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Abstract A cDNA clone, and a corresponding genomic
DNA clone, containing full-length sequences encoding
wheat starch synthase I, were isolated from a cDNA
library of hexaploid wheat (Triticum aestivum) and
a genomic DNA library of T'riticum tauschii, respective-
ly. The entire sequence of the starch synthase-1 cDNA
(wSSI-cDNA) is 2591 bp, and it encodes a polypeptide
of 647 amino-acid residues that shows 81% and 61%
identity to the amino-acid sequences of SSI-type starch
synthases from rice and potato, respectively. In addi-
tion, the putative N-terminal amino-acid sequence of
the encoded protein is identical to that determined for
the N-terminal region of the 75-kDa starch synthase
present in the starch granule of hexaploid wheat. Two
prominent starch synthase activities were demon-
strated to be present in the soluble fraction of wheat
endosperm by activity staining of the non-denaturing
PAGE gels. The most anodal band (wheat SSI) shows
the highest staining intensity and results from the activ-
ity of a 75-kDa protein. The wheat SSI mRNA is
expressed in the endosperm during the early to mid
stages of wheat grain development but was not detected
by Northern blotting in other tissues from the wheat
plant. The gene encoding the wheat SSI (SsI-D1I) con-
sists of 15 exons and 14 introns, similar to the structure
of the rice starch synthase-1 gene. While the exons of
wheat and rice are virtually identical in length, the
wheat SsI-D1 gene has longer sequences in introns 1, 2,
4 and 10, and shorter sequences in introns 6, 11 and 14,
than the corresponding rice gene.
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Introduction

Starch is a major component of wheat flour, accounting
for 65-70% of the dry weight of the wheat grain. Starch
is deposited in a granular form within the amyloplast
of the endosperm. Wheat starch typically contains
20-30% amylose (an essentially linear o-1,4 glucan)
and 70-80% amylopectin (a branched «-1,4 glucan
containing about 5% o-1,6 linkages). Starch is syn-
thesised by a complex pathway which involves the
concerted action of a number of enzymes that include
ADP glucose pyrophosphorylase (EC 2.7.7.27), starch
synthases (EC 2.4.1.21), branching enzymes (EC
2.4.1.18) and de-branching enzymes (EC 3.2.1.41 and
EC 3.2.1.68) (Mouille et al. 1996). Isoforms of these
activities are found in the majority of plants and the
specific contributions of the various isoforms of each
activity to the amount and composition of starch de-
posited in the cereal endosperm remain to be fully
defined.

Starch synthase extends starch polymers through
the addition of the glucosyl moiety of its substrate,
ADPglucose, to the non-reducing end of a pre-existing
o-1,4 glucan. In plants an exclusively granule-bound
starch synthase (GBSS) has been well characterised,
and there are additional isoforms of starch synthase
which are partitioned between the granule and the
soluble phase. We concur with Knight et al. (1998) that
it is inappropriate to refer to those starch synthases
partitioned between the granule and the soluble frac-
tion as “soluble” starch synthases, and therefore prefer
the generic term “starch synthase” to describe those
starch synthases which are not exclusively located in
the granule.



While each starch synthase elongates o-1,4 glucans,
mutation studies in maize, rice, barley, wheat, pea,
Chlamydomonas and other species show that only
GBSS is essential for amylose synthesis. While GBSS
also contributes to amylopectin synthesis (Maddelein
et al. 1994; Denyer et al. 1996), the remaining comp-
lement of starch synthases are thought to be primarily
responsible for the elongation of amylopectin chains.

Multiple starch synthases have been described in
the soluble fraction of maize, rice, pea, potato and
Chlamydomonas, and these enzymes display differences
in physical and kinetic properties (Dang and Boyer
1988; Denyer and Smith 1992; Baba et al. 1993;
Edwards et al. 1995; Mouille et al. 1996; Craig et al.
1998). In potato (SSII and SSIII) and pea (SSI and
SSII), two starch synthases have been characterised
from soluble extracts of each species (Denyer and Smith
1992; Edwards et al. 1995; Abel et al. 1996). In cereals,
both cDNA and genomic DNA encoding the SSI gene
of rice have been cloned and analysed (Baba et al. 1993;
Tanaka et al. 1995). Partial wheat starch synthase
mRNAs have been deposited in Genbank (accession
numbers: TAU48227, TAU66377). Recently the dulli
locus in maize has been characterised and shown to
encode a starch synthase related to the starch synthase
IIT of potato (Gao et al. 1998).

In wheat, the full complement of starch synthases
and their individual roles remain to be elucidated.
Three distinct starch synthases, with molecular weights
of 60 kDa, 75 kDa and 100-105 kDa, have been identi-
fied in the starch granule (Denyer et al. 1995; Rahman
et al. 1995). The 60-kDa GBSS is the product of the
waxy gene and is found only in the starch granule. The
combination of null alleles from each of the wheat
genomes (Nakamura et al. 1995) results in the amylose-
free “waxy” phenotype found in other species. The
100-105 kDa putative starch synthases are found only
in the granule; however, their role is unclear (Denyer
et al. 1995; Rahman et al. 1995). In the soluble fraction,
Denyer et al. (1995) reported the presence of two starch
synthase activities.

In the present paper, we report the further identifica-
tion of polypeptides with starch synthase activity from
the soluble fraction of wheat endosperm extracts. A
75-kDa starch synthase, closely related to the starch
synthase-I isoforms of other species, has been shown
to be present in both the granule and the soluble
fraction, and the cloning and characterisation of a full-
length cDNA and a corresponding genomic DNA se-
quence encoding this starch synthase are reported. This
75-kDa wheat starch synthase I is identical to the
protein designated Sgp-3 by Yamamori and Endo
(1996), and we introduce the designation SsI-A1, SsI-
Bl and SsI-DI as more appropriate designations for
the orthologous genes encoding this protein. We show
that the mRNA encoded by these genes is expressed at
the early to middle stage of endosperm development,
deduce the intron-exon structure of the SsI-DI gene,
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and confirm the location of the wheat starch synthase-I
genes in the group-7 chromosomes of the wheat
genome.

Materials and methods
Plant material

Genetic stocks of wheat cv Chinese Spring with various chromo-
some additions and deletions were kindly supplied by Dr. E.
Lagudah (CSIRO Plant Industry, Canberra) and derived from
stocks described in Sears and Miller (1985). The hexaploid (Triticum
aestivum) wheats “Rosella” and “Gabo” were grown in the field and
in controlled growth cabinet conditions (18°C day and 13°C night,
with a photoperiod of 16 h) respectively. Wheat leaves and florets
prior to anthesis, and endosperm were collected over the grain-filling
period, immediately frozen in liquid nitrogen and stored at —80°C
until required.

Gel electrophoresis

SDS-PAGE and non-denaturing PAGE were carried out using 8%
gels according to Laemmli (1970). Activity staining of non-denatur-
ing PAGE gels was carried out according to Abel et al. (1996).
Zymogram analysis of SDS denatured extracts was carried out
according to Buléon et al. (1997).

Construction of genomic library and isolation of plaques

The genomic library used in this study, prepared from Triticum
tauschii, var strangulata, accession number CPI 110799, has been
described in Rahman et al. (1997). Of all the accessions of T. tauschii
surveyed, DNA marker analysis suggests that the genome of CPI
110799 is the most closely related to the D genome of hexaploid
wheat (Lagudah et al. 1991). Positive plaques in the genomic library
were selected as those hybridising with the PCR-derived DNA
fragment, wsssp, (refer to Results section). Hybridisation was carried
out in 25% formamide, 6 x SSC, 0.1% SDS at 42°C for 16 h, then
washed three times with 2 x SSC containing 0.1% SDS at 65°C for
1 h per wash.

Preparation of total RNA from wheat

Total RNA was isolated from the leaf, floret and endosperm tissues
of wheat essentially as described by Higgins et al. (1976). RNA was
quantified by UV absorption and by separation in 1.4% agarose-
formaldehyde gels, which were then visualised under UV light after
staining with ethidium bromide.

Cloning of specific cDNA regions of wheat starch synthase |
using RT-PCR

The first-strand cDNAs were synthesised from 1 pg of total RNA
(derived from endosperm of the cultivar Rosella, 12 days after
anthesis) as described by Maniatis et al. (1982), and then used as
templates to amplify one specific cDNA region of wheat starch
synthase I by PCR. The primers used to obtain the cDNA clone,
wsssp, amplify between nucleotide positions 1615-1919 [refer to
GenBank accession number: (AFO91803)]. The primer sequences are;
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sss5’ (5 GTGCCTCTGATTGGCTTTATTG 3') and sss3; (5
CCTTGACATGGTATAA CG 3'). The probe used for Northern
and Southern analysis, wsss3’, was amplified by PCR from the wSSI-
cDNA [corresponding to nucleotide positions 2025-2497, refer to
GenBank accession number: (AFO91803)] using the primers sssA
(5 GGACAAGATGTTGTGG GCATTGC 3') and sssB (5 CAG-
CTGTAACACGGACAGAGAG 3'). The amplification was per-
formed using a FTS-1 or FTS4000 thermal sequencer (Corbett,
Australia) for 1 cycle of 95°C for 2 min; 35 cycles of 95°C for 30,
60°C for 1 min, 72°C for 2 min and 1 cycle of 25°C for 1 min.

DNA and RNA analysis

DNA was isolated and analysed as described by Maniatis et al.
(1982). Approximately 20 pg of DNA was digested with the restric-
tion enzymes BamHI and Dral, separated on a 1% agarose gel and
transferred to re-inforced nitrocellulose membranes (BioRad) and
hybridised with the 32P-labelled cDNA probe wsss3', corresponding
to nucleotide positions 2025-2497 [refer to Genbank accession
number: (AFO91803)]. The hybridisation and wash conditions were
performed as described in Rahman et al. (1997). For RNA analysis,
10 pg of total RNA was separated in a 1.4% agarose-formaldehyde
gel and transferred to a Hybond N+ membrane (Amersham)
(Maniatis et al. 1982), and hybridised with the cDNA probe at 42°C
in Khandjian hybridisation buffer (Khandjian 1987). DNA frag-
ments wsssp and wsss3’ (refer to Results section) were labelled with
the Rapid Multiprime DNA Probe Labelling Kit (Promega) and
used as probes. The membrane was washed once for 30 min at 65°C
with 2 x SSC containing 0.1% SDS, and for 3 x 40 min at 65°C with
0.2 x SSC containing 1% SDS prior to overnight exposure at
—80°C with Kodak MR X-ray film.

Construction and screening of the cDNA library

A cDNA library was constructed from endosperm RNA of the
hexaploid T. aestivum cultivar Rosella as described by Rahman et al.
(1997). The library was screened with a 305-bp ¢cDNA fragment,
wsssp (refer to Results section), employing the hybridisation condi-
tions described earlier.

DNA sequencing and analysis

DNA sequencing was performed using the automated ABI system
with dye terminators as described by the manufacturers. DNA
sequences were analysed with the GCG suite of programs
(Devereaux et al. 1984).

Results and discussion

Identification and localisation of wheat starch synthase
polypeptides in the endosperm

The proteins found within the wheat starch granule
after protease treatment were described by Rahman
et al. (1995), and for reference are shown in Fig. 1
(Panel A, lanel). N-terminal sequence analysis in-
dicated that the prominent 60-kDa band is the “waxy”
GBSS protein, and strongly suggested that the 75-kDa
protein was a starch synthase of the starch synthase-I
class (Rahman et al. 1995). Denyer et al. (1995) reported

Fig. 1A, B Analysis of starch synthases from the wheat endosperm
starch granule and soluble fractions. Panel A SDS-PAGE analysis.
Lane 1 wheat endosperm starch granule proteins revealed by silver
staining; lane 2 SDS-PAGE of wheat endosperm starch granule
proteins. Starch synthase activity revealed by activity staining;
lane 3 SDS-PAGE of wheat endosperm soluble proteins. Starch
synthase activity revealed by activity staining; lane 4 standard mo-
lecular-weight ladder revealed by Coomassie blue staining. Panel
B Activity staining of wheat endosperm soluble proteins separated
by non-denaturing-PAGE

the co-migration of starch synthase activity with this
band, the cross reaction of this band with antibodies to
pea starch synthase 11, and the presence of an immunore-
active 75-kDa protein in the soluble fraction of wheat
endosperm extracts. The 75-kDa granule protein has
also been investigated in wheat by Yamamori and
Endo (1996) and Takaoka et al. (1997) who designated
this protein Sgp-3, noted the homology of internal
amino-acid sequences to rice SSI, and separated the
granule forms encoded by the A, B and D genomes of
wheat by 2-D gel electrophoresis. In Fig. 1 (panel A,
lane 2) we show that following SDS-PAGE of wheat
starch-granule extracts, staining for starch synthase
activity after a protein renaturation procedure reveals
a band which precisely co-migrated with the 75-kDa
granule protein. Fig. 1 (panel A, lane 3) indicates that
a 75-kDa starch synthase is also located in the soluble
fraction of the wheat endosperm. Activity staining of
non-denaturing PAGE gels for starch synthase activity
revealed two prominent activities in wheat-endosperm
soluble extracts (Fig. 1, panel B). Further analysis of
the anodal band (marked SSI) by SDS-PAGE, followed
by in-gel renaturation of starch synthase activity, dem-
onstrated that this starch synthase had a molecular
weight of 75 kDa (data not shown) and co-migrated in
SDS-PAGE with the starch synthase activity shown in
Fig. 1, panel A, lane 3. We conclude that the 75-kDa
protein of the wheat starch granule and the soluble
fractions are members of the SSI class and may be the
products of the same orthologous genes. The cathodic
starch synthase (Fig. 1, panel B) is designated SSx, to
allow definitive classification of its gene at a later date.
The molecular weight and electrophoretic mobility of
this starch synthase (data not shown) is similar to the
180-kDa starch synthase II of maize, thought to be



encoded by the Dulll gene (Gao et al. 1998). This starch
synthase did not cross-react in immuno-blotting ex-
periments with monoclonal antibodies (Rahman et al.
1995) to the 100/105-kDa starch synthases of the starch
granule (data not shown).

Amplification of a SSI cDNA sequence from wheat

Reverse transcription coupled with PCR (RT-PCR)
was used to amplify wheat starch synthase cDNA se-
quences using primers (designated sss3’ and sss5’, see
Materials and methods) based on the nucleotide se-
quences that were conserved between the starch syn-
thase I of rice (Baba et al. 1993) and pea (Dry et al.
1992). A 305-bp RT-PCR product, wsssp, was obtained
by amplification of cDNA prepared from wheat endo-
sperm at 12 days post-anthesis. The sequence of the
PCR product showed 88.9% identity at the nucleotide
level with rice starch synthase I (Baba et al. 1993).

Cloning of a full-length wheat starch synthase-1 cDNA

The 305-bp cDNA fragment of wheat starch synthase
I was used as a probe for the hybridisation screening of
a wheat endosperm c¢cDNA library (Rahman et al.,
1997). Eight positively hybridising cDNA clones were
selected. The longest cDNA clone (2591 bp) was ana-
lysed and contained the 305-bp probe sequence, wsssp,
between nucleotides 1615 and 1919 at 100% identity
[refer to GenBank accession number: (AFO91803)].
The cDNA clone was designated wSSI-cDNA. A large
open reading frame within this cDNA encoded a 647
amino-acid polypeptide starting at nucleotide 256 and
terminating at nucleotide 2199. Figure 2 shows that the
wSSI-cDNA encodes an amino-acid sequence which is
identical to the N-terminal of a 75-kDa protein found
in wheat starch granules and is highly homologous to
the N-terminal of rice SSI (Rahman et al. 1995). In the
3’ non-coding region, two putative polyadenylation
signals, AATAA and AAATA, were found at positions
2418 and 2584 downstream from the stop codon [refer
to GenBank accession number: (AFO91803)].
Comparison of the wSSI-cDNA sequence with rice
SSI showed that there is 80.8% identity at the amino-
acid level and 74.7% identity at the nucleotide level.
A partial wheat starch synthase-I sequence submitted
to the Genbank database (accession number, U48227;
M. Block, H. Loerz and S. Lutticke) has > 98% ident-
ity to wSSI-cDNA but is truncated at the N-terminus
such that 411 bases are lacking from the 5" end of the
sequence to the start codon. Comparison of the amino-
acid sequences of the starch synthases of wheat, rice,
pea and potato are given in Fig. 3. There is a higher
homology in the central region and lower homology in
both N- and C-terminal regions of the starch synthases
of these four crop species. Three highly conserved re-

75-kDa starch granule GRYvaELS g EGPAA

protein N-terminus N P i
NERRRNEERRRY

Deduced amino-acid GRYVAELSREGPAA

sequence from wSSI-cDNA

L

Deduced amino-acid RRCVAELSRDGPSA

sequence from rice cDNA

Fig. 2 Comparison of N-terminal sequences of wheat starch syn-
thase-I and deduced amino-acid sequences of wheat and rice starch
synthase-I ¢cDNA. Identical residues between sequences are in-
dicated by vertical lines. The sequences used are the N-terminal
amino-acid sequence of the 75-kDa starch granule protein (Rahman
et al. 1995; and further unpublished data), the deduced amino-acid
sequence from the wSSI-cDNA (identical to the corresponding
amino-acid sequence deduced from the SsI-DI DNA sequence) and
the amino-acid sequence deduced from the rice SSI cDNA sequence
(Baba et al. 1993). N-terminal amino-acid sequencing of the wheat
starch granule 75-kDa protein yielded both R and P at positions
2 and 9, although R was obtained in a higher yield at this position.
Both the cDNA sequence (wSSI-cDNA) and the genomic sequence
(SsI-D1)encode arginine at this position. Proline may be encoded by
either or both of the A or B genome homologues of the SsI-DI gene

gions of amino-acid sequences in plant starch syn-
thases, GBSS, and Escherichia coli glycogen synthase
(van der Leij et al. 1991; Baba et al. 1993) were also
found within the coding region of wSSI-cDNA and
these are indicated as Domains I, IT and 111, respective-
ly (Fig. 3). Domain I contains the K-Xaa-G-G se-
quence found in the ADP-glucose binding site
(Furukawa et al. 1990; Baba et al. 1993).

The relationships between granule-bound and starch
synthases from a variety of sources have been analysed
at the amino-acid sequence level using the program
PILEUP (Fig. 4). The comparison shows that wheat
starch synthase I has highest homology to rice SSI.
A second group of starch synthases was formed by the
potato SSIII and maize SSII (dulll) sequences, and
a third group by maize SSIla, maize SSIIb, potato SSII
and pea SSII. As has been noted previously (Abel et al.
1996), the granule-bound starch synthases form a dis-
tinct fourth cluster.

Cloning and characterisation of a genomic fragment
containing the T. tauschii SsI-D1 gene

Six genomic DNA clones were obtained from the
screening of the T. tauschii genomic DNA library using
a 305-bp cDNA fragment, “wsssp”, as a probe (see
above). These genomic DNA clones were classified into
two groups by Southern-blot hybridisation analysis
after digestion with BamHI or Sacl and electrophoresis
on a 1% agarose gel. The groups differ in the length of
the cloned sequences but have been shown to contain
sequences from a single gene, SsI-DI (data not shown).
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1 50
wheat SSI ~~ e
rice SSI ~~ ~~ ~eo
potato SSII FLKSWIPIIP VNFIFCDFYV MENSILLHSG N.QFHPNLPL L...ALRPKK

pea SSII ~~~~ v~~~ MMLSLGS DATVLPFHAK NLKFTPKLST LNGDLAFSKG
51 100
wheat SSI ~ NN A NN e e
rice SSI ~~~~~~vmsas mmsssssn ~~
potato SSII LSLIH.GSSR EQMWRNQRVK ATGENSGEAA SADES.NDAL QVTIEKSKKV
pea SSII LGVGRLNCGS VRLNHKQHVR AVGKSFGADE NGDGSEDDVV NATIEKSKKV
101 150
wheat SSI o~
LiCe SSI  ~rrmemmmmsms MmN S e e e e
potato SSII LAMQQODLLQQ IAERRKVVSS IKSSLANAKG TYDGGSGSLS DVDIPDVDKD
pea SSII LALQRELIQQ IAERKKLVSS IDSD...... «evuueeeeo .. SIPGLEGN
151 200
wheat SSI ~~~~MAATGV GAGCLAPSVR LRADPATAAR ASACVVRARL RRLARGRYVA
rice SSI ~~~~~~mmms o~ MATAAG MGIGAACLVA PQVRPGRRLR LQRVRRRCVA
potato SSII YNVTVPSTAA TGITDVDKNT PPAISHDFVE SKREIKRDLA DERAPPLSRS
pea SSII .GVSYESSEK SLSRDSNPQK GSSSSGSAVE TKRW...... -HCFQQLCRS
201 250
wheat SSI ELSREGPAAR P..AQQQQLA PPLVPGFLAP ..PPPAPAQS ..PAPTQPPL
rice SSI ELSRDGGSAH GPLAPAPLVK QPVLPTFLVP TSTPPAPTQS PAPAPTPPPL
potato SSII SITASSQISS TVSSKRTLNV PPETPKSSQE TLLDVNSRKS LVDVPGKKIQ
pea SSII KETETWAVSS VGINQGFDEI EKKNDAVKAS SKLHFNEQIK NKLYERPDTK
251 300
wheat SSI PDAGVGELAP DLLLEGIAED SIDSIIVAAS EQDSEIMDAN PQAKV. ..
rice SSI PDSGVGEIEP D..LEGLTED SIDKTIFVAS EQESEIMDVK AQAKV. ..
potato SSII SYMPSLRKES SASHVEQRNE NLEGSSAEAN EETEDPVNID PPPLAGTN
pea SSII DISSSIR..T SSLKFENFEG ANEPSSKEVA NEAENFESGG PPPLAGTN
301 350
wheat SSI TRSIV. PYARS[GGL GD C?FE?IF‘f' RGHR P
rice SSI TRSVV. :q;YBV GL GDVCGS[LP|IA RGHRVM
potato SSII VMNII S| Cﬂ SKTGGL GDVA P| IRGHRVM
pea SSII VMNII CAPWSKITGGL GDVA )4 [RGHRVMI

351 Domain I 400

wheat SSI D AKALYT GKHIKIPC GSH IFHE YRDNV]D] DHPSY.HRPG

rice SSI N 'ANAFYT EKHIKIPC GEH. IFHE YRDSV]D DHPSY.HRPG

potato SSII . PEPQDS GVRKIYKVDG| QDVI FRA LLMDUD, I HSHMFRHIGN
13 DT

pea SSII . AEAHDI GVRKRYKV. QDM HT YIDGV| DSPIFRNLES

401 450

wheat SSI S H FGAF GDNQERYTLL C I LEIGGYIYGQ .NCM INDW|
rice SSI NLYGDNFGAF GDNQFRYTLL |C I LELGGYIYGR .KCM INDW|
potato SSII NIy N. ..R VDIL ‘-wl Ci H VPQGGVCYGD GNLVFIANDW
pea SSII NIYGGN|...R LDILRRMVLEF [CKAA H VPQGGICYGD GNLVFIANDW

= O
EEEE
b
U g g

Fig. 3 A comparison of the deduced amino-acid sequences of starch
synthases from wheat, rice, pea and potato. WheatSSI wheat starch
synthase I (this paper); riceSSI rice starch synthase I (Baba et al.
1993); potatoSSII potato starch synthase I (van der Leij 1991); and
peaSSII pea starch synthase II (Dry et al. 1992). Identical amino-
acid residues among each of these sequences are hboxed and three
conserved domains are indicated

The genomic DNA clone designated SG3 was selected
for further analysis on the basis of the largest total
length of hybridising fragments (data not shown). SG3
was digested with BamHI, Kpnl or Sacl, and fragments
were subcloned into the plasmid pJKKm (Kirschman
and Cramer 1988). A total of 22 clones were selected
and sequenced from both ends. Nine of these subclones
covered the intact wSSI-cDNA sequence region and
1 kb upstream containing at least part of the putative
promoter region.

The sequences from these nine subclones over-
lapped and were assembled into one contiguous se-
quence which included a 1-kb upstream sequence to
the coding region and a 10-kb sequence spanning the
coding region [refer to Genbank accession number:
(AFO91802)]. By comparing the SsI-D1I sequence with
the wSSI-cDNA sequence the coding region of the

451 500

wheat SSI r'lv- RPYGVYR DSRSTILVIH] OGLEBAS TYPDLGJPPE

rice SSI st YRPYGVYR DAR! v VIH Q S TYPDLGLPPE

potato SSII ALlTp YYRDNGIMN Y’ RLVIH IAHQ LE DFSYVD[LPPH

pea SSII ALl YIYRDHGLMN YTRSVLVIHN IAH E DENTVDLSGN

501 550

wheat SSI WYGALEWVE| EWARRHALDK [GHAVNFLKGA VVITADRIVTV SQGYSWEVT]

rice SSI WYGALEWVFP| EWARRHALDK |GEAVNFLKGA VVITADRIVTV SQGY|SWEVT]
potato SSII YMDPFKLYDP| V.. .G [GEHENIFAAG LKTADRVVTV SHGY|SWE
pea SSII YLDLFKMYDE V.. .G |GEHFNIFAAG LKTADRIVTV SHGYAWE!

551 | 600

wheat SSI ARGGOGINEL LSSRKSVLNG IVNGEDINDW NETTDKC]
rice SSI AEGGQOGLNEL LSSRKSVLNG IVNGIDINDW NPSTDKEL|
Gl G IVNGIDTKEW NPELDVHL|

e G D) 1L

H ..... VD
Y (... VD
potato SSII S GLHQI INENDWKLQ R SDG LD
. T SDGYT: LK

pea SSII S IGLHNI INESDWKFRG IVNGVDTKDW NPQEDAY]
601 650
wheat SSI . SGKAKCK AELOKELGLP] DVPLIGF IGRLD[YQKGI DLIKMALPEL
rice SSI . SGKAKCK AELQKELGLP| IRPDVPLIGF IGRLDYQKGI DLIKLAIPDL
potato SSII T {POQCK AALQKELGLP, DVPLIGF IGRLDPQKGV DLIAHAVP]
pea SSII T| {RQCK AALQRELGLP DVPIISF IGRLDHQKGV DLIAHALP
651 700

wheat SSI ED’ VML GS[GDPI W MRSTESSY D KF] GFSV| PVSHRITAGC
rice SSI DNIQF|VML GS|GDPG W MRSTESGYRD KFRGWVGEFSV| PVSHRITAGC
potato SSII QD (VML G RD! M LRQFECQHND KIR;WVGFSV KTSHRITAGA
pea SSII HD' VML g IRAD. M LKEHﬂAQHQD KIRSWVGEFSV| KMAHRITAGS

701 750

wheat SSI [DILLMPSRFE PCGLNQLYAM] QYGTVPVVHG GLRDTVET [PFGAKGEE
rice SSI |[DILLMPSRFE PCGLNQLYAM| QYGT] G GLRDTVEN PIFAEKGEQ
potato SSII |DILLMPSRFE PCALNQLYAM| KYGTT GLRDTVQP LM. . .SQ
pea SSII |[DILLMPSRFE PC] QLYAM| SYGT] G GLRDTVQP PFD. . .ES
751 Domain II Domain III 800
wheat SSI GTGWAFSPLT VDKMLWALRT AMSTFREHKP SWHGLMKRGM TKDHTWDHAA
rice SSI GTGWAFSPLT IEKNAVGIAD GNFDIQGTQV LLGGSNEARH VKRLYMGPCR
potato SSII DWGGPSDRAE ASQLIPRIRN CLLTYREYKK SWEGIQTRCM TQDLSWDNAA
pea SSII TFDRAE ANKLMAALWN CLLTYKDYKK SWEGIQERGM SQDLSWDNAA
801 850

wheat SSI EQYEQIFEWA FVDQPYVM*~

rice SSI LIV
potato SSII OQONYEEVLIAA KYQW*GSLLV DIWGFWPLYQ VLMMGFQRHV SGIDTRGCMQ

pea SSII QQYEEVLVAA KYQW*~~~~~
851 890
wheat SSI
rice SSI
potato SSII QVG*LSYYYH VRNDCRT*SC NHVYTLFCLF AKCSYMLQKK
pea SSII

SsI-D1 gene was found to be composed of 15 exons and
14 introns (Table 1; Fig. 5). The intron-exon structure
of the SsI-DI gene is similar to that of the
rice SSI gene (Tanaka et al. 1995). Comparison of
the nucleotide sequences of these introns and exons
between wheat and rice SSIs showed that there is
generally a high homology between analogous exons
in the coding region, ranging from 58.9% (exon 1b)
to 93.9% (exon 7), and a lower homology between
the corresponding introns, ranging between 37.5%
(intron 10) and 58.9% (intron 9) (Table 1). Introns
1, 2, 4 and 10 of the SsI-DI gene are longer than
those in the rice gene, while introns 6, 11 and 14 are
shorter than the corresponding introns of the rice
starch synthase-I gene. The transit peptide and N-
terminal sequence of the mature peptide encoded by
SsI-D1 were found in exon 1 (Fig. 6). Three highly
conserved regions of amino-acid sequences in plant
starch synthases, GBSS, and E.coli glycogen synthase
(van der Leij et al. 1991; Baba et al. 1993), termed
Domains I, II, and 111, were detected in the analysis of
the product encoded by the wSSI-cDNA for starch
synthase (see Fig. 1). In the SsI-DI sequence, Domain
1 is found in exon 2 and Domains IT and III in exon 12
(Fig. 5).
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Fig. 4 Relationships between the primary amino-acid sequences of
starch synthases. The dendrogram was generated by the program
PILEUP (Devereaux et al. 1984). The amino-acid sequences used for
the analysis are those deduced from the cDNAs of wheatSSI (this
paper), riceSSI (Baba et al. 1993), maizeSSI (Knight et al. 1998),
maize SSIla and maize SSIIb (Harn et al. 1998), potatoSSII
(Edwards et al. 1995), peaSSII (Dry et al. 1992), potatoSSIII (Abel et
al. 1996), maizeSSII (Gao et al. 1998), riceGBSS (Okagaki, 1992),
maizeGBSS (Kloesgen et al. 1986), wheatGBSS (Clark et al. 1991),
potatoGBSS (van der Leij et al. 1991), peaGBSS (Dry et al. 1992)
and Escherichia coli glycogen synthase (GS) (Kumar et al. 1986)

Northern-blot hybridisation analysis of wheat starch
synthase-I mRNA expression

The mRNA for starch synthase I could only be detected
in wheat endosperm when RNA isolated from leaves,
pre-anthesis florets and wheat endosperm was probed
by Northern analysis (Fig 7, panel A). While expression
of the SsI-D1 gene in leaves could not be detected under
the conditions employed, the rice SSI gene has been
reported to be expressed in both seeds and leaves (Baba
et al. 1993). This difference in gene regulation is unlikely
to represent a major differences in starch biosynthetic
patterns in wheat and rice leaves as both species parti-
tion a similar fraction (about 4%) of the carbon fixed in
leaves to leaf starch compared to sucrose, and both
accumulate low levels of leaf starch (J. Lunn, personal
communication).

A Northern blot of mRNA extracted from endo-
sperm of the wheat cultivar “Gabo” grown under
defined temperature conditions (16-h daylength, day
temperature 18°C, night temperature 13°C) is shown in
Fig. 7, panel B. Under these comparatively low-tem-
perature growth conditions, the message for the SsI-D1
gene was present 6 days after anthesis and was strongly
expressed 8 days after anthesis. Message levels remain
high until 18 days after anthesis, after which time they
decline. The expression pattern of the rice SSI gene in
the endosperm is similar in that there is a low expres-

1213

Table 1 Comparison of exons and introns of soluble starch syn-
thase-I genes of wheat and rice

(1) Identity of exons of soluble starch synthase-1 genes of wheat and
rice

Exons SsI-D1 rSSI  Identity  Start site Stop site

(%) (SsI-D1I) (SsI-D1)
la 255 113 57.52 —253 0
1b 316 298 58.92 1 316
2 356 356 82.87 1473 1828
3 78 78 92.31 2746 2823
4 125 125 90.40 2906 3028
5 82 82 89.02 4113 4194
6 174 174 93.10 4286 4459
7 82 82 93.90 4562 4643
8 92 92 92.39 4743 4835
9 63 63 90.48 4959 5021
10 90 90 82.22 5103 5192
11 125 125 88.80 8594 8718
12 109 109 91.74 8807 8915
13 53 53 81.13 8992 9044
14 40 41 80.00 9160 9199
15a 159 113 79.65 9499 9657
15b 392 539 46.46 9658 10098

(2) Identity of introns of soluble starch synthase-I genes of wheat
and rice

Introns SsI-D1 rSSI  Identity  Start site Stop site

(%) (SsI-DI) (SsI-D1)
1 1156 907 41.05 317 1472
2 917 851 41.65 1829 2745
3 82 87 4512 2824 2905
4 1084 835 48.50 3029 4112
5 91 96 57.78 4195 4285
6 102 189 5248 4460 4561
7 99 96 52.08 4644 4742
8 123 110 45.46 4836 4958
9 81 78 58.97 5022 5102
10 3401 663 37.56 5193 8593
11 88 124 56.82 8719 8806
12 76 81 48.68 8916 8991
13 115 135 4522 9045 9159
14 299 830 45.80 9200 9498

Note: Exon 1a: non-coding region of exon 1. Exon 1b: coding region
of exon 1

Exon 15a: coding region of exon 15. Exon 15b: non-coding region of
exon 15

SsI-DI: wheat soluble starch synthase-I gene. rSSI: rice soluble
starch synthase-I gene

sion level detectable at 5 days post-anthesis, an in-
creased expression level at 7-15 days post-anthesis, and
a decline thereafter.

The SsI-DI promoter region

The promoter regions of the wheat SsI-D/ gene and
rice starch synthase-1 gene were compared because of
the similarity in function of the two genes in the endo-
sperm and because they drive the expression of highly
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Rice SSI genomic DNA

Start/ /
methionine Domain | Domains Il & 111 Stor codon
B N 0 INm 1.

Wheat SSI genomic DNA
| | | Il | Il 1 | | 1 1
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Fig. 5 Comparison of the structure of starch synthase-I genes of
wheat and rice. The exons are indicated as dark black boxes and the
introns are shown as open boxes. The size scale is indicated below the
genes in base pairs: wheat SSI genomic DNA, wheat starch synthase
gene I, rice SSI genomic DNA, rice starch synthase gene I. The
location of the translation start codon, stop codon and three highly
conserved amino-acid sequence regions (Domains I, I1 and 111) are
indicated

homologous cDNA sequences. However, little se-
quence similarity was found. The wheat SsI-DI gene
contains no exact match to the EM-box motif de-
scribed by Forde etal. (1985); however, a motif
(TGAAAAC) similar to the EM box (TGTAAAGQG) is
found between nucleotides —300 and — 326 upstream
of the first methionine, a region consistent with the
location of other endosperm boxes. A putative TATA
box is located from —358 to —361. However, as in the
case of the promoter of the gene encoding wheat starch
branching enzyme I (Rahman et al. 1998), there is no
GCN4 box. Two directly repeated sequences were
found in the putative promoter region (Fig. 5). An
11-nucleotide motif, (motif 1: “GAGTTTCACTA”) was
located at —643, —676 and — 705, respectively, while
a second motif (motif 2: “CCG(T/C)CCGTCCG”) was
located at —280 and —296. Motif 2 was also found in
a similar position in the promoter region of the gene
encoding the wheat starch branching enzyme-II gene
from T. tauschii (Rahman et al. in preparation) and
within the putative exon 1 of the GBSS gene from
wheat (C. Konik etal. personal communication).
A search of Genbank revealed that both motifs occur-
red in a number of plant promoters. While motif
1 exists in the promoter of the Arabidopsis tufA gene for
elongation factor Tu (Genbank accession number:
X52256), motif 2 is found in the promoter sequence of
the barley waxy gene locus (Rohde et al. 1988), the
maize gene for sucrose synthase (Werr et al. 1985) and
the maize gene for extensin-like protein (Genbank ac-
cession number: Z34465). The significance of these mo-
tifs in promoter function remains to be determined.

Chromosomal localization of the wheat SsI-/ genes
This study has shown that the Sgp-3 proteins investi-

gated by Yamamori and Endo (1996) are encoded
by the SsI-I genes. Previously, Yamamori and Endo

AAGGGTTCAGCGGCAACAACTGCGGCTCCAGAGCGATGGTCCTTAAGGGCACGTGCACGA

-941
AGACTTCACGGCTGTTATCGACAAGGTCAAGCCGECTCCGATAGGGGAGCAGCGACAGCG  ~881
GCGCGTCAACCGCTCGTTCTGECGECAGTAGTGETCGTTCGGTGCTCTCGGAACCTCGAT  ~821
GTAATTTTTATGATTTTAGAGATGCTTTGTACTTCCGATCGATGAACTCTGATAATAGAT  ~761
ATCTCTTCTCTCGCAAAAAAAGAGAGTTTTCAACTGARAACAARARAGTTTCACTAGTTC  -701
TTCTTTTAGAAACAGRGTTTCACTAGCACTTTTTTTTGCGAGAAGTCAGTTTCACTAMG  —641
TACTAAACCCACGCAATTATTCTCAAAAAAARAACCCACGCAACTGTCTGGATCCATCTT  -581
CGTTTTTTCCCCGAGAATCGTCTGGATCCATTTTCGTGTGCGAGGCATCCTCTCATTTTG  ~521
CACGECCCAGCTCTCTTCTCGCCGECETACGCTGCTACATGTCGGCACTCCACGCARACA  ~461
AAAAGAAGCCCAACCGAAAACGCACGCGCCTTTCCAGGCTCACCACGGAAAAAAATACCA  -401
CGCGCCGCTCACGAGCAAACCGTGACAACAGCCAGCCAGATATGGCAACGGAGGCACGEG  ~341
CCGCACACAGCCACTGAARACCGCAGCTGOTCTTECGTCCGTCCaccoTocacccared  -281
BeeCCeACTCCACTCRCCTTGECCCACTCCCACTCTTCTCTCCCCGCGCACACCGAGTCGE  ~221
CACCGGCTCATCACCCATCACCTCGGCCTCGGCCACCGECARACCCCCCGATCCGCTTTT 161
GCAGGCAGCGCACTAAAACCCCGEGEAGCGCGCCCCGCGECAGCAGCAGCACCGCAGTGE 101
GAGAGAGAGéCTTCGCCCCéGCCCGCACCéAGCGGGGCGA?SSACCGTCéGTGCGTCCGé a1
ACCTCCTCCGCCTCCTCCCCTGTCCCGCGOGCCCACACCCATEGCGECGACGGGCGTCGE 20

A A T G V G
(EXON 1)
CGCCGGETGCCTCGCCCCCAGCGTCCGCCTGOGCECCGATCCGECCACGECGECCCEEEE 80
A G CLAPSVRTLTERATDTP A A AR A

GTCCGCTTGCGTCGTCCGCGCGCGGCTCCGGCGCTTGGCGCGGGGCCGCTACGTCGCCGA 140
S A CV VRARTULU RRTILARYG R Y V A E

GCTCAGCAGGGAGGGCCCCéCGGCGCGCCéCGCGCAGCAéCAGCAACTGéCCCCGCCGCf 200
L S R E G P A AR P A Q Q OQ QL A P P L

CGTGCCAGGCTTCCTCGCGCCGCCGCCGCCCGCGCCCGCCCAGTCGCCGGCCCCGACGCA 260
VvV P G F L AP PP PAPAQ P A P T Q

GCCGCCCCTGCCGEACGCCGGCGTAGGEEAACTCGCGCCCGACCTCCTGOTCGARGGTAR 320
P P L P DA GV G E L A P D L L E G

Fig. 6 A partial DNA sequence of the wheat starch synthase-I gene,
SsI-D1, which includes the 1-kb sequence upstream of the transla-
tion start codon and the first exon of the sequence of the SsI-DI-
containing clone. The nucleotide sequence and deduced amino-acid
sequence are numbered in the 5’ to 3" direction. The deduced amino-
acid sequence is shown below the nucleotide sequence. The transla-
tion start codon (ATG at nucleotide 1-3) is labelled with asterisks
and in bold. The N-terminal sequence (at amino acid 41 to 55,
determined by Rahman et al. 1995), is underlined and in bold. The
transit polypeptide sequence (at amino acids 1-40) is in italic form
and the putative peptide cleavage site is indicated by an arrow. An
endosperm-specific sequence, TGAAAAC, and one putative TATA
box are underlined with single line and in bold or not in bold, respec-
tively. Two highly conserved repeats, GAGTTTCACTA and
CCG(T/C)CCG TCCG, are enclosed within boxes and in bold or not
in bold, respectively

(1996) demonstrated that these genes (referred to by
these authors as the Sgp-3 genes) are located in the
short arm of chromosome 7A, chromosome 7B and
chromosome 7D. This result has been confirmed in this
study by Southern-hybridisation analysis of Chinese
Spring homoeologous group-7 compensating nul-
lisomic-tetrasomic lines (data not shown). Yamamori
and Endo (1996) further showed that the genes for the
Sgp-3 proteins were in the short arm of each of the
group-7 chromosomes and that the order of genes
is centromere/Sgp-1/Sgp-3/W x, where Sgp-1 encodes
a group of proteins of molecular weight between 100
and 105 kDa (Denyer et al. 1995; Rahman et al. 1995)
and Wx encodes the granule-bound starch synthase
(GBSS).
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Fig. 7A, B Northern-blot analysis of the expression of starch syn-
thase-I mRNA in wheat. Panel A shows Northern blotting of
mRNA extracted from the wheat cultivar “Rosella” grown under
field conditions and probed with the wsssp DNA fragment. Lane
1 total wheat leaf RNA; lane 2 pre-anthesis floret total RNA; lane
3 total endosperm RNA 12 days after anthesis; lane 4 total endo-
sperm RNA 15 days after anthesis; lane 5 total endosperm RNA 18
days after anthesis. Panel B shows Northern blotting of total RNA
from the endosperm of the wheat cultivar “Gabo”, grown under
defined conditions (16 h daylength, 18°C day, 13°C night), and
probed with the wsss3" DNA fragment. The number of days after
anthesis is given above the lanes in panel B

Conclusion

Four groups of wheat endosperm proteins have been
reported by various groups to possess starch synthase
activity, the 60-kDa GBSS, the 75-kDa granule-bound
and soluble proteins, the 100/105 granule proteins and,
in this report, a starch synthase with low mobility in
non-denaturing PAGE (referred to as SSx). To-date,
only the role of the 60-kDa GBSS has been defined
with respect to starch biosynthesis in the wheat endo-
sperm. Nakamura et al. (1995) have shown that the
absence of the products of all three orthologous GBSS
genes in wheat produces the classical “waxy” pheno-
type well known from a wide range of diploid species.

The 75-kDa starch synthase is found in both the
granule and in the soluble fraction of the endosperm
(Denyer et al. 1995); however, this enzyme was con-
sidered by these authors to contribute only a minor
fraction of the starch synthase activity in the soluble
fraction on the basis of activity measurements follow-
ing anion-exchange separation of two peaks of starch
synthase activity. In the present report, we have used
non-denaturing PAGE to identify polypeptides with
starch synthase activity in the wheat endosperm soluble
fraction because this method is comparatively rapid
and reduces interference from starch-modifying or
degradative activities. This analysis confirms that there
is a minimum of two forms of starch synthase in the
soluble fraction of the wheat endosperm; however, in
this assay format SSI activity is the predominant activ-
ity. The molecular cloning of cDNA and genomic se-
quences for the 75-kDa proteins reported here will
facilitate a more definitive investigation of the role
of the 75-kDa starch synthase I in starch synthesis in
the wheat endosperm through genetic analysis or
manipulation.
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