KpnI/HindIII site introduced andEcoRI/HindIII site introduced,
respectively. The PCR products were cloned into the pET29a vector
(Novagen, San Diego, CA) to generate pESSI and pESSI′. The inserted
genes were under the control of T7lacpromoter, and in-frame fused at
its 3′ end with a His-tag. The entire and transit peptide-truncated SSSI
(SSSI-SP and SSSI-NSP, respectively) were produced by 2 mM
isopropyl-â-D-thiogalactoside (IPTG) induction fromEsherichia coli
(E. coli) Rosetta(DE3) harbored with pESSI and pESSI′, respectively.
SSSI-NSP was produced and purified by using Ni-NTA resins
(Qiagen) under denaturing conditions described by the manufacturer.
Then it was used as the antigen for anti-SSSI-NSP antiserum prepara-
tion.

Enzyme Assay.The transformants, induced with 2 mM IPTG at 20
°C for 20 h, were harvested and sonicated to prepare the crude enzyme
solution. The primer-dependent and primer-independent starch synthase
activities were measured using ADP[U-14C] glucose as previously
described (21,22). The reaction was performed at 30°C, 90 min, and
terminated by boiling for 2 min. One unit of activity is defined as 1
nmol ADP-glucose incorporated intoR-glucan per minute at 30°C.
Protein concentration was determined by the Lowry method (23).

Southern Hybridization. Taro genomic DNAs (10µg), digested
completely with restriction endonucleases, were separated by 0.7%
agarose DNA electrophoresis and blotted onto Hybond-N+ membranes
(Amersham Biosciences). Hybridization and washing were carried out

by the method described in “Zeta-Probe GT Blotting Membranes
Instruction Manual” (BIO-RAY, Alfred Nobel Drive Hercules). The
probe (0.4 kb), which had been excised from pGSSIa usingEcoRI,
was labeled with (R-32P) dCTP using Rediprime II random prime
labeling system (Amersham). After washing, the membranes were
covered with polyethylene wrap and exposed while still wet to X-ray
film (Amersham).

Western Blotting. Proteins were separated by 10% SDS-PAGE
and electrophoretically transferred into Hybond-C Extra membrane
(Amersham). The membranes were probed with anti-SSSI-NSP anti-
serum and then with peroxidase-conjugated AffiniPure goat anti-rat
IgG (H + L) (Jackson ImmunoResearch, Cambridgeshire, U.K.). A
positive SSSI signal was detected by incubation in TBS buffer (20 mM
Tris-HCl, pH 7.4, and 150 mM NaCl) containing 0.02% 4-chloronaph-
thol and 0.1% hydrogen peroxide.

RESULTS

Isolation of Taro SSSI cDNA Clones.Taro leaves and tubers
which exhibited marked starch synthase activities (Figure 1)
were selected as the primary sources for the preparation of RNA.
A full-length SSSI cDNA obtained is shown inFigure 2A. RT-
PCR with degenerate primers P1 and P2 generated a partial taro
SSSI cDNA of 0.8 kb (Figure 2B). The product was cloned
into pGEM-T Easy vector to generated pGSSI850 and was
confirmed by sequencing and application of the “BlastX”
program.

Another partial SSSI of 0.4 kb and the 3′-terminal end of
SSSI of 0.9 kb were generated with the primers, designed
according to the above clone, by RT-PCR and 3′-RACE (Figure
2B). And 5′-terminal cDNA of 0.7 kb was generated with the
primers, designed according to the cDNA sequence of the 0.4
kb fragment, by SMART-RACE (Figure 2B). Finally, a full
length of SSSI cDNA (2.1 kb) was generated by the primers,
designed according to RACE products (Figure 2B). All products
of RT-PCR and RACE were cloned into pGEM-T Easy vector
to generate pGSSIa, pGSSI3′, pGSS5′, and pGSSIF. The
sequences of all products were also confirmed by sequencing
and application of the “BlastX” program.

Table 1. Nucleotide Sequences of Degenerate Primers Designed According to the Alignment of SSSIs from Potato, Maize, Rice, and Wheata

nameb amino acid sequence nucleotide sequence length degeneracy

P1 (+) 234 YGDVYGA 240 GATATGGWGATAWTTATGGTGC 22 4
P2 (−) 510 VGFNVAIS 517 GGAAACTGGAACAYTAAATCCAA C 24 2
P3 (+) 132 EAAPYSK 138 GAAGCWKCTCCWTATKCWAAG 21 32

a W denotes A or T; Y denotes C or T; K denotes G or T. b “+” indicates the coding strand; “−” indicates the complementary strand.

Figure 1. Comparison of starch synthase activities in crude extracts of
different tissues from taro.

7986 J. Agric. Food Chem., Vol. 53, No. 20, 2005 Lin and Jeang



The techniques we used to identify novel SSSI from taro,
i.e., RT-PCR and RACE, carry acknowledged risks. Polymerase-
mediated cloning procedures might produce mutants. Further-
more, the products of both techniques may come from different
isozymes. The use ofpfx DNA polymerase which possesses a
proofreading function in the final full-length cDNA cloning
reduces the possibility of mutation in PCR. Additional primers
(P10 and P11) were designed to generate a full-length cDNA
with RT-PCR. All RT-PCR and RACE products were cloned
and sequenced to confirm that they arose from the same
transcript.

Characterization of Taro SSSI cDNA. The 2340 bp taro
SSSI cDNA contained a coding region of 1932 bp, flanked by
5′- and 3′-untranslated regions of 154 and 254 bp, respectively
(Figure 3). The open reading frame began with an ATG codon
at position 155-157 and ended with the TGA codon at position
2084-2086. The open reading frame encoded a 643 residue
protein with a theoretical molecular mass of 70 779 Da and a
pI of 6.4, which both were estimated by “Compute pI/Mw Tool”
(24). Use of the ChloroP 1.1 program (25) yielded predictions
for SSSI of a putative 54 amino acid transit peptide with a
cleavage site (CAAEK) located at amino acid 55 of the protein.
A motif analysis of taro SSSI revealed a putative ADP-glucose
binding site (KTGGLGDV) located at amino acids 148-155.
In addition, general features of a glycosyl transferase group I
located at amino acids 436-615 and a N-6 adenine-specific
DNA methylase motif located at amino acids 635-641 were
evident. It is noteworthy to point out that amino acids 545-
550, RYGTVP, appeared very similar to the 14-3-3 protein
phosphoserineythreonine-binding motif.

Alignment of protein sequences showed that the taro SSSI
displayed an identity of 64, 61, 65, and 67% and a similarity of
70, 68, 70, and 73% with species obtained from maize, rice,
wheat, and potato, respectively. Analysis with the GrowTree

program of the GCG package showed that among the four
classes of plant SSS groups, the cloned taro SSS belonged to
the SSSI group and clustered more closely with that of dicot
plants than monocot plants (Figure 4).

Genomic DNA Blot Analysis and Expression Pattern of
SSSI.Southern blot analysis of taro genomic DNA generated
single signals of 1.4 and 3.9 kb, respectively, suggesting that
taro SSSI has a high potential to be a single-copy gene (Figure
5).

RT-PCR analysis, using primers P3 and P4, revealed SSSI
was expressed both in leaves and tubers, but not in the petiole
(Figure 6A). With two other sets of primers, i.e., P1 and P2,
and P10 and P11, a high SSSI expression in leaves and a
comparatively low expression in tubers were detected (Figure
6A). Western blot analysis of total proteins also showed that
the expression of SSSI was stronger in leaves than in tubers
(Figure 6B). In addition, the 72 and 66 kDa SSSI species were
found in leaves, but only the smaller one was evident in tubers.

A comparison of expression in different developmental stages
of tubers, i.e., tubers of different fresh weight, indicated that

Figure 2. (A) Strategy for taro SSSI cDNA cloning. The topmost diagram
shows the full-length cDNA. Boxes 1−5 represent cDNAs amplified by
RT-PCR and RACE; (B) Agarose gel electrophoresis of RT-PCR and
RACE products of SSSI. The partial SSSI cDNAs were amplified by RT-
PCR using P1/P2 and P3/P4 primers, respectively (lanes 1 and 2); the
product of the 5′ SMART-RACE was amplified using P5/P6 primers (lane
3); the product of the 3′-RACE product was amplified using P7/P8 primers
(lane 4); the full-length of SSS I cDNA was generated by RT-PCR using
the P10/P11 primers (lane 5): lane M′, 100 bp ladder (MBI); lane M,
1 kb ladder (MBI).

Figure 3. Nucleotide sequence of taro SSSI cDNA. The transit peptide
(located at amino acids 1−54), putative ADP-glucose binding motif (located
at amino acids 148−155), glycosyl transferase group I motif (located at
amino acids 436−615), and N-6 adenine-specific DNA methylase signature
(located at amino acids 635−641) are underlined. The 14-3-3 protein
binding consensus motif (located at amino acids 545−550) is shown in
bold as well as italic. The potential polyadenylation sites are underlined
and shown in italic.
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the SSSI expression was evident only in tubers of 597( 37 g
fresh weight (Figure 7A). In terms of the SSSI protein level,
an increasing quantity was found in tubers of 106( 44 to
597 ( 37 g of fresh weight. Tubers of 1062( 72 g of fresh
weight displayed a decreased amount of the protein (Figure
7B).

In addition, SSSI was primarily detected in the soluble
extracts, but not in starch granules, from tubers of 597( 37 g
fresh weight (Figure 8).

Enzymatic Activity of Recombinant SSSI.Direct evidence
that the cloned SSSI encoded starch synthase was obtained by
expressing the gene inE. coli. The primer-dependent specific
activities of the recombinant SSSI and the truncated SSSI-NSP
(without the transit peptide) were increased 2.7- and 1.5-fold,
respectively, relative to the baseline level of glycogen synthase

Figure 4. Relationships between the primary amino acid sequences of
plant starch synthases. The dendrogram was generated by the program
Growtree in the GCG package. All sequences of SSS were obtained from
GeneBank/EMBLE/DDBJ.

Figure 5. Southern blot analysis of taro genomic DNA. The 20 µg genomic
DNA was digested with EcoRI (lane 1) and BamHI (lane 2) and subjected
to Southern blot analysis. Hybridization was carried out using the 32P-
labeled 0.4 kb partial SSSI cDNA.

Figure 6. RT-PCR and Western blotting detection of SSSI expressed in
different tissues of taro. (A) RT-PCR analysis of the tissue-specific
expression of SSSI in leaves (lane L), petioles (lane P), and tubers (lane
T) of taro. An aliquot of 10 µg RNA was used in RT-PCR. And the 0.4,
0.8, and 2.1 kb products were generated by the primers P3/P4, P1/P2,
and P10/P11, respectively. (B) Total soluble extracts were fractionated
by SDS−PAGE and probed by anti-SSSI-NSP. The amounts of samples
were loaded in the lanes as indicated: lane 1, extract of young leaves;
lane 2, extract of mature leaves; lane 3, extract of tubers.

Figure 7. RT-PCR and Western blotting detection of SSSI expressed in
different developmental stages of tubers (A) RT-PCR analysis of the
temporal expression of SSSI in the up position of tubers of 1062 ± 72 g
fresh weight (lane 1), bottom position of tubers of 1062 ± 72 g fresh
weight (lane 2), the tubers of 597 ± 37 g fresh weight (lane 3), the tubers
of 304 ± 56 g fresh weight (lane 4), and the tubers of 106 ± 44 g fresh
weight (lane 5). An aliquot of 10 µg RNA was used in RT-PCR. The 0.4
and 0.6 kb products were generated to monitor the expression of SSSI
and SSSIII, respectively. (B) Western blotting analysis of SSSI in the
tubers of 1062 ± 72 g fresh weight (lane 1), the tubers of 597 ± 37 g
fresh weight (lane 2), the tubers of 304 ± 56 g fresh weight (lane 3), and
the tubers of 106 ± 44 g fresh weight (lane 4). An aliquot of 300 µg of
protein was applied in SDS−PAGE and probed with anti-SSSI-NSP.
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activity (Table 2). Additionally, the primer-independent specific
activities of the SSSI and SSSI-NSP were increased 20- and
5.5-fold, respectively. Detailed characterization of the expressed
proteins will be described elsewhere.

DISCUSSION

Alignment of the SSSI protein sequence with that of four
other SSSI species shows high identity and similarity, especially
with potato SSSI reported by Kossmann et al. (15). The transit
peptide cleavage site for taro SSSI identified by program
“ChloroP” in this study is putative. The cleavage sites of maize
SSSI and SSSIIa predicted by the same program (data not
shown) were similar to the experimentally defined ones reported
previously (26,27). Additionally, the signal identified by the
anti-SSSI-NSP antibody in taro leaf and tuber extracts had a
molecular mass of 66 kDa, which was similar to that of the
putative transit peptide truncated SSSI. These results provide
the indirect evidence for a cleavage site prior to residue 55.
But it still needs to be defined experimentally.

The KXGGL motif in the amino-terminal region of taro SSSI
is highly conserved in all starch synthase isozymes as well as
in E. coli glycogen synthase. Since this conserved region inE.
coli represents the substrate ADP-glucose binding site of
glycogen synthase (28), it may well compose the substrate ADP-
glucose binding site in taro SSSI.

The hexapeptide motif (RYGTVPVV) in taro SSSI, also
conserved in all SSSIIIs, is identical to the14-3-3 protein binding
site motif (29). Arabidopsis 14-3-3 proteins are found, by
immunocapture using antibodies to maize SSSIII, to affect starch
accumulation in leaves through a negative regulation of this
synthase (30). On the basis of these results, we propose that
taro SSSI may also be regulated by a 14-3-3 protein.

SSSI is predominantly expressed in taro leaves and to a lower
extent in tubers, a pattern similar to that in potato (15), with
the corresponding SSSI protein more abundant in leaf tissue.
These results are consistent with the suggestion that SSSI
contributes more to the deposition of transient starch in leaves
than the synthesis of storage starch in tubers. However, the

finding of high levels of SSSI transcript and SSSI protein in
tubers of 597( 37 g fresh weight indicates that SSSI might
also possess some specific functions in the synthesis of storage
starch in the tuber stage. The observations of SSSI protein
throughout all stages of tuber but no SSSI transcript in tubers
larger or smaller than 597( 37 g fresh weight might be due to
the fact that the copy number of SSSI transcripts was too low
to be detected in our RT-PCR condition.

While the 66 and 72 kDa SSSIs are present in leaves, only
the lower molecular mass species is present in tubers; and the
same results have also been observed on 2-D PAGE (data not
published). Maize and rice SSSI have been identified as a single-
copy gene (31, 16). Southern blot analysis revealed that taro
SSSI may be a single-copy gene. These findings suggested that
these two SSSIs have high potential to be the products sourced
from the one gene. The similar result was also reported that
three rice SSSIs sourced from the same gene in rice (16).
Furthermore, the molecular weight of the two species conforms
to that of a full-length SSSI and its transit peptide truncated
form, both displaying primer-dependent and -independent starch
synthase activities. It leads us to conclude that the SSSI gene
in the taro genome encodes a starch synthase that is present in
leaves in two forms and each one may possess its specific
function in the biosynthesis of starch. But more experiments
are required to define the details. In contrast to maize SSSI that
exists in both soluble and granule-bound fractions (17), taro
SSSI is found almost exclusively in the soluble fraction of tuber
extracts, indicating that it is not stably associated with starch
granules. Thus, the roles of taro SSSI, a novel member of starch
synthase, may well differ from those of SSSI of other species.

ACKNOWLEDGMENT

Taro plants were kindly supplied from Shi Chen. We thank Tsai-
Fu Hsuen and Ying-Zhu Chen for assistance with preparation
of antibody. This research was supported by the Department of
Life Sciences, the ROC National Science Council (Grants 89-
2313-B-005-303 and 90-2313-B-005-152).

LITERATURE CITED

(1) Jane J.; Shen, J. J. Internal structure of the potato starch granule
revealed by chemical gelatinization.Carbohydr. Res.1992,247,
279-290.

(2) Yun, S. H.; Matheson, N. K. Structural changes during develop-
ment in the amylose and amylopectin fraction (separated by
precipitation with concanavalin A) of starches from maize
genotype.Carbohydr. Res.1992,270, 85-101.

(3) Slattery, C. J.; Kavakli, I. H.; Okita, T. W. Engineering starch
for increased quantity and quality.Trends Plant Sci.2000,5,
291-298.

(4) Press, J. Biosynthesis of starch and its regulation. InThe
biochemistry of plants; Stumpf, E. E., Conn, E. E., Eds.;
Academic Press: New York, 1988; pp 181-254.

(5) Sprague, G. F. G. F.; Brimhall, B.; Nixon, R. M. Some effects
of thewaxygene in corn on properties of the endosperm starch.
J. Am. Soc. Agron.1943,35, 817-822.

(6) Nelson, O. E.; Rines, H. W. The enzyme deficiency in thewaxy
mutant of maize.Biochem. Biophys. Res. Commun.1962, 9,
297-300.

(7) Echt, C. S.; Schwarz, D. Evidence for the inclusion of controlling
elements within the structural gene at thewaxy locus in maize.
Genetics1981,99, 275-284.

(8) van der Leij, F. R.; Visser, R. G.; Ponstein, A. S.; Jacobsen, E.;
Feenstra, W. J. Sequence of the structural gene for granule-bound
starch synthase of potato (Solanum tuberosumL.) and evidence
for a single point deletion in theamf allele. Mol. Gen. Genet.
1991,228, 240-248.

Figure 8. Immunological detection of SSSI in soluble and granule-bound
fractions. The samples were separated by SDS−PAGE and probed with
anti-SSSI-NSP. Lanes 1−3, 150, 200, and 300 µg of total protein in soluble
fraction, respectively; lanes 4−6: 150, 200, and 300 µg of total protein
separated from starch granule, respectively.

Table 2. Starch Synthase Activity in E. coli Soluble Extractsa

plasmid insert
transit

peptide

SS activity
with primer

(Ub/mg)

SS activity
without primer

(Ub/mg)

pET29a none 154.8 ± 3.2 3.9 ± 0.2
pETSSI-SP SSSI with 421.0 ± 0.1 77.4 ± 0.2
pETSSI-NSP truncated SSSI without 231.8 ± 10.2 21.2 ± 1.3

a E. coli cell harbored with indicated plasmids were induced by 2 mM IPTG for
20 h at 20 °C. Total soluble extracts were assayed for starch synthase activity
with or without amylopectin primer. b 1 U (unit) is defined as 1 nmol of ADP-
glucose that was transferred per minute at 30 °C, pH 8.5.

Soluble Starch Synthase I cDNA from Taro J. Agric. Food Chem., Vol. 53, No. 20, 2005 7989



(9) Salehuzzaman, S. N.; Jacobsen, E.; Visser, R. G. Isolation and
characterization of a cDNA encoding granule-bound starch
synthase in cassava (Manihot esculentaCrantz) and its antisense
expression in potato.Plant Mol. Biol. 1993,23, 947-962.

(10) Kossmann, J.; Lloyd, J. Understanding and Influencing starch
biochemistry.Crit. ReV. Biochem. Mol. Biol.2000, 35, 141-
196.

(11) Ball, S. G.; Morell, M. K. From bacterial glycogen to starch:
Understanding the biogenesis of the plant starch granule.Annu.
ReV. Plant Biol.2003,54, 08.1-08.27.

(12) Craig, J.; Lloyd, J. R.; Tomlinson, K.; Barber, L.; Edwards, A.;
Wang, T. L.; Martin, C.; Hedley, C. L.; Smith, A. M. Mutation
in the gene encoding starch synthase II profoundly alter
amylopectin structure in pea embryos.Plant Cell1998, 10, 413-
426.

(13) Abel, G. J. W.; Springer, F.; Willmitzer, L.; Kossmann, J.
Cloning and functional analysis of a cDNA encoding a novel
starch synthase from potato (Solanum tuberosumL.). Plant J.
1996,10, 981-991.

(14) Marshall, J.; Sidebottom, C.; Debet, M.; Martin, C.; Smith, A.
M.; Edwards, A. Identification of the major starch synthase in
the soluble fraction of potato tubers.Plant Cell1996,8, 1121-
1135.

(15) Kossmann, J.; Abel, G. J. W.; Springer, F.; Lloyd, J.; Willmitzer,
L.Cloning and functional analysis of a cDNA encoding a starch
synthase from potato (Solanum tuberosumL.) that is predomi-
nantly expressed in leaf tissue.Planta 1999,208, 503-511.

(16) BaBa, T.; Nishihara, M.; Mizuno, K.; Kawasaki, T.; Shimada,
H.; Kobayashi, E.; Ohnishi, S.; Tanaka, K.; Arai, Y. Identifica-
tion, cDNA cloning, gene expression of soluble starch synthase
in rice (Oryza satiVaL.) immature seeds.Plant Physiol.1993,
103, 565-573.

(17) Cao, H.; Imparl-Radosevich, J.; Guan, H.; Keeling, P. L.; James,
M. G.; Myers, A. M. Identification of the soluble starch synthase
activities of maize endosperm.Plant Physiol.1999,120, 205-
215.

(18) Phenol/SDS method for plant RNA preparation. InCurrent
protocols in molecular biology; Ausubel, F. M., Brent, R.,
Kingston, R. E., Moore, D. D., Seidman, J. G., Smith, J. A.,
Struhl, K., Eds.; John Wiley & Sons: New York, 1995; pp
4.3.1-4.3.4.

(19) Separation of RNA according to size: Electrophoresis of RNA
through agarose gels containing formaldehyde. InMolecular
cloning: A laboratory manual, 3rd ed.; Sambrook, J., Russell,
D. W., Eds.; Cold Spring Harbor Laboratory Press: New York,
2001; Vol. 1, pp 7.31-7.34.

(20) Frohman, M. A.; Dush, M. K.; Martin, G. R. Rapid production
of full-length cDNA from rare transcripts: Amplification using
a single gene-specific oligonucleotide primer.Proc. Natl. Acad.
Sci. U.S.A.1988,85, 8998-9002.

(21) Jenner, C. F.; Denyer, K.; Hawker, J. S. Caution on the use of
the generally accepted methanol precipitation technique for the
assay of soluble starch synthase in crude extracts of plant tissues.
Aust. J. Plant Physiol.1994,21, 17-22.

(22) Smith, A. M. Enzymes of starch synthesis. InMethods in plant
biochemistry; Lea, P. L., Eds.; Academic Press: London, 1990;
pp 93-102.

(23) Lowry, O. H.; Rosebrough, N. J.; Farr, A. L.; Randall, R. J.
Protein measurement with the folin phenol reagent.J. Biol. Chem.
1951,193, 265-275.

(24) Gasteiger, E.; Hoogland, C.; Gattiker, A.; Duvaud, S.; Wikins,
M. R.; Bairoch, A. Protein identification and analysis tools on
the ExPAsy server. InThe proteomics protocols handbook;
Walker, J. M., Eds.; Humana Press: Totowa, NJ, 2005.

(25) Emanuelsson, O.; Henrik, N.; von Heijne, G. ChloroP, a neural
network- based method for predicting chloroplast transit peptides
and their cleavage sites.Protein Sci.1999,8, 978-984.

(26) Mu, C.; Harn, C.; Ko, Y.-T.; Singletary, G. W.; Keeling, P. L.;
Wasserman, B. P. Association of a 76 kDa polypeptide with
soluble starch synthase I activity in maize (cv B73) endosperm.
Plant J.1994,6, 151-159.

(27) Harn, C.; Knight, M.; Ramakrishnan, A.; Guan, H.; Keeling, P.
L.; Wasserman, B. P. Isolation and characterization of the zSSIIa
and zSSIIb starch synthase cDNA clones from maize endosperm.
Plant Mol. Biol. 1998,37, 639-649.

(28) Furukawa, K.; Tagaya, M.; Inouye, M.; Press, J.; Fukui, T.
Identification of lysine 15 at the active site inEscherichia coli
glycogen synthase.J. Biol. Chem.1990,265, 2086-2090.

(29) Muslin, A. J.; Tanner, J. W.; Allen, P. M.; Shaw, A. S. Interaction
of 14-3-3 with signaling proteins is mediated by the recognition
of phosphoserine.Cell 1996,84, 889-897.

(30) Sehnke,P. C.; Chung, H. J.; Wu, K.; Ferl, R. J. Regulation of
starch accumulation by granule-associated plant 14-3-3 proteins.
Proc. Natl. Acad. Sci. U.S.A.2001,98, 765-770.

(31) Knight,M. E.; Harn, C.; Lilley, C. E.; Guan, H.; Singletary, G.
W.; MuForster, C.; Wasserman, B. P.; Keeling, P. L. Molecular
cloning of starch synthase I from maize (W64) endosperm and
expression inEscherichia coli.Plant J.1998,14, 613-622.

Received for review March 1, 2005. Revised manuscript received June
15, 2005. Accepted June 16, 2005.

JF0504566

7990 J. Agric. Food Chem., Vol. 53, No. 20, 2005 Lin and Jeang


