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Starch is the main energy reservoir of higher plants and also a major source
of dietary energy for humans and animals. Besides its nutritive value, starch is a very
useful raw material with a'wide range of applications in both food and non-food
industries. Starch is synthesized in the form of granules with a partially crystalline
texture. The morphology, chemical composition and super molecular structure of
starch granules are known to be characteristic to each plant species (Banks and
Greenwood, 1975). Starch owes much of its functionality to two major high
molecular weight molecules viz., amylose and amylopectin as well as to the physical
organization of these molecules within the granule structure (French, 1984). Even
though both amylose and amylopectin contain polymers of a-D-glucose units, they
differ in their length and degree of branching. While amylose comprises largely of
unbranched a-1, 4-linked glucan chains, amylopectin is a branched polymer in which

linear chains of a-1, 4-linked glucoses are joined together by a-1, 6-linkages.



Amylose and amylopectin represent approximately 98-99% of the dry weight of
starch granules. However, the relative proportion of amylose to amylopectin may
vary from species to species, within species as well as between tissues from the same
species (Jane et al., 1992; Shujun et al., 2006; Peroni et al., 2006). The amount of
amylopectin in starches is known to vary from 75% - 85% for normal starches
(Manners, 1979) to even more than 99% for waxy starches which are essentially
amylose free (Shure et al., 1983; Sano, 1984; Song and Jane, 2000; Singh et al.,
2005; Zhu et al., 2008).

The physicochemical properties of starches viz., gelatinization temperature,
retrogradation behavior, swelling power, viscosity, pasting properties, freeze/thaw
stability, acid stability and gel strength have been shown to have an important
bearing on the functional properties of starch (Dedeh and Sackey, 2002; Chen et al.,
2003; Amani et al., 2004; Perez et al., 2005; Peroni ef al., 2006; Sefa- Shujun ef al.,
2006; Riley et al, 2006). Therefore, characterization of starches for their
physicochemical, functional and structural properties is essential in order to unravel
their potential for use in industry. Since the physicochemical properties of starches
are genetically determined, it is possible to manipulate the properties of starches by
genetic manipulation. Therefore, discovery and characterization of the enzymes that
affect the quality of starch are of notable worth. The biosynthesis of starch involves
the coordinated interaction between a suite of starch biosynthetic enzymes including
ADP glucose pyrophosphorylase (AGP), starch synthase (SS), starch branching
enzyme (SBE) and starch debranching enzyme (DBE) with individual plant species

having multiple forms of each enzyme.



One of the most intriguing challenges in understanding processes involved
in starch biosynthesis is to understand the mechanisms involved biosynthesis of
amylopectin and amylose. The existence of multiple forms of each enzyme involved
in amylose/amylopectin biosynthesis makes the glucan biosynthetic system in plants
complex. On the basis of their degree of association with starch granules, the
granule-associated proteins have been categorized either as surface-associated
proteins or as granule-bound proteins. Surface associated proteins have a small
degree of association with the starch granule and can be separated from the granule
by extensive washing in aqueous buffer containing a detergent and a reducing agent
at a temperature below the gelatinization temperature for starch (Denyer et al., 1993;
Rahman ef al., 1995; Boren et al., 2004). On the other hand, extraction of granule-
bound proteins requires the gelatinization of starch granule in SDS in the presence of
a reducing agent (Tsai, 1974; Echt and Schwartz, 1981; Denyer et al., 1993)

While much work has been done on the characterization of starch from
cereals and analysis of the regulation of its biosynthesis, not much information is
available about the quality of starch in many other potentially important crops. One
such group of crops belongs to pseudo cereals. Within this group, common
buckwheat is an important pseudo cereal because of its high potential for use as a
functional food. The National Bureau of Plant Genetic Resources (NBPGR), New
Delhi has identified buckwheat as an important underutilized crop which has
potential to become an important component of human diet. Common buckwheat
(Fagopyrum esculentum Moench.) belongs to the family Polygonaceae. In India,
cultivation of common buckwheat has been reported from the states of Hill areas of

Jammu & Kashmir, Himachal Pradesh, Uttar Pradesh, Sikkim, Meghalaya,
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Arunachal Pradesh, Assam, Manipur and Nagaland (Anonymous, 1987-2001).
Buckwheat is also an important crop in China, Russia, Ukraine, and Kazakhstan,
parts of Europe, Canada, Japan, Korea and Nepal.

Skrabanja et al. (2001) have shown that starch from buckwheat grains have
a strong potential for use in the development of functional foods including its
engineering for a modified course of starch digestion. However, despite, the wide
utilization of buckwheat starch the flour obtained from buckwheat has poor dough
making qualities due to its unfavorable amylose/amylopectin ratio. Since genetic
manipulation of genes involved in starch biosynthesis pathway can eventually
provide means of modifying the amylose/amylopectin ratio, the present investigation
was carried out to isolate and characterize the granule bound protein(s) and the Waxy
locus in common buckwheat.

The starch grains isolated from endosperm tissues of common buckwheat
varied in shape from round to polygonal with size ranging from 3 to 12um. While the
grains from VL-7 and 1C-13145 showed distinct polygonal shape, those from IC-
188669, KBB-3, OC-2, Siva and Daria were round to spherical in shape. VL-7 and
KBB-3 had the largest starch grains which ranged in size from 9.47 um to 12.1um.
VL-7 is a high yielding and early maturing cultivar from Western Himalayas released
by Indian Council for Agricultural Research, New Delhi. The range of variation in
shape and size of starch grains in common buckwheat, as observed in the present
investigation, as in agreement with other earlier reports on the shape and size of
starch grains in common buckwheat (Kim et al., 1977; Soral-Smietana et al., 1984b;
Acquistucci and Fornal, 1997; Qian and Kuhn, 1999b). Lindeboom ef al. (2004) have
classified starch grains as large (>25um), medium (10-25um), small (5-10pm) and
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very small (<Sum). Starch grains isolated from the endosperm of buckwheat can be
clearly classified under the small grain size category. Starches having small granules
and a narrow granule size distribution have found application in fine printing paper
and plastic sheets (Jane ef al., 1994; Wilhelm e al., 1998), as a binder with orally
active ingredients and as a carrier material in cosmetics (Whistler, 1995). Due to their
small size, starch grains of common buckwheat may find similar applications. A
distinct feature of starch grains isolated from Indian accessions/ varieties was the
presence of pores on the surface of the grains. No such pores were visible on the
surface of starch grains from European accessions/ cultivars. Pores were mostly
observed on the smoother surface of starch granules. While, some granules had large
number of pores on their surfaces, others had only few pores. Porosity and surface
area are important characteristics of solid materials that determine their properties
such as thermal conductivity, thermal diffusivity and mass diffusion coefficient.
Scanning electron microscopy of partially digested starch grains showed a clear
pattern of concentric rings thereby revealing the lamellar structure of starch grains.
Such lamellar structures have been reported to represent the alternation of semi
crystalline and amorphous zone within the matrix (French, 1984; Cameron and
Donald., 1992). This alternation of semi crystalline and amorphous zones within the
matrix of starch grains has been correlated with the presence of GBSS-I within the
grains (Denyer et al., 1995; Smith et al., 1997). Our results on confocal laser
scanning microscopy of buckwheat starch clearly indicated the localization of GBSS-
I in the form of discrete internal rings within the matrix of buckwheat starch grains.
Our observations on the localization of GBSS-I in starch grains are consistent with

the assumption that amylose synthesis occurs within the core of the starch granules.
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Irrespective of the buckwheat starch grain size and its variety, the
percentage of apparent amylose in the starch grains varied between 47% to 51.9%.
There were no marked differences in the rheological properties of starches isolated
from different accessions of buckwheat studied in the present investigation. The
starches showed a mean mean pasting temperature (Ptemp) of 68°C. The peak
viscosity, minimum viscosity, breakdown viscoisty and final visocosity were 160
RVU, 102 RVU, 58 RVU and 210 RVU respectively. Similar results on peak,
minimum, breakdown and final viscosities of buckwheat starch pastes were reported
by Qian et al. (1998). Campbell (1995), Zheng et al. (1998) and Qian et al. (1998)
have shown that compared to corn or wheat starches, buckwheat starches swelled
faster, exhibited a greater final viscosity and formed stiffer and harder gels. Besides
super molecular glucan structures, the high viscosity values for buckwheat starches
can be explained by the fact that the starches exhibited a higher granule swelling and
gelling tendency than cereal starches (Yoshimoto ef al., 2004).

SDS-PAGE profile of proteins associated with starch grains from European
varieties/selections of buckwheat indicated varietal differences in the grain proteome
amongst different varieties form eastern Europe. While the SDS-PAGE proflies of
proteins associated with starch grains from some varieties revealed the presence of a
single band corresponding to a moleuclar mass of 59.7 kDa, that of other varieties
showed the presence of a duplex with molecular masses of 59.7 kDa and 56 kDa. On
the other hand, SDS-PAGE profiles of proteins associated with starch granules
isolated from the endosperm tissues of Indian accessions/ varieties of buckwheat
showed the presence of only a single band corresponding to a molecular mass of 59.7

kDa. However, SDS-PAGE profile of the proteins associated with starch grains
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isolated from leaves of common buckwheat revealed the presence of a single band
corresponding to a molecular mass of 53 kDa. Starch granule associated proteins in
endosperm of common wheat (7riticum aestivum L.) have been reported to include at
least one major protein with a molecular weight of 61 kDa and six minor high
molecular weight proteins. While the 61 kDa protein was identified as GBSS-I, all
other proteins were identified as soluble starch synthase (Takaoka et al., 1997).
While the 59.7 kDa protein showed strong crossreactivity with antibodies raised
against GBSS-I, the 56 kDa and 53 kDa proteins did not cross react with GBSS-I
antibodies. These results indicate absence of serological homology between GBSS-I
~and the 53 and 56 kDa starch granule associated proteins. The antisera, however
cross reacted with the 61 kDa GBSS-I of maize and the 60 kDa GBSS-I of rice and
wheat thereby indicating serological homology between the GBSS-I of wheat,
maize, rice and buckwheat. GBSS-I, the key enzyme responsible for amylose
synthesis, has been identified as a 56, 58 or a 60 kDa protein in maize (Echt and
Schwartz, 1981; Shure et al., 1983; Gibbon et al., 2003), a 60 kDa protein in rice
(Sano, 1984), a 58 kDa protein in mung bean (Ko et al., 2009), 68 kDa protein in
grain amaranth (Konishi et al., 1985), 59 kDa protein in pea (Dry et al., 1992).
2D-PAGE of the endosperm starch granule associated proteins resolved the
fraction into 10 spots with pl ranging from 5.2 to 6.2. All the spots showed an
apparent molecular mass of 59.7 kDa. Imunoblotting of the 10 spots separated by
2D-PAGE with antisera raised against buckwheat GBSS-I identified two bands viz.,
spot no. 3 (p/ 5.4) and spot no 8 (pl 6.1) which cross reacted with antibodies raised
against buckwheat. Similar results have been reported for waxy proteins of maize,

rice and barley (Nakamura et al., 1993, 1995; Taira et al., 1995; Chao et al., 1985).
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While the protein was detected as a single band of 60 kDa on 1D-PAGE, it resolved
into 3 (barley) to 4 (maize, rice) isoforms, with p/ ranging from 5.8 to 7.2 on 2D-
PAGE. The protein corresponding to spot no. 3 was subjected to in-gel trypsin
digestion, followed by Mass Spectrometry and database search with MASCOT
(www.matrixscience.com). The peptides were identified by comparing them with the
rice genomes. One of the tryptic fragment having the amino acid sequence
“FNAPLAHLIMAGADVLAVPSR” with a predicted pI of 8.34 showed similarity
with GBSS-I protein of rice.

BLASTYp analysis of the N-terminal amino acid sequence for 25 residues of
the 59.7 kDa granule associated protein, worked out in the present study, identified
the protein as granule bound starch synthase-I. The sequence has been deposited in
the SWISS-PROT protein data bank with Accession no. P84633. Multiple alignment
of the N-terminal sequence of GBSS-I protein isolated from buckwheat with amino
acid sequences of similar proteins available in protein data banks clearly identified
the conserved KTGGL motif in the sequence. Furukawa et al. (1993), have
demonstrated the ubiquitous presence of KTGGL domain in all the GBSS-I proteins.
This motif has been identified as the ADP/ADPglucose binding site in the enzyme.
The sequence showed 94% homology with GBSS-1 from Hordeum vuligaris,
Triticum spp. and Phaseolus vulgaris. The percentage homology varied between
94% to 88% with GBSS-I from other plants. Even though analysis of the sequence
alignment revealed a clear diversification into monocotyledonous and
dicotyledonous groups the protein sequence from buckwheat showed similarities
with GBSS-I from both the groups. The protein sequence of buckwheat has Valine as

the 5™ amino acid residue, as is also a case in the protein sequences of GBSS-I from
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monocots. However, majority of the dicots’ GBSS-I sequence had Isolucine at this
position. The sequence of buckwheat also showed similarities with sequences from

dicots in having Valine as the 11"

amino acid residue. GBSS-I protein sequence
from monocots have methionine at this same position. The structural differences may
imply differences in catalytic activity of the enzyme. Sequence analysis of
buckwheat GBSS-I indicates similarities with both cereal as well as dicot GBSS-I
sequences. It is possible that the protein from common buckwheat might be
beloﬁging to a catalytically distinct subclass and hence a possible candidate for
altering amylose biosynthesis in both dicots as well as monocots. These results
strongly indicate that the 59.7 kDa protein isolated from starch grains from
endosperm tissues of common buckwheat is a GBSS-I class enzyme and hence, an
isoform of the waxy protein. This is the first report on the identification of GBSS-I in
common buckwheat.

Phylogenetic analysis of the N-terminal amino acid sequence of the GBSS
type protein from common buckwheat reported here revealed a clear diversification
into monocotyledonous and dicotyledonous groups’. Within the monocots, the
sequences could be segregated into two groups. While one of the two groups (Group-
I) was dominated by rice (Oryza spp.) and maize (Zea mays) the other group (Group-
II) predominantly comprised sequences from Triticum spp, Hordeum spp, Secale
cereale, Elymus scaber and Aegilops speltoides. The dicotyledons, on the other hand,
resolved into three subgroups. While one of the groups comprised of sequences from
Fagopyrum esculentum, Nelumbo nucifera, Astragalus membranaceus and
Amaranthus cruentus, the other group comprised sequences from Pisum sativum,

Phaseolus vulgaris and Manihot esculenta. The third group comprised of sequences
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identified from Ipomoea batatas GBSS-1. These results are in conformity with the
observations of Edwards et al. (2002) who have reported a clear division of GBSS-I
proteins into those belonging to monocots and those to dicots.

Genomic DNA was isolated from etiolated seedlings of common
buckwheat using a modified CTAB method. The modified CTAB method protocol
used in the present study yielded high quality genomic DNA. The isolated genomic
DNA was digested with to check the restriction digestion profile of the DNA
isolated from shoot tissues of common buckwheat. The electrophoretic profile of
EcoR1 digested DNA revealed a uniform smear ranging in size from 0.5 Kb to 14.7
Kb with three prominent bands showing apparent molecular masses of 3.7 Kb, 1.3
Kb and 1.15 Kb. Hindlll digested DNA also resolved in the form of a uniform
smear ranging in molecular mass from 0.5 Kb to 20.0 Kb. The electrophoretic
profile of Hind 11l digested DNA showed four bands having molecular masses of
3.7 Kb, 1.04 Kb, 1.15 Kb and 0.534 Kb. The electrophoretic profile of Ncol
digested DNA revealed that the enzyme could only partially digest the DNA. Even
though Ncol could only partially digest buckwheat genomic DNA, the
electrophoretic profile of Ncol digested DNA revealed six bands having molecular
masses of 2.46 Kb, 1.87 Kb, 1.108 Kb, 0.983 Kb, 0.592 Kb and 0.488 Kb. The
appearance of distinct bands in EcoR1, Hindlll and Ncol digested gDNA indicates
the presence of EcoR1, Hindlll and Ncol repeats of varying lengths in buckwheat
genomic DNA.

In the present study polymerase chain reaction was carried out with
buckwheat genomic DNA as the template and combinations of oligonucleotide

primer pairs designed to amplify the sequence of GBSS gene from buckwheat
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genomic DNA. Out of the total 18 primer pairs used, 14 sets failed to amplify any
sequence from the template DNA. Amplification of gDNA was, however, achieved
with the primer combinations NDF2-NDR2, NDF3-NDR3, NDF7-NDRé6 and NDF8§-
NDR6. PCR amplification with oligonucleotide primer pairs NDF2-NDR2 and
NDF3-NDR3 amplified DNA fragments showing an apparent molecular mass of 0.7
Kb. BLASTn analysis of the nucleotide sequences of the two amplicons did not
identify any of the two sequences with GBSS gene family. While amplification of
gDNA wtih oligonucleotide primer pairs NDF7-NDR6 amplified a DNA fragment of
showing an apparent molecular mass of 1.2 Kb, that with primer pair NDF8-NDR6
amplified a DNA fragment having an apparent molecular mass of 0.9 Kb. BLASTn
analysis of the nucleotide sequences of the amplicons identified the same with genes
encoding for granule bound starch synthase gene family. This is the first report of
identification of GBSS-I gene in common buckwheat. ClustalW multiple alignment
of the nucleotide sequence of 1.2 Kb amplicon with nucleotide sequences of granule
bound starch synthase genes of other plants revealed two highly conserved regions.
While one of the conserved regions, represented by the sequence
“GGACATAGGGTTATGACAGTTGCTCCTCGTTATGATCAGTATAAAGATG

GATGGGATACTAATGTACTAGTTCG”, existed between between P’o4 and P65,
the other conserved region was represented by the sequence “CAGATACAAGTTG

GGGAAAGAGTTGAGACTGTTCGGTTCTTTCACTGTACAAAGAGGAGTTAC
CGGGTTTTCGTGGACACCCTATTCCTTGAGAAGGT” and was located
between P’7; to P’377. AUGUSTUS (version2.4) identified four exons and three

introns within the nucleotide sequence of 1.2 Kb amplicon. Sequence analysis of the
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1.2 Kb amplicon clearly revealed that the 1% and 2™ conserved domains were located
within the 1% and 2™ exon respectively.

ClustalW alignment of the nucleotide sequence of the 0.9 Kb amplicon with
nucleotide sequences of GBSS-I genes from other plants revealed three highly
conserved regions between P’3¢3-P’3g3 P’s33-P’gon and P’700-P’sy3. While the
conserved region between P’3¢5 and P’333 comprised of 21 bases represented by the
sequence “TCAGGCTGCTCTAGAGGCACC”, that between P’s33 and P’gp
comprised of 70 nucleotides represented by the sequence “ATGTTGTTTTCGTTCC
AAATGACTGGCACACTGCTCTTGTTCCCTGTTACCTCAAATCTGTGTACCA
ATC”. The third conserved domain comprised of 115 bases from P’09 to P’g»3. This
domain was represented by the sequence “AGGTTGCATTCTGTATTCACAATATT
TCATACCA AGGAAGATTTGCTTTTTCAGACTATTCGATGCTCAATTTGCCT
GCAGAGTACAAGGGCTCGTTTGATTTCATTGATGGGTA”.

AUGUSTUS software identified two exons within the nucleotide sequence of
896 bases in the 0.9 Kb DNA fragment amplified in the present study. While the 1%
exon had a length of 101 bases and was located between P’s37-P’¢27, the 2" exon had
a length of 114 bases and was located between P’;1-P’g24. The software identified the
segment comprising of 101 bp as an internal exon. All the introns identified in our
study were AT rich. Similiar repots of AT rich regions in the introns of Oryza
glaberrima waxy gene have been reported by Umeda et al. (1991). Camirand et al.
(1990) and Van dér Leij et al. (1991) have observed that all introns in the GBSS-I
gene also followed the universal GT-AG rule. In this context our observations on the

intron/exon architechture in the nucleotide sequence of the 1.2 Kb amplicon are in
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agreement with those of Umeda ef al. (1991), Camirand et al. (1990) and Van der
Leij et al. (1991).

While the coding region of of 604 bases of the nucleotide sequence of 1.2
Kb amplicon and of 287 bases of the nucleotide sequence of the 0.9 Kb amplicon
showed 80-90% homology with the coding region of other plant species, the non-
coding regions identified in the sequence did not show any significant homology
with GBSS genes. Xu et al. (2009), have reported similar results on the sequence
homology of rye waxy gene with waxy genes of other plants. These results indicate a
higher level of sequence conservation of GBSS genes in the coding region than the
non coding region. Similar results have been reported for GBSS genes in sorghum,
rice and maize (Chen et al., 1998). EMBOSS CpGplot detected a putative CpG
island of 856 bases located between positions 310 to 1116 in the nucleotide sequence
of the 1.2 kb amplicon and of 495 bases located between position 355 to 854 in the
nucleotide sequence of the 0.9 Kb amplicon. Detecfion of a putative CpG plot is an
indication that the gene could be under tight regulatory control. Since CpG islands
are known to be associated with the 5’ end of genes which are subjected to regulatory
control (Larsen et al., 1992), detection of CpG Island in the DNA amplified in the
current study indicates that the region of DNA amplified could belong to the 5° end
of the target genes.

NCBI scan detected twelve palindromic structures in the nucleotide
sequences of both 1.2 Kb amplicon 0.9 Kb amplicon. Jangsutthivorawat and
Holkaert (2009) have correlated the presence of (CT)n and (AATT)n repeats at the
GBSS-I loci of rice with variations in the amylose contenent in the starch. Bao et al.

(2006b) have also indicated a close correlation beween the nbumber of repeats with
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the AAC in starch grains of North American and Chinese germplasm. Alleles with
fewer repeats (n<12) were observed to be associated with higher apparent amyloée
content (AAC) and those with more repeats (n>12) with a lower AAC. Identification
of such repeats in the partial nucleotide sequence of the buckwheat GBSS-I gene in
the present study, could be used as markers for screening of buckwheat accessions
for their AAC.

The deduced amino acid sequence for the 1,116 bp bases of the 1.2 Kb
amplicon comprised of 199 amino acid residues with a predicted isoelectric point
(p)) of 9.75 and calculated molecular weight of 22.3 kDa. Sequence similarity
analysis of the sequence with BLASTp against non-redundant protein database,
identified the deduced sequence with the granule bound starch synthase family.
Domain search on the deduced amino acid sequence identified the putative substrate
binding site comprising of the sequence Lys-Thr-Gly-Gly-Leu (K-T-G-G-L) between
P’4 and P’s. KTGGL is a universal motif identified in GBSS-I of Pisum sativum
(Edwards et al., 2002), Vigna radiata (Ko et al., 2009), Solanum tuberosum
(Edwards et al.,1999), Zea mays (Harn et al., 1997), grain amaranth (Park et al.,
2009), Triticum aestivum (Anisworth et al., 1993; Baba et.al., 1993) and Oryza sativa
(Sano et al.,1984). The domain has also been reported to be present in GBSSII and
GBSSII of cassava (Munyikwa et al., 1997), SSII of Pisum sativum (Edwards et al.,
2002), Solanum tuberosum (Edwards et al.,1999) and Zea mays (Harn et al., 1997).
The motif has been suggested to be involved in substrate binding (Furukawa et
al.,1990, 1993). Using an alignment that permitted maximum homology, the
sequence showed a maximum of 84% homology with deduced amino acid sequences

of GBSS-I of Nelumbo nucifera (acc.no. ACM78591). The sequence also showed
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83%, 80%, 79% and 79% homolgy with deduced amino acid sequences of GBSS-I of
Gossypium hirsutum (acc. no. ACJ 1 1735), Phaseolus vulgaris (acc. no. BAA82346),
Ipomoea batatas (acc. no. BAI83439) and Pisum sativum (acc. no.CAC69955) and
80% homology with GBSSII of Oryza sativa (acc. no. ACY56082) and Triticum
aestivum (acc. no. AAF14233). The deduced amino acid sequence identified in the
preent study showed an insertion of 9 residues “HLHVLILES™ at P’;; and the
presence of three highly conserved domains between P’;-P’ (¢ P’33- P’s; and P’ 6-P’g0.
While the conserved domain between P’;-P’ ¢ comprised of 16 residues represented
by the sequence “PWSKTGGLGDVLAALP”, that between P’33-P’s; comprised of
20 residues represented by the sequence “GHRVMTVAPRYDQYKDGWDT”. The
third conserved domain comprised of 25 residues between P’¢s to P’99. This domain
was represented by the sequence "VRFFHCYKRGVDRVFVDHPMFLEKV”. The
alignment also releaved a high level of sequence similairty within the first 95 amino
acid residues aligned out of the total 119 deduced amino acid residues. This segment
showed similarity with the glycosyltransferase enzmyes which catalyze the transfer
of a monosaccharide unit from an activated nucleotide sugar to an glycosyl acceptor
molecule forming glycosidic bonds in carbohydrate residues or other biopolymers
(Breton et al., 2006). Motif search on the deduced amino acid sequence identified, a
starch synthase catalytic domain predominantly represented by the amino acid
residues PWSKTGGLGDVLAALPHLHVILESPALAARGHRVMTVAPRYDQYK

DGWDTNVLVQIQVGERVETVRFFHCYKRGVDRVFVDHPMFLEKVTGPLGY

LEEHMIKIVIFRRVTTTTFASGTQICIVRGGAGRKGVMAY” between positions

A

1-136. The software also detected three protein kinase C phosphg /on’srteé@r\‘
Q~
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Gly-Arg (P’176.178). When the deduced amino acid sequence were plotted as a
function of hydropathic index, the sequence showed a predominantly hydrophobic
character. Based on the hydropathic index of Kyte and Doolittle (1982), the major
regions of hydrophilic nature detected in the sequence were between residues 5-28,
50-57, 77-95 and 102-139.Wang et al. (2000), have reported similar results on the
hydrophobicity of Ipomoea batatas granule bound starch synthase-I (GBSS-I).
Statistical analysis by SAPS (Brendel et al., 1992) predicted the sequence to have
28.1% nonpolar residues, 18.6% polar uncharged residues and 22.6% polar charged
residues.

Phylogenetic analysis of the deduced amino acid sequence reported in the
present study with amino acid sequences of granule bound starch synthases available
in EMBL database revealed a clear diversification into monocotyledonous (GBSS-II)
and dicotyledonous (GBSS-I) groups. According to Pan et al. (2009), the putative
protein could have duplicated and diverged into two different forms viz., GBSS-I or
GBSSIa and GBSS-II or GBSSIb during evolution and the diversification into
monocotyledonous (GBSS-II) and dicotyledonous (GBSS-I) groups might be a
consequence of this diversification process.

The deduced amino acid sequence for the 896 bases of the 0.9 Kb amplicon
comprised of 70 amino acid residues with a predicted isoelectric point (p/) of 6.05
and a calculated molecular weight of 8.0 kDa. Sequence similarity analysis of the
sequence with BLASTp against non-redundant protein database, identified the
deduced sequence with the granule bound starch synthase family. Using an
alignment that permitted maximum homology, the deduced amino acid sequence

showed a maximum of 96% homology with granule bound starch synthase-I (GBSS-
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I) of Ipomoea batatas (acc. no. BAI83439), Ipomoea umbraticola (acc. no.
ABWS83774) and'Solanum nemorense (acc. no. AAY 63641) with a query coverage
of 100%. The sequence also showed 95% homology with Nicotiana tabacum (acc.
no. AAZ99063), Hyoscyamus niger (acc. no. AAZ99051), Atropa belladonna (acc.
no. AAZ99047), Jaborosa squarrosa (acc. no. ABM46904), Jaltomata procumbens
(acc. no. AAY63568), Anisodus luridus (acc. no. AAZ99048) and Solanum
Jjohnstonni (acc.no. ACV96018) and 93% homology with Przewalskia tangutica
(acc. no. AAZ99055) respectively. BLASTp analysis of the sequence indicated that
the entire 70 amino acid residues belongs to the glycosyltransferase superfamily.
Motif search on the deduced amino acid sequence identified, the entire sequence as
the catalytic domain of starch synthase.

A phylogenetic tree, describing the relationship of the deduced amino acid
sequence reported in the present study with amino acid sequences of granule bound
starch synthase proteins from other plants, was constructed by maximum parsimony
method using the alignment matrix generated in the present study. The deduced
amino acid sequence of 70 residues clustered together into one clad with amino acid
sequences of Ipomoea batatas (acc. no. BAI83439) and Ipomoea umbraticola
(acc.no. ABW83774).

Results obtained in the present study have revealed that the starch grains of
common buckwheat showed a monomodal size distribution with size ranging from
3pm to 12um. The grains can be clearly classified under the small grain size category
and can thus have important applications in industrial processes. SEM of partially
digested starch grains showed a clear pattern of concentric rings thereby revealing the

lamellar structure of starch grains. This alternation of semi crystalline and amorphous
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zones within the matrix of starch grains has been correlated with the presence of
GBSS-I within the grains. Irrespective of grain size, the percentage of apparent
amylose in buckwheat starch ranged between 47% to 51.9%. The starches showed a
mean pasting temperature (Ptemp) of 68°C. Our results have revealed that a 59.7 kDa
protein was associated with buckwheat starch grains as a granule bound protein.
Based on N-terminal amino acid as well as serological analyses the protein has been
identified as GBSS-I. This is the first report on the identification of GBSS-I in
common buckwheat. Investigations carried out in the present study have led to the
amplification and characterization of partial nucleotide sequences of GBSS-I genes
from common buckwheat. The sequences showed features which were common to

GBSS-I genes from dicots as well as monocots.
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CHAPTER 1

INTRODUCTION




Starch is one of the most important plant products to man. It is an important
insoluble polymer that occurs in plant cells in the form of a complex granular mixture of
amylose and amylopectin. While amylose comprises largely of unbranched a-1, 4-
linked glucan chains, amylopectin is comprised of small size a-1, 4- linked chains that
are clustered together by a-1, 6- linkages between adjoining straight glucan chains
(Tetlow et al., 2004a).

Starch granules constitute the major carbohydrate storage molecules for many
plant cell types. In view of the importance of carbohydrates as an important storage
reserve of plant cells, the biosynthesis of the starch polymers viz., amylopectin and
amylose are a central aspect of plant metabolism. The great majority of the granular
mass, approximately 98-99%, is made up of two homopolymers of a-D-glucosyl units,

amylose and amylopectin. In both the polymers, glucosyl units are joined by a-(1-4)



glycosidic linkages to form linear chains, with branch points introduced by a-(1-6)
glycoside bonds (Fig. 1.1). In amylose, less than 1% of the glucose units participate in o-
(1-6) bonds, so these molecules are essentially linear. Amylopectin, in contrast, is a
moderately branched polymer having approximately 5-6% branches. The size, shape and
structure of the granules vary substantially among botanical sources. Each starch granule
has a highly organized structure defined by the succession of semi-crystalline and
amorphous lamellae. The semi-crystalline and amorphous lameilae are determined
mainly by the arrangement of amylopectin chains within granules (Hizukuri, 1986).
Amylose content is considered the most important characteristics for predicting cooking
and processing behaviour of world’s important food crops. Texture and quality of white
salted (udon) noodles is better in partial waxy wheat as compared with normal types
(Wang and Seib, 1996; Batey et al., 1997; Briney et al., 1997). In bread, the rate of
starch retrogradation and staling can be manipulated by adjusting the amylose content
relative to amylopectin (Schoch, 1965). Expanded snack foods are also dependent on the
content of amylose and amylopectin. In theory, the final amylose content of any product
or process could be manipulated between 0% (using waxy starch) and -25% (using
normal starch) on a starch basis to obtain starch with different physical and chemical
properties (Graybosch, 1998; Bligh, 1999).

Starch synthesis in higher plants occurs in specialized organelles, chloroplasts
for transient starch and amyloplasts for storage starch. The process involves coordinated
interactions between suites of starch biosynthetic enzymes including ADP glucose

pyrophosphorylase (AGPase), starch synthases (SS), starch branching enzymes (SBE)



I Schematic diagram of the structure of amylose and amylopectin.



Amylose: a~(1—>4)-glucan; average n = ca. 1000, The linear molecule may carry a few occasional
moderately long chains linked 0:-(1-6).

CH,OH 6CH:OH

CH,OH

Amylopectin: a-(1—6) branching points. For exterior
chains a = ca. 12-23. For intcrior chains b = ca. 20 - 30.
Both a and b vary according to the botanical origin.




and starch debranching enzymes (DBE) with individual plant species having multiple
forms of each enzyme. For example, plant contain a granule-bound SS (GBSSI), which
is essentially for amylose synthesis and four or five soluble SS types (SSI-SSV), each of
which plays a distinct role in amylopectin synthesis (Smith et al., 1997; Myers et al.,
2000; Denyer et al., 2001; Ball and Morell, 2003; James et al., 2003; Hirose and Terao,
2004; Deschamps et al., 2008) (Fig. 1.2). Many starch biosynthetic enzymes are
distributed between the soluble fraction of the plastids and the insoluble starch granules
themselves (Ball and Morell, 2003; Tetlow et al., 2004a). An important aspect involving
investigation of starch biosynthetic pathway is that most of the enzymes involved come
in multiple forms, and differ in their physical and chemical properties along with the
type of starch they produce. Multiple forms of both SSSs (SSI, SSII and SSIII) and
GBSSs have been reported (Nelson and Rines, 1962; Boyer and Preiss, 1978;
Macdonald and Preiss, 1985; Dang and Boyer, 1988). Although this increases the
complexity of the process, and makes it more difficult to interpret the role of the
different enzymes, it also increases the range of possibilities for bioengineering.

One of the most important intriguing challenges in understanding how starch is
made is to explain how the two different polymers which constitute starch, namely
amylopectin and amylose, are synthesized in the same place at the same time. The
glucan biosynthetic system in plants is complex in the regard that multiple forms of each
enzyme have been conserved in evolution and are co-expressed at the same site and time
of starch accumulation. Granule-associated proteins can be divided into two categories

according to their degree of association with starch granules. One group consists of



Fig. 1.2 Schematic model of starch biosynthesis in plants, known as the pre-
amylopectin trimming model.
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surface-associated proteins and the other comprises internal granule-associated proteins.
Surface-associated proteins have a small degree of association with the starch granule
and can be separated from the granule by protease digestion (with thermolysine,
proteinase K) or by extensive washing in aqueous buffer containing a detergent and a
reducing agent, at a temperature below the gelatinization temperature for starch (Denyer
et al., 1993; Rahman et al., 1995; Boren et al., 2004). By contrast, extraction of internal
granule-associated proteins requires the gelatinization of starch granule in SDS in the
presence of a reducing agent (Tsai, 1974; Echt and Schwartz, 1981; Denyer et al.,
1993). Studies in many plant species have shown that starch biosynthetic enzymes exist
as both as both soluble proteins in the stroma and as internal granule-associated
proteins.

The use of starch as a renewable and biodegradable polymer is becoming
increasingly attractive because of the environmental concerns about the industrial
wastes generated from petroleum products. Since, starch is one of the principal
constituent of the harvestable organ of many agronomic plants; increase in starch
quantity increases crop yield. Most of the starch utilized world-wide comes from a
relatively small number of crops, the most important being maize, potato, wheat and
tapioca with smaller amounts from rice, sorghum, sweet potato, arrowroot, sago and
mung-beans (Table 1.1). In general, starches from tapioca and sorghum are used only
for food and other, non-food purposes. Since the 1940’s, demand for starch with

desirable properties has led to the modification of starches for food and commercial



Table 1.1: World-wide starch production and the major crops sources.

Ouantitv (10° t) in 2003
PRODUCTS USA EUROPE OTHER COUNTRIES

Maize starch 29.2 4.0
Wheat starch 0.5 3.0
Potato Starch 0.1 1.9
Other Starches NA 0.1
TOTAL 29.8 9.0

10.9
1.1
0.8
2.5
153

Source: EU Commission (DG AGRI, Unit C2), United States Department

of Agriculture (USDA), LMC Internal Database.



food products. With increasing industrial demand for starches, there is need to explore
new and alternative sources of starch.

While much work has been done on the characterization of starch from cereals
and analysis of the regulation of its biosynthesis, not much information is available
about the quality of starch in many other potentially important crops. One such group of
crops belongs to pseudo cereals. Among these groups of plants, common buckwheat is
an important pseudo cereal because of its high potential for use as a functional food. The
National Bureau of Plant Genetic Resources (NBPGR) New Delhi has identified
buckwheat as an important underutilized crop which has potential to become an
important component of human diet. Common buckwheat (Fagopyrum esculentum
Moench.) belongs to the family Polygonaceae. In North eastern region of India, the
distribution of Fagopyrum spp. has been reported from the states of Sikkim, Meghalaya,
Arunachal Pradesh, Assam, Manipur and Nagaland (Anonymous, 1987-2001).
According to Joshi (1999), buckwheat cultivation was confined to Arunachal Pradesh
and Sikkim. Buckwheat is one of the nutritious crops of the mountain regions and it is
the only crop, which can be grown up to 4500 m (Joshi and Paroda, 1991). Considering
its various uses, early maturity, good adaptation and suitability for marginal production
areas, the Indian Council of Agricultural Research (ICAR) started research work on this
crop in 1982 under AICRP (All India Coordinated Research Project) on Under-Utilized
Crops. Considering its high nutritive value, buckwheat was also included under Jai

Vigyan Project under the Food and Nutrition Programme of AICRP on Under-Utilized



Crops. Buckwheat is an important crop in China, Russia, Ukraine, and Kazakhstan, parts
of Europe, Canada, Japan, Korea and Nepal.

Buckwheat is one of the best sources of high quality, easily digestible protein
in the plant kingdom. It has over 90% of the value of non-fat milk solids and over 80%
of whole egg solids (Udesky, 1992). The balanced amino acid profile and a high level of
essential amino acids allow buckwheat to be used in human diets, especially where
shortages of lysine and sulfur containing amino acids appear. The specific ability of
buckwheat proteins to soak up cholesterol from food and the relative proportions of its
amino acids, make buckwheat the best cholesterol-lowering food substitute. The
addition of buckwheat to human diets could also help cut calories and keep blood sugars
at optimal levels. Buckwheat grain is digested more slowly than other carbohydrates
(Buckwheat diet, 1989).

The dehulled buckwheat seed, or groat, is used in breakfast cereals and milled
into grits (Robinson, 1980). Roasted groats which are called kasha, are sold in whole
and granulated forms. Both Kasha and groats can be baked, steamed, or boiled for
nutritious alternatives to potatoes and rice. It is used in pancake .mixes as well as in
various breads. It is often blended with wheat flour for use in bread, pasta products, and
some breakfast cereals (Robinson, 1980). Studies have shown that up to 60% buckwheat
flour mixed with wheat flour produced acceptable bread (Pomeranz, 1983). In general,
buckwheat flour in bread mixes comprises only 30% to 40% of the total. Buckwheat
flour may also be used in deserts, ice cream cones, dietetic foods, pancakes mixes,

canned meat products, canned vegetable products, etc. Buckwheat can be used to



produce extruded cereal and snack products. Extruded buckwheat products are of very
high nutritional quality when compared with products extruded from maize, wheat, or
barley alone. The specific character of the proteins allows buckwheat to potentially be
used in extruded products targeted to special nutritional needs.

Skrabanja et al. (2001), have shown that starch from buckwheat grains have a
strong potential for use in the development of functional foods including its engineering
for a modified course of starch digestion. However, despite the wide utilization of
buckwheat starch in various food products the flour obtained from buckwheat has poor
dough making qualities due to its unfavorable amylose/amylopectin ratio, adding to its
less popularity as a flour-yielding crop. Since genetic manipulation of genes involved in
starch biosynthesis pathway can eventually provide means of modifying the
amylose/amylopectin ratio, the present investigation was carried out to isolate and
characterize the waxy gene in common buckwheat. We assume that by targeting this
enzyme it would be possible to alter the amylose/amylopectin ratio in buckwheat with a

consequent alteration of its starch quality.



CHAPTER 11

REVIEW OF LITERATURE



Starch is a naturally occurring polymer of a-D glucose. It is the main energy
reservoir of higher plants and also a major source of dietary energy for humans and
animals. As an additive for food processing, food starches are typically used as
thickeners and stabilizers in foods such as puddings, custards, soups, sauces, gravies, pie
fillings, and salad dressings, and to make noodles and pastas. Starch is also widely used
in the preparation of foods such as bread, pancakes, cereals, noodles, pasta, porridge and
tortilla (Eliason, 2004). On the basis of nutritional characteristics which is mainly based
on the extent of digestibility, starch in foods can be classified as: (i) Digestible starches
(Berry, 1986) and (ii) Resistant starch (Englyst et al., 1982). Digestible starches include
the starches digestible by body enzymes, namely the rapidly digestible starches (RDS)
and the slow digestible starches (SDS). Digestible starches consists mainly of

amorphous and dispersed starch, found in high amounts in starchy foods cooked by



moist heat, such as bread, potato and cereals. Resistant starch (RS) is not digested or
absorbed in the small intestine and are fermented by bacterial microflora in the large
bowel, affecting a number of physiological functions and thus having different effects on
health, e.g., reduction of the glycemic and insulinemic responses to food,
hypocholesterolemic action and protective effects against colorectal cancer (Asp et al.,
1996).

Besides its nutritive values, starch is a very useful raw material with a wide
range of applications in both food and non-food industries (Fig. 2.1). Although the
history of starch usage by man has been variously described for thousands of years, the
properties of starch have been extensively studied and discussed over the last two
centuries. The Romans used starch to whiten cloth as early as 100 B.C. and around 300
A.D. starch was used to stiffen cloth and mixed with dyes to color cloths (Robyt, 2008).
Since then, the applications of starch in industries have rapidly increased, thereby
increasing its commercial value. Starch contributes greatly to the textural properties of
many foods and has many industrial applications including its use as a thickener,
colloidal stabilizer, gelling agent, bulking agent, water retention agent and adhesive.
Although native starch does have its industrial applications, most of the time the
industry requires improved functionality from modified starch. Designer starches can be
used for bulk or value-added food and feed and in non-food applications as in chemicals
or as bioenergy (Morell and Myers, 2005). Thus, a major challenge would be to predict

the effect of structural/chemical changes in starches on their functional properties.



Fig 2.1 Utilization of starch in various food and non-food industries.
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Starch is synthesized in the form of granules with a partially crystalline texture.
The morphology, chemical composition and super molecular structure of starch granules
are known to be characteristic to each plant species (Banks and Greenwood, 1975).
Depending upon the species and the tissue, the grains vary in size from 1 to 100 pm in
diameter and in shape from round to polygonal (Mikeld and Laakso, 2006). In some
cases even lenticular grains have been reported (Fredriksson et al., 1998; Tester ef al.,
2004). While most of the cereal and tuber starches have unimodal size distribution
(Fljedriksson et al., 1998; Tester and Karkalas, 2002; Tester et al., 2004; Mikeld and
Laakso, 2006), starch grains of wheat, barley, rye and triticale have been reported to
show a bimodal size distribution (Evers, 1971, 1974; Simmonds and O’Brien, 1981;
Dengate and Meredith, 1984; Morrison and Scott, 1986; Stoddard, 1999; Lindeboom et
al., 2004). The starch granules in these plants have been classified into two types viz.,
“A” type which are lenticular in shape with a grain diameter ranging between 10-20 um
and “B” type which are spherical in shape with a diameter of <10um (Eliason and
Gudmundsson, 1996; Stoddard, 1999; Lindeboom et al., 2004). Rice starch and oat
starch granules tend to exist in clusters of individual granules. Such grains have been
designated as compound granules (Juliano, 1984; Hoover er al., 2003; Bao and
Bergman, 2004; Tester ef al., 2004) (Table 2.1).

Starch owes much of its functionality to two major high molecular weight
carbohydrate components viz., amylose and amylopectin as well as to the physical
organization of these molecules within the granule structure (French, 1984). Even

though both amylose and amylopectin contain polymers of a-D-glucose units, they differ
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Table 2.1: Characteristics of starch granules from diverse botanical sources

Distribution Mean
Source Type P Granule Shape Diameter
attern
(nm)
. Lenticular (A-type) 15-20
Hordeum vulgare Cereal Bimodal Spherical (B-type) 25
. Lenticular (A-type) 10-40
Secale cereale Cereal Bimodal Spherical (B-type) 5.10
Triticum : Lenticular (A-type)  15-35
1
aestivum Cerea Bimodal Spherical (B-type) 2-10
Avena sativa Cereal Unimodal Polyhedral 80
Oryza sativa Cereal Unimodal Polyhedral 150
Sorghum bicolor  Cereal Unimodal Spherical 5-20
Triticosecale Cereal Unimodal Spherical 1-30
Setaria italica Cereal Unimodal Polyhedral 4-12
Zea mays Cereal Unimodal Spherical/Polyhedral  2-30
Pisum sativum Legume Unimodal Reniform 5-10
Solanum .
Tuber Unimodal Spherical/ Lenticular  5-100
tuberosum
Manihot .
Tuber Unimodal Spherical/Lenticular ~ 5-35

esculenta




in their length and degree of branching. While amylose comprises largely of unbranched
a-1, 4-linked glucans chains, amylopectin is a branched polymer in which linear chains
of a-1, 4-linked glucoses are joined together by a-1, 6-linkages (Fig. 1.1). The branch
points are arranged so that clusters of chains of about 12-20 glucose units occur at
regular intervals of about 9 nm along the axis of the molecule. Differential packing of
the amylopectin double helices gives rise to either the A-type or the B-type starch, the
two polymorphs differing in the geometry of their single cell units, packing density of
their double helices and the level of bound water within the crystal structure. While the
A-type polymorph is relatively compact with the double helices packed in a monoclinic
unit cell containing 12 glucose residues and 4 water molecules, the B-type polymorph
has a more open structure with the double helices packed in a hexagonal unit cell
containing 12 residues and 36 water molecules (Imberty ef al., 1991). C-type starches
are considered to be a mixture of A and B-type polymorphs. This poly-modal
distribution of glucan chain lengths, coupled by regular branch point clustering, forms
the basis of the semi-crystalline nature of the matrix of the starch granule. Clustering of
alternating regions of semi-crystalline and amorphous material give rise to the growth
rings that are present in higher plant storage starches (Hall and Sayre, 1973; Pilling and
Smith, 2003) (Fig. 2.2). The crystalline structure of starch granules is highly conserved
in plants (Jenkins et al., 1993). Thus, while the A-type starch is characteristic of cereals,
C-type structures are characteristics of starch granules from legumes (Hizukuri, 1986;

Imberty et al., 1991; Cairns et al., 1996; Wang et al., 1998). B-type structures are
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Fig. 2.2 Schematic representation of the structure of a starch granule, with
alternating amorphous and semi-crystalline regions constituting the growth
ring.



Fig. 2.2



characteristics for starches from roots and tuber tissues (Hizukuri, 1986; Imberty et al.,
1991).

Amylose and amylopectin represent approximately 98 - 99% of the dry weight
of starch granules. However, the relative proportion of amylose to amylopectin may vary
from species to species, within species, between tissues from the same species (Jane et
al., 1992; Shujun et al., 2006; Peroni et al., 2006). Amylopectin is the major component
of most starches and its content in starch varies from 75 - 85% for normal starches
(Manners, 1979) to even mofe than 99% for waxy starches, which are essentially
amylose free (Shure ef al., 1983; Sano, 1984; Song and Jane, 2000; Singh ef al., 2005;
Zhu et al., 2008). On the other hand, amylose constitutes 15% - 25% of the total mass of
starch. However, high amylose starches having 40% - 80% amylose content, have been
reported in maize (Manners, 1979; Jane et al., 1999; Zhu et al., 2008). Similarly,
starches with 35% - 45% amylose content have been reported in barley and rice
(Fredriksson et al., 1998; Song and Jane, 2000). Regardless of the source, starches are
defined as waxy when the amylose content is <15%, normal when the amylose content
ranges between 15- 35% and high amylose (amylo-) when the amylose content exceed
35% of the total biomass of the starch grains The general properties and functionalities
of amylose and amylopectin are presented in Table 2.2. In addition to amylose and
amylopectin, starch granules also contain minor non-carbohydrate components including
lipids (0.01- 0.80%), proteins (0.10 -0.40%) and upto 0.5% minerals and salts. Lipids

and proteins, both of which affect the functionality of starch, are the main minor
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Table 2.2: Physicochemical characteristics of amylose and amylopectin.

Characteristics

Amylose

Amylopectin

Molecular structure
Molecular weight

Degree of
Polymerization

Helical complex
Iodine color
Dilute solutions
Retrogradation
Gel property
Film Property

Linear (a-1,4)

~10° Daltons
1500-6000

Strong

Blue

Unstable
Rapidly

Stiff, irreversible

Strong

Branched (a-1,4;0-1,6)
~10® Daltons

3 *¥10°-3*10°

Weak

Red-purple

Stable

Slowly

Soft, reversible

Weak and brittle




components of starch and are present either on the surface or are located within the
matrix of starch granules (Appelqvist and Debet, 1997).

The performance of starch in any application is governed by its physical and
chemical properties, which convey specific functionality to the molecule (Fegurson,
1994). According to FAO (1998), starch can be viewed as a set of functional properties
suited to a particular application. The functional properties of starches vary considerably
among starches from different sources and are therefore unique for each type. These
differences are believed to arise from differences in amylose/amylopectin ratio, the
molecular weight and mean starch grain size (Tian et al., 1991; Jane and Chen, 1992;
Shibanuma et al., 1996; Freddriksso et al., 1998; Sasaki and Matsuki, 1998; Lu et al.,
2005). Thus, while low amylose flour is good for preparation of oriental noodles as well
as for extended shelf life of bread, flour with high amylose content is good for fried
foods as high amylose starch has good filming properties (Graybosch, 1998; Bligh,
1999). Wang et al. (2008), have demonstrated that waxy starch from sorghum has higher
ethanol conversion rates than the wild type. This makes waxy loci useful for
development of high bioenergy grain sorghum. In addition, waxy grain has been shown
to have increased starch and protein digestibility compared to wild-type (Rooney and
Pflugfelder, 1986; Wong et al., 2009).

The physicochemical properties of starches viz., gelatinization temperature,
retrogradation behavior, swelling power and solubility, viscosity, pasting properties,
freeze/thaw stability, acid stability and gel strength have been shown to have an

important bearing on the functional properties of starch (Sefa-Dedeh and Sackey, 2002;
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Chen et al., 2003; Amani et al., 2004; Perez et al., 2005; Peroni et al., 2006; Riley et al.,
2006; Shujun et al., 2006). Therefore, characterization of starches for their
physicochemical, functional and structural properties is essential in order to unravel their
potential for use in the food and non-food industries. Since the physicochemical
properties are genetically determined, it is possible to manipulate the properties of
starches by genetic manipulation. Therefore, discovery and characterization of the
enzymes that affect the quality of starch are of notable worth. The biosynthesis of starch
involves the coordinated action of three enzymes viz., ADPglucose pyrophosphorylase
(ADPase), starch synthases (SS) and starch branching enzyme (SBE). Kossmann and
Lloyd (2000), have identified at least five isoforms of starch synthases which include
one granule bound enzyme viz., GBSS-1 and four soluble starch synthases viz., SS-1, SS-
I1, SS-II and SS- IV.

Many starch biosynthetic enzymes have been shown to be distributed between
the soluble fraction of the plastids and the insoluble starch granules (Ball and Morell,
2003; Tetlow et al., 2004a). GBSS which is localized exclusively within the starch
granule is responsible for amylose biosynthesis (Shure ef al., 1983) and also has a role in
the elongation of long chains in amylopectin (Delrue et al., 1992; Denyer et al., 1996;
Maddelein et al., 1994; Van de Wal et al., 1998). However, the precise molecular
mechanism by which this enzyme synthesizes amylose is still under debate (Wattebled
et al., 2002). Although this increases the complexity of the process and makes it difficult

to interpret the role of different enzymes, it also increases the range of possibilities for
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bioengineering. By targeting specific forms of an enzyme it is possible t(-).:_e-);ercise
control over the physicochemical properties of the starch granules.

The first step in the starch biosynthetic pathway is the conversion of glucose-1-
phosphate to the specific starch precursor ADP-Glucose by the enzyme ADPase (Preiss
et al., 1994; Keeling ef al., 1998). The ADP-Glucose units are then polymerized into the
a-1, 4-glucosyl chains of starch by soluble starch synthases which synthesizes
amylopectin and granule bound starch synthase that synthesizes amylose (Nakamura et
al., 1995). The linear amylopectin chain is then modified by other enzymes including the
branching enzymes that transfer short a-1, 4-glucosyl chains of amylopectin to a-1, 6
configuration creating the branched amylopectin molecule (Boyer and Preiss, 1978;
Guan and Preiss, 1993; Rahman et al., 1995). The amylopectin molecules grow in
alternating layers of tightly packed branch points and long linear sections of the polymer
(Thompson, 2000). The amylopectin molecules have been reported to grow outward
from a central point which has been predicted to be the core starch starter molecule
amylogenin, like the precursor molecule of glycogen, glycogenin (Keeling et al., 1994).
Investigations carried out on starch composition mutants, including the waxy mutants
which produce starch comprising solely of amylopectin, have implicated granule bound
starch synthase I (GBSS-I) as the major enzyme responsible for amylose synthesis in
starch grains in the endosperm (Smith e al., 1997). On the other hand, the synthesis of
amylopectin involves concerted activity of the starch synthases as well as branching and
de-branching enzymes (Denyer ef al., 2001; Hirose and Terao, 2004). GBSS-I, the key

enzyme responsible for amylose synthesis, has been identified as a 58 kDa (Shure ef al.,
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1983) or a 60 kDa (Echt and Schwartz, 1981) protein in maize, a 60 kDa protein in rice
(Sano, 1984) and a 68 kDa protein in grain amaranth (Konishi ez al., 1985). Based on
their molecular mass, two classes of GBSS have been reported in plants. While GBSS-I
has a molecular mass ranging between 58-60 kDa (Echt and Schwartz, 1981; Shure et
al., 1983; Sano, 1984), GBSS-II has a molecular mass ranging between 77 to 79 kDa
(Denyer et al., 1997, Nakamura et al., 1998; Vrinten and Nakumara, 2000; Edwards et
al., 2002).

In contrast to GBSS-I, the role of GBSS-II remains ambiguous. A reduction in
the activity of this enzyme in potato tubers did not affect the ratio of amylose to
amylopectin in the starch grains (Edwards et al., 2002). However, studies on potato and
rugosusS (rugS) mutant of pea have indicated that the enzyme might have an important
role in determining the structure of amylopectin and starch granule morphology (Craig
et al., 1998; Fulton et al., 2002). While the amylose molecules are known to form single
helices, the linear sections of amylopectin form double helices with adjacent
amylopectin molecules (Davis, 1994; Ball et al., 1996). While GBSS is known to be
highly active enzyme, amylose production in starch grains has been suggested to be
limited by the space available within the amylopectin matrix (Flipse et al., 1996; Tatge
et al., 1999). While a reduction in the amount of active GBSS in the starch matrix lead
to a corresponding reduction in the amount of amylose produced, the gene dose effects
were not linear (Yamamori et al., 1992; Yamamori and Quynh, 2000). It was suggested

that since the GBSS gene expression is not regulated by feedback mechanism, the only
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way to reduce the amount of amylose in the starch grains was by creating null alleles
that do not express an active enzyme.

On the basis of their degree of association with starch grains, granule-
associated proteins have been divided into two categories. While one group comprises of
the surface-associated proteins, the other group comprises proteins localized within the
granular matrix of the starch grains (Grimaud et al., 2008). The surface-associated
proteins have a small degree of association with the starch granule and can be separated
from the granule by dissociation with a detergent or a reducing agent (Denyer et al.,
1993; Rahman et al., 1995; Boren et al., 2004). By contrast, extraction of internal
granule-associated proteins requires the gelatinization of the starch granule in SDS in the
presence of a reducing agent (Tsai, 1974; Echt and Schwartz, 1981; Denyer et al., 1993).
Studies in many plant species have shown that starch biosynthetic enzymes exist as both
soluble proteins in the stroma and as internal granule-associated proteins. Enzymes that
display this property in maize endosperm include SSI (Mu et al., 1994, 2001), SSila
(Zhang et al., 2004) and BEIIb (Mu-Forster et al., 1996).

Given the important role starch plays in food and non—food uses, several efforts
are being made for the manipulation of its composition through modification of
amylose/amylopectin ratio. Since Amylose-free or low-amylose starch is considered
desirable for certain food and non-food industries (Morell et al., 1995), most of the
approaches aimed at modifying the quality of starch have focused on alteration of
amylose/amylopectin ratio of the grains. Approaches used to achieve this goal are being

pursued through manipulation of the genes coding for enzymes involved in the starch
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biosynthetic pathway (Sestili ef al., 2010). The gene coding for the enzyme GBSS-I
(called waxy) has been cloned from maize (Shure ef al., 1983; Klosgen et al., 1986),
potato (Hovenkamp-Hermelink er al., 1987; Visser et al., 1989; Van der Leij et al.,
1991), barley (Rohde et al., 1988), rice (Wang et al., 1990; Hirano and Sano, 1991;
Okagaki, 1992), pea (Dry et al., 1992), sorghum (Hsieh et al., 1996a), cassava
(Salehuzzaman et gl., 1993) and common wheat (Clark ef al., 1991; Mason-Gamer ef al.,
1998; Murai et al., 1999). Ample evidence exists to indicate that the waxy locus is a
single copy gene (Klosgen et al., 1986; Visser et al., 1989; Wang et al., 1990; Van der
Leij et al., 1991; Salehuzzaman et al., 1993).

The term GBSS and waxy are used interchangeably since GBSS loci, genes and
enzyme are all termed ‘waxy’. There are several known alleles of the GBSS gene which
can differ by a single base pair, or many base pairs located at different polymorphic loci
within the gene. GBSS alleles that express an active GBSS enzyme are termed as ‘wild-
type’ and that does not express an active GBSS enzyme are termed as ‘null’ (Bradley,
2003). Based on the amount of GBSS protein and the proportion of amylose in the starch
grain three major GBSS alleles (Wx®, Wx" and wx) located on chromosome 6 have been
identified in rice (Sano et al., 1986; Smith et al., 1997). The Wx" allele is primarily
found in the indica subspecies, while Wx® allele is found in japonica subspecies of O.
sativa (Hirano and Sano, 1991). However, the genotypes with the recessive wx allele
have opaque seeds that contain less amylose and are often referred to as glutinous rice
varieties. According to Bligh ef al. (1995), Ayers et al. (1997), Bergman et al. (2001)

and Tan and Zhang (2001), different GBSS alleles can be distinguished on the basis of
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the length of CT repeat present in the 5° untranslated region of the gene, thereby
distinguishing low, intermediate and high amylose varieties. Thus, three homologous Wx
genes (Wx-Ala, Wx-Bla, and Wx-Dla) located on chromosomes 7AS, 4AL, and 7DS
have been shown to encode the waxy protein in hexaploid wheat (Nakamura ef al., 1993;
Fujita et al., 1996). On the other hand, four other wild-type alleles viz., Wx-Blc, Wx-
Bld, Wx-Ble and Wx-BIf including the most common Wx-Bla have been specifically
identified on the 4AL locus (Yamamori et al., 1995; Rodriguez-Quijano et al., 1998;
Yamamori and Quynh, 2000; Nieto-Taladriz et al., 2000). Nieto-Taladriz et al. (2000),
have reported that presence of the alleles Wx-Blc and Wx-BIf resulted higher amylose
production and thereby starch with high levels of amylose. Pedersen et al. (2005), have
characterized two waxy alleles, based on the absence (wxa) or presence (wxb) of the
GBSS protein in the endosperm, of sorghum (Sorghum bicolor L. Moench).

The molecular structure of the waxy gene has been well studied by plant
breeders and molecular biologists. Sequence information of the gene has been reported
from maize (Klosgen et al., 1986), rice (Wang et al., 1990; Okagaki, 1992), barley
(Rohde et al., 1988), wheat (Murai et al., 1999), potato (Van der Leij et al., 1991), sweet
potato (Kimura ef al., 2001), foxtail millet (Fukunaga et al., 2002), rye (Xu et al., 2009)
and amaranth (Park ef al., 2009). The size of the waxy gene ranges between ~2.7 kb in
foxtail millets, wheat and rye to ~5.3 kb in barley and rice. The waxy gene is comprised
of 13 exons and 12 introns in rice (Olsen and Purugganan, 2002) and maize (Mason-
Gamer et al., 1998), 14 exons and 13 introns in potato (Van der Leij ef al., 1991), 11

exons and 10 introns in rye and 12 exons and 10 introns in barley (Rohde ef al., 1988).

19



Waxy mutants affecting either gene expression or function of GBSS have been isolated
in several plants including pea (Pisum sativum), wheat (Triticum aestivum), rice (Oryza
sativa), barley (Hordeum vulgare) and corn (Zea mays) (Denyer et al., 1997; Nakamura
et al., 1995; Isshiki et al., 1998; Larkin and Park, 1999; Wang et al., 1995; Hylton et al.,
1996; Taira et al., 1995; Shure et al., 1983). Domon et al. 2002, have shown that the
barley waxy allele has a 403 bp deletion mutation in the 5’ terminal part of the GBSS-I
structural gene. The deletion was found to include a TATA box and a deduced
transcription starting point of the wild-type allele, thereby suggesting the influence of
the mutation on the amylose content of starch grains in the endosperm. In rice, a G—T
mutation at the splice site of intron 1 has been demonstrated to result in incomplete
processing of pre-mRNA and consequently low levels of transcripts of waxy gene
(Hirano and Sano, 1991; Wang et al., 1995; Hirano et al., 1998; Isshiki et al., 1998).
While in all the diploid crops the waxy phenotype has arisen by spontaneous mutations,
waxy lines in hexaploid bread wheat have been produced by crossing partially-waxy
cultivars with cultivars having spontaneous mutations in the three GBSS-I homeologues
in the A, B and D genomes (Nakamura et al., 1995). Characterization of the resulting
wx-A1b, wx-B1b and wx-D1b alleles showed that the wx-41b contained a 23 bp deletion
with a 4 bp insertion of filler DNA at the end of exonland beginning of intron 1 thereby
affecting transcript splicing. On the other hand, the allele wx-BIb had deletion of the
entire GBSS-I transcription unit and the wx-D1b allele had a 588 bp deletion at the 3’

end with a novel 12 bp insertion at the same site which resulted in the formation of a
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premature stop codon. Such a modification resulted in the resultant protein lacking 30
amino acids on the C-terminus. (Vrinten ef al., 1999).

The phylogenetic utility of the structural nuclear gene for GBSS-I was first
explored by Mason-Gamer and Kellogg (1996) in the family Poaceae. Their studies on
GBSS-I in the family Poaceae revealed that while phylogenetic relationships based on
variations/similarities in the nucleotide sequences of introns could be used to
differentiate even closely related species. Mason-Gamer et al. (1998), identified GBSS-I
as a candidate for phylogenetic reconstruction because of evidence that it was a single-
copy gene. Nucleotide sequence of GBSS-I has also been used in phylogenetic studies
on Liquidambar (Li and Donoghue, 1999), Ipomoea (Miller et al., 1999), Triosteum
(Gould and Donoghue, 2000) and Solanum Ilycopersicum (Peralta and Spooner, 2001;
Walsh and Hoot, 2001; Levin and Miller, 2005; Levin et al., 2005, 2006; Smith and
Baum, 2006). In contrast, Evans et al. (2000), documented the existence of two
paralogous GBSS-I loci in Rosaceae and Rhamnaceae. Analyzed in combination, these
loci proved useful for resolving higher-level relationships within Rosaceae and in
particular, for understanding the origin of Maloideae (Evans et al., 2000; Evans and
Campbell, 2002). Based on analyses of one GBSS-I paralogue, Smedmark et al. (2003),
suggested that several members of Rosaceae originated through allopolyploidy.
Nucleotide sequence information of GBSS-I gene has been used to provide evidence for
the origin of the allopolyploids in North American Elymus and African Eragrostis
respectively (Mason-Gamer, 2001; Ingram and Doyle, 2003). Since low copy number

genes are known to be subjected to different evolutionary processes than plastid genes or
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highly repetitive nuclear markers, they provide a valuable source of independent
phylogenetic evidence. Mason-Gamer and Kellogg (1998), have suggested that GBSS-I
introns could provide more phylogenetic informative characters and higher levels of
variation than the ITS region.

The wild type GBSS-I enzymes expressed from different loci are known to .
differ from each other in their structure and activity (Nakamura et al., 1993; Yamamori
et al., 1994). Yamamori and Quynh (2000), have described the differences in the
activities of GBSS-I transcribed from three different loci in wheat. It was noted that
while starch from the wild type allele at 7A locus had an average of 19.8% amylose, the
wild type allele at 7D locus had 22.5% amylose and 4A locus had 24.2% amylose. The
higher activity in wild type allele at 4A locus was ascribed to the allele possibly
expressing more copies of GBSS-I than the genes at other GBSS loci. Loss of GBSS
function in plants causes the waxy endosperm phenotype, named for its altered texture
and endosperm appearance (Denyer et al., 2001). Waxy mutants contain very low or
undetectable levels of amylose with their starches comprised nearly entirely of
amylopectin (Denyer et al., 2001). Waxy mutants affecting either gene expression or
function of GBSS have been isolated in several plants including pea (Denyer et al.,
1996), wheat (Nakamura et al., 1995), rice (Wang et al., 1995, Isshiki et al., 1998;
Larkin and Park, 1999), barley (Taira et al., 1995; Hylton et al., 1996) and corn (Shure
et al., 1983). Because the waxy mutation alters starch composition by greatly reducing
amylose content, the physiochemical properties of waxy starch are altered relative to

normal starch (Pedersen et al., 2007; Sang et al., 2008). The isolation and analysis of
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natural and insertion mutants has made an invaluable contribution towards our
understanding of starch metabolism in higher plants.

Besides its nutritive values, starches are very useful raw material with a wide
range of applications in both food and non-food industries. While much work has been
done on the characterization of starch from cereals and analysis of the regulation of its
biosynthesis, not much information is available about the quality of starch in many other
potentially important crops. One such group of crops belongs to pseudo cereals.
Amongst this group of plants, common buckwheat is an important pseudo cereal because
of its high potential for use as a functional food. It is a highly nutritious crop mainly
used for human consumption and holds expanded opportunity for maximum utilization
(Kreft et al., 2002). Skrabanja et al. (2001) have shown that starch from buckwheat
grains have a strong potential for use in the development of functional foods including
its engineering for a modified course of starch digestion. Buckwheat is also a rich source
of high biological value protein, antioxidants and essential minerals. The specific ability
of buckwheat proteins to soak up cholesterol from food and the relative proportions of
its amino acids, make buckwheat the best cholesterol-lowering food substitute (Kreft et
al., 2002; Chrungoo et al., 2005).

Common buckwheat (Fagopyrum esculentum Moench), which is considered as
underutilized crop due to less investment in exploring its potential, is of significant
economic importance in several countries of the world. The Indian Himalayas, Asia
Pacific Region, Central and Eastern Europe are considered as important buckwheat

producing regions of the world. Buckwheat flour is used extensively by the people living
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in foothills of Indian Himalayas as also in other countries of the world including Japan,
Korea, Poland, China, Russia, and Slovenia for preparation of noodles, pasta, bread,
pancakes. The crop is also a rich source of proteins, carbohydrates, and glucosides
including rutin. Even though there has been little progress in buckwheat breeding
programs, the National Bureau of Plant Genetic Resources (NBPGR), New Delhi has
identified buckwheat as an important underutilized crop which has the potential to
become an important component of human diet. The Bureau has established a National
Buckwheat Germ Plasm Bank and is maintaining more than 3000 accessions of
buckwheat in its repository. However, because of its unfavorable amylose/amylopectin
ratio, the buckwheat flour had poor dough making qualities. Since the ratio of amylose
to amylopectin influences the texture and quality of flour, identification of the gene loci
involved in the regulation of starch synthesis and deposition, would have an important
bearing on devising effective breeding programs for improved starch quality. Even
though such proteins have been isolated and their genes cloned from other conventional
crops, none of the granule bound proteins in buckwheat have been identified nor have

their genes been cloned.

24



CHAPTER III

MATERIALS AND METHODS



1. MATERIALS
1.1 Plant Material

Indian accessions/cultivars of buckwheat (Fagopyrum spp.) used in the present
study were procured from the buckwheat germplasm of National Bureau of Plant
Genetic Resources, Shimla, North Eastern Regional Station of NBPGR, Shillong and
Vivekananda Laboratory for Hill Agriculture, Almora (India). The European
accessions/cultivars of buckwheat were procured from the buckwheat germplasm
collection at the University of Ljubljana, Slovenia (Europe).
1.2 Membranes and Filters

Positively charged PVDF membrane (0.45 um pore size) from Fluka was used
for Western blotting. Dialysis membrane-159 procured from Hi-media Laboratory was

used for dialysis of the protein sample.



| A close up view of common buckwheat (Fagopyrum esculentum Moench.)
plant at the flowering stage.

2 A close up view of dehulled seeds of common buckwheat (Fagopyrum
esculentum Moench.).






2. PROTOCOLS
21 Preparation of starch from Buckwheat

Starch granules were isolated from endosperm tissues of mature grains of
common buckwheat as well as from the leaf tissues according to Takaoka et al. (1997).
Healthy grains/fresh leaves from the collections of buckwheat procured from North
Eastern Regional Station of NBPGR, Shillong and the buckwheat germplasm collection
at the University of Ljubljana, Slovenia were washed with water followed by rinsing
with distilled water. The hull portion of each of the grains was removed and the groat
was made to a fine powder under liquid nitrogen in a prechilled pestle and mortar. The
powder was subsequently suspended in distilled water and the suspension maintained at
4°C for 4 hours with occasional stirring. The suspension was filtered through a 75 uyM
mesh sieve and the filtrate centrifuged at 10000Xg at 4°C for 10 mins. The pellet was
resuspended in 400 pL of SDS sample buffer containing 60 mM Tris-HCI, pH 6.8, 10%
(w/v) sodium dodecyl sulphate (SDS), 3% B-mercaptoethanol and 10% (w/v) glycerol
and centrifuged at 30, 000Xg for 10 mins. at 4°C. The supernatant was transferred to an
eppendorf tube and the pellet suspended again in 400 pL of SDS sample buffer
containing 60 mM Tris-HCI, pH 6.8, 10% (w/v) sodium dodecyl sulphate (SDS), 3%
(v/v) B-mercaptoethanol and 10% (w/v) glycerol. The suspension was centrifuged at
30,000Xg for 10 mins. at 4°C. The supernatant was transferred to an eppendorf tube and
pellet suspended again in 400 pL of SDS sample buffer containing 60 mM Tris-HCI, pH
6.8, 10% (w/v) sodium dodecyl sulphate (SDS), 3% B-mercaptoethanol and 10% (w/v)

glycerol. The suspension was centrifuged again at 30,000Xg for 10 mins. at 4°C. The
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pellet was finally washed thrice with deionized water followed by three washes with
cold acetone. The acetone washed pellet, comprising of starch grains, was dried at room
temperature and stored at -20°C for later use. For isolation of starch grains from the
leaves, freshly harvested leaves were washed with distilled water, chopped into pieces
and ground to a fine powder under liquid nitrogen in a prechilled pestle and mortar.
Starch was isolated from the fine powder following the procedure of Takaoka et al.
(1997) as described above.
2.2 Bright field microscopy of starch grains

Starch grains were visualized under a light microscope (Axio Image Al, Carl
Zeiss, Germany) under bright field (100X magnification) after staining with LUGOL
(5% (w/v) iodine, 10%( w/v) potassium iodide) :H,O [1:2], according to Autio et al.
(1992). An aliquot of the solution containing the stained grains was poured on a glass
slide, covered with a cover slip and viewed.
23 Scanning Electron Microscopy of isolated Starch Granules

The sizes and the surface structure of the starch granules isolated from different
accessions/cultivars of buckwheat by the above procedure were analyzed by using a
scanning electron microscope (JOEL 1850 and JSM 6360, Tokyo, Japan), according to
the method described by David et al. (2006). Dry starch was sprinkled on ‘brass stubs’
and placed on the specimen stand or the ‘ion sputter’ and coated with a thin layer of gold
vapour (300A° layer). The starch granules were then observed in a JOEL-1850 SEM at

magnification ranging between 1000X to 6000X operated at 15 kV.
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To visualize the internal structure of the starch granules, starch grains were
washed with acetone, air dried and ground in a prechilled pestle and mortar under liquid
nitrogen to crack the granules after which they were suspended in 100 mM MES buffer
(pH 6.0) containing 5 units of a-amylase and incubated for 30 mins. at 30°C to
preferentially digest amorphous region of the starch granules (Pilling, 2001). The
solution was centrifuged at 6000Xg for 5 mins. to pellet the partially digested starch
grains. The pelletted grains were washed thrice with cold acetone, air dried and then
viewed under the scanning electron microscope.

24 Determination of amylose content

Amylose content of the starch grains was measured according to the method
described by Yamamori ez al. (1992). A suitable mass (approx. 20 mg) of the purified
starch grains was suspended in 5 ml of 0.75 N NaOH in 25% (v/v) ethanol. The
suspension was incubated at room temperature for 12 hours. The sample was made up to
50 mL with distilled water, and amylose content was determined with an analyzer
(Tecnicon, Bran-Lubbe Co., Tokyo, Japan) using KI-I, solution (0.005% [w/v] KI and
0.003% [w/v] I2). An aliquot of starch suspension was pipette out and mixed with 0.5 ml
of iodine solution. The reaction mixture was allowed to stand for 20 mins. in dark at
room temperature. Absorbance of the coloured complex was recorded at 620 nm
wavelength in Lambda 35 UV/VIS Spectrophotometer (Perkin Elmer, U.S.A) against a
reagent blank. The A, of the iodine-starch complexes was determined according to the
-method of Konishi ef al. (1985). The concentration of amylose in the suspension was

calculated with reference to potato amylose (Sigma) as the standard.
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The regression equation of the standard curve for determination of amylose %

is given as:
y =at+ bx
Where,
. Ty
a = zero Intercept = —
_ _ Liy=Fx=v)
b=slope= T ar
n = number of points
x = free iodine
y = bound iodine
x= average free iodine
% = average bound iodine
25 Determination of Rheological properties

Pasting properties of starches suspended in distilled water were determined by a
Rapid Visco- Analyser (C-DG26.7/SS/QC, RheolabQC, Anton Paar. GmbH, Germany)
following the method of Jayakody et al. (2007). A 7% (w/v) suspension of native
buckwheat starch was prepared by dispersing dried starch grains in MilliQ deionized
water with constant stirring. The slurry was heated to 40°C and held at this temperature
for 1 min. after which it was heated to 90°C for 5 mins. The slurry was held at this
temperature for 5 mins. followed by rapid cooling to 40°C for 5 mins. The slurry was
held at this temperature for 1 min. The heating and cooling regimes were programmed as
per the above mentioned cycle with constant rotational speed of 160 rpm. The pasting
properties including peak viscosity, minimum viscosity, breakdown viscosity, final

viscosity and pasting Temperature (°C) of each sample were inferred from acquired data.
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2.6 Extraction of Starch Granule-Bound Proteins

Starch granule bound proteins were extracted from the isolated starch grains
according to the method of Takaoka ef al. (1997). A suitable mass of air dried starch was
suspended in 10 volumes of the SDS sample buffer, and incubated in a water bath at
95°C for 10 mins. The suspension was gelatinized by rapid cooling to -80°C and
maintained at this temperature for 1 hour. The frozen suspension was subsequently
incubated for 10 mins. at 50°C in a water bath to allow the grains to thaw. After thawing
at 50°C, the gelatinized starch was centrifuged at 30000Xg at 4°C for 10 mins. and the
supernatant transferred to fresh tube. Proteins present in the supernatant were recovered
by addition of 2 volumes of cold acetone followed by centrifugation at 30,000Xg at 4°C
for 10 mins. The pellet containing starch granule-bound protein(s) was dried at room
temperature and resuspended in appropriate volume of 0.IM Tris-Cl buffer pH for
further use.
2.7 Gel electrophoresis

SDS-PAGE of the granule bound protein was carried out on 12%
polyacrylamide gel following the method of Laemmli (1970). Suitable aliquots of the
extracts, representing 50pg protein per sample, were mixed separately with 2X Laemmli
buffers in the ratio 1:1. The mixture was heated for 5 mins. in a boiling water bath
followed by a brief centrifugation to sediment the debris. The supernatant was loaded
into the well of a 1.5Smm thick 12% acrylamide gel. An aliquot of the mixture of
standard molecular weight markers (Bangalore Genei, India) was also denatured

similarly and loaded on the same gel to serve as reference for determination of
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molecular mass of the resolved bands. Electrophoresis was carried out at a constant
voltage of 100V for 5 hours. After electrophoresis the gel was removed and rinsed with
distilled water. Proteins in the gel were fixed by immersing the gel for 30 mins. in
methanol: glacial acetic acid: water (4:1:5). The gel was subsequently stained for 3
hours in 0.25% (w/v) Coomassie Brilliant Blue R-250v (CBB R-250) prepared in
methanol: glacial acetic acid: water (4:1:5). Destaining was carried out in a destaining
solution I composed of methanol: glacial acetic acid: water (4:1:5).The gels were further
destained in destaining solution II composed of methanol: glacial acetic acid: water
(4:5.3:0.7) till the background was cleared. Protein bands were visualized on KODAK
Gel Logic 200 gel documentation system under white light. Ry of the bands was
calculated as the ratio of the distance travelled by the band to the distance travelled by
the dye front. For deriving a relationship between the molecular mass of the protein and
its mobility on the polyacrylamide gel, the R¢ value of the standard molecular weight
markers was plotted against log molecular weight of the protein to obtain a standard
curve. The molecular mass of the resolved proteins was determined by comparing their
electrophoretic mobility of the resolved proteins with that of the standard molecular
weight markers and by reference to the standard curve.
2.8 Preparation of antiserum/polyclonal antibody

The protein suspension obtained after the extensive extraction procedure was
transferred to a dialysis membrane and subjected to dialysis for 72 hours at 4°C against
water with constant stirring and repeated changes of the water. The clear dialysate was

collected in a pre-chilled glass vial. The purified 59.7 kDa protein was then used to raise
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antibodies against the isolated protein according to the procedures described by Sharan
et al. (2005). Immunization was carried out by injecting a young healthy rabbit (2.5-3.0
kg; 10-16 weeks of age) subcutaneously with the purified 59.7 kDa protein (30ug)
redissolved in PBS buffer containing Freund’s complete adjuvant (Sigma Aldrich,
U.S.A) in the ratio of 1:1. Booster injections of 75-100ug of starch granule bound
proteins dissolved in PBS buffer containing Freund’s complete adjuvant in the ratio of
1:1 were administered every 2 weeks after the first doze. Antiserum was obtained by a
number of consecutive bleedings between 60 and 100 days after the 2™ booster doze.
The blood was centrifuged at 13,000Xg for 15 mins. at 4°C to pellet the coagulated
blood and the resulting supernatant (antiserum containing IgG fraction of polyclonal
antibody) mixed with 0.01% ammonium sulphate solution (Sharan et al., 2005). All
antiserum batches, referred to as anti-59.7 kDa antiserum, were pooled and stored at -
30°C.

Specificity of the polyclonal antibody against GBSS-I antigen and its titer was
determined according to Ouchterlony and Nilsson (1978). For this purpose, 1% solution
of agarose was prepared in 0.9% NaCl containing 0.02% sodium azide and poured on a
clean glass slide. The solution was allowed to polymerize for 15-20 mins. after which 3
wells, each 1cm apart, were punched on the gel. The antigen solution was loaded in the
middle well, while the antibody solutions (anti -59.7 kDa antiserum) was loaded on one
of the side wells. The other side well was loaded with equal volume of 0.01%
ammonium sulphate. The glass slide was then placed inside a moist chamber (box

containing wet cotton/wet filter paper) and incubated overnight at 37°C. During this time
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the antigens in the sample extract and the antibodies diffuse out of their respective wells
and cross reacts to form an immune complex if the antibodies recognize the antigens.
The immune complex precipitates in the gel to give a thin white line/arc, which is visible
sign of antigen recognition (Fig. 3.3).
29 Two Dimensional (2D) Gel Electrophoresis

2D-PAGE of the starch granule bound proteins, with IEF in the first direction
and SDS-PAGE in the 2™ direction, was carried out according to the method of
Berkelman and Stenstedt (2002), using the 2D gel electrophoresis system of GE
Healthcare, AB, Uppsala, Sweden. Prior to IEF, the granule bound protein(s) isolated
from starch grains of common buckwheat endosperm were solubilized in 350pl of
rehydration stock solution composed of IPG buffer containing 8M urea, 2% (w/v)
CHAPS(3[3- cholamidopropyl] dimethylaminonia-1- propanesulsphonate), 0.5% (v/v)
Pharmalyte (pH 4- 6.5), 0.002% bromophenol blue and 0.3% DTT (DL-Dithiothreitol).
The mixture was extensively vortexed and centrifuged to pellet insoluble material. A
suitable aliquot of the supernatant containing 150 pg of protein, was loaded onto ]3qm
IPG strips with a non-linear p/ gradient of 4-7 (GE Healthcare AB, Uppsala, Sweden),
during the rehydration step which lasted for 14 hours at room-temperature. Following
rehydration, IEF was carried out in Ettan IPGPhor 3 system (GE Healthcare AB,
Uppsala, Sweden) at 500V for the first 45 mins. and then at 4500 V for next Shr 45
mins. on a constant current of 15 mA/strip. Electrophoresis was carried out at a constant

temperature of 20°C.

33



Fig. 3.3 An Ouchterlony immunodiffusion plate, after immune diffusion has taken
place.



Zone of equivalence

Fig. 3.3



Prior to the 2™ dimension run, the ge! strips were equilibrated for 15 mins. in
equilibration buffer (I) containing 0.05 M Tris-HCI buffer (pH 8.8), 6 M urea, 30% (v/v)
glycerol, 2% (w/v) SDS and 1% (w/v) DTT. This was followed by a 2™ equilibration for
15 mins. in equilibration buffer (II) containing 0.05 M Tris-HCI buffer (pH 8.8), 6 M
urea, 30% (v/v) glycerol, 2% (w/v) SDS and 2.5% iodoacetamide. The equilibrated
strips were then applied to the polyacrylamide gel (12.0% resolving 5% stacking) and
sealed with 0.5% agarose in SDS buffer containing bromophenol blue. Protein markers
were loaded besides the strips before sealing. Electrophoresis was carried out for 30
mins. at 15 mA/gel and then at 20 mA/gel till the dye front reached the bottom of the
gel. After electrophoresis, gels were visualized by staining with CBB R-250.

2.10  Western Blotting

The granule bound proteins extracted from starch grains of common buckwheat
were subjected to SDS-PAGE under reducing conditions on a 12% polyacrylamide gel
according to Laemmli (1970). Immediately after electrophoresis, the unstained gel was
rinsed in Towbin transfer buffer for 15 mins. to saturate the gel with the buffer.
Electrophoretic transfer of proteins from the gel to PVDF (0.46 pm) was carried out at
60 V for lhr at room temperature in a semi-dry electro transfer blotting system
(Amersham Biosciences) according to Towbin et al. (1979).

Following the transfer one lane fr03n the PVDF membrane, having the
transferred proteins, was cut and stained with India ink to check the quality and extent of
transfer. For staining with India ink, the membrane was washed first in 1% Potassium

hydroxide for 5 mins. followed by equilibration, under constant shaking over a rocking
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platform, with PBS for 1 hour. The equilibrated membrane was stained overnight with
0.1% India ink prepared in TTBS. After destaining the membrane with PBS, the protein
bands appeared as distinct black areas against a greyish white background. The other
portion of the membrane carrying the transferred protein(s) was sent for N-terminal
amino acid sequencing. The N-terminal amino acid sequencing of the mature GBSS-I
protein was determined by sequential Edman degradation method.
2.11  Immunoblotting

For immunodetection of the granule bound proteins, the membrane carrying the
transferred proteins, was incubated for 1 hour in TTBS blocking buffer comprised of 5%
(w/v) defatted milk, 1X TBS and 0.1% Tween 20 followed by overnight incubation at
4°C with primary antibody (rabbit serum against the 59.7 kDa granule bound protein)
isolated from common buckwheat at a dilution of 1:80,000. The excess of primary
antibody was removed by four washes of 15 mins. each with the blocking buffer. The
washed membrane was incubated for another 1 hour with secondary antibody (alkaline
phosphatase-conjugated goat anti-rabbit serum, Bangalore Genei, India) at a dilution of
1:5,000. The excess secondary antibody was removed by three washes of 10 mins. each
with the blocking buffer and three washes of 10 mins. each with the tris-sodium chloride
buffer (50 mM Tris- HCI pH 7.5, 150 mM NaCl). Immunoreactive polypeptides were
detected as blue bands by incubating the PVDF membrane with a substrate mix
containing BCIP-NBT (5-bromo-4-chloro-3-indoylphosphate and nitroblue tetrazolium).

The reaction was stopped with several rinses of double distilled water.
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2.12  In-gel digestion

Tryptic digestion of selected protein spots were performed according to
Shevchenko er al. (1996). The portion of the gel containing the target protein was
chopped into pieces and destained at 40°C in 50 mM NH4HCO; (ammonium
bicarbonate) in 50% (v/v) CH;CN (acetonitrile), the step being repeated until the gel was
colorless. The gel pieces were dried and reduced by addition of 200 ul of 10 mM DTT in
100 mM NH4HCO; for 1 hour at 56°C. Following reduction, the gel pieces were
centrifuged to remove the supernatant. Alkalylation of the gel pieces were carried out by
the addition of 200 pl of 55 mM iodoacetamide in 100 mM NH4HCOs3 and incubated in
the dark at room temperature for 45 mins. The gel pieces were washed with 50-100 pl
aliquots of 100 mM NH4HCO; for 10 mins. followed by dehydration with CH;CN,
reswelling in 100 mM NH4HCO; and dehydrating again with CH3;CN. The gel pieces
were then air dried and reswelled again at 4°C for 45 mins. with 150 pl of 50 mM
NH4HCO; containing trypsin (12.5 ng/ml of 50 mM NH4HCO3) and incubated overnight
at 37°C. The peptides were collected by centrifugation, purified by dialysis and dried in
speedvac till the desired volume.

The tryptic digests were analyzed by LC-MS (Water, USA) operating in the
positive ion and reflector modes as following the method described by Sheoran et al.
(2005, 2006). The spectra acquired in the 700-3000 m/z range were processed with
Mascot Distiller 2.0 (www.matrixscience.com) and the resulting peak lists used to
identify the corresponding proteins in NCBInr (non-redundant) and Swiss-Prot

databases.
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2.13  Confocal Laser Scanning Microscopy of isolated starch granules

For histochemical localization of the 59.7 kDa protein within the lamellar
structure of starch grains, the partially digested grains of starch were incubated for one
hour in 1X TTBS buffer containing 5% defatted milk and then centrifuged at 6000Xg
for 10 mins. to pellet the grains. The pellet was washed twice with TBS to remove
nonspecifically bound defatted milk and then incubated overnight at 4°C in 1X TBS
containing antibodies raised against buckwheat GBSS-I at a dilution of 1:10000. The
starch grains were subsequently washed thrice with 1X TTBS, each wash being for 5
mins. The washed grains were suspended in 1X TBS containing the fluorescent labelled
secondary antibody [(Alexa Fluor 546 goat anti-rabbit IgG) Invitrogen, USA] and
incubated for one hour at room temperature in the solution containing the secondary
antibody. The starch grains were subsequently washed thrice with 1X TTBS and
observed under the confocal microscope (Leica Microsystems CMS GMBH, Germany)
for fluorescence.
2.14  Isolation of Genomic DNA

Total genomic DNA was isolated from 14 days old etiolated seedlings by a
modified CTAB extraction protocol (Murray and Thompson, 1980). Healthy grains of
common buckwheat were surface sterilized by immersing in 0.01% HgCl, for 5 mins.
followed by repeated rinsing with sterile distilled water. The washed grains were
germinated on sterile germination paper in a plant growth chamber maintained at
27°C£2°C and 75+10% relative humidity, under dark condition. The seedlings were

harvested after 14 days of incubation, washed with sterile distilled water, wrapped in
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aluminum foils, freeze dried in liquid nitrogen and stored at -80°C. Thé frozen tissue
was crushed to fine powder in a sterile pestle and mortar under liquid nitrogen. 500 mg
each of the powdered tissue was transferred to a 1.5 ml microcentrifuge tubes containing
500 ul of 2X CTAB buffer. The powder was mixed gently in the CTAB buffer to avoid
formation of clumps and then incubated in a water bath at 65°C for 1 hour. The
incubation was followed by addition of chloroform: isoamyl alcohol (24:1) in the ratio
of 1:1, with gentle inversions to mix the cell lysate thoroughly with chloroform: isoamyl
alcohol. The mixture was centrifuged for 5 mins. at 4°C in a Heraeus Biofuge (Fresco)
table top refrigerated micro centrifuge to separate the aqueous phase, containing the
nucleic acids, from the organic phase containing the proteins, carbohydrates and cell
debris. The aqueous phase, containing the nucleic acids, was collected into a new tube
and 1/10" volume 3M sodium acetate (pH 5.2) and two volumes of 100% ethanol was
added to it to precipitate the DNA. For complete precipitation, the mixture was allowed
to stand at -20°C, overnight. The precipitated DNA was pelleted by centrifugation at
15,500Xg for 5 mins. at 4°C. The pellet was washed twice with 70% ethanol, vacuum
dried and dissolved in nuclease-free ultra pure water. The isolated DNA was
electrophoresed on 0.8% agarose gel at 80V for 1 hour in 1X TBE buffer (pH 7.5). After
the electrophoresis, the gel was stained with ethidium bromide solution (0.5 pg ml™") for
15 mins. and destained in water till the background fluorescence disappeared. DNA was
visualized as fluorescent bands under UV light on a KODAK Gel Logic 200 UV
transilluminator. DNA was visualized as fluorescent bands under UV light on a UV

transilluminator. DNA was quantified by visual observation of ethidium bromide stained
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agarose gel on a transilluminator and comparison of the intensity of fluorescence of
DNA bands with fluorescence of known amounts of A DNA electrophoresed along with
the isolated DNA sample (Sambrook et al., 1989). Quantification of the DNA sample
was also carried out spectrophotometrically. 10 pul of DNA solution was mixed with
990ul of ultrapure water and the absorbance of the solution recorded at 260 nm in Perkin
Elmer Lambda 35 UV/VIS Spectrophotometer. Concentration of DNA in the solution
was calculated using the equation:

Aazep X dilution factor x 50 = pg/ml DNA.
2.15  Quality check of isolated DNA

For checking the quality of the isolated genomic DNA, 5ul of the DNA solution
was electrophoresed on 0.8% agarose gel along with EcoRI- Hindlll digested Lambda
DNA. A single band showing molecular mass of >21kb on the agarose gel indicated a
good quality preparation with no shearing of the isolated DNA. The purity of the DNA
preparation was also checked by measurement of absorbance of the sample at 260 nm
and 280 nm in Perkin Elmer Lambda 35 UV/VIS Spectrophotometer and working out
the Ajeo/Azso ratio of the sample. Samples with Aje0/A2g0 of >1.8 were used for further
experiments.

A suitable aliquot of the isolated DNA was transferred to an eppendorf tube and
17 pl of sterile MilliQ pyrogen free water was added. 5 pul of appropriate buffer was
added to the tubes following gentle mixing of the solutions by repeatedly inverting the

tubes 3-5 times. The reaction was started by adding 50 units of the restriction enzyme to
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the reaction mixture and incubating the tubes at 37°C for 4 hours in a circulatory water

bath. A typical 50pl of reaction digestion mixture consisted of:

DNA (5 pg) : 25.0pl
10X Restriction enzyme buffer : 50 pul
Restriction enzyme : 3.0 pl
Ultra pure water : 17.0 ul
Total : 50.0 nl

The reaction mixture was stopped by rapid heating of the reaction mixture at
65°C for 5 mins. in a dry heating bath. The Digested DNA was immediately size
fractionated by electrophoresis on 0.8% agarose gel at 50V for 6 hours. DNA was
visualized by exposure of ethidium bromide stained gel to UV light under UV
transilluminator.

2.16  Polymerase Chain Reaction (PCR) Amplification

PCR amplification of the target DNA was carried out with buckwheat genomic
DNA as the template and primers derived from the conserved regions of nucleotide
sequences of granule bound starch synthase-like protein genes available in the databases
of gene bank. The primers were designed using Primer 3 online tool (Rozen and
Skaletsky, 2000). Amplification reactions were carried out in a Perkin Elmer thermal
cycler with the reaction cycle comprising of one cycle of “hot start” (94°C, S mins.); 35
cycles of denaturation (94°C, 1 min.); annealing (63-68°C, 1 min.), and polymerization/
primer extension (72°C, 1 min.) and one cycle of chain elongation (72°C, 10 mins.). The
PCR cycle is diagrammatically represented in Fig. 3.4. A typical 25ul reaction volume

(in 0.2 ml reaction tube) contained the following components:
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Fig 3.4 Schematic representation of a typical three step cycle parameter for PCR
amplification.



%4°C

Smin

1cycle

MC 72°C 72°C
Imia \ 63°C-63°C / mn| 10mia
1 min Teyele
35 cycles

Fig. 3.4




Sterile water : 16.7 pl

10X reaction buffer : 2.0l
MgCl; (25 mM Stock) : 1.5l
10mM dNTP mix : 0.5ul
Primer 1 (5§ mM stock) : 1.0pl
Primer 1 (§ mM stock) : 1.0pl

Genomic DNA template (~0.5 ng) : 2.0 pl
Taq DNA Polymerase (3 unit/ul) : 0.3 pl
Total :25.0 pl

The set up included positive (without primers) as well as negative (without
template DNA) controls. After the amplification reaction, the entire reaction mixture
was electrophoresed on 1.2% Agarose gel at 80 V for 3 hours. After the electrophoresis
was complete, the gel was submerged for 15 mins. in ethidium bromide solution (0.5 pg
ml™") followed by destaining in sterile distilled water. The DNA on the agarose gel was
visualized under UV light on a transilluminator. Each amplification and subsequent
agarose gel electrophoresis of the amplified DNA was repeated thrice to check
reproducibility of the results. The region of agarose gel having the amplified DNA was
excised from the gel with a sterile blade and the DNA was eluted from the agarose block
with Genei Spin Gel Extraction Kit (Bangalore Genei, India) as per the manufacturer’s
protocol. The eluted DNA was lyophilized and stored at -80°C till it was used.

2.17  Nucleotide sequencing and sequence analysis

Nucleotide sequencing of the amplified DNA was carried out by automated

sequencing service rendered by TCGA and Axygen, India. For this purpose, the

amplified DNA was gel purified, lyophilized and sent for sequencing. Nucleotide
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sequence of the coding as well as the non-coding strands of the double stranded DNA
was carried out by using appropriate sequence specific primers.
2,18 Sequence analysis

The amino acid and nucleotide sequences were subjected to BLAST
(http://www.ncbi.nlm.nih.gov/Blast) analysis to determine their identity with reference
to sequence information available in GenBank/protein databases. ClustalW
(www.ebi.ac.uk/ClustalW) software was used to align the sequences with the sequences
available in the gene bank/protein databases. Coding regions of the nucleotide sequences
were predicted using the AUGUSTUS software (Stanke and Morgenstern, 2005). The
EMBOSS CpGplot software of European Bio Informatics Institute was used to detect
putative CpG island and microsatellites repeat finder (http:/Zlab.bu.edu/ repfind/) for
detecting clustered, exact repeat search within the nucleotide sequences identified in the
present study. Secondary structure of the deduced amino acid sequences was predicted
with PSIPRED (McGuffin et al., 2000) and GOR4 software (Garnier ef al.,1996). Kyte
Doolittle Hydropathy plot (Kyte and Doolittle, 1982) was used for determining the
hydrophobicity of the deduced amino acid sequences and Statistical MOTIF SCAN
software (http://myhits.isb-sib.ch/cgi-bin/motif scan) was used for detection of motifs
occurring in the sequence. Phylogenetic analysis of the deduced protein sequences were

conducted with MEGA4 software (Kumar et al., 2008).
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3. CHEMICALS AND SOLUTIONS
3.1 Chemicals

Tris-HCI, glycerol, acetone, lodine, Potassium iodide, sodium hydroxide,
potato amylose, tween-20, ammonium sulphate, sodium azide, trichloro acetic acid
(TCA), urea, glycine, ammonium bi-carbonate, trifluoroacetic acid (TFA), acrylamide,
bisacrylamide, TEMED, Tris base, glycerol, EDTA, sodium chloride, calcium chioride,
SDS, tri-sodium citrate, sucrose, sodium hydroxide, sarkosyl, ethidium bromide,
potassium acetate, PVP, boric acid, bromophenol, B-mercaptoethanol, sorbitol, lithium
chloride and formaldehyde were purchased from Hi-media Laboratories Ltd.
Immobinline dry strip pH 4-7, CHAPS, DTT, Dry strip cover fluid, pharmalyte,
iodoacetamide and acetonitrile were purchased from GE Healthcare Ltd. Isopropanol,
phenol, chloroform, glacial acetic acid, isoamyl alcohol, acetone and other chemicals of
routine use were purchased from Sisco Research Laboratories Pvt. Ltd. India. Agarose
was purchased from Bioline and CTAB was procured from Bangalore Genei Pvt. Ltd.
(India).
3.2 Molecular weight markers

Protein medium range molecular weight marker (97 kDa-14 kDa), DNA
molecular weight markers including A DNA EcoRI/Hindlll double digest and 1kb
ladder were purchased from Bangalore Genei Pvt. Ltd, India.
3.3 Reagent Kkits and enzymes

Alexa Fluor 546 goat anti-rabbit IgG (H+L) (fluorescent, labeled secondary

antibody), BCIP/NBT substrate for alkaline phosphatase, standard potato amylose and
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trypsin were procured from M/S Invitrogen, Bangalore Genei Pvt. Ltd. (India) and M/S
Sigma—Aldrich Pvt. Ltd. Respectively.

Restriction endonucleases (with restriction buffers), ribonuclease A and spin
gel extraction kit were purchased from Bangalore Genei Pvt. Ltd. (India).
34 Oligonucleotide primers

The oligonucleotide primers were synthesized at M/S TCGA, New Delhi, as
lyophilized powders. Prior to use the oligonucleotide primers were dissolved in
appropriate amount of nuclease-free water to make 100 pM stock solutions and
aliquoted into 5 uM working solution. The aliquots were stored at -20°C.
3.5 Deoxynucleotied (ANTP) solutions

dATP,dTTP,dGTP and dCTP were procured from Bangalore Genei, India as 10
mM stock solutions. The stock solutions were mixed together and diluted with
appropriate amount of nuclease free ultra pure water to give a 5 mM dNTP mix working
solution.
3.6 Taq DNA polymerase and Assay Buffer

Tagq DNA polymerase (3 units/pl) was purchased from M/S Bangalore Genei,
India.
3.7 Buffers and Solutions

Starch Granule Extraction Buffer (SDS Lysis Buffer), pH 6.8

60 mM Tris, pH (6.8)

10% SDS

10% Glycerol

3% B-Mercaptoethanol

Tween-20 Tris Buffer Saline
100 mM Tris, pH (7.4)
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0.9 % (w/v) Sodium Chloride
0.1% Tween-20

Tris Buffer Saline
100 mM Tris, pH (7.4)
0.9 % (w/v) Sodium Chloride

SDS electrophoresis buffer
25 mM Tris, pH (8.3)

192 mM Glycine

0.1% SDS

Towbin Transfer Buffer
25 mM Tris, pH (8.2-8.4)
192 mM Glycine

0.1% SDS

20 % Methanol

Phosphate buffer saline
137 mM NacCl

2.7 mM KCl

4.3 mM Na,HPO,

1.4 mM KH,PO4

Rehydration stock solution with IPG Buffer for 2D-PAGE
8M Urea

2% CHAPS

2% IPG Buffer

0.002% Bromophenol blue

1% DTT

SDS- Equilibration Buffer (I) for 2D-PAGE
50 mM Tris-HCl (pH 8.8)

6 M Urea

30% Glycerol

2% SDS

0.002 % Bromophenol blue

1% DTT

SDS- Equilibration Buffer (II) for 2D-PAGE
50 mM Tris-HCI (pH 8.8)

6 M Urea

30% Glycerol

2% SDS
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0.002 % Bromophenol blue
2.5% lodoacetamide

Agarose sealing solution
0.5% Agarose
0.002% (w/v) Bromophenol blue

2X Laemmli Buffer

0.625 M Tris HCI

2% SDS

10 % Glycerol

Increase the volume to 10 ml, add 0.001 M Bromophenol Blue

2X CTAB buffer

100 mM Tris-HCl, pH 8.0

20 mM EDTA.

5 M NaCl

2% CTAB

0.2% B-mercaptoethanol

1% PVP

5 mM glutamic acid

p-mercaptoethanol, PVP and glutamic acid were added just before use.

TE Buffer, pH 8.8

10 mM Tris-C, pH 8.0
1 mM EDTA pH 8.0

5X Tris-borate (TBE) buffer (pH 7.5)
800 ml water
20 ml of 0.5 M EDTA, pH 8.0
54 gm of Tris-Base
27.5 gm boric acid.
Gel loading buffer (5X)
25 gm of bromophenol blue was dissolved in 50 ml water and 50 ml of glycerol

was added to it. The pH of the solution was adjusted to 7.0 and the final volume was

made to 100 ml with water. The solution was filter sterilized and stored at -20°C.
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Tris equilibrated phenol

Liquefied phenol, redistilled

50 mM Tris base (adjusted to ~pH 10.5)

TE buffer, pH 8.0

Distilled phenol was mixed with equal volume of 50 mM Tris and stirred
continuously with repeated changes of S0 mM Tris till the pH of the phenol was brought
to 8.0. The upper aqueous phase was removed from the solution and replaced by 1/ 10"

volume of TE buffer to form a thin layer of about 1cm on top of the phenol layer. The

buffer saturated phenol was stored in dark bottles at 4°C.
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CHAPTER IV

ISOLATIONAL AND CHARACTERIZATION OF GRANULE BOUND
STARCH SYNTHASE-I



EXPERIMENTAL

Grains of common buckwheat (Fagopyrum esculentum Moench) were procured
from North Eastern Regional Station of the National Bureau of Plant Genetic Resources,
Shillong, Vivekananda Laboratory for Hill Agriculture, Almora and Buckwheat
germplasm collection at the University of Ljubljana, Slovenia.

Healthy grains of uniform size were screened out and used for the present study.
A portion of the collections was sown in the experimental garden of Department of
Botany, North Eastern Hill University, Shillong for multiplication. The grains were
dehulled, frozen in liquid nitrogen and stored at -80°C in an ultra freezer for further
studies. Investigations carried out during the present study focused on isolation of the
starch granules from the endosperm tissues of common buckwheat and the bound
proteins associated with starch grains isolated from the endosperm tissues of seeds as

well as from leaf tissues of different accessions/cultivars of buckwheat. The starch grains



were characterized on the basis of their morphology, amylose content, rheological
properties and proteome profile.
RESULTS

Starch grains isolated from endosperm tissues of different European and Indian
accessions/cultivars of buckwheat were analyzed for their crystalline structure and
variations in shape and size by scanning electron microscopy (SEM). When viewed
under a scanning electron microscope, buckwheat starch granules showed a monomodal
size distribution within an accession/variety (Fig.4.1j). Marked variations were however,
observed in the shape and size of starch grains isolated from different
accessions/cultivars. The grains ranged in shape from round/spherical to polygonal.
While the grains from VL-7 and IC-13145 showed distinct polygonal shape, those from
IC-188669, KBB-3, OC-2, Siva and Daria were round to spherical in shape. The grains
ranged in size from 3 pm to 12 um. VL-7 and KBB-3 had the largest starch grains which
ranged in size from 9.47 pm to 12.1 pm. The size of starch grains isolated from
endosperm tissues of accessions 1C-188669, 1C-13145 and the variety OC-2 varied
between 5.26 um to 8.95 um (Fig. 4.1 a, b, ¢, d, e). VL-7 having the largest size of starch
grains is also a high yielding and early maturing cultivar from Western Himalayas
released by Indian Council for Agricultural Research, New Delhi. The starch grains from
the two European varieties Siva and Daria were distinctly smaller in size compared to
that of Indian varieties/accessions. The size of the starch grains isolated from endosperm
tissues of the varieties Siva and Daria ranged between 3.15 um to 6.84 um (Fig.4.1 f, g).

A distinct feature of starch grains isolated from Indian accessions/varieties was the
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presence of pores on the surface of the grains (Fig.4.1i). No such pores were visible on
the surface of starch grains from European accessions/cultivars. The pores were
however, observed to be present only on the smoother surface of starch granules. The
grains were stacked in compact layers and were covered with a proteinaceous membrane
(Fig. 4.1 h). Scanning electron microscopy of partially digested starch grains showed a
clear pattern of concentric rings thereby revealing the lamellar structure of the starch
grains (Fig. 4.1 k, 1). The rings ranged in thickness from 0.16 to 0.25 um. Such lamellar
structures have been reported to represent the alternation of semi-crystalline and
amorphous zone within the matrix. Under light miscroscope, however, the starch
granules showed a conspicuous central core which stained blue with potassium iodide
and iodine solution (0.2% KI, 0.4% I, w/v) (Fig. 4.2).

Irrespective of the variety and size of the starch grains, the percentage of
apparent amylose in the starch grains varied between 47% to 51.9% of dry mass of
starch. The content of amylose as percent of total dry mass of starch, showed a
consistent increase with progressing grain development from milky mature stage to late
maturation stage. While the amylose content of starch isolated from seeds harvested
10DAF was 13.5%, that harvested 15DAF, 20DAF and 28DAF showed an amylose
content of 27.2%, 38.6% and 47.5% respectively. Thus, there was a more than 3 fold
increase in the amylose content of the starch grains with progressive development from
milky mature stage to late maturation stage. (Table 4.1 a, b).

There were no marked differences in the rheological properties of starches

isolated from different accessions of buckwheat studied in the present investigation. The
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Fig. 4.1 Scanning electron micrographs of starch grains isolated from different
Indian and European accessions/cultivars of buckwheat. (a)IC-188669, (b)
KBB-3, (c) IC-13145, (d) VL-7, (e) OC-2, (f) Siva, and (g) Daria, (h) Starch
granules covered with a proteinaceous membrane, (i) enlarged image of a
starch granule, (j) Monomodal arrangement of buckwheat starch grains, (k,
1) Mature starch grains fractured by sonication and incubated with 3u/ml of
alpha amylase for 15 mins at room temperature.






Fig. 4.2 Light microscopy image of matured starch granules stained with 0.2% KI,
0.4% I wiv.



Fig. 4.2



Table 4.1(a): Amylose content ,expressed as mg/100 mg starch in common
bucwheat (F.esculentum Moench.) at different stages of seed
maturation.

SI. No.  Stages of Seed Amylose content
Development  (mg/100mg

weight)
1 10 DAF 13.5
2 15 DAF 272
3 20 DAF 38.6
4 28 DAF 47.5

Table 4.1(b): Amylose content ,expressed as mg/100 mg starch in certified
accessions/cultivars of F.esculentum L. procured from India and
Europe.

SL No. Accessions/ Cultivars  Amylose content

(mg/100mg
Starch)
1 IC-188669 51.93
2 IC-319595 48.40
3 0C-2 47.00
4 1C-324244 50.15
5 IC-13145 51.10
6 1C-363973 48.80
7 VL-7 49.20
8 KBB-3 49.56
9 Gorl3 04 BF 0611 50.11
10 63 Min Gor Siva 05 51.09
11 Gor 04 13BF 06 28 49.56
12 7 Roza 3 Crte 48.90
13 Gor 93 Crte 47.80




starches showed a mean pasting temperature (Ptemp) of 68°C. The peak, minimum,
breakdown and final viscosities were found to be 160 RVU, 102 RVU, 58 RVU and 210
RVU respectively. (Fig. 4.3; Table 4.2a). The amylose percentage and rheological
properties of starch pastes on heating, cooling and standing at different temperatures
describes most of the potential end-use properties of starch in the food systems. Table
4.2b summarizes the RVA chracteristics of starch isolated from different plant sources.
In order to determine the profile of proteins associated with starch grains, SDS-
PAGE in one dimensional (1D) as well as two dimensional (2D), with IEF in the 1*
dimension and SDS-PAGE in the 2™ dimension, was carried out with granule associated
proteins isolated from endosperm tissues of mature seeds. SDS-PAGE analysis of the
granule bound proteins from European varieties/selections of buckwheat procurred from
the Buckwheat germplasm collection at the University of Ljubljana, Slovenia revealed
two types of electrophoretic profiles. The SDS-PAGE‘proﬁles of grain proteome of Bf
06X12, Gor 0619 Siva Min Selo, 41 Min Gor05, Gor 1304 BF 0611, Gor 0628 Siva
Min Selo, Gor 0413 BF 0618, Gor 0413 BF 0618, Gor 2 2004 3 Crte, Gor 4 2004 3 Crte,
Gor 10 20043 Crte and 10 Rdeca 3 Crte revealed the presence of a single band
corresponding to molecular mass of 59.7 kDa, while that of Siva Kontrola, Rangus PR-
03, 53 Gor Siva Min-05, Gor-06 20 Siva Min Selo, Gor-9 3 Crte, 7-Roza-3-Crte and 191
2X Rumena 3 Crte showed the presence of two bands in the form of a duplex. While one
of the bands corresponded to a molecular mass of 59.7 kDa the other showed a
molecular mass of 56 kDa (Fig. 4.4 a, b, ¢, d). On the other hand, SDS-PAGE profiles of

proteins associated with starch granules isolated from the endosperm tissues of Indian
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Fig. 4.3 RVA profile of normal buckwheat starch for viscosity and temperature as a
function of time.
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Table 4.2(a): Rheological properties of buckwheat starch paste.

Waxy Amylose content Pasting Peak Minimum Breakdown Final

origin (mg/100mg of Temp.  Viscosity Viscosity Viscosity Viscosity
starch) (¢O) (RVU) (RVU) (RVU) (RVU)

Non-waxy 47-51 68(°C) 160 102 58 210

Table 4.2(b): Amylose content and rheological properties of starch obtained from
different plant sources.

:o?{elz:e Pasting Peak Minimum Breakdown Final

Source (mg/100mg of Temp. Viscosity Viscosity  Viscosity Viscosity
(]

Starch) °C) (RVU)  (RVU) (RVU) (RVU)
Zea mays 29.4 820 113 75 40 138
(non-waxy)
Zea mays 0.0 69.5 162 150 12 190
(waxy)
Triticum aestivum 28.8 88.6 74 43 31 110
{non-waxy)
Oryza sativa 25.0 79.9 113 96 17 160
(non-waxy)
Oryza sativa 0.0 64.1 205 84 121 100
(waxy)
Hordeum vulgare 25.5 87.8 58 15 43 24
(non-waxy)
Vigna radiata 37.9 73.8 186 161 25 363
(non-waxy)
Amaranthus caudatus ;4 56.9 38 58.0 30 116
(waxy)
Manihot esculenta 26.3 NA 845 320 525 640
(non-waxy)
Solanum tuberosum 36.0 64 202 165 37 231
(non-waxy)
F.esculentum (OC-2) 47 68.2 160 102 58 210
(non-waxy)
F.tartaricum (KBB-3) 9 ¢ 68.0 161 102 59 210

(non-waxy)




Fig. 4.4 SDS-PAGE profile of granule associated proteins isolated from the
endosperm tissues of different Slovenian varieties/selections of buckwheat.
(a):-{M}=Protein molecular weight marker, L1= Bf 06X12, L2= Gor 0619
Siva Min Selo, L3= 41 Min Gor05, L4=Siva Kontrola Rangus PR03, L5=53
Gor Siva Min 05, L6=Gor 0620 Siva Min Selo.

(b):-{M}=Protein molecular weight marker, L1=Gor 1304 BF 0611, L2=63
Min Gor Siva 05, L3=Gor 0628 Siva Min Selo, L4=Gor 0413 BF 0618,
L5=Gor 0413 BF 0618.

(c):-{M)=Protein molecular weight marker L1=Gor 11 2004 3 Crte, L2=
Gor 2 2004 3 Crte, L3=Gor 4 2004 3 Crte, L4=Gor 10 2004 3 Crte, L5=191
2X rumena 3 Crte.

(d):-{M}=Protein molecular weight marker, L1=Gor 93 Crte, L2= 7 Roza
Crte, L3= 10 Rdeca 3 Crte.

Fig. 4.5 SDS-PAGE profile of granule associated protein isolated from leaf tissues
(L1) and endosperm tissues (L2) of Indian accessions/ varieties of
buckwheat. M=Marker.
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accessions/varieties of buckwheat showed the presence of a single band corresponding
to a molecular mass of 59.7 kDa (Fig. 4.5). SDS-PAGE profile of the proteins associated
with starch grains isolated from leaves of common buckwheat revealed the presence of a
single band corresponding to a molecular mass of 53 kDa (Fig. 4.5). The SDS-PAGE
profiles of proteins associated with starch grains of varieties/accessions from Indian
Himalayas as well as the European collections/selections did not show the presence of
any high molecular weight bound protein, which have been reported from other plants
such as pea and wheat.

BLASTp analysis of the N-terminal amino acid sequence identified it as a
granule bound starch synthase-1 (GBSS-I) enzyme. The sequence has been deposited in
the Swiss-Prot protein data bank with accession no. P84633 (Fig. 4.6). Multiple
alignment of the N-terminal sequence of GBSS-I protein isolated from buckwheat with
amino acid sequences of similar proteins available in protein data banks clearly
identified the conserved KTGGL motif, which has been reported as the
ADP/ADPglucose binding site (Fig. 4.7). While the residue immediately preceding and
following this motif in soluble starch synthase is usually basic, there are no basic
residues in the immediate vicinity of this motif in the amino acid sequence identified in
the present study. The 59.7 kDa protein identified in the present study showed 100%
similarity from its 13" to 25™ amino acid residues, with N-terminal amino acid residues
at the same positions in GBSS-I from other plant species. Further, the region from the N-
terminus to the 25" residue of the 59.7 kDa GBSS-I protein showed 94% homology with

GBSS-1 from Hordeum vulgaris, Triticum spp. and Phaseolus vulgaris. The percentage
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Fig. 4.6 N-terminal amino acid sequence for the 59.7 kDa starch granule bound
protein of common buckwheat.

Fig. 4.7 Comparison of N-terminal amino acid sequences of the 59.7 kDa GBSS-I
protein isolated from buckwheat starch granules with the N-terminal amino
acid sequences of GBSS-I proteins from other crops .
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homology with- GBSS-I from other plant species, however, varied between 94% and
88%. Even though analysis of the sequence alignment revealed a clear diversification
into monocotyledonous and dicotyledonous groups, the sequence from buckwheat
showed similarities with GBSS-I from both the groups. While majority of GBSS-I
sequences have Isoleucine as the fifth N-terminal residue, the residue in buckwheat
GBSS-I is substituted by Valine as is also the case with GBSS-I of monocots. On the
other hand, the N-terminal amino acid sequence of buckwheat GBSS-I has Valine at Py,
as is the case with GBSS-I from dicots. This is in contrast with the N-terminal amino
acid sequence of monocots which have methionine at P;;. These differences may imply
differences in catalytic activity of the enzyme. The sequence analysis of buckwheat
GBSS-I indicates similarities with both cereal as well as dicot GBSS-I sequences. It is
possible that the protein from common buckwheat might belong to a catalytically
distinct subclass and hence, a possible candidate for altering amylose biosynthesis in
both dicots as well as monocots.

While immunoblotting of the endosperm starch granule associated proteins
separated by SDS-PAGE with antibodies raised against buckwheat GBSS-I showed
strong cross reactivity with the 59.7 kDa protein, there was no cross reactivity with the
56 kDa protein associated with the starch grains of European accessions/varieties (Fig.
4.8 a, b, c, d). Antisera raised against the 59.7 kDa protein also failed to crossreact with
the 53 kDa protein associated with the starch grains isolated from leaf tissues of
buckwheat, thereby, indicating absence of any serological homology between the 53

kDa protein and GBSS-1 (Fig 4.9). The antisera, however cross reacted with the 61 kDa
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Fig. 4.8 Immunoblot profile of starch granule associated proteins separated by SDS-
PAGE with antibodies raised against buckwheat GBSS-I. Cross—reacting
proteins were visualized by specific anti-59.7 kDa antibody and HRP-goat
anti-rabbit IgG conjugate.

(@) L1=Bf 06X12, L2=Gor 0619 Siva Min Selo, L3=41 Min Gor05,
L4=Siva Kontrola Rangus PR03, L5=53 Gor Siva Min 05, L6=Gor 0620
Siva Min Selo.

(b) L1=Gor 1304 BF 0611, L2=63 Min Gor Siva 05, L3=Gor 0628 Siva
Min Selo, L4=Gor 0413 BF 0618, L5=Gor 0413 BF 0618.

(c) L1=Gor 11 2004 3 Crte, L2=Gor 2 2004 3 Crte, L3=Gor 4 2004 3 Crte,
L4=Gor 10 20043 Crte, L5=191 2X rumena 3 Crte.

(d) L1=Gor 93 Crte, L2=7 Roza Crte, L3=10 Rdeca 3 Crte.

Fig. 4.9 Immunoblot profile of the starch granule associated proteins isolated from
leaf (L1) and endosperm starch grains (L2) of common buckwheat with
anti-59.7 kDa serum raised against buckwheat GBSS-I. Cross-reacting
proteins were visualized by specific anti-59.7 kDa antibody and HRP-goat
anti-rabbit IgG conjugate.
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kDa GBSS-I isolated from endosperm starches of maize and the 60 kDa GBSS-I isolated
from endosperm starches of rice and wheat (Fig.4.10 a, b). These result indicate
serological homology between the GBSS-1 of wheat, maize, rice and buckwheat.
Trypsin digestion of the 59.7 kDa endosperm starch granule associated protein -
of buckwheat and the 60 kDa GBSS-I of rice and subsequent size fractionation of the
tryptic digestion products on a 15% acrylamide gel resulted in generation of two
fragments showing molecular mass of 31 kDa and 28 kDa for both the proteins. Trypsin
digestion of the 53 kDa leaf starch granule associated protein of buckwheat resulted in
generation of two fragments showing molecular mass of 27 kDa and 26 kDa (Fig. 4. 11).
2D-PAGE of the endosperm starch granule associated proteins resolved the
fraction into 10 spots with pl ranging from 5.2 to 6.2 (Fig. 4.12 a). All the spots showed
an apparent molecular mass of 59.7 kDa. Immunoblotting of the proteins separated by
2D-PAGE with antisera raised against buckwheat GBSS-I identified two bands [spot no
3 (p! 5.4) and spot no 8 (pI 6.1)] which cross reacted with antibodies raised against
buckwheat GBSS-I (Fig. 4.12 b). The protein corresponding to spot no. 3 was subjected
to in-gel trypsin digestion, followed by Mass Spectrometry and database search with
MASCOT (www.matrixscience.com). Since the identification of peptide fragments relies
on sequence information present in databases, this is a limitation for buckwheat, which
has no sequence information on granule bound protein. Buckwheat proteins were thus
identified by comparing them with the rice genomes (Table 4.3). However, one of the
tryptic fragment having the amino acid sequence “FNAPLAHLIMAGADVLAVPSR”

with a predicted pI of 8.34 showed similarity with GBSS-I protein of rice. The spectrum

54


http://www.matrixscience.com

Fig. 4.10a SDS-PAGE profile of GBSS-I proteins isolated from endosperm starch
grains of maize (L1), rice (L2) and wheat (L3). M=protein molecular
weight marker

Fig. 4.10b  Immunoblot profile of GBSS-I proteins isolated from starch grains of
maize (L1), rice (L2) and wheat (L3) cross-reacted with anti-59.7 kDa
serum raised against buckwheat GBSS-I. Cross-reacting proteins were
visualized by specific anti-59.7 kDa antibody and HRP-goat anti-
rabbit IgG conjugate.
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Fig. 4.11 SDS-PAGE profile of starch granule associated protein isolated from
endosperm tissues of buckwheat and rice and leaf tissue of buckwheat.
L1 and L2= undigested 59.7 kDa and 60 kDa GBSS-I protein isolated
from endosperm starches of buckwheat and rice.
L3= undigested 53 kDa starch granule associated protein isolated from
leaf starches of common buckwheat.
L4 & L5= Trypsin digestion of 59.7 kDa and 60 kDa GBSS-I proteins
isolated from endosperm starches of common buckwheat and rice.
L6= Trypsin digestion of 53 kDa starch granule associated protein isolated
from leaf starches of common buckwheat.
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Fig. 4.12a 2D-PAGE profile of the endosperm starch granule associated proteins
isolated from common buckwheat.

Fig. 4.12b Immunoblot profile of the endosperm starch granule associated proteins
isolated from common buckwheat with anti-59.7 kDa serum raised
against buckwheat GBSS-L
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Table 4.3: Identification of the Tryptic Fragment of GBSS-I (spot no.3 of molecular
wt. 59.7 kDa) by comparison with rice genome using MASCOT software
analysis tool

No. Rice Protein Name Mol.Wt  pI Sequences
_(kDa)

1 Granule-bound starch synthase 1, 66434 8.34 FNAPLAHLIMAGADVLAVPSR
chloroplastic/amyloplastic

2 Granule-bound starch synthase 1, 66281 8.34 FNAPLAHLIMAGADVLAVPSR
chloroplastic/amyloplastic

3 Alpha-amylase isozyme 38454 11.74 MQVPIEHNGGEQTLLVPFR
COS=Oryza sativa subsp. japonica

4 Adenylate kinase A 26389 8.49 MAANLEDVPSMELMTELLR
0S=0ryza sativa subsp.

5 Cysteine synthase 34285 5.35 IYGVEPTESAILSGGRPGPHK
0S=0Oryza sativa subsp. japonica

6 Cyclin-dependent kinase F-1 52040 4.62 WMLQVLEGVAACHSAGVVHR
0OS=Oryza sativa subsp. japonica

7 Probable indole-3-acetic acid-amido 68976 5.32 VASGGEPSSALLCSDPITCLSR
synthetase

8 Abscisic acid 8'-hydroxylase 3 56122 9.11 WEIVGSSDEVEYSPFPVPK
0S=0Oryza sativa subsp. indica

9 Probable serine/threonine-protein kinase 68666 4.94 ELLQDPFLCSDNSSVLVGTK
WNK4 OS=Oryza sativa subsp. japonica

10 Auxin response factor 1 77454 5.48 MSSQGAGGGVGDPELFAELWR
0OS=Oryza sativa subsp. japonica

11 DEAD-box ATP-dependent RNA helicase 87927 10.00 EDEEEGMIDEDGEIADDPR
40 OS=Oryza sativa subsp. japonica

12 Coatomer subunit alpha-3 136478 6.43 SGAWDENGVFIYTTLNHIK
0OS=0Oryza sativa subsp. japonica

13 Lipoxygenase 7, chloroplastic 102755 591 QLSEMHPIYQLLRPHFR
0O8=Oryza sativa subsp. japonica

14 Beta-galactosidase 15 100942 5.66 SENYYPPLSAWSHLSSGR

0S=Oryza sativa subsp. japonica




shown in Fig.4.13 displayed the monoisotoped mass values of these tryptic fragments.
On the other hand, 2D-PAGE of the leaf starch granule associated proteins resolved the
fraction into 2 spots with p/ ranging from 4.5 to 5.2 (Fig. 4.14).

Confocal laser scanning microscopy after cross reacting with antibodies raised
against buckwheat GBSS-I, clearly revealed the localization of GBSS-I in the form of
discrete internal rings within the matrix of buckwheat starch grains (Fig. 4.15b). The
protein appeared to be arranged in the form of radial arrays emerging from the core of
the grains.

Phylogenetic analysis of the N-terminal amino acid sequence of the GBSS type
protein from common buckwheat reported here revealed a clear diversification into
monocotyledonous and dicotyledonous groups (Fig 4.16). Within the monocots, the
sequences could be segregated into two groups. While one of the two groups (Group-I)
was dominated by rice (Oryza spp.) and maize (Zea mays), the other group (Group-II)
predominantly comprised sequences from Triticum spp, Hordeum spp, Secale cereale,
Elymus scaber and Aegilops speltoides. The dicotyledons on the other hand, were
represented in three subgroups viz., Group-Ill, Group-IV and Group-V. Group-IlI
comprised of sequences from Fagopyrum esculentum, Nelumbo nucifera, Astragalus
membranaceus and Amaranthus cruentus. C -oup-1V was represented by sequences from
Pisum sativum, Phaseolus vulgaris and Manihot ésculenta and Group V by Ipomoea
batatas. These results are in conformity with the observations of Edwards et al. (2002),
who have reported a clear division of GBSS-I proteins into those belonging to monocots

and those to dicots.
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Fig. 4.13 MS analysis of tryptic peptide mass fingerprinting of protein spot no3 of
molecular mass 59.7 kDa isolated from common buckwheat starch
granule. The upper values indicate the observed mass peaks. The lower
values labeled the corresponding regions in the proteins
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Fig. 4.14 2D-PAGE profile of starch granule associated protein isolated from leaf
tissues of common buckwheat.
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Fig. 4. 15 Images of starch granules:-(a) Bright field light micrographs of unstained
starch granules; (b) Confocal laser-scanning micrographs of starch
granules.Physiochemical localization of starch granule associated proteins
was carried out by immunodetection with fluorescent labelled secondary
antibody (Alexa- 546 conjugated goat anti-rabbit IgG, Invitrogen).
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Fig. 4.16 Phylogenetic tree based on alignment matrix of N-terminal amino acid
sequence of 59.7 kDa GBSS-I protein of common buckwheat with the
amino acid sequences of GBSS type proteins available in the protein data
bank.
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DISCUSSION

Starch is an important ingredient in many food products and an important
source of carbohydrate in the human diet (Ball ef al., 1996). The functional properties of
starch such as gelatinization, pasting, retrogradation, viscosity, swelling and solubility
vary considerably among starches from different sources and are therefore unique for
each type (Perez et al., 2005; Peroni et al., 2006; Yuan et al., 2007). These differences
are dependent on composition and molecular structures of the starches which include
amylose/amylopectin ratio, granular size, phosphorous content, molecular weight of the
starches and chain length distribution of amylopectin (Fredriksson et al., 1998; Sasaki
and Matsuki, 1998; Lu et al., 2005).

While much work has been done on the characterization of starch from cereals
and analysis of the regulation of its biosynthesis, not much information is available about
the quality of starch in many other potentially important crops. Amongst this group of
plants, common buckwheat is an important pseudo cereal because of its high potential
for use as a functional food. However, the flour obtained from buckwheat has poor
dough making qualities due to its unfavorable amylose/amylopectin ratio, adding to its
less popularity as a flour-yielding crop. Since the ratio of amylose to amylopectin
influences the texture and quality of flour, identification of the granule bound starch
synthase-1 (GBSS-I) protein and its characterization would have an important bearing on
improving starch quality. Even though such proteins have been isolated from other
conventional crops, none of the granule bound proteins in buckwheat have been

identified. In the present investigation isloation and characterization of the GBSS-I
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protein from common buckwheat (Fagopyrum esculentum) was carried out for gaining
insight in crop improvement programmes with improved amylose to amylopectin ratio
for better quality of starch production.

Standard starch granule bound protein extraction protocol was followed for
isolation of starch grains and starch grain bound proteins from endosperm of common
buckwheat according to Takaoka et al. (1997). Marked variations were observed in the
shape and size of starch grains isolated from different accessions/cultivars of common
buckwheat. The grains ranged in shape from round/spherical to polygonal and showed a
monomodal distribution with size from 3 um to 12 pm. While the grains from VL-7 and
IC-13145 showed distinct polygonal shape, those from IC-188669, KBB-3, OC-2, vaa
and Daria were round to spherical in shape. VL-7 having the largest size of starch grains
is also a high yielding and early maturing cultivar from Western Himalayas released by
Indian Council for Agricultural Research, New Delhi. Compared to the Indian
accessions, the starch grains from European accessions were distinctly smaller in size.
Kim et al. (1977), Soral-Smietana et al. (1984), Acquistucci and Fornal, (1997) and Qian
and Kuhn (1999b), have also reported similar variations in the shape and size of starch
grains from endosperms tissues of common buckwheat. Lindeboom et al. (2004), have
on the basis of their size, classified starch grains as large (>25um), medium (10-25um),
small (5-10um) and very small (>5um). Starch grains isolated from the endosperm of
buckwheat can be clearly classified under the small grain size category. Starches having
small granules and a narrow granule size distribution have found application in fine

printing paper and plastic sheets (Jane ef al., 1994; Wilhelm et al., 1998), as a binder
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with orally active ingredients and as a carrier material in cosmetics (Whistler, 1995).
Aqueous dispersions of small starch granules are known to produce a creamy, smooth
texture that exhibits fatmimetic properties (Daniel and Whistler, 1990; Biliaderis et al.,
1993; Jane et al., 1994, Malinski et al., 2003). Because of their small size, starch
granules from grains of amaranth and quinoa have been reported to have applications as
fat substitutes (Whistler 1997). Quinoa starch is also an important raw material in
production of fine printing paper (Jane et al., 1994; Wilhelm e? al., 1998), as a binder
with orally active ingredients, and as a carrier material in the cosmetics and in textile and
photographic industries (Biliaderis et al., 1993, Whistler, 1995). Quinoa starch has also
been reported to finds application as filler in biodegradable films as small granule size
can substantially increase the level of starch that can be incorporated into these films
while maintaining film quality (Lim et al. 1992; Ahamed ef al., 1996). Due to their small
size, starch grains of common buckwheat may find similar applications.

Scanning electron microscopy of starch grains revealed the presence of pores on
the surface of the grains. Similar observations on the presence of pores in buckwheat
starch grains have been made by Qian et al. (1998). Fannon et al. (1993), have reported
the presence of pores on the surface of corn, sorghum and millet starch granules as well
as along the equatorial groove of large granules of wheat, rye and barley. They observed
that the pores were the external openings of tube-like channels present within the grains.
Qian et al. (1998), have ascribed the higher susceptibility of buckwheat starch to
amylase action to the presence of pores on the surface. Porosity and surface area are

important characteristics of solid materials that determine their properties e.g., thermal
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conductivity, thermal diffusivity, mass diffusion coefficient. Mechanical and textural
properties of food are also dependent on porosity (Marousis and Saravacos, 1990). Even
though grain size has been described as an important parameter that determines the
gelatinization behavior of starch (Zheng and Sosulski, 1997; Chiotelli and Meste, 2002;
Lindeboom et al., 2004), many other reports have shown absence of any correlation
between the two (Goering and DeHaas, 1972; Eliason and Larsson, 1983; MacGregor
and Bhatty, 1996; Myllarinen et al., 1998; Chiotelli and Meste, 2002).

Scanning electron microscopy of partially digested starch grains showed a clear
pattern of concentric rings thereby revealing the lamellar structure of starch grains. Such
lamellar structures have been reported to represent the alternation of semi crystalline and
amorphous zone within the matrix (French, 1984; Cameron and Donald, 1992). This
alternation of semi crystalline and amorphous zones within the matrix of starch grains
has been correlated with the presence of GBSS-I within the grains (Denyer et al., 1995;
Smith er al., 1997). Confocal laser scanning microscopy of buckwheat starch however,
clearly revealed the localization of GBSS-I in the form of discrete internal rings within
the matrix of buckwheat starch grains. Even though many reports have indicated the
localization of GBSS-I within the matrix of the starch grains rather than at its surface,
most of these observations have been made on indirect evidences including organization
of amylose within the granules (Han ez al., 2001). Han et al. (2001), Han and Hamaker
(2002), have shown that the protein was present in the form of discrete internal
concentric spheres in starch grains of potato, corn and wheat. Qur results clearly

demonstrate the localization of GBSS-I in the form of discrete internal rings within the
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matrix of buckwheat starch grains. Qur observations on the localization of GBSS-I in
starch grains are consistent with the assumption that amylose synthesis occurs within the
core of the starch granules (Tatge ef al., 1999). Han et al. (2001), have hypothesized that
its granular location may impact gelatinized starch rheology. Strengthening of the
gelatinized starch granule by an internal starch granule bound protein could reduce paste
breakdown.

Irrespective of grain size, the percentage of apparent amylose in buckwheat
starch ranged between 47% to 51.9%. The content of amylose in the grains showed a
progressive increase with grain development. These results are in conformity with
similar observations made in case of starches from other plant species by Shannon and
Garwood (1984). The apparent amylose content of buckwheat starch has been reported
to range between 15% to 52% (Morrison 1981, 1988; Campbell, 1997; Noda et al.,
1998; Qian and Kuhn, 1999b; Yoshimoto et al., 2004 ). Thus, compared to that of wheat
and corn buckwheat starch has a much higher content of amylose.

There were no marked differences in the rheological properties of starches
isolated from different accessions of buckwheat studied in the present investigation. The
starches showed a mean pasting temperature (Ptemp) of 68°C. Our result is in
confirmity with Noda et al. (1998); Qian et al. (1998); Qian and Kuhn, (1999b);
Yoshimoto ef al. (2004), who reported that the pasting temperature of buckwheat starch
ranged from 68.5°C to 71°C. The peak, minimum, breakdown and final viscosities were
160 RVU, 102 RVU, 58 RVU and 210 RVU respectively. Similar results on peak,

minimum, breakdown and final viscosities of buckwheat starch pastes were reported by
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Qian et al. (1998). The amylose percentage and rheological properties of starch pastes
on heating, cooling and standing at different temperatures describes most of the potential
end-use properties of starch in the food systems. Zheng et al. (1998) and Qian et al.
(1998), have shown that compared to corn or wheat starches, buckwheat starches
swelled faster, exhibited a greater set back viscosity and formed stiffer and harder gels.
Besides super molecular glucan structures, the high viscosity values for buckwheat
starches can be explained by the fact that the starches exhibited a higher granule
swelling and gelling tendency than cereal starches (Yoshimoto ef al., 2004).

Even though the swelling and pasting properties of starch has been shown to
be more related to granule structure and chemical composition than grain size (Zheng
and Sosulski, 1997; Chiotelli and Meste, 2002), Lindeboom er al. (2004), have
suggested that grain size was an important parameter in determining the gelatinization
behaviour of starch grains. Lorenz (1990), has shown that quinoa starch, which had
smaller size starch grains with a monomodal distribution, showed higher pasting
temperatures than starches with large grain size.

SDS-PAGE profile of proteins associated with starch grains from different
Slovenian varieties/selections of buckwheat revealed two types of electrophoretic
profiles. While the SDS-PAGE profiles of starch grains isolated from varieties Bf
06X12, Gor 0619, Siva Min Selo, 41 Min Gor05, Gor 1304, BF 0611, Gor 0628, Siva
Min Selo, Gor 0413 BF 0618, Gor 0413 BF 0618, Gor 2 2004 3 Crte, Gor 4 2004 3 Crte,
Gor 10 20043 Crte and 10 Rdeca 3 Crte revealed the presence of a single band

corresponding to molecular mass of 59.7 kDa, that of Siva Kontrola, Rangus PR-03, 53
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Gor Siva Min-05, Gor-06 20 Siva Min Selo, Gor-9 3 Crte, 7-Roza-3-Crte and 191 2X
Rumena 3 Crte showed the presence of a duplex with molecular masses of 59.7 kDa and
56 kDa. On the other hand, SDS-PAGE profiles of proteins associated with starch
granules isolated from the endosperm tissues of Indian accessions/varieties of
buckwheat showed the presence of a single band corresponding to a molecular mass of
59.7 kDa. However, SDS-PAGE profile of the proteins associated with starch grains
isolated from leaves of common buckwheat revealed the presence of a single band
corresponding to a molecular mass of 53 kDa. Our results on the SDS-PAGE profile of
starch granule bound proteins of buckwheat are in conformity with similar observations
made on granule associated proteins of potato and wheat (Takaoka et al., 1997; Han and
Hamaker, 2002). Starch granule associated proteins in endosperm of common wheat
(Triticum aestivum L.) have been reported to include at least one major protein with a
molecular weight of 61 kDa and six minor high molecular weight proteins. While the 61
kDa protein was identified as GBSS-I, all other proteins were identified as soluble starch
synthase (Takaoka et al., 1997). While immunoblotting of the endosperm starch granule
associated proteins separated by SDS-PAGE with antibodies raised against buckwheat
GBSS-I showed strong cross reactivity with the 59.7 kDa protein, there was no cross
reactivity with the 56 kDa protein associated with the starch grains of European
accessions/varieties. Antisera raised against the 59.7 kDa protein also failed to crossreact
with the 53 kDa protein associated with the starch grains isolated from leaf tissues of
buckwheat, thereby indicating absence of any serological homology between the 53 kDa

protein and GBSS-I The antisera however, cross reacted with the 61 kDa GBSS-I of

62



maize and the 60 kDa GBSS-I of rice and wheat. These result indicate serological
homology between the GBSS-I of wheat, maize, rice and buckwheat. GBSS-I, the key
enzyme responsible for amylose synthesis, has been identified as a 56, 58 or a 60 kDa
protein in maize (Echt and Schwartz, 1981; Shure ef al., 1983; Gibbon et al., 2003), a 60
kDa protein in rice (Sano, 1984), 58 kDa protein in mungbean (Ko et al., 2009), 68 kDa
protein in grain amaranth (Konishi et al., 1985), 59 kDa protein in pea (Dry et al., 1992).
Our results are in agreement with the known molecular mass of GBSS-I from other
sources. The SDS-PAGE profile of buckwheat varieties/accessions both from Indian
Himalayas and Slovenia did not show the presence of any high molecular weight bound
protein, which were present in other plants like pea and wheat. This can be attributed to
the extraction procedure which led to the complete loss of all the proteins present on the
peripheral regions of the grains. Since GBSS-I is located in the core of the starch grains,
it is retained during the extraction procedure.

2D-PAGE of the endosperm starch granule associated proteins resolved the
fraction into 10 spots with pJ ranging from 5.2 to 6.2. All the spots showed an apparent
molecular mass of 59.7 kDa. On the other hand, 2D-PAGE of the leaf starch granule
associated proteins resolved the fraction into 2 spots with p/ ranging from 4.5 to 5.2.
Imunoblotting of the 10 spots separated by 2D-PAGE with antisera raised against
buckwheat GBSS-I identified two bands viz., spot no. 3 (p/ 5.4) and spot no 8 (p/ 6.1)
which cross reacted with antibodies raised against buckwheat. Similar results have
been reported for waxy proteins of maize, rice and barley (Nakamura et al., 1993,

1995, Taira et al., 1995 and Chao et al., 1989). While the protein was detected as a
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single band of 60 kDa on 1D-PAGE, it resolved into 3 (barley) to 4 (maize, rice)
isoforms, with p/ ranging from 5.8 to 7.2 on 2D-PAGE. Bancel et al. (2010), have
reported the presence of 150 coomassie blue stained spots out of which 10 spots were
identified as charge variants of GBSS. It is possible that the other spots corresponded
to soluble proteins associated with carbohydrate metabolism. The variation in the
number of protein spots between starch grains from different sources can also be due
to differences in extraction protocols. The protein corresponding to spot no.3 was
subjected to in-gel trypsin digestion, followed by Mass Spectrometry and database
search with MASCOT (www.matrixscience.com). Since the identification of peptide
fragments relies on sequence information present in databases, this is a limitation for
buckwheat,which has no sequence information on granule bound protein. Buckwheat
proteins were thus, identified by comparing them with the rice genomes. However, one
of the tryptic fragment  having the amino  acid sequence
“FNAPLAHLIMAGADVLAVPSR” with a predicted pI of 8.34 showed similarity
with GBSS-I protein of rice.

BLASTp analysis of the N-terminal amino acid sequence for 25 residues of
the 59.7 kDa granule associated protein, identified it as granule bound starch synthase-
[ enzyme. Multiple alignment of the N-terminal sequence of GBSS-I protein isolated
from buckwheat with amino acid sequences of similar proteins available in protein
data banks clearly identified the conserved KTGGL motif in the sequence. Furukawa
et al. (1993), have demonstrated the ubiquitous presence of KTGGL domain in all the

GBSS-I proteins. This motif has been identified as the ADP/ADPglucose binding site
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in the enzyme. Modelling based on threading of GBSSI onto the structure of glycogen
phosphorylase has indicated that the N-terminal KTGGL motif of the protein may be
close to the C-terminal KTGGL “look-alike” motif (Mason-Gamer et al., 1998). It is
interesting to note that while the residue immediately preceding and following this
motif in soluble starch synthase is usually basic, there are no basic residues in the
immediate vicinity of this motif in GBSS-1. Further, the region from the N-terminus to
the 25" residue of the 59.7 kDa protein showed 94% homology with GBSS-1 from
Hordeum vulgaris, Triticum spp. and Phaseolus vulgaris. However, the percentage
homology varied between 94% to 88% with GBSS from other cereal crops. Even
though analysis of the sequence alignment revealed a clear diversification into
monocotyledonous and dicotyledonous groups, the protein sequence from buckwheat
showed similarities with GBSS-1 from both the groups. The protein sequence of
buckwheat has Valine as the 5™ amino acid residue, as is also a case of the protein
sequences of GBSS-I from monocots. However, majority of the dicots GBSS-I
sequence had Isolucine at this position. Again, the protein sequence of buckwheat also
showed similarities with protein sequences from dicots in having Valine as the ne
amino acid residue. GBSS-I protein sequence from monocots have methionine at this
same position. It was also observed that the protein sequence of pea has Serine as the
3™ amino acid residue, while the rest of the monocots and dicots including buckwheat,
had Asparagine at the same position. Potato sequence also differed from other
monocots and dicots in having Glycine as its 12" amino acid residue. GBSS-1 protein

sequence from monocots and dicots have Alanine at this same position. The structural
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differences may imply differences in catalytic activity of the enzyme. Sequence
analysis of buckwheat GBSS-I indicates similarities with both cereal as well as dicot
GBSS-1 sequences. It is possible that the protein from common buckwheat might
belong to a catalytically distinct subclass and hence, a possible candidate for altering
amylose biosynthesis in both dicots as well as monocots. These results strongly
indicate that the 59 kDa protein isolated from starch grains from endosperm tissues of
common buckwheat is a GBSS-I class enzyme and hence, an isoforms of the waxy
protein. This is the first report on the identification of GBSS-I in common buckwheat.
Phylogenetic analysis of the N-terminal amino acid sequence of the GBSS type
protein from common buckwheat reported here, revealed a clear diversification into
monocotyledonous and dicotyledonous groups. Within the monocots, the sequences
could be segregated into two groups. While one of the two groups (Group-I) was
dominated by rice (Oryza spp.) and maize (Zea mays), the other group (Group-II)
predominantly comprised sequences from Triticum spp, Hordeum spp, Secale cereale,
Elymus scaber and Aegilops speltoides. The dicotyledons on the other hand, were
represented in three subgroups viz., Group-Ill, Group-IV and Group-V. Group-III
comprised of sequences from Fagopyrum esculentum, Nelumbo nucifera, Astragalus
membranaceus and Amaranthus cruentus. Group-IV was represented by sequences from
Pisum sativum, Phaseolus vulgaris and Manihot esculenta and Group V by Ipomoea
batatas. These results are in conformity with the observations of Edwards et al. (2002),
who have reported a clear division of GBSS-I proteins into those belonging to monocots

and those to dicots.
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CHAPTER YV

AMPLIFICATION AND SEQUENCING ANALYSIS OF WAXY
LOCUS



EXPERIMENTAL

Grains of common buckwheat (Fagopyrum esculentum Moench) were procured
from the North Eastern Regional Station of National Bureau of Plant Genetics
Resources, Shillong and multiplied in the experimental garden of Botany Department,
North Eastern Hill University, Shillong.

The investigation carried out under the present study focused on amplification
of the waxy locus by polymerase chain reaction using oligonucleotide primers designed
from the conserved regions of GBSS gene sequences available in the Genbank database.
For achieving the identified target, healthy grains of uniform size were germinated in
dark in a seed germinator at 27°C and 85% R.H. The germinating seedlings were
maintained in a plant growth chamber (Daihan Labtech Co.Ltd, Korea) for 14 days till
the first leaves emerged fully. Genomic DNA was isolated from 14 days old etiolated

seedlings of common buckwheat following the CTAB buffer extraction protocol. PCR



amplifications were carried out with primers designed from conserved regions of GBSS
gene sequences in the database. The primers used for amplification of GBSS-I protein
genes and the primer combinations along with their annealing temperatures are listed in
Table 5.1 a, b.
RESULTS

The modified CTAB protocol used in the present investigation for isolation of
genomic DNA yielded fairly good quality DNA from the etiolated seedlings of common
buckwheat. Under UV light, the isolated DNA was detected on the agarose gel as a
single fluorescent band having apparent molecular mass of 21 Kb (Fig. 5.1). There was
no fluorescence due to RNA in the electrophoresed DNA sample. The electrophoretic
profile of the isolated DNA did not reveal any degradation or shearing of the isolated
DNA. The concentration of DNA in the preparation was quantified by visual observation
of the ethidium bromide stained DNA in the agarose gel on a UV-transilluminator and
comparison of the fluorescence of the band with fluorescence of the band representing a
known amount of A DNA electrophoresed alongside the isolated DNA, using the
KODAK ID image analysis software. The concentration of DNA was also measured as a
function of absorbance shown by the sample at 260 nm. The yield of DNA ranged
between 20-25 pg DNA gm™ tissues. Purity of the isolated DNA was assessed by
measurement of absorbance at 260 and 280 nm and calculation of the ratio of absorbance
at the two wavelengths. The ratio of absorbance at 260 and 280 nm (Azs0/A2s0) for the
DNA samples isolated during the present investigation, ranged between 1.7 to 1.9

indicating that the isolated DNA was fairly pure for use in the investigation. Genomic
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Table 5.1(a): List of Primers used for PCR amplification of GBSS-I prdtein genes

Primers

Sequences

Derived from

AFC
AR2
NDF1
NDR1
NDF2
NDR2
NDF3
NDR3
NDF4
NDR4
NDF5
NDF6
NDF7
NDR6
NDR7
NDF8
NDF9
NDF10
NDRI11
NDF11

5’-TCGTGCTTCGTCGGCGCCGAGATGG-3’
5’-CCGCGCTTGTAGCAGTGGAAGTACC-3’

5’-AGATCAAGGTTGCAGACAGG-3’

5’- GAGTGCTGCCTGCAGTAG-3’
5-AAACTGGTGGACTAGGTG-3’
S-CATTTCCTTTGCAAGAGGAG-3’
5’-AAGTTCCTCGCCGTCAACTA-3’
5’-AACTGGCAAGGAGGACTGAA-3’
5’-GCAAAACTGGTGGACTAGGTG-3’
5’-CCTTCTTTCACAGTGTCAAC-3’

5°- CCCTGGAGCAAGACCGGCGGCCT-3’
5’- CCTTGGAGCAAAACTGGTGGACT-3’
5’- CCCTGGAGCAAAACTGGTGGACT-3’
5’- TCCCAGCCTTCATCCAGTTGAT-3’
5’- TCCCGGCCTTCATCCAATTGAT-3’

5- GTGGATCACCCTATGTTCCTTGA-3’
5’- TGGGGGAAAACTGCATCGAAAA-3’
5’-TGACCACCCACCCACCCTTCT-3

5’- GCGGCGACGTTCTCCTTGGCGA-3’
5’-CTCAAGAGCAACTACCAGTCCA-3’

Blast analysis
Blast analysis
Blast analysis
Blast analysis
Blast analysis
Blast analysis
Blast analysis
Blast analysis
Blast analysis
Blast analysis
Blast analysis
Blast analysis
Blast analysis
Blast analysis
Blast analysis
Blast analysis
Blast analysis
Blast analysis
Blast analysis °
Blast analysis




Table 5.1(b): List of primer combinations and PCR annealing temperatures used for
the amplification of GBSS-I genes from buckwheat genomic DNA

Primer Combination Anneling Temp (°C) Amplicon Size (Kb)

NDF2/NDR2 54 0.7

NDF3/NDR3 57 0.7

AFC/AR2 56 No Amplification
NDF1/NDR1 55 No Amplification
NDF11/NDR11 61 No Amplification
NDF4/ NDR4 55 No Amplification
NDF5/NDR6 63 No Amplification
NDF5/ NDR7 63 No Amplification
NDF6/ NDR6 60 No Amplification
NDF6/NDR?7 62 No Amplification
NDF7/NDR6 67 1.2

NDF7/ NDR7 64 No Amplification
NDF10/ NDR6 62 No Amplification
NDF10/NDR7 63 No Amplification
NDF8/ NDR6 63 0.9

NDF9/ NDR6 60 No Amplification

NDF9/ NDR7 62 No Amplification




L.mespiloides~AF500438 AGTGAA-TTGTTTGAGTTTGATCTATGGATTTCA-~—-—--— CATTTCATC 42

M.germanica-AF500444 GGTGTA-TTTTTTAAGTTTGATCTGTGAGTTTCA-~~-=-— CATTTCGTC 42
F.alnus-AF500430 AGTGGACTTAATTAGGTCTCCTCATTACTTATTAACAGAGACTTACCATC 50
N.nucifera-FJ602702 ----- ACTTTATAGARTTACTTAAGCACGTAT-——----~—==~~ TTAGC 32
F.esculentum  ~---moee CCCTGGAGCARARCTGGTGGACTGGGGGACGTTTTAGCTGCT 42
*
L.mespiloides-AF500438 TCTTTGGGTTTAATTGAATTG-~~-TTGTGCCTGATTCAT-GTCTAGGCT 87
M.germanica-AF500444 TCACTGGATTTAATTGAACTGATTTTTGTACCTGATTTAT-GTCTAGGCT 91
F.alnus-AF500430 TTTTTTGTAGTATGGAACTTAACGTTTATGCCATGTCTATTGTCTAGGCT 100
N.nucifera-FJ602702 TCGCTGAAAT--AGCAATTTACTAACTCTGTATGATCCTT-TTCCAGGCC 79
F.esculentum CTGCCCCATTTACATGTCTTGATACTTGAATCACCTGCCCTGGCT-~GCC 90
* * * * * %
L.mespiloides-AF500438 AACGGGCACCGTGTTATGACCGTGTCTCCACGCTACGACCAGTACAARAGA 137
M.germanica-AF500444 ARCGGGCACCGTGTTATGACGGTGTCTCCACGCTACGACCAGTACAAAGA 141
F.alnus-AF500430 AATGGGCACCGCGTTATGACAGTGTCTCCCCGCTATGACCAGTACAAAGA 150
N.nucifera-FJ602702 AACGGCCACCGTGTTATGACAGTAGCTCCACGTTATGACCAGTACAAAGA 129
F.esculentum CGTGGACATAGGGTTATGACAGTTGCTCCTCGTTATGATCAGTATARAGA 140

*k  kk * Khkkkhkkkdk Kk khkkk kk Khkk kk khkhkkk Khkkkk

L.mespiloides-AF500438 TGCATGGGACACTAGTGTACTAGTTGAGGTAACATTTGCAGATTCTATAT 187
M.germanica-AF500444 TGCATGGGACACTAGTGTACAAGTTGAGGTAAAATTTGCAGATGCTCTAT 191
F.alnus-AF500430 CGCATGGGACACTGAGGTGCAAGTTGAGGTGTGTGATGCAGTTTATTCAT 200
N.nucifera-FJ602702 TGCATGGGATACAAGTGTTCTAGTTGAGGTATATTCTAGCAATCATGTTA 179
F.esculentum TGGATGGGATACTAATGTACTAGTTCAGGTAAATT~-TGGATTCATTGTAT 189
* khkkkkk *k *kk Kk *hkkk *khkkk * *
L.mespiloides-AF500438 GCTTCTTATACTTGAACAATCTTACAATGATTCGGAGATGCTTTTGCAGT 237
M.germanica-AF500444 GCTTCTTATACTTGARCAATATTACATTGTTTCGGAGATTCTTTCGCAGT 241
F.alnus-AF500430 GTCTCTA--—--- GAGCAATTTT----TGGCTATGAGATTCTTT---AAT 237
N.nucifera-FJe602702 ATTTTCT-~---- GAATAAA-—~———~= GCTTTCAATTTTCTTTTCCAGG 215
F.esculentum AATTTTTAT-~-—- GTTATCTAAGCAATATATTAATGCTGTTCAACTGGC 234
* * * * *
L.mespiloides-AF500438 TTCATGTTTCAGTGAGTAATGTATGCTTTGGTGGAAGTCCTCTTTGACTG 287
M.germanica-AF500444 TTCATGTTTCAGTGAGTAATGTATACTTTGGTGGAAATTCTCTTTGAATG 291
F.alnus-AF500430 TTCCCATTA-—-—---- AATGGA-——=——=—=———mm——————— GGATG 257
N.nucifera~FJ602702 TGTTCATTCACCTG--~AAGGGATTCATGCATTGGGATA-TGTTTGCTAA 261
F.esculentum TTTTTATT-—---~—--~ AAGCTGT--———~~——=~————————— TTTTGG 255
* * Kk * %
L.mespiloides-AF500438 ATCAGAAGTTTTATGTATGCAGATAGAAGTTGGTGGTAGGGTTGAAACTG 337
M.germanica-AF500444 ATCAAAAGTTGTATGTATACAGATAGAAGTTGGTGGTAGGGTTGAAACTG 341
F.alnus-AF500430 ATTGAGATTTCTA-~-—-~-— CAGATTAARAGTTGGTGATAGAATTGAABRCCG 301
N.nucifera-rJ602702 AGTATACCTTTTA-ATATGCAGATAARAGTTGGAGATAGAATTGAARCTG 310
F.esculentum TGTTAAATTTATATA-ATGCAGATACAAGTTGGGGAAAGAGTTGAGACTG 304
*k Khk * Kk Kk k kkhkkkhxk Kk * K *khkkk Kk *]
L.mespiloides-AF500438 TTCGCTTCTTCCACTGCTACAAACGCGGAGTTGATCGTGTCTTTGTGGAT 387
M.germanica-AF500444 TTCGCTTCTTTCACTGCTACAARACGCGGAGTTGATCGTGTCTTTGTGGAT 391
F.alnus-AF500430 TTCGCTTCTTCCACTGCTACAGACGAGGAGTTGATCGTGTTTTTGTGGAT 351
N.nucifera-rJ602702 TTCGCTTCTTCCACTGCTACAAACGTGGAGTTGATCGTGTTTTTGTTGAT 360
F.esculentum TTCGGTTCTTTCACTGCTACAAAAGAGGAGTTGACCGGGTTTTCGTGGAT 354

dkhkhk hhkkhkdx kkkhkhhhkdkk * % Fhkhkhkhkkhk F*k kk *k kk kA k

L.mespiloides-AF500438 CACCCACTGTTCCTTGAGAAGGTATGAAA-~TTTATTTTCGT-TGTCTAA 434
M.germanica-AF500444 CACCCACTGTTCCTTGAGAAGGTATGAAA--TTTATTTCCARATGTCTAA 439
F.alnus-AF500430 CACCCAATGTTCCTTGAGAAGGTTTGAGTGTTTTATTTATGABACACTTG 401
N.nucifera-FJ602702 CACCCCATGTTCCTTGAGAAGGTTATTCA--TTGACCCAGGGCCATATAA 408
F.esculentum CACCCTATGTTCCTTGAGAAGGTGACTGG-~~--ACCATTAGGATATTTGG 400
* ok dk % EE R R RS ERES RS L LSS *
L.mespiloides-AF500438 --~GGCTATTTGCTG-AAAGTATC-——~ -~ TAGGATATTATATGAATATG 474
M.germanica-AF500444 A--GGCTATTTGCTG-AAAGTTTC—----~ CAGGATATTGTACGAATATG 480
F.alnus-AF500430 TTTGGCTCTGTGGCATAAAGTTTGAAATTGTAGAATATTGTATTTGTATG 451
N.nucifera-FJ602702 ATTGAGCTTCTTTATTGTAACTTCA- -~~~ CATGTTAACTGTTCAATAGT 453
F.esculentum AG-GAGCATATGATT-AAAAT-————--~=—~ AGTAATCTTTAGGAGAG 436

* *  x * * %*



Fig. 5.7 ClustalW (1.81) multi-alignment of the 1116 bp nucleotide sequences for
the 1.2 kb amplicon generated with buckwheat genomic DNA as template
and primer pair NDF7/NDR6 with nucleotide sequences of GBSS genes
available in the database. ‘** denotes conserved residues.



Fig. 8.5
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CCGCTGAGCT

GTTTTAGCTG
CCTGGCTGCC
AGTATAAAGA
TCATTGTATA
TGGCTTTTTA
AAGTTGGGGA
GGAGTTGACC
TGGACCATTA
GGAGAGTTAC
CGGGGGGGGG
GATTATGATG
ATATAAAATA
TAAGCAGATC
TCCTCTAGCC
TTCTCTTTTT
AATTGTTTTT

CTCTGCCCCA
coTiiRcara
TGGATGGGAT
ATTTTTATGT
TTAAGCTGTT
AAGAGTTGAG
GGGTTTTCGT
GGATATTTGG
TACTACCACC
TARATACARA
ACCACCCACC
ACAAAGGAAT
TTGTATCGTT
CTCATCTTTG
CTTTGGARAT
TGGTGTTAAT

AAGGGTGTTA TGGCGTATAT
GGCGCCC TAAGTAAC

TTTCACCCTT
TACCGAAAGA
GCGCCTAACT

AAAGTCTCCT
GAGAAGGAGA
GGGCGCGGAG

TAAGCACATA, CAACCTARAC AACCGTCTTT CTCGCCTCCG TCTGTGGACC
GTAGGTGTAT‘GTCT

Fig. 5.6




Fig. 5.5 Electrophoresis profile of amplified fragment with buckwheat gDNA as
template and primer pair NDF7-NDR6, M= EcoRl/ Hindlll digested A
DNA.

Fig. 5.6 Nucleotide sequence of 1116 bases for the 1.2 Kb fragment amplified with
buckwheat gDNA as template and primer pair NDF7-NDR6.The exons
identified in the sequence are highlighted in green and their start and end
positions are indicated with forward and backward arrows.



Fig. S.4a
1 CTGATGTCTG TCGTGGTGAC GGTCCTTCCT GGTGGCGTAC GATTCGTGGC
51 CGGCTGCCGT CTGGGAGCCT ATGAGGAARCA TTGTTAGGGA TATCTACTGC
101 CCTGTTTCCC TGAGGAGGGA AAGATTCCCG GATTTTTTTG GCGCTCCGTT
151 TTAATGTGAC CCGATTGCTG CAGTTAAAGC ACTGTCCACC TCCACCGGGG
201 GTCTGAACTG TAAAGTGGTA CCTGGACCTC CCCTGAGTCT GTCCTCTTCC
251 ATAACCTGCT ACTGCTGCAC TGCTACCACC ATGTCCTGTC CTCTGCCGCT
301 TATCCGGCCC ACTATACTGA GCTGCTTTCC TAGAATCTGG CCTATCTCTC
351 TCATAACAAG GCCCTATCCT GATAATCAAC AAGGTCTCAC ACAATCCATG
401 ATCGGTACTC TCTCTCACCT CTGAAAATGG TACGTTAAGG AGTTGGGGTC
451 AATTGCTAAT GTTGCCTAAA AATTTATGTG AAAGGGCGGG AGTAGTGGAA
501 GAAAGGAGTC TGGTACGGGG GGGTTTTCGC AGCACTCTCA CCATTTAATC
551 CATGTCTGGG CAGAAGGAGA ATCTCCAAGG AACACCGCCA ATCATAAAGA
601 ACAAAACCAA AACCCGCGAC AACCAAGAGT AACAATCAAA CGTAAATAGC
661 GAAACAAAAT CAATGCATGG TGCGAGACTA CAAGAAGGGC AGACATCACA
701 ATAG

Fig 5.4b




Fig. 5.4a Electrophoresis profile of amplified fragment with buckwheat gDNA as
template and primer pair NDF3-NDR3, M= EcoRl/ Hindlll digested A
DNA.

Fig. 5.4b Nucleotide sequence of 704 bases for the 0.7 Kb fragment amplified with
buckwheat gDNA as template and primer pair NDF3-NDR3.



Fig. 5.3a

1 CATTCTTTCT TATTAATATA AGGGTTCGGA GACCGTCAGG CCCCACTCAC
51 AARCTAGCTG CCCTCTCACC TTAAGCATTT CTTCTATTTT GAAATTGTCC
101 ACTAGCCCCA TTCATTATTG GAATGCTCAA GCTCAATATC ATATTTTTTG
151 TGTTCTATCA ACGAGGCGAT CGAAGTGAGA AAGCACTGAG ACAGATAGAA
201 GTGTTCCGTA TAGGTTCGTA TATATACTGT GGTGCTATAT GATCTTTAGC
251 TATAGGTCTT GCGCAGTTAG TGTGTTTGCT AAAGTAAATA TACGAAGCAC
301 GGAGTAAGAG GAAGTGGTAA CGGTCGATGG ATGTTCTTAA GTATTTGCTG
351 ACTGAAGCCT TACATCAAGG TGACAGGATT CGAACCTATG GCCCTCTGTA
401 CCCAARACAG ATGCGCTGAC CAGACTGCGC TACACCTCGT CTCACCCTCC
451 GAAGCATATA GATCTACCCG ATCGATGAAG ACTCGAACCG AACTCGCTCA
501 TCCTTTTTGT CAAGAAGGCC CCTCTTGAGG GGGAACCGCT TTTTTTTGGA
551 ATCTGCCTCC AGGGCCARAA AGCCGTATAG TGCAGGAGCG CTCACATTTT
601 TTGGCTTCCT CTTTGACTTG CTTGAATTTC CAAAACCCGG CTCGGCTCCC
661 GGCTACGGTT TGGAACCCTT CGCCTTGCTT AAAAGTGGAT

Fig. 5.3b




Fig. 5.3a Electrophoresis profile of amplified fragment with buckwheat gDNA as
template and primer pair NDF2-NDR2, M= EcoRl/ Hindlll digested A
DNA.

Fig. 5.3b Nucleotide sequence of 690 bases for the 0.7 Kb fragment amplified with
buckwheat gDNA as template and primer pair NDF2-NDR2.



the primer combinations NDF2-NDR2, NDF3-NDR3, NDF7-NDR6 and NDF8-NDRé6
(Table 5.1 a,b). PCR amplification with oligonucleotide primer pairs NDF2-NDR2 and
NDF3-NDR3 amplified a DNA fragment showing an apparent molecular mass of 0.7 Kb
on 0.8% agarose gel (Fig. 5.3 a, b). BLASTn analysis of the nucleotide sequences of the
two amplicons did not identify any of the two sequences with GBSS gene family (Fig.
5.4 a, b). PCR amplification with oligonucleotide primer pair NDF7-NDR6 and
amplification reaction comprising hot start at 94°C for 5 mins., 35 amplifications cycles
comprising of denaturation at 94°C for 1 min., annealing at 67°C for 1 min. and chain
extension at 72°C for 1 min. followed by one reaction of chain elongation at 72°C for 10
mins., amplified a DNA fragment showing an apparent molecular mass of 1.2 Kb on
0.8% agarose gel (Fig. 5.5). The nucleotide sequence comprising of 1,116 bases for the
1.2 Kb amplicon is presented in Fig. 5.6. BLASTn analysis of the sequence identified
the sequence with genes coding for granule bound starch synthases (GBSS). The
sequence showed a maximum of 85% homology with GBSS of Hibiscus dasycalyx
(acc. no. AY341418), Zanthoxylum schinifolium (acc. no. AB288186), Mespilus
germanica (acc. no. AF500444) and Frangula alnus (acc. no. AF500430). The sequence
showed 84%, 83% and 72% homology with GBSS gene of Lindleya mespiloides (acc.
no. AF500438), Vauquelinia californica (acc. no. AF285998) and Nelumbo nucifera
(acc. no. FJ602702) respectively. ClustalW multiple alignment of the sequence with
nucleotide sequences of GBSS genes from other plants is presented in Fig. 5.7. Using an
alignment that permitted maximum homology, the sequence showed two highly

conserved regions. While one of the conserved regions existed between P’g4 and P’ g,
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DNA isolated from etiolated seedlings of common buckwheat was digested with EcoR1,
Hindlll and Ncol and size fractionated on 0.8% agarose gel. The electrophoretic profile
of EcoR] digested DNA revealed a uniform smear ranging in size from 0.5 Kb to 14.7
Kb with three prominent bands showing apparent molecular masses of 3.7 Kb, 1.3 Kb
and 1.15 Kb. Hindlll digested DNA also resolved in the form of a uniform smear
ranging in molecular mass from 0.5 Kb to 20.0 Kb. The electrophoretic profile of Hind
I digested DNA showed four bands having molecular masses of 3.7 Kb, 1.04 Kb, 1.15
Kb and 0.534 Kb. The electrophoretic profile of Ncol digested DNA revealed that the
enzyme could only partially digest the DNA. Even though Ncol could only partially
digest buckwheat genomic DNA, the electrophoretic profile of Ncol digested DNA
revealed six bands having molecular masses of 2.46 Kb, 1.87 Kb, 1.108 Kb, 0.983 Kb,
0.592 Kb and 0.488 Kb. (Fig. 5.2).

Polymerase chain reaction comprising a hot start at 94°C for 5 mins. and 35
amplification cycles comprising of denaturation at 94°C for 1 min., annealing at 64°C
for 1 min. and chain extension at 72°C for 1 min. followed by final reaction of chain
elongation at 72°C for 10 mins. were carried out with buckwheat genomic DNA as the
template and combinations of oligonucleotide primer pairs designed to amplify the
sequence of GBSS gene from the buckwheat genomic DNA. Out of the total 18 primer
pairs used, 14 pairs viz.,, NDF1-NDR1, AFC-AR2, NDF4-NDR4, NDF5-NDR6, NDF5-
NDR7, NDF6-NDR6, NDF6-NDR7, NDF7-NDR7, NDF8-NDRS8, NDF9-NDR6,
NDF9-NDR7, NDF10-NDR6, NDF11-NDR7 and NDF11-NDR11 failed to amplify any

sequence from the template DNA. Amplification of gDNA was however, achieved with
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Fig. 5.1 Total genomic DNA isolated from etiolated seedlings of buckwheat
(Fagopyrum esculentum Moench.)
L1=isolated genomic DNA; M= EcoRl/ Hindlll digested A DNA.

Fig. 5.2 Restriction digestion profile of genomic DNA isolated from etiolated
seedlings of buckwheat (Fagopyrum esculentum Moench.)
(L1)=gDNA digested with EcoRI, (L2)= gDNA digested with HindIll,
(L3)=gDNA digested with Ncol, (M)= EcoRl/ Hindlll digested A DNA.



L.mespiloides-AF500438
M.germanica-AF500444
F.alnus-AF500430
N.nucifera-FJ602702
F.esculentum

L.mespiloides-AF500438
M.germanica~-AF500444
F.alnus-AF500430
N.nucifera-FJ602702
F.esculentum

L.mespiloides-AF500438
M.germanica-AF500444
F.alnus-AF500430
N.nucifera-rJ602702
F.esculentum

L.mespiloides-AF500438
M.germanica-AF500444
F.alnus-AF500430
N.nucifera-rJe02702
F.esculentum

L.mespiloides-AF500438
M.germanica-AF500444
F.alnus-AF500430
N.nucifera-FJ602702
F.esculentum

L.mespiloides-AF500438
M.germanica-AF500444
F.alnus-AF500430
N.nucifera-FJ602702
F.esculentum

L.mespiloides-AF500438
M.germanica-AF500444
F.alnus-AF500430
N.nucifera~-FJ602702
F.esculentum

L.mespiloides-AF500438
M.germanica-AF500444
F.alnus-AF500430
N.nucifera-FJ602702
F.esculentum

L.mespiloides-AF500438
M.germanica-AF500444
F.alnus-AF500430
N.nucifera-FJ602702
F.esculentum

L.mespiloides-AF500438
M.germanica-AF500444
F.alnus-AF500430
N.nucifera-rJ602702
F.esculentum

-TG-—-—~ TTGAATTAGATCTTCAACTGATGCTTGAGCTATGTGGATGTG

-TG----- TTGAATTAGATCTTCTACTGACGCTTGAGCAATGTGGATGTG

GTGGATGCTTCTACTAGATCTCCTACTGATACTT-AGCATTCTGATTAT-

ATG--—--—-- AGAACTAATGATTATTCT-ATGCCTAA--TTTGTAARACCTT

TTA----CTACTACCACCTTCGCCTCGGGAACTCAA---ATCTGTATTGT
* *  x * * * * *

AAGGTATGGGGTAAAACGGGATCCAAARATCTATGGCCCGAGGACAGGACT
AAGGTATGGGGTAAAACGGGATCCAAAATCTATGGCCCGAGTGCAGGAGT
AAGGTATGGGGARAAACTGGATCCAAGGTCTATGGGCCTGAAACAGGAGT
AAGGTATGGGGAAAAACTGGATCGAARATATATGGTCCCATGGCTGGAGA
TCGGGGGGGGGTAAATACARATCTAAGAGCCGTGGGCCTAACGCGGARAC

* L S * kK kK *hkk kK * ok Kk

GGATTACGCGGACAACCAGTTTCGCTTCAGCTTGTTGTGCCAGGCATGTC
GGACTACTTGGACARACCAATTTCGCTTCAGCTTGCTGTGCCAGGCATGTC
AGATTATCAGGACAACCAATTGCGATTCAGCTTGTTGTGCCAGGCAAGTT
GGATTACAGTGACAACCAACTTCGCTTCAGTTTATTATGTCAAGTAAG-C
TGATTATGATGACCACCCACC-CACCCTTCTTCCTCTTGTCAATGGTGGT

* ok kk kkk KkKkKk * * **x kKk *

ATGCTCTTC---=-~~=-=-—=—— GTTTGATTTATTT--TTCTCTAACT-~--~
ATGCTCTTT---~--——-———- GTTTGATTTATTT--TTCTCAAACT---~
AACTTCTTTTCCCCTTGTAGCACTTGGCCTTTTTCATTTTCCAGCTACAA
AAGTTTT--—-—-—=—=-—==~ GCTCATTCCAGTTCCATCTTCCA--~---~
GAATATAAA-~-~-~————— ATAACAARGGAATATGCAGCTTCCGCT-~-~

* *

—————— CGAGAAATTA-----------TCCGCTTGARAGAATAGA--AAA
—————— TTAGAAATTA---------—--TCCGCTTGAAAGAATAGA--AAA
GATTGATGATAAATGAAAGCAACCAAGTTTGCTTGTCAAAATCAATCAGG
—————— TGTGACATT------------TTTACTTGATCCACCACGCCAGT

——————————————————————————— TTGGCACTGCACATCATA-~AGC
* * * *

* * * * * * %

————————————————————————————————————————— TTTAT----
AAATTGCTAAGGCAACAGTCACTCCATCCCCGACGTTGCACTTCATATGT
TAGGTTATARA--————————= == ===~ ——mmmm ATTTTAG----

————————————————————————————————————— ACACTCCGT--—-
*

TCTTACAA-—~~~~~ ACCTGAAA-——————==~=~--————- ATGCATAA
TCTTACAA------- ACCTGAAAC~~~———=====——————~ ATGCATAA
TCTATTAATGTAACTAGCTGAACATAATAAAAGCTGCTATTTATGTTTCA
GATGTTGACCTG~~-TTTTGAAGCAA-—=~====~======= ATAGACAA
TTTTTTTG~~------~- TTGGCC——————===-=mm======= CGGCCGA

* * *

AGT--TCAATTGCGAATTTTGT-—--~~ GAACTTTCAGGCCGCTTT--—--
AGT--TCAATTGCGATTTTTTC-~----— CATCTTTCAGGCTGCTTT--—--
TGTCATTGATTTCATTTTTCTCTAAGAGCAATTTTCAGGCAGCTTT--~-~
TACACAGAATCCACTCTTGTTCCAAAGTGATTTTGGCTGTAACTTCTTGA
ATTCCCTTATTCTCTTTTTCTTT---GGAAATTCTGACGAGCACACAGAA

* * * % * * *

518
524
499
494
479

568
574
549
544
529

618
624
599
593
578

650
656
649
623
614

681
687
699
655
635

705
711
749
688
659

710
716
799
706
668

743
749
849
740
700

767
774
899
771
721

805
812
945
821
768



L.mespiloides-AF500438
M.germanica-AF500444
F.alnus-AF500430
N.nucifera-rFJ602702
F.esculentum

L.mespiloides-AF500438
M.germanica-AF500444
F.alnus-AF500430
N.nucifera-FJ602702
F.esculentum

L.mespiloides-AF500438
M.germanica-AF500444
F.alnus-AF500430
N.nucifera-rJ602702
F.esculentum

L.mespiloides-AF500438
M.germanica-AF500444
F.alnus-AF500430
N.nucifera-FJ602702
F.esculentum

L.mespiloides-AF500438
M.germanica-AF500444
F.alnus-AF500430
N.nucifera-FJ602702
F.esculentum

L.mespiloides-AF500438
M.germanica-AF500444
F.alnus-AF500430
N.nucifera-FJ602702
F.esculentum

L.mespiloides-AF500438
M.germanica~-AF500444
F.alnus-AF500430
N.nucifera-FJ602702
F.esculentum

L.mespiloides-AF500438
M.germanica-AF500444
F.alnus-AF500430
N.nucifera-FJ602702
F.esculentum

GGAGGCACCAAGGGTTCTTAATTTGAACAGCAACAAATACTTCTCTGGAC
GGAGGCACCAAGGGTTCTTAATTTGAACAGCAACAAATACTTCTCTGGAC
GGAGGCACCAAGGGTTCTCAATTTGAACAGCAATAAATTTTTCTCAGGAC
AAATGCTTCAAGACTAACGAATTC--TTTGAARACTTATTACTTCCTGAAC
GAAGAAACAAAGAATTGTT--TTTTGGTGTTAATCAACTTGTCTCTTGCC

* * Kk % * * % * % * * * *

CATATGGTGTGCATCTTTCTCTTTTTCTCAAAAACTTTTTCTTTCTAAAA
CATATGGTGTGCATCTTTCTCTTTTCCTCAACAACTTTTTCTTAATARAA

*

AGTATAATTTCTTCAA-GAAATAGAATAACTAATGATGTATACCA-TGGG
AGTACAATTTCTTCAAAGAAATAGAATAACTAACGATGTATATTAATCGG
-GTAAAATTTTTGATATGAAGTA---TCACTAA-GGGATATGCT--TTGT
AGCACATTTGTTGCTTATGCATTGCTCAGCTGACACGGCTAGCTCATCAA
------- ATGGCGTATATACCCCACACCACAGGAAAAACAGCCCCTTGGG

* * *

TACCAAAATGCAGGTGATGATGTTGTATTTATTGCTAATGATTGGCACAC
TACCACAATGCAGGTGATGATGTTGTATTCATTGCTAATGATTGGCACAC
TGCTTCAATGCAGGGGAGGATGTTGTATTTCTTACCAATGATTGGCACAC
-GCAACATT--AAATCCGTATCTCAAGTTGGTAAT--ACAAGGGACAAGA
CGCCCGCGGGTAAGTAACTATAGCG-GCTCAGGGT---—-— TCGACAGAA

* * * % * * kK

TGCTCTTCTTCCCTGCTACTTAAAGACCATCTACAGACCGAAGGGGATTT
TGCTCTTCTCCCCTGCTACTTARACACCATCTACAAACCGRAGGGGATTT
AGCTCTTCTTCCATGCTACCTAARAGAGCATGTACAAATCTAGGGGGATTT
GTTGACCTTGCTCTAATAGCCACAGGC--TCTACATG-CTACCTTCATTT
AATCTTTTCACCCTTAAAGTC----TCCTTCCGCARAAAGAGAAAGAACG

* * * * * * *

ACAAAAATGCGAAGGTAAGGTACCCTGCGTTTGAAGAGCACCATTTTAGA
ACAARAATGCGAAGGTAAGGTACCCTGCGTTTGAAGAGTTCCATT--AGA
ACAAAAGTGCCAAGGTAATG-AGAGTAGGACTGAAGGAAACCATCAATAA
CCATAGGAGCAGCTGTGTAGTCCATCACCCAATATGGTCCTGATTATCCA
ACCACCGTATACCGARAGAGAGAAGGAGAGGAGGAGGGCTGCCACCCTCC

* * *

GTCTA--CAACA~--ATTT-GTTTAAAGGAAAACTTAAACAATGCTGGAT
GTCTG--CAGCA~~~ATTTTGTTTAAATGAAAACTGAAACAATGCTGGAT
TTCTGGACAATATAGAATTATATTGGTTGAARATCTGAGACTTTGTTTGAT
CACCCTTTGGCT~--TTTTATGCACAAAGTGGCCACTCTCAGTGTTGAAC
CGCTGAGCTGCGCCTAACTGGGCGCGGAGTAAGCACATACAAC-CTAAAC

* * * * * * *

TAATGAATGGCAGGTTGCATTTTGCATCCACAACATAGCTTACCAGGGCA
TAATGAATGGCAGGTTGTGTTTTGCATCCACAACATAGCTTACCAGGGCA
GTATGA-TGGCAGGTTGCTTTTTGTATCCACAACATAGCCTACCAAGGCA
CCATGT------ TCTCATGCTTGGCAGCC-CAAGATA--CCACCATTGCA
AACCGTCTTTCTCGCCTCCGTCTGTGGACCGTAGGTG---TATGAGTCT-

* . * * * * * * *
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the other existed between P’»7; to P’377. The conserved region between P’94 and P’ 68
comprised of 75 bases represented by the sequence “GGACATAGGGTTATGACAGTT
GCTCCTCGTTATGATCAGTATAAAGATGGATGGGATACTAATGTACTAGTTC
AG”. The other conserved region comprised of 104 bases between P’,74 and P’377. This
domain was represented by the sequence “CAGATACAAGTTGGGGAAAGAGTTGA
GACTGTTCGGTTCTTTCACTGCTACAAAAGAGGAGTTGACCGGGTTTTCGTG
GATCACCCTATGTTCCTTGAGAAGGT”.

AUGUSTUS (version 2.4) (http://augustus.gobics.de/submission) identified
four exons within the 1,116 bp nucleotide sequence amplified in the present study.
While the 1% exon had a length of 168 bases and located between P*|-P’¢s, the 2" exon
had a length of 213 bases and located between P’77-P’4g9. While the 1% exon had the
conserved domain of 74 bases comprising of the sequence “GGACATAGGGTTATGA
CAGTTGCTCCTCGTT TGATCAGTATAAAGATGGATGGGATACTAATGTACTA
GTTCAG” located between P’¢4 and P’ s, the 2™ exon had the conserved domain of
104 nucleotides comprising of the sequence “CAGATACAAGTTGGGGAAAGAGTT'
GAGACTGTTCGGTTCTTTCACTGCTACAAAAGAGGAGTTGACCGGGTTTTCG
TGGATCACCCTATGTTCCTTGAGAAGGT?” located between P’»74 and P’377. The 3™
and 4™ exons had lengths of 70 and 149 bases respectively and were located beween
P’g20-P’g01 and P’9es-P’1112. AUGUSTUS 2.4 identified the first three exons located
between P’ 1-P’ 163, P’277-P’ 430 and P’g20-P’g9; as the internal exons in the sequence. The
position of the four exons on the 1116bp nucleotide sequnce has been shown in Fig. 5.6.

BLASTn analysis of the coding region of the 1,116 bp amplicon comprising of 604
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bases showed a maximum of 90% homology with the coding region of GBSS-I of
Manihot esculenta (acc. no. HM038439). The sequence showed 87%, 86%, 85%, 84%,
80% and 76% homology with the coding region GBSS-1 gene of Zanthoxylum
schinifolium (acc. no. AB288189), Nelumbo nucifera (acc. no. FJ602702), Hibiscus
dasycalyx (acc. no. AY341419), Photinia villosa (acc. no. AF500451), Ipomoea batatas
(acc. no. AB071604) and Solanum tuberosum (acc. no. EU403426). The sequence also
showed 79% and 78% homology with the coding region of GBSS-II from Sorghum
bicolour (acc. no. EF472254) and Triticum aestivum (acc. no. EF221764).

Analysis of the nucleotide sequence data for its G+C content revealed that the
DNA fragment has a G+C content of 45%. The sequence showed specific A/T and G/C
rich regions. While the segments between P70 to P’220, P’235 to P?353, P’2s5 to P?a, PP3g7
t0 P’398, P’407 t0 P 430, P’491 t0 P’s504, P’s30 t0 P’s95, P’221 t0 P 751, P*767 to P’291, P’796 to
P’s06 and P’gy4 to P’933 were specifically rich in A/T content, those between P’;5 to P’3;,
P’74 10 P’os, P’331 t0 P’343, P 508 t0 P’s525, P’ase 10 P’461, P’814 to P35, P’gs0 to P’g97 and
P’ 1039 to P’ 1050 were rich in G/C content. The EMBOSS CpGplot software of European
Bio Informatics Institute, detected a putative CpG island of 856 bases located between
positions 310 tol1116. The ratio of observed to expected CG composition in this segment
of the sequence was > 0.60.

NCBIscan detected twelve palidromic structures in the nucleotide sequence of
the 1.2 Kb amplicon. These incuded ‘ACATGT’ between P’s4-P’s9, ‘TGATCA’ between
P’126-P’131, ‘ACTAGT’ between P’159-P’1ss, ‘AAATTT’ Dbetween P’y71-P’y7,

‘AATATATT between P’310-P’217, “TAAATTTA’ between P’as50-P'ags, ‘CATATG’
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between P’406-P’411, ‘AGATCT’ between P’s36-P’s41, ‘CGGCCG’ between P’7;5-P’720,
‘TATATA’ between P’gs6-P’s51, ‘GGCGCC’ between P’gg1-P gz and GTATAC between
P’g78 - P?9g3(Table 5.2 )

The sequence was subjected to microsatellite repeat finder (http://Zlab.bu. edu/
repfind/) for clustered, exact repeat search within the sequence. The software identified
12 repeats between position P’;;0 and P’g5 on the sequence. The repeats identified
included an (AT); repeat at P’;j9, a (TA); repeat at P’54, a (TAC); repeat at P’437, a
(GG)4 repeat at P’431, a (CCAC); repeat at P’sq;, an (AC); repeat at P’gs7, two (TT);
repeats at P’7g0 and P’755, a (CA); repeat at P’759, 2 (GAA); repeat at P75, a (AG); repeat
at P’g7 and a (GAG); repeat at P’993 (Table 5.3).

The deduced amino acid sequence for the 1,116 bases of the 1.2 Kb amplicon
comprising of 199 amino acid residues with a predicted isoelectric point (pl) of 9.75 and
calculated molecular weight of 22.3 kDa is presented in Fig. 5.8. Sequence similarity
analysis with BLASTp against non-redundant protein database identified the deduced
sequence with the granule bound starch synthase family. Clustal W multiple alignment of
the sequence with deduced amino acid sequences of genes coding for granule bound
starch synthases of other plants is presented in Fig. 5.9. Using an alignment that
permitted maximum homology, the sequence showed a maximum of 84% homology
with the deduced amino acid sequence of GBSS-I of Nelumbo nucifera (acc. no.
ACM78591). The sequence showed 83%, 80%, 79% and 79% homolgy with deduced
GBSS-I sequences of Gossypium hirsutum (acc. no. ACJ11735), Phaseolus vulgaris

(acc. no. BAA82346), Ipomoea batatas (acc. no. BA183439) and Pisum sativum (acc. no.
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Table 5.2: Palindromic structures detected in the 1116 bp nucleotide sequence of the
1.2 Kb amplicon generated with primer pair NDF7-NDRG6.

Positions

Palindromic Structures

P’s4-P’s9

P16 - P’y3
P’159- P’164
P’171- P17
P’210- P21
P’259- P26
P’ 406 - P41
P’536- P’6as
P’715- P10
P’g46 - P’gs1
P’gg1 - P’gg6
P’g78- PPog3

ACATGT
TGATCA
ACTAGT
AAATTT

AATATATT
TAAATTTA

CATATG
AGATCT
CGGCCG
TATATA
GGCGCC
GTATAC

Table 5.3: Simple sequence repeates found in the 1116 bp nucleotide sequence of
the 1.2 Kb amplicon generated with primer pair NDF7-NDR6.

Positions Type

Repeats

210
264
437
481
541
657
700
759
765
785
987
998

dinucleotide
dinucleotide
trinucleotide
dinucleotide
tetranucleotide
dinucleotide
dinucleotide
dinucleotide
trinucleotide
dinucleotide
dinucleotide
trinucleotide

(AT);
(TA);
(TAC);
(GG)4
(CCAC); -
(AC)3
(T,
(CA);
(GAA);
(TT)s
(AG);
(GAG);




Fig.5.8 Deduced amino acid sequences of the coding region of 1116 bp nucleotide
sequences for the 1.2 Kb amplicon generated from buckwheat gDNA as the
template and primer pair NDF7-NDR6.
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Fig. 5.9 ClustalW (1.81) multi-alignment of the deduced amino acid sequences for
the 1.2 Kb amplicon generated with buckwheat genomic DNA as template
and primer pair NDF7-NDR6 with amino acid sequences of GBSS proteins
of other plants available in the database. ‘*’ denotes conserved residues and
‘s’ denotes invariant or similar residues.
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CAC69955). The alignment score also revealed 80% homology with GBSSII of Oryza
sativa (acc. no. ACY56082) and Triticum aestivum (acc. no. AAF14233). One of the
significant differences observed between the deduced amino acid sequences reported in
the present study and the deduced amino acid sequences of granule bound starch
synthase of other plant species, as observed in the alignment, was the insertion of 9
amino acid residues “HLHVLILES” at P’;; and the presence of three highly conserved
domains between P’|-P’ ¢ P’33-P’s; and P’¢s-P’g9. While the conserved domain between
P’-P’16 comprised of 16 residues represented by the sequence “PWSKTGGLGDVL
AALP?”, that between P’33-P’s; comprised of 20 residues represented by the sequence
“GHRVMTVAPRYDQYKDGWDT”. The third conserved domain comprised of 25
residues between P’¢s to P’g. This domain was represented by the sequence
“VRFFHCYKRGVDRVFVDHPMFLEKV”, Clustal W multiple alignment also revealed
a high level of sequence similarity within the first 95 amino acid residues aligned out of
the total 199 deduced amino acid residues. This sequence showed similarity with the
glycoslytransferase family of proteins (Fig. 5.10).

Out of the 199 residues compared, the position of 68 residues was found to be
conserved among the deduced amino acid sequences amongst all the granule bound
starch synthases analyzed in the present study. These included Py, W1, K4, Ts, Gg, G, Ls,
Gg, Dio, Vi1, Lis, Pis, A2z, Gaa, Haz, Rag, Vis, Mas, T3, Pao, Ray, Ya2, Daz, Qaa, Yas, Kae,
D47, Wag, Dso, Ts1, Vs3, Ves, Re7 Fes, Feo, H70, K73, G5, Va6, D77, R1s, V79, Fso, Vi1, Dso,
Hss, Pss, Fse, L7, Ess, Kso, Voo, Goz, S137, Giss, Cizss 179, Gats, Rarg, K220, Vazs, Paso,

W77, Pa7g, Es03, L311, R375 and Lyge. Other residues which were represented by amino
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Fig. 5.10 Screen shot of the BLAST of the 199 deduced amino acid sequence of the
1.2 Kb amplicon generated with buckwheat genomic DNA as template and
primer pair NDF7-NDR6 showing the conserved position of the 95 amino
acids among GBSS protein sequences in different plant species.



Quory seq.
Superfanilies ycosyltr erase_GTB_ amily

L3 » i . ¥

1 1 | |
S0 120 150

> GRSS-1 protein of N.nucifera

B 4 GRSS-I protein of G.hirsutum

“—ﬁms‘n protein of T.aestivum

—— GBSS-I protein of P.sativum

GBSS-II protein of O.safiva

————————————————r GBS S$-1 protein of Lbatatas

Fig.5.10



acids with invariant/similar functional groups included C/Ss3, L/V2, L/Mag, V/l3g, V/lss,
V//Ls3, V/lse, D/Eg1, C/S71, G/Ags, D/Eige, I/L112, K/Rus, I/Lis, F/Li17, V/L/F30,
S/N/Ty32, S/N/Ti33, 1/Fy77, M/L/Va3s, T/Sz02, S/Tae3, V/la0a, K/R2gg, V/Az09, A/Gszs,
1/V377, M/L412 and V/1/L4jo.

Domain search on the deduced amino acid sequence identified the putative
substrate binding site comprising of the sequence Lys-X-Gly-Gly-Leu (K-X-G-G-L)
between P’4 and P’s. The sequence has been universally identified as a signature for the
starch synthase family of proteins. The sequence was subjected to MOTIF SCAN
(http://myhits.isb-sib.ch/cgi-bin/motif _scan) for identification of defined motifs within
the sequence. Motif search on the deduced amino acid sequence identified a starch
synthase catalytic domain predominantly represented by the amino acid residues
“PWSKTGGLGDVLAALPHLHVLILESPALAARGHRVMTVAPRYDQYKDGWDT
NVLVQIQVGERVETVRFFHCYKRGVDRVFVDHPMFLEKVTGPLGYLEEHMIKIV
IFRRVTTTTFASGTQICIVRGGAGRKGVMAY” between positions 1-136 (Fig. 5.11a).
The software also detected three protein kinase C phosphorylation sites represented by
the sequence Thr-Val-Arg (P’¢s.67), Thr-Gly-Lys (P’141.143) and Thr-Gly-Arg (P’ }76-178)
(Fig. 5.11b).

When the deduced amino acid sequence were plotted as a function of
hydropathic index, the sequence showed a predominantly hydrophobic character (Fig.
5.12). Based on the hydropathic index of Kyte and Doolittle (1982), the major regions of
hydrophobic nature detected in the sequence were located between residues 5-28, 50-57,

77-95 and 102-139. Statistical analysis by SAPS (Brendel et al., 1992) predicted the
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Fig. 5.11a Diagrammatic representation of the starch synthase domains positioned
between 1 to 136 amino acid residues in the 199 deduced amino acid
sequence as predicted by MOTIF SCAN.

Fig. 5.11b Diagrammatic representation of the Protein Kinase C phosphorylation
site in the 199 deduced amino acid sequence as predicted by MOTIF
SCAN.
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Fig. 5.12 Hydropathy profile of the deduced 199 amino acid sequence for the 1.2 Kb
amplicon generated with buckwheat genomic DNA as template and primer
pair NDF7-NDRG6. The X-axis represents the residue number.
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sequence to have 28.1% nonpolar residues, 18.6% polar uncharged residues and 22.6%
polar charged residues. Regions of high nonpolar residue concentration in the deduced
protein sequence was correlated with the predicted hydrophobic amino acid residues in
the hydropathy analysis. PSIPRED and GOR4 predicted 14.0% a-helix, 32.16 %
extended strand and 53.77% random coil structure for the deduced amino acid sequence
identified in the present study. Statistical analysis by PSIPRED indicated that the
residues between 39-50, 82-98 and 126-~152 would predominantly acquire a random coil
secondary structure whereas residues between 99-106, 8-12 and 25-30 would
predominantly fold into an a-helix (Fig. 5.13).

Phylogenetic analysis of the deduced amino acid sequence reported in the
present study with amino acid sequences of granule bound starch synthases available in
EMBL database, revealed a clear diversification into monocotyledonous (GBSS-II) and
dicotyledonous (GBSS-I) groups. (Fig. 5.14). The monocotyledons were represented by
Group-1 and comprised of Oryza sativa (acc. no. ACY56082), Triticum aestivum (acc.
No. AAF14233) and Zea mays (acc. no. ACG43100). The dicotyledons on the other
hand, were represented by Group-II and comprised of Ipomoea batatas (acc. no.
BAI83439), Nelumbo nucifera (acc. no. ACM78591), Gossypium hirsutum (acc. no.
ACJ11735), Pisum sativum (acc. no. CAC69955), Phaseolus vulgaris (acc. no.
BAAB82346) and Fagopyrum esculentum. Jabrossa squarrosa (acc. no. ABM46904) was
taken as an outgroup while constructing the phylogenetic tree.

Polymerase chain reaction comprising of hot start at 94°C for 5 mins., 35

amplification cycles comprising of denaturation at 94°C for 1 min., annealing at 64°C
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Fig. 5. 13 Secondary structure prediction profile of the 199 deduced amino acid
sequence for the 1.2 Kb amplicon generated with buckwheat genomic
DNA as template and primer pair NDF7-NDR6.
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Fig. 5.14 Phylogenetic tree based on the alignment matrix of the 199 deduced amino
acid sequences with amino acid sequences of GBSS proteins of various
plants available in the Genbank.
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for Imin. and chain extension at 72°C for Imin. followed by one reaction of chain
elongation at 72°C for 10 mins. with buckwheat genomic DNA as the template and
oligonucleotide primer pair NDF8-NDR6, amplified a DNA fragment which resolved on
0.8% agarose gel as a fluorescent band showing an apparent molecular mass of 0.9 Kb
(Fig. 5.15). The nucleotide sequence comprising of 896 bases for the 0.9 Kb is
presentend in Fig. 5.16. BLASTn analysis of the sequence identified it with the
nucleotide sequnces of GBSS genes. The sequence showed a maximum of 70%
homology with granule bound starch synthase of Nolana paradoxa (acc. no. EU051872),
Schizanthus litoralis (acc. no. DQ299433) and Ipomoea batatas (acc. no. AB524725).
The sequence was subjected to analysis by AUGUSTUS (version2.4) for
determination of number and position of exons. AUGUSTUS 2.4 identified two exons
within the nucleotide sequence of 896 bases in the 0.9 kb DNA fragment amplified in the
present study. While the 1% exon had a length of 101 bases and located between P’sy7-
P’cy7, the 2™ exon had a length of 114 bases and located between P’7,;-P’gy4. The
software identified the segment comprising of 101 bp as an internal exon. (Fig.5.16).
Clustal W multiple alignment of the sequence with nucleotide sequences of
granule bound starch synthase genes from other plant species is presented in Fig. 5.17.
Using an alignment that permitted maximum homology, the sequence showed three
highly conserved regions betweem P’3¢3-P’383 P’s33 -P’602 and P’709-P’gz3. While the
conserved region between P’363-P’446 comprised of 21 bases represented by the sequence
“TCAGGCTGCTCTAGAGGCACC” that between P’s33-P’¢p2, comprised of 70

nucleotides represented by the sequence “ATGTTGTTTTCGTTCCAAATGACTGGCA
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Fig. 5.15 Electrophoresis profile of amplified fragment with buckwheat gDNA as
template and primer pair NDF8-NDR6, M= EcoRl/ HindIll digested A

DNA.

Fig. 5.16 Nucleotide sequence of 896 bases for the 0.9 Kb fragment amplified with
buckwheat gDNA as template and primer pair NDF8-NDR6.The exons
identified in the sequence are highlighted in green and their start and end
positions are indicated with forward and backward arrow.
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Fig. 5.17 ClustalW (1.81) multi-alignment of the 896 bp nucleotide sequences for
the 0.9 Kb amplicon generated with buckwheat genomic DNA as template
and primer pair NDF8-NDR6 with nucleotide sequences of GBSS genes
available in the database. ‘*’ denotes conserved residues.
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*

AGAAAGTTAGTAT-—---~-=-- TTTCTGAAC--CTT-~--- TATACAACATAATATGARA
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TGTACCAGTCGAGAGGAATCTACATGARCGCCARGGTARTGCCTCTTCTGGATTGGACGA
TGTACCAATCTCGGGGCATCTACAAAAATGCTAAGGTGA--TTTTCACTGAACTTGGC-A

hkek ok ok ok ok *ok kk ko kk Ak Kkkk kK K * * x

~ACTTTATTGCACATTAGCTTGCC-AATCAAGAAGGTTATAT--ATATCTG--~~—. AAAA
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ATT-TCACATTGCCTCCAGGTCGCTTTCTGCATCCATAATATTGCCTACCAAGGTCGATT
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CACTGCTCTTGTTCCCTGTTACCTCAAATCTGTGTACCAATC”.  The  third
conserved domain comprised of 115 bases from P’709-P’g3. This domain was represented
by the sequence “AGGTTGCATTCTGTATTCACAATATTTCATACCAAGGAAGAT
TTGCTTTTTCAGACTATTCGATGCTCAATTTGCCTGCAGAGTACAAGGGCTCG
TTTGATTTCATTGATGGGTA”. Sequence analysis showed that the 2™ conserved
domain comprising of the sequence “ATGTTGTTTTCGTTCCAAATGACT
GGCACACTGCTCTTGTTCCCTGTTACCTCAAATCTGTGTACCAATC”  between
P’533-P’602 was located within the 1% exon (P’s27-P’627). The other two conserved regions
in the sequence were found to be part of the introns identified in the sequence. BLASTn
analysis of the coding region of the sequence comprising of 287 bases showed a
maximum of 80% homology with coding region of GBSS-I gene of Jpomoea batatas
(acc. no. AB524727), 76% homology with coding region of GBSS-I gene of Nelumbo
nucifera (acc. no. EU938541) and 75% homology with coding region of GBSS-I gene of
Kageneckia oblonga (acc.no. DQ874893), Lindleya mespiloides (acc.no.DQ874930),
Perilla frutescens (acc. no. AF210699) and Photinia villosa (acc. no. AF500452).
Analysis of the nucleotide sequence data for its G+C content revealed that the
DNA fragment has a G+C content of 38%. The sequence showed specific A/T and G/C
rich regions. While the segment between P’;7t0 P’49, P’ 145 to P15, P’ 137 to P 223, P’297 to
P’311, P’342 10 P’ 368, P478 t0 P ags, P 493 to P 509, P’613 to P 626, P 671 0 P’603, P729 to P339,
P’g26 to P’g36 and P’g4; to P’gep was specifically rich in A/T content, that between P’333 to
P’303, P’416 t0 P 436 and P’g74 to P’ggy was rich in G/C content. The EMBOSS CpGplot

software of European Bio Informatics Institute detected a putative CpG island of
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495bases located between position 355 to 854. The ratio of observed to expected CG
composition in this segment of the sequence was > 0.60.

NCBIscan detected twelve palidromic structures in the nucleotide sequence of
the 0.9 Kb amplicon. These incuded ‘CCATGG’ between P’;30-P’135, ‘AAGCTT’
between P’ie4-P’ 160, ‘TTATAA’ between P’ig3-P’103, ‘TGATCA’ between P’506-P’214,
‘GTATAC’ between P’134-P’289, ‘CCTAGG’ between P’337-P’390, ‘ACATGT’ between
P’s00-P’s14, ‘AATATT’ between P’729-P’734, ‘CCATGG’ between P’740-P’74s,
‘CTGCAG’ between P’753-P’733, ‘TTCGAA’ between P’g3-P’s3s and ‘ATATAT’
between P’gso-P’gss. (Table 5.4 )

The sequence was subjected to microsatellites repeat finder
(http://Z1ab.bu.edu/repfind/) for clustered, exact repeat search within the sequence. The
software identified 4 repeats between positions P’;75 and P’gso on the sequence. The
repeats identified included a (TT); repeat at P’,75, an (AA); repeat at P’¢70, a (TT); repeat
at P’g56, and an (AT); repeats at P’gso (Table 5.5).

The deduced amino acid sequence for the 896 bases of the 0.9 Kb amplicon
comprising of 70 amino acid residues with a predicted isoelectric point (p/) of 6.05 and
calculated molecular weight of 8.0 kDa is presented in Fig. 5.18. Sequence similarity
analysis with BLASTp against non-redundant protein database, identified the deduced
sequence with the GBSS family of proteins. BLASTn analysis also identified the entire
deduced amino acid with the glycosyltransferase super family (Fig. 5.19). ClustlW
multiple alignment of the sequence with deduced amino acid sequences of genes coding

for granule bound starch synthases from other plant species is presented in Fig. 5.20.
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Table 5.4: Palindromic structures detected in the 896 bp nucleotide sequence of the
0.9 Kb amplicon generated with primer pair NDF8-NDR6.

Positions Palindromic Structures
P’13()- P’135 CCATGG
P’164-P,169 "AAGCTT
P’i53- P03 TTATAA
P’200- P’514 TGATCA
P84 - P’2g9 GTATAC
P’357- P’39p CCTAGG
P’509 - P’514 ACATGT
P’729-P’134 AATATT
P’740 - P’745 CCATGG
P’753- P’1g5 CTGCAG
P’g30- P’g35 TTCGAA
P’g50- P’gss ATATAT

Table 5.5: Simple sequence repeates found in the 896 bp nucleotide sequence of the
0.9 Kb amplicon generated with primer pair NDF8-NDR6.

Positions Type Repeats
275 dinucleotide (TT)3
670 dinucleotide (AA);
826 dinucleotide (TT);

850 dinucleotide (AT),




Fig.5.18 Deduced amino acid sequences of the coding region of 896 bp nucleotide
sequences for the 0.9 Kb amplicon generated from buckwheat gDNA as
the template and primer pair NDF8-NDR®6.

Fig. 5.19 Screen shot of the BLAST of 70 deduced amino acid sequence of the 0.9
Kb amplicon generated with buckwheat genomic DNA as template and
primer pair NDF8-NDR6 showing the conserved position of the all the
amino acids among GBSS protein sequences in different plant species.
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Fig. 5.20 ClustalW (1.81) multi-alignment of the deduced amino acid sequences for
the 0.9 Kb amplicon generated with buckwheat genomic DNA as template
and primer pair NDF8-NDR6 with amino acid sequences of GBSS
proteins of other plants available in the database. ‘*’ denotes conserved
residues and ‘:” denotes invariant or similar residues.
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Using an alignment that permitted maximum homology, the deduced amino acid
sequence showed a maximum of 96% homology with deduced amino acid sequence of
granule bound starch synthase-1 (GBSS-I) of Ipomoea batatas (acc. no. BAI83439),
Ipomoea umbraticola (acc. no. ABW83774) and Solanum nemorense (acc. no. AAY
63641) with a query coverage of 100%. The sequence also showed 95% homology with
deduced amino acid sequence of granule bound starch synthase-1 (GBSS-1) of Nicotiana
tabacum (acc. no. AAZ99063), Hyoscyamus niger (acc. no. AAZ99051), Atropa
belladonna (acc. no. AAZ99047), Jaborosa squarrosa (acc. no.ABM46904), Jaltomata
procumbens (acc. no. AAY63568), Anisodus luridus (acc. no. AAZ99048) and Solanum
Jjohnstonni (acc. no. ACV96018) and 93% homology with the deduced amino acid
sequence of granule bound starch synthase-1 (GBSS-1) of Przewalskia tangutica (acc.
no. AAZ99055).

Out of the 70 residues compared, the position of 55 residues was found to be
conserved amongst the deduced amino acid sequences of the entire granule bound starch
synthases analyzed in the present study. The conserved residues included E;, D,, V3, Fs,
Ns, Dy, Wig, Hi1, Ti2, A1z, Lig, Pis, Ci7, Yis, Lig, Koo Y23, Qa4, Sas, Ras, G27, Y29, N3y,
A3, K33, Via, Ass, Fis, Cs7, I3s, H3o, Nao, lar, Ya3, Qaa, Gas, Rag, Faz, Ass, Fao, Sso, Dsi,
Ss3, Lss, Nse, Ls7, Psg, Eco, Se4, Fes, Des, F 67, Iss, Do and Gro. Other residues which were
represented by amino acids with invariant/similar functional groups include V/l4, V/I;,
P/A7, V/1is, T/S21, VIM2y, L/lag, M/Lss and R/Ke.

Motif search by MOTIFSCAN (http://myhits.isb-sib.ch/cgi-bin/motif scan)

identified the entire sequence as starch synthase catalytic domain (Fig. 5.21a). The
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Fig. 5.21a Diagrammatic representation of the starch synthase domains positioned
between 1 to 70 amino acid residues in the 70 deduced amino acid
sequence as predicted by MOTIF SCAN.

Fig. 5.21b Diagrammatic representation of the N-glycosylation sites in the 70
deduced amino acid sequence as predicted by MOTIF SCAN.
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software also detected one putative N-glycosylation sites represented by the amino acids
sequences Asn-Ile-Ser-Tyr’ (P’os.101) (Fig. 5.21b).

A plot of position of each residue as a function of hydropathic index revealed
the predominantly hydrophilic character of the sequence with the major regions of
hydrophilic nature located between residues 20-32, 42-56 and 61-67. (Fig. 5.22).
Sequence analysis by SAPS predicted the presence of 30.8% residues with non polar
functional side chains, 35.7% residues with uncharged polar groups and 18.6% residues
with charged polar group in the sequence. The regions with predominantly nonpolar
residues correlated with the hydropathy analysis carried out on the sequence. PSIPRED
and GOR4 predicted 5.71% o-helix, 30.00% extended strand and 64.29% random coil
secondary structure for the deduced amino acid sequence. Statistical analysis by
PSIPRED indicated that the residue between 41-70 would predominantly acquire
random coils secondary structure whereas residues between 10-24 would predominantly
fold into a a-helix (Fig. 5.23).

A phylogenetic tree, describing the relationship of the deduced amino acid
sequence reported in the present study with amino acid sequences of granule bound
starch synthase proteins from other plants, was constructed by maximum parsimony
method using the alignment matrix generated in the present study. The deduced amino
acid sequence of 70 residues clustered together into one clad with amino acid sequences
of Ipomoea batatas (acc.no. BAI83439) and Ipomoea umbraticola (acc.no. ABW83774).
While the amino acid sequences of granule boﬁnd starch synthase protein | from

Nicotiana tabacum (acc. no. AAZ99063), Hyoscyamus niger (acc. no. AAZ99051),
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Fig. 5.22 Hydropathy profile of the deduced 70 amino acid sequence for the 0.9 Kb
amplicon generated with buckwheat genomic DNA as template and primer
pair NDF8-NDRG6. The X-axis represents the residue number.

Fig. 5.23 Secondary structure prediction profile of the 70 deduced amino acid
sequence for the 0.9 Kb amplicon generated with buckwheat genomic
DNA as template and primer pair NDF§-NDRG6.
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Fig. 5.24 Phylogenetic tree based on the alignment matrix of the 70 deduced amino
acid sequences with amino acid sequences of GBSS proteins of various
plants available in the Genbank.
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Anisodus luridus (acc. no. AAZ99048), Atropa belladonna (acc. no. AAZ99047),
Jaborosa squarrosa (acc. no.ABM46904), Jaltomata procumbens (acc. no. AAY63569),
Solanum johnstonni (acc. no. ACV96018), Solanum nemorense (acc. no. AAY
63641),Przewalskia tangutica (acc. no. AAZ99055) clustered into another clad. (Fig. 5.
24).
DISCUSSION

The modified CTAB protocol used in the present investigation for isolation of
genomic DNA yielded fairly good quality DNA from the etiolated seedlings of common
buckwheat. The ratio of absorbance at 260 and 280 nm (A260/A2s0) for the DNA samples
isolated during the present investigation ranged between 1.7 to 1.9 indicating that the
isolated DNA was fairly pure. One of the biggest obstacles in isolation of high quality
DNA from starch/protein rich plant tissues is the interferences in purification procedures
due to the presence of carbohydrates, proteins and even polyphenolic compounds. While
EcoR1 and Hindlll digested buckwheat genomic DNA fully, Ncol could only partially
digest buckwheat genomic DNA. The electrophoretic profile of EcoR1 and Hindlll
digested DNA revealed a uniform smear ranging in size from 0.5 Kb to 20 Kb with
prominent bands indicating the presence of EcoR1/Hindlll repeats of varying lengths in
the genomic DNA of common buckwheat. Similar results have been observed by Bharali
(2002), on the restriction digestion profile of buckwheat genomic DNA. Bharali (2002),
has reported 6 bands representing EcoR1 repeats in genomic DNA of common
buckwheat. Even though, Ncol could only partially digest buckwheat genomic DNA, the

electrophoretic profile of Ncol digested DNA revealed six bands having molecular
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masses of 2.46 Kb, 1.87 Kb, 1.108 Kb, 0.983 Kb, 0.592 Kb and 0.488 Kb. The
appearance of distinct bands in EcoR1, Hindlll and Ncol digested gDNA indicates the
presence of EcoR1, Hindlll and Ncol repeats of varying lengths in buckwheat genomic
DNA.

Even though isolation of genes from genomic DNA libraries by screening of
the library with appropriate probes, offers a reliable system for cloning full length genes,
PCR amplification using oligonucleotide primers designed from the nucleotide
sequences of conserved regions of 5° upstream and 3’ downstream regions of the genes
offers a much quicker way of isolation of full length genes directly from genomic DNA
isolated from the target plants. In the present study, polymerase chain reaction was
carried out with buckwheat genomic DNA as the template and combinations of
oligonucleotide primer pairs designed to amplify the sequence of GBSS gene from
buckwheat genomic DNA. Out of the total 18 primer pairs used, 14 sets failed to amplify
any sequence from the template DNA. Amplification was, however, achieved with the
primer combinations NDF2-NDR2, NDF3-NDR3, NDF7-NDR6 and NDF8-NDR®6.
PCR amplification with oligonucleotide primer pairs NDF2-NDR2 and NDF3-NDR3
amplified a DNA fragment showing an apparent molecular mass of 0.7 kb on 0.8%
agarose gel. Even though this indicated the presence of primer specific homologous
sequences in the buckwheat genomic DNA, BLAST analysis of the nucleotide
sequences of the two amplicons did not identify any of the two sequences with GBSS

gene family.
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While amplification of gDNA wtih oligonucleotide primer pairs NDF7-NDR6
amplified a DNA fragment showing an apparent molecular mass of 1.2 Kb that with
primer pair NDF8-NDR6 amplified a DNA fragment having an apparent molecular mass
of 0.9 Kb. BLASTn analysis of the nucleotide sequences of the amplicons identified the
same with genes encoding for granule bound starch synthase gene family. This is the
first report of identification of GBSS-I gene in common buckwheat. ClustalW multiple
alignment of the nucleotide sequence of 1.2 Kb amplicon with nucleotide sequences of
granuel bound starch synthase genes of other plants revealed two highly conserved
regions. While one of the conserved regions existed between P’o4 and P’ 6 the other
existed between P’574 to P’377. The conserved region between P’g4 and P’ g3 comprised of
74 bases represented by the sequence “GGACATAGGGTTATGACAGTTGCTCCTCG
TTTGATCAGTATAAAGATGGATGGGATACTAATGTACTAGTTCAG”. The other
conserved domain comprised of 104 bases between P’;74 and P’377. This domain was
represented by the sequence “CAGATACAAGTTGGGGAAAGAGTTGAGACTGTTC
GGTTCTTTCACTGCTACAAAAGAGGAGTTGACCGGGTTTTCGTGGATCACCA
TGTTCCTTGAGAAGGT” AUGUSTUS (version 2.4) identified four exons and three
introns within the nucleotide sequence of 1.2 Kb amplicon and two exons/two introns in
the nucleotide sequence of the 0.9 Kb amplicon. Sequence analysis of the 1.2 kb
amplicon clearly revealed the presence of 1* and 2™ conserved domains within the
sequence in the 1° and 2™ exon respectively. The sequences at the 5 and 3’ends of the
three introns were found to follow the universal GT-AG rule (Breathnach and Chambon,

1981). Our results are in conformity with the observations of Xu et al. (2009), on the
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nucleotide sequence of waxy gene of rye wherein, the intron/exon architecture has been
demonstrated to follow the universal GT-AG rule. All the three introns identified in our
study were shown to have AT rich regions. Similiar reports of AT rich regions in the
introns of Oryza glaberrima waxy gene have been reported Umeda er al. (1991).
Camirand ef al. (1990) and Van der Leij ef al. (1991), have observed that all introns in
the GBSS-I gene also followed the universal GT-AG. In this context our observations on
the intron/exon architecture in the nucleotide sequence of the 1.2 Kb amplicon are in
agreement with those of Umeda et al. (1991), Camirand ef al. (1990) and Van der Leij et
al. (1991).

While the coding region of 604 bases of the nucleotide sequence of 1.2 Kb
amplicon showed a maximum of 90% homology with the coding region of granule
bound starch synthase-I of other plant species, the noncoding regions identified in the
sequence did not show any significant homology with GBSS genes. Xu et al. (2009),
have reported similar results on the sequence homology of rye waxy gene with waxy
genes of other plants. While the coding region of rye waxy gene showed a maximum of
97.4% homology with coding regions of waxy genes of other plants, the maximum
homology observed for the non coding region was only 53%. These results indicate a
higher level of sequence conservation of GBSS genes in the coding region than the non
coding region. Similar results have been reported for GBSS genes in sorghum, rice and
maize (Chen ef al., 1998).

EMBOSS CpGplot detected a putative CpG island of 856 bases located

between positions 310 to 1116 in the nucleotide sequence of the 1.2 Kb amplicon and a
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CpG island of 495bases located between position 355 to 854 in the nucleotide sequence
of the 0.9 kb amplicon. The ratio of observed to expected CG composition in this
segment of the sequence was > 0.60. Detection of a putative CpG plot is an indication
that the gene could be under tight regulatory control. Since CpG islands are known to be
associated with the 5’ end of genes which are subjected to regulatory control (Larsen et
al., 1992), the detection of CpG Island in the DNA amplified in the current study
indicates that the region of DNA amplified could belong to the 5 end of the target gene.

NCBI scan detected twelve palindromic structures in the nucleotide sequences
of both 1.2 Kb amplicon 0.9 Kb amplicon. Jangsutthivorawat and Volkaert (2009), have
correlated the presence of (CT)n and (AATT)n repeats at the GBSS-I loci of rice with
the variations in the amylose contenent in the starch. Bao et al. (2006b), have also
indicated a close correlation between the number of repeats with the AAC in starch
grains of North American and Chinese germplasm. Alleles with fewer repeats (n<12)
were observed to be associated with higher apparent amylose content (AAC) and those
with more repeats (n>12) with a lower AAC. Domon et al. (2002), have identified three
SSRs viz., (TCGA)3, (AT)s and (GGAT); waxy gene of barley. Identification of such
repeats in the partial nucleotide sequence of the buckwheat GBSS-I gene, identified in
the present study could be used as markers for screening of buckwheat accessions for
their AAC.

The deduced amino acid sequence for the 1,116 bp bases of the 1.2 Kb
amplicon comprised of 199 amino acid residues with a predicted isoelectric point (pl) of

9.75 and calculated molecular weight of 22.3 kDa. Sequence similarity analysis of the
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sequence with BLASTp against non-redundant protein database, identified the deduced
sequence with the granule bound starch synthase family. Domain search on the deduced
amino acid sequence identified the putative substrate binding site comprising of the
sequence Lys-Thr-Gly-Gly-Leu (K-T-G-G-L) between P’; and P’s. KTGGL is a
universal motif identified in GBSS-I of Pisum sativum (Edwards et al., 2002), Vigna
radiata (Ko et al., 2009), Solanum tuberosum (Edwards et al., 1995), Zea mays (Harn et
al., 1997), grain amaranth (Park et al., 2009), Triticum aestivum (Anisworth et al., 1993;
Baba et.al., 1993) and Oryza sativa (Sano, 1984). The domain has also been reported to
be present in GBSSII of cassava, (Munyikwa et al., 1997), SSIl of Pisum sativum
(Edwards et al., 2002), Solanum tuberosum (Edwards et al.,1995) and Zea mays (Harn et
al., 1997). The motif has been suggested to be involved in substrate binding (Furukawa
et al.,1990; 1993). Based on affinity labelling and site directed mutagenesis, it was
shown that the lysine residue in conserved motif KTGGL, formed part of the ADPG
binding site of E.Coli glycogen synthase (Furukawa et. al., 1990, 1993). ADPG is the
glucosyl donor in the reaction catalysed by glycogen and starch synthase. Hence, it was
assumed that this motif could be the ADPG binding site in the plant enzmes.

Using an alignment that permitted maximum homology, the sequence showed a
maximum of 84% homology with deduced amino acid sequences of GBSS-I of Nelumbo
nucifera (acc. no. ACM78591). The sequence also showed 83%, 80%, 79% and 79%
homolgy with deduced amino acid sequences of GBSS-I of Gossypium hirsutum (acc.
no. ACJ11735), Phaseolus vulgaris (acc. no. BAA82346), Ipomoea batatas (acc. no.

BAI83439) and Pisum sativum (acc. no. CAC69955) and 80% homology with GBSSII
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of Oryza sativa (acc. no. ACY56082) and Triticum aestivum (acc. no. AAF14233). The
deduced amino acid sequence identified in the present study showed an insertion of 9
residues “HLHVLILES” at P’|; and the presence of three highly conserved domains
between P’1-P’ 6, P*33-P’s; and P’¢-P’g9. While the conserved domain between P’(-P’ ¢
comprised of 16 residues represented by the sequence “PWSKTGGLGDVLAALP”, that
between P’33-P’s; comprised of 20 residues represented by the sequence “GHRVMTVA
PRYDQYKDGWDT”. The third conserved domain comprised of 25 residues between
P’66-P’90. This domain was represented by the sequence “VRFFHCYKRGVDRVFVDH
PMFLEKV”. ClustalW multiple alignment also revealed a high level of sequence
similarity within the first 95 amino acid residues aligned out of the total 119 deduced
amino acid residues. This sequence showed similarity with the glycoslytransferase
enzmyes which catalyze the transfer of a monosaccharide unit from an activated
nucleotide sugar to a glycosyl acceptor molecule forming glycosidic bonds in
carbohydrate residues or other biopolymers (Breton et al., 2006). Motif search on the
deduced amino acid sequence identified a starch synthase catalytic domain
predominantly represented by the amino acid residues “PWSKTGGLGDVLAALP
HLHVLILESPALAARGHRVMTVAPRYDQYKDGWDTNVLVQIQVGERVETVRFF
HCYKRGVDRVFVDHPMFLEKVTGPLGYLEEHMIKIVIFRRVTTTTFASGTQICIV

RGGAGRKGVMAY?” between positions 1-136. The software also detected three protein
kinase C phosphorylation sites represented by the sequence Thr-Val-Arg (P’ss.67), Thr-
Gly-Lys (P’14i-143) and Thr-Gly-Arg (P’176.178). Phosphorylation has been shown to play

a major role in modulating the function and DNA-binding activity of many nuclear
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proteins, including transcription factors and proteins involved in chromatin organization
(Dang et al., 1994; Armstrong et al., 1997; Hoffmann et al., 1998). The identification of
such sites in the deduced amino acid sequence is indicative of its role in signal
transduction processes during seed maturation.

When the deduced amino acid sequence were plotted as a function of
hydropathic index, the sequence showed a predominantly hydrophobic character. Based
on the hydropathic index of Kyte and Doolittle (1982), the major regions of hydrophobic
nature detected in the sequence were between residues 5-28, 50-57, 77-95 and 102-139.
Wang et al. ( 2000), have reported similar results on the hydrophobicity of Jpomoea
batatas GBSS-I. Statistical analysis by SAPS (Brendel et al., 1992) predicted the
sequence to have 28.1% nonpolar residues, 18.6% polar uncharged residues and 22.6%
polar charged residues. The absence of any transmembrane helices in the deduced amino
acid sequence of the putative GBSS protein indicates presumably the protein functions
within the cytosolic or nuclear compartments. This assumption is supported by the
detection of putative sites for post translational modification in the amino acid sequence
of the putative buckwheat GBSS like protein identified in the present study.

Phylogenetic analysis of the deduced amino acid sequence reported in the
present study with amino acid sequences of granule bound starch synthases available in
EMBL database, revealed a clear diversification into monocotyledonous (GBSS-11) and
dicotyledonous (GBSS-I) groups. The monocotyledons were represented by Group-1 and
comprised of Oryza sativa (acc. no. ACY56082), Triticum aestivum (acc. no.

AAF14233) and Zea mays (acc. no. ACG43100). The dicotyledons on the other hand,
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were represented by Group-1l and comprised of Jpomoea batatas (acc. no. BAI83439),
Nelumbo nucifera (acc. no. ACM78591), Gossypium hirsutum (acc. no.ACJ11735),
Pisum sativum (acc. n0.CAC69955), Phaseolus vulgaris (acc. no. BAA82346) and
Fagopyrum esculentum. According to Pan et al. (2009), the putative protein could have
duplicated and diverged into two different forms viz., GBSS-I or GBSSIa and GBSS-II
or GBSSIb during evolution and the diversification into monocotyledonous (GBSS-1I)
and dicotyledonous (GBSS-I) groups might be a consequence of this diversification
process. Similar observations have been made by Dian et al. (2003).

The deduced amino acid sequence for the 896 bases of the 0.9 Kb amplicon
comprised of 70 amino acid residues with a predicted isoelectric point (pI) of 6.05 and
calculated molecular weight of 8.0 kDa. Sequence similarity analysis of the sequence
with BLASTp against non-redundant protein database, identified the deduced sequence
with the GBSS family. Using an alignment that permitted maximum homology, the
deduced amino acid sequence showed a maximum of 96% homology with GBSS-I of
Ipomoea batatas (acc. no. BA183439), Ipomoea umbraticola (acc. no. ABW83774) and
Solanum nemorense (acc. no. AAY 63641) with a query coverage of 100%. The
sequence also showed 95% homology with Nicotiana tabacum (acc. no. AAZ99063),
Hyoscyamus niger (acc. no. AAZ99051), Atropa belladonna (acc. ﬁo. AAZ99047),
Jaborosa squarrosa (acc. no. ABMA46904), Jaltomata procumbens (acc. no.
AAY63568), Anisodus luridus (acc. no. AAZ99048) and Solanum johnstonni (acc. no.
ACV96018) and 93% homology with Przewalskia tangutica (acc. no. AAZ99055)

respectively. BLASTp analysis of the sequence indicated that the entire 70 amino acid
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residues belongs to the glycosyltransferase superfamily, which catalyzes the transfer of
sugar moieties from activated donor molecules to specific acceptor molecules, forming
glycosidic bonds in carbohydrate residues or other biopolymers (Breton et al., 2006).
Similar results were also reported in rye waxy gene (Xu ef al., 2009). Motif search on the
deduced amino acid sequence identified the entire sequence as starch synthase catalytic
domain. The starch synthase catalytic domain is also found in glycosyltransferases that
uses only ADP glucose as substrate (Leterrier et al., 2008).

A phylogenetic tree, describing the relationship of the deduced amino acid
sequence reported in the present study with amino acid sequences of GBSS proteins
from other plants, was constructed by maximum parsimony method using the alignment
matrix generated in the present study. The deduced amino acid sequence of 70 residues
clustered together into one clad with amino acid sequences of Ipomoea batatas (acc. no.
BAI83439) and Ipomoea umbraticola (acc. no. ABW83774). On the other hand, the
amino acid sequences of granule bound starch synthase protein from Nicotiana tabacum
(acc. no. AAZ99063), Hyoscyamus niger (acc. no. AAZ99051), Anisodus luridus (acc.
no. AAZ99048), Atropa belladonna (acc. no. AAZ99047), Jaborosa squarrosa (acc.
n0.ABM46904), Jaltomata procumbens (acc. no. AAY 63569), Solanum johnstonni (acc.
n0.ACV96018), Solanum nemorense (acc.no. AAY 63641), Przewalskia tangutica (acc.

no. AAZ99055) clustered into another clad.
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CHAPTER VI

GENERAL SUMMARY AND DISCUSSION



INTRODUCTION

Starch is one of the most important plant products to man. It occurs in the form
of a complex granular mixture of amylose and amylopectin. While amylose comprises
largely of unbranched a-1, 4-linked glucan chains, amylopectin is comprised of small
size a-1, 4-linked chains that are clustered together by a-1, 6-linkages between adjoining
straight glucan chains (Tetlow ef al., 2004).

Starches are typically used as thickeners and stabilizers in foods such as
puddings, custards, soups, sauces, gravies, pie fillings, and salad dressings and to make
noodles and pastas. Starch is also widely used in the preparation of foods such as bread,
pancakes, cereals, noodles, pasta, porridge and tortilla (Elliason, 2004). On the basis of
nutritional characteristics which are mainly based on the extent of digestibility, starch
has been classified either as: (i) Digestible starch (Berry, 1986) or (ii) Resistant starch

(Englyst et al., 1982). Besides its nutritive values, the industrial applications of starch



include its use as a thickener, colloidal stabilizer, gelling agent, bulking agent, water
retention agent and adhesive. Designer starches can be used for bulk or value-added
food and feed and in non-food applications as in chemicals or as bioenergy (Morell and
Myers, 2005). Thus, a major challenge would be to predict the effect of
structural/chemical changes in starch which determines their functional properties. The
functional properties of starch such as gelatinization temperature, pasting,
retrogradation, water absorption capacity, swelling power, and solubility vary
considerably from one botanical source to another and also contribute to use of starch
for industrial applications (Dedeh and Sackey, 2002; Chen et al., 2003; Amani et al.,
2004; Perez et al., 2005; Peroni et al., 2006; Riley et al., 2006; Shujun ez al., 2006; Yuan
et al., 2007) These properties also depend on amylose/amylopectin ratio, chain length
distribution of amylopectin, phosphorus content, granular size and molecular weight of
the starches (Lu er al., 2005; Sasaki and Matsuki, 1998; Fredriksson et al., 1998;
Shibanuma et al., 1996; Jane and Chen, 1992; Tian et al., 1991). Therefore, unraveling
the potential of starches for use in the food and non-food industries calls for a better
understanding of their unique physicochemical, functional and structural properties.
Since the physicochemical properties of starches are genetically determined, it is
possible to manipulate the properties of starches by genetic manipulation. Therefore,
discovery and characterization of the enzymes that affect the quality of starch are of
notable worth. The biosynthesis of starch involves the coordinated action of three
enzymes viz., ADPglucose pyrophosphorylase (ADPase), starch synthases (SS) and

starch branching enzyme (SBE). Kossmann and Lloyd (2000), have identified at least
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five isoforms of starch synthases which include one granule bound enzyme viz., GBSS-I
and four soluble starch synthases viz.,, SS-I, SS-II, SS-III and SS-IV. Many starch
biosynthetic enzymes have been shown to be distributed between the soluble fraction of
the plastids and the insoluble starch granules (Ball and Morell, 2003; Tetlow et al.,
2004a). GBSS, which is localized exclusively within the starch granule, is responsible
for amylose biosynthesis (Shure et al., 1983). On the other hand the synthesis of
amylopectin involves concerted activity of the starch synthases as well as branching and
de-branching enzymes (Denyer et al., 2001; Hirose and Terao., 2004). GBSS-1, the key
enzyme responsible for amylose synthesis, has been identified as a 58 kDa (Shure et al.,
1983) or a 60 kDa (Echt and Schwartz, 1981) protein in maize, a 60 kDa protein in rice
(Sano, 1984) and a 68 kDa protein in grain amaranth (Konishi et al., 1985).

Since Amylose-free or low-amylose starch is considered desirable for certain
food and non-food industries (Morell et al., 1995), most of the approaches aimed at
modifying the quality of starch have focused on alteration of amylose/amylopectin ratio
of the grains. Approaches used to achieve this goal are being pursued through
manipulation of the genes coding for enzymes involved in the starch biosynthetic
pathway (Sestili et al., 2010). The gene coding for the enzyme GBSS-I (called waxy) has
been cloned from maize (Shure et al., 1983; Klosgen et al., 1986), potato (Hovenkamp-
Hermelink ef al., 1987; Visser et al., 1989; Van der Leij ef al., 1991), barley (Rohde et
al., 1988), rice (Wang et al., 1990; Hirano and Sano, 1991; Okagaki, 1992), pea (Dry et
al., 1992), sorghum (Hsieh et al.,1996a), cassava (Salehuzzaman et al., 1993) and

common wheat (Clark et al., 1991; Mason-Gamer et al., 1998 and Murai et al., 1999).
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While much work has been done on the characterization of starch from cereals and
analysis of the regulation of its biosynthesis, not much information is available about the
quality of starch in many other potentially important crops. One such group of crops
belongs to pseudo cereals. Amongst this group of plants, common buckwheat is an
important pseudo cereal because of its high potential for use as a functional food.
However, because of its unfavorable amylose/amylopectin ratio, the buckwheat flour
had poor dough making qualities. Since the ratio of amylose to amylopectin influences
the texture and quality of flour, identification of the gene loci involved in the regulation
of starch synthesis and deposition would have an important bearing on devising effective
breeding programs for improved starch quality. These loci could be used as markers for
identification of genotypes with low amylose content of starch in the grains. Even
though such proteins have been isolated and their genes cloned from other conventional
crops, none of the granule bound proteins in buckwheat have been identified nor have
their genes been cloned.

The present work focused on isolation and characterization of granule bound
starch synthase protein and its genes from maturing grains of common buckwheat.
RESULTS

Marked variations were observed in the shape and size of starch grains isolated
from different accessions/cultivars of common buckwheat. The grains ranged in shape
from round/spherical to polygonal with a monomodal distribution with in size from 3pm
to 12um. While the grains from VL-7 and IC-13145 showed distinct polygonal shape,

those from 1C-188669, KBB-3, OC-2, Siva and Daria were round to spherical in shape.
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VL-7 and KBB-3 had the largest starch grains which ranged in size from 9.47 um to
12.1pm. VL-7 is a high yielding and early maturing cultivar from Western Himalayas
released by Indian Council for Agricultural Research, New Delhi.

The range of variation in shape and size of starch grains in common buckwheat,
as observed in the present investigation, are in agreement with other earlier reports on
the shape and size of starch grains in common buckwheat (Kim et al., 1977; Soral-
Smietana et al., 1984; Acquistucci and Fornal, 1997; Qian and Kuhn, 1999b).
Lindeboom et al. (2004), have classified starch grains as large (>25um), medium (10-
25um), small (5-10pm) and very small (>Spum). Starch grains isolated from the
endosperm of buckwheat can be clearly classified under the small grain size category.
Starches having small granules and a narrow granule size distribution have found
application in fine printing paper and plastic sheets (Jane et al., 1994; Wilhelm et al.,
1998), as a binder with orally active ingredients and as a carrier material in cosmetics
(Whistler, 1995). Due to their small size, starch grains of common buckwheat may find
similar applications.

A distinct feature of starch grains isolated from Indian accessions/varieties was
the presence of pores on the surface of the grains. No such pores were visible on the
surface of starch grains from European accessions/cultivars. Pores were mostly observed
on the smoother surface of starch granules. While, some granules had large number of
pores on their surfaces, others had only few pores. Similar observations on the presence
of pores in buckwheat starch grains have been made by Qian et al. (1998). Fannon ef al.

(1993), have reported the presence of pores on the surface of corn, sorghum and millet
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starch granules as well as along the equatorial groove of large granules of wheat, rye and
barley. Qian et al. (1998), have ascribed the higher susceptibility of buckwheat starch to
amylase action to the presence of pores on the surface. Porosity and surface area are
important characteristics of solid materials that determine their properties e.g., thermal
conductivity, thermal diffusivity, mass diffusion coefficient. Mechanical and textural
properties of food are also dependent on porosity (Marousis and Saravacos, 1990). The
grains were stacked in compact layers and were covered with a proteinaceous membrane.
Scanning electron microscopy of partially digested starch grains showed a clear pattern
of concentric rings thereby revealing the lamellar structure of the starch grains. Such
lamellar structures have been reported to represent the alternation of semi crystalline and
amorphous zone within the matrix (French, 1984; Cameron and Donald, 1992). This
alternation of semi crystalline and amorphous zones within the matrix of starch grains
has been correlated with the presence of GBSS-I within the grains (Denyer et al., 1995;
Smith ef al., 1997). Our results on confocal laser scanning microscopy of buckwheat
starch clearly indicated the localization of GBSS-I in the form of discrete internal rings
within the matrix of starch grains. Han ef al. (2001), and Han and Hamaker (2002), have
shown that the protein was present in the form of discrete internal concentric spheres in
starch grains of potato, corn and wheat. Our observations on the localization of GBSS-I
in starch grains are consistent with the assumption that amylose synthesis occurs within
the core of the starch granules. Irrespective of grain size, the percentage of apparent

amylose in buckwheat starch ranged between 47% to 51.9%. The content of amylose in
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the grains showed a progressive increase with progressing seed development from milk
mature stage to late mature stage.

There were no marked differences in the rheological properties of starches
isolated from different accessions of buckwheat studied in the present investigation. The
starches showed a mean pasting temperature (Ptemp) of 68°C. The peak viscosity,
minimum viscosity, breakdown viscosity and final viscosity were 160 RVU, 102 RVU,
58 RVU and 210 RVU respectively. These results are in conformity with the
observations of Qian ef al. (1998). Compared to corn or wheat starches, buckwheat
starches have been shown to swell faster, exhibit a greater set back viscosity and form
stiffer and harder gels (Campbell, 1995; Zheng et al., 1998; Qian et al., 1998). Besides
super molecular glucan structures, the high viscosity values for buckwheat starches can
be explained by the fact that the starches exhibited a higher granule swelling and gelling
tendency than cereal starches (Yoshimoto et al., 2004). SDS-PAGE profile of proteins
associated with starch grains from European varieties/selections of buckwheat indicated
varietal differences in the grain proteome amongst different varieties. While the SDS-
PAGE proflies of proteins associated with starch grains from some varieties revealed the
presence of a single band corresponding to a moleuclar mass of 59.7 kDa, that of other
varieties showed the presence of a duplex with molecular masses of 59.7 kDa and 56
kDa. On the other hand, SDS-PAGE profiles of proteins associated with starch granules
isolated from the endosperm tissues of Indian accessions/varieties of buckwheat showed
the presence of only a single band corresponding to a molecular mass of 59.7 kDa.

However, SDS-PAGE profile of the proteins associated with starch grains isolated from
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leaves of common buckwheat revealed the presence of a single band corresponding to a
molecular mass of 53 kDa. These results are in conformity with similar observations on
granule associated proteins of potato and wheat (Takaoka et al., 1997; Han and
Hamaker, 2002). Starch granule associated proteins in endosperm of common wheat
(Triticum aestivum L.) have been reported to include at least one major protein with a
molecular weight of 61 kDa and six minor high molecular weight proteins. While the 61
kDa protein was identified as GBSS-I, all other proteins were identified as soluble starch
synthase (Takaoka et al., 1997). While the 59.7 kDa protein showed strong
crossreactivity with antibodies raised against GBSS-I, the 53 kDa and 56 kDa proteins
did not cross react with GBSS-I antibodies. These results indicate absence of serological
homology between GBSS-1 and the 53 and 56 kDa starch granule associated proteins.
The antisera, however, cross reacted with the 61 kDa GBSS-I of maize and the 60 kDa
GBSS-I of rice and wheat thereby indicating serological homology between the GBSS-I
of wheat, maize, rice and buckwheat. GBSS-I, the key enzyme responsible for amylose
synthesis, has been identified as a 56, 58 or a 60 kDa protein in maize (Echt and
Schwartz, 1981; Shure et al., 1983; Gibbon er al., 2003), a 60 kDa protein in rice (Sano,
1984), a 58 kDa protein in mungbean (Ko et al., 2009), 68 kDa protein in grain amaranth
(Konishi et al., 1985), 59 kDa protein in pea (Dry et al., 1992). Our results are in
agreement with the known molecular mass of GBSS-I from other sources.

2D-PAGE of the endosperm starch granule associated proteins resolved the
fraction into 10 spots with p!I ranging from 5.2 to 6.2. All the spots showed an apparent

molecular mass of 59.7 kDa. Imunoblotting of the 10 spots separated by 2D-PAGE with
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antisera raised against buckwheat GBSS-I identified two bands viz., spot no. 3 (pI 5.4)
and spot no. 8 (p/ 6.1) which cross reacted with antibodies raised against buckwheat.
Similar results have been reported for waxy proteins of maize, rice and barley
(Nakamura et al., 1993, 1995; Taira et al., 1995 and Chao et al., 1985). While the
protein was detected as a single band of 60 kDa on 1D-PAGE, it resolved into 3 (barley)
to 4 (maize, rice) isoforms, with p/ ranging from 5.8 to 7.2 on 2D-PAGE. The protein
corresponding to spot no. 3 was subjected to in-gel trypsin digestion, followed by Mass
Spectrometry and database search with MASCOT (www.matrixscience.com). Since, the
identification of peptide fragments relies on sequence information present in databases;
this is a limitation for buckwheat, which has no sequence information on granule bound
protein. Buckwheat proteins were thus identified by comparing them with the rice
genomes. However, one of the tryptic fragment having the amino acid sequence
“FNAPLAHLIMAGADVLAVPSR” with a predicted p! of 8.34 showed similarity with
GBSS-I protein of rice.

BLASTYp analysis of the N-terminal amino acid sequence for 25 residues of the
59.7 kDa granule associated protein, worked out in the present study, identified the
protein as granule bound starch synthase-1. Multiple alignment of the N-terminal
sequence of GBSS-I protein isolated from buckwheat with amino acid sequences of
similar proteins available in protein data banks clearly identified the conserved KTGGL
motif in the sequence. Furukawa et al. (1993), have demonstrated the ubiquitous
presence of KTGGL domain in all the GBSS-I proteins. This motif has been identified as

the ADP/ADPglucose binding site in the enzyme. It is interesting to note that while the
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residue immediately preceding and following this motif in soluble starch synEH;se is
usually basic there are no basic residues in the immediate vicinity of this motif in
sequence identified in the present study. The sequence showed 94% homology with
GBSS-I from Hordeum vulgaris, Triticum spp. and Phaseolus vulgaris. The percentage
homology varied between 94% to 88% with GBSS-I. Even though analysis of the
sequence alignment revealed a clear diversification into monocotyledonous and
dicotyledonous groups. The protein sequence from buckwheat showed similarities with
GBSS-I from both the groups. The protein sequence of buckwheat has Valine as the 5
amino acid residue, as is also a case of the protein sequences of GBSS-I from monocots.
However, majority of the dicots GBSS-I sequence had Isoleucine at this position. The
sequence of buckwheat also showed similarities with sequences from dicots in having
Valine as the 11" amino acid residue. GBSS-I protein sequence from monocots have
Methionine at this same position. The structural differences may imply differences iﬁ
catalytic activity of the enzyme. Sequence analysis of buckwheat GBSS-1 indicates
similarities with both cereal as well as dicot GBSS-I sequences. It is possible that the
protein from common buckwheat might belong to a catalytically distinct subclass and
hence a possible candidate for altering amylose biosynthesis in both dicots as well as
monocots. These results strongly indicate that the 59 kDa protein isolated from starch
grains from endosperm tissues of common buckwheat is a GBSS-I class enzyme and
hence, an isoforms of the waxy protein. This is the first report on the identification of

GBSS-I in common buckwheat.
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Phylogenetic analysis of the N-terminal amino acid sequence of the GBSS type
protein from common buckwheat reported here revealed a clear diversification into
monocotyledonous and dicotyledonous groups’. Within the monocots, the sequences
could be segregated into two groups. While one of the two groups (Group-I) was
dominated by rice (Oryza spp.) and maize (Zea mays), the other group (Group-II)
predominantly comprised sequences from Triticum spp, Hordeum spp, Secale cereale,
Elymus scaber and Aegilops speltoides. The dicotyledons, on the other hand, resolved
into three subgroups. While one of the groups comprised of sequences from Fagopyrum
esculentum, Nelumbo nucifera, Astragalus membranaceus and Amaranthus cruentus, the
other group comprised sequences from Pisum sativum, Phaseolus vulgaris and Manihot
esculenta. The third group comprised of Ipomoea batatas GBSS-1. These results are in
conformity with the observations of Edwards et al. (2002), who have reported a clear
division of GBSS-I proteins into those belonging to monocots and those to dicots.

The modified CTAB protocol used in the present study for isolation of genomic
DNA yielded fairly good quality DNA from the etiolated seedlings of common
buckwheat. The ratio of absorbance at 260 and 280 nm (A260/A2s80) for the DNA samples
isolated during the present investigation ranged between 1.7 to 1.9 indicating that the
isolated DNA was fairly pure. While EcoR1 and Hindlll digested buckwheat genomic
DNA fully, Ncol could only partially digest buckwheat genomic DNA. The
electrophoretic profile of EcoR1 and Hindlll digested DNA revealed a uniform smear
ranging in size from 0.5 Kb to 20 Kb with prominent bands indicating the presence of

EcoR1/Hindlll repeats of varying lengths in the genomic DNA of common buckwheat.
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Similar results have been observed by Bharali (2002), on the restriction digestion profile
of buckwheat genomic DNA. Bharali (2002), has reported 6 bands representing EcoR 1
repeats in genomic DNA of common buckwheat. The appearance of distinct bands in
EcoR1 and Hindlll digested gDNA indicates the presence of EcoR1, Hindlll and Ncol
repeats of varying lengths in buckwheat genomic DNA.

While amplification of gDNA wtih oligonucleotide primer pairs NDF7-NDR6
amplified a DNA fragment of showing an apparent molecular mass of 1.2 Kb that with
primer pair NDF8-NDR6 amplified a DNA fragment having an apparent molecular mass
of 0.9 Kb. BLASTn analysis of the nucleotide sequences of the amplicons identified the
same with genes encoding for granule bound starch synthase gene family. This is the
first report of identification of GBSS-I gene in common buckwheat. Clustal W multiple
alignment of the nucleotide sequence of 1.2 kb amplicon with nucleotide sequences of
GBSS genes of other plants revealed two highly conserved regions. While one of the
conserved regions, represented by the sequence “GGACATAGGGTTATGACAGTTGC
TCCTCGTTATGATCAGTATAAAGATGGATGGGATACTAATGTACTAGTTCAG
”, existed between P’94-P’ 63, the other represented by the sequence “CAGATACAAG
TTGGGGAAAGAGTTGAGACTGTTCGGTTCTTTCACTGCTACAAAAGAGGAGT
TGACCGGGTTTTCGTGGATCACCCTATGTTCCTTGAGAAGGT”, existed between
P’374-P’377. AUGUSTUS (version 2.4) identified four exons and three introns within the
nucleotide sequence of 1.2 Kb amplicon and two exons/two introns in the nucleotide
sequence of the 0.9 Kb amplicon. Sequence analysis of the 1.2 Kb amplicon clearly

revealed the presence of 1% and 2™ conserved domains within the sequence in the 1* and
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2" exon respectively. The sequences at the 5’ and 3’ends of the three introns were found
to follow the universal GT-AG rule (Breathnach and Chambon, 1981). These results are
in agreement with the observations of Xu ez al. (2009), on the nucleotide sequence of
waxy gene of rye. All the three introns identified in our study were shown to have AT
rich regions. Similiar reports of AT rich regions in the introns of Oryza glaberrima waxy
géne have been reported by Umeda et al. (1991). Camirand ef al. (1990) and Van der
Leij et al. (1991), have observed that all introns in the GBSS-I gene also followed the
universal GT-AG. In this context, our observations on the intron/exon architecture in the
nucleotide sequence of the 1.2 Kb amplicon are in agreement with those of Umeda ef al.
(1991), Camirand et al. (1990) and Van der Leij et al. (1991).

While the coding region of 604 bases of the nucleotide sequence of 1.2 Kb
amplicon showed a maximum of 90% homology with the coding region of GBSS of
other plant species, the non-coding regions identified in the sequence did not show any
significant homology with GBSS genes. Xu ef al. (2009), have reported similar results
on the sequence homology of rye waxy gene with waxy genes of other plants. These
results indicate a higher level of sequence conservation of GBSS genes in the coding
region than the non coding region. Similar results have been reported for GBSS genes in
sorghum, rice and maize (Chen et al., 1998).

EMBOSS CpGplot detected a putative CpG Island of 856 bases located
between positions 310 to 1116 in the nucleotide sequence of the 1.2 Kb amplicon and of
495 bases located between position 355 to 854 in the nucleotide sequence of the 0.9 Kb

amplicon. The ratio of observed to expected CG composition in these segments of the
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sequence was > 0.60. Detection of a putative CpG plot is an indication that the gene
could be under tight regulatory control. Since CpG islands are known to be associated
with the 5’ end of genes which are subjected to regulatory control (Larsen et al., 1992),
the detection of CpG Island in the DNA amplified in the current study indicates that the
region of DNA amplified could belong to the 5’ end of the target genes.

NCBI scan detected twelve palindromic structures in the nucleotide sequences
of both 1.2 Kb amplicon 0.9 Kb amplicon. Jangsutthivorawat and Holkaert (2009), have
correlated the presence of (CT)n and (AATT)n repeats at the GBSS-I loci of rice with
the variations in the amylose contenent in the starch. Bao er al. (2006b), have also
indicated a close correlation beween the nbumber of repeats with the apparent amylose
content (AAC) in starch grains of North American and Chinese germplasm. Alleles with
fewer repeats (n<12) were observed to be associated with higher AAC and those with
more repeats (n>12) with a lower AAC. Identification of such repeats in the partial
nucleotide sequence of the buckwheat GBSS-I gene that was identified in the present
study could be used as markers for screening of buckwheat accessions for their AAC.

The deduced amino acid sequence for the 1,116bp bases of the 1.2 Kb amplicon
comprised of 199 amino acid residues with a predicted isoelectric point (pl) of 9.75 and
calculated molecular weight of 22.3 kDa. Sequence similarity analysis of the sequence
with BLASTp against non-redundant protein database, identified the deduced sequence
with the GBSS family. Domain search on the deduced amino acid sequence identified
the putative substrate binding site comprising of the sequence Lys-Thr-Gly-Gly-Leu (K-

T-G-G-L) between P’4 and P’s. KTGGL is a universal motif identified in GBSS-I of
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Pisum sativum (Edwards et al., 2002), Vigna radiata (Ko et al., 2009), Solanum
tuberosum (Edwards et al., 1999), Zea mays (Harn et al., 1997), grain amaranth (Park e¢
al., 2009), Triticum aestivum (Anisworth et al., 1993; Baba et al., 1993) and Oryza
sativa (Sano et al., 1984). The domain has also been reported to be present in GBSSII of
cassava (Munyikwa et al., 1997), SSII of Pisum sativum (Edwards ef al., 2002), Solanum
tuberosum (Edwards et al., 1999) and Zea mays (Harn et al., 1997). The motif has been
suggested to be involved in substrate binding (Furukawa et al., 1990, 1993). Based on
affinity labelling and site directed mutagenesis, it was shown that the Lysine residue in
conserved motif KTGGL formed part of the ADPG binding site of E. coli glycogen
synthase (Furukawa er al., 1990, 1993). ADPG is the glucosyl donor in the reaction
catalysed by glycogen and starch synthase. Hence, it was assumed that this motif could
be the ADPG binding site in the plant enzymes.

Using an alignment that permitted maximum homology, the sequence showed a
maximum of 84% homology with deduced amino acid sequences of GBSS-1 of Nelumbo
nucifera (acc.no. ACM78591). The sequence also showed 83%, 80%, 79% and 79%
homolgy with deduced amino acid sequences of GBSS-I of Gossypium hirsutum (acc.
no. ACJ11735), Phaseolus vulgaris (acc. no. BAA82346), Ipomoea batatas (acc. no.
BAI83439) and Pisum sativum (acc. no. CAC69955) and 80% homology with GBSSII
of Oryza sativa (acc. no. ACYS56082) and Triticum aestivum (acc. no. AAF14233). The
deduced amino acid sequence identified in the present study showed an insertion of 9
residues “HLHVLILES” at P’j; and the presence of three highly conserved domains

between P’|-P’ ;¢ P’33-P’5; and P’¢-P’99. While the conserved domain between P’|-P’ ¢
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comprised of 16 residues represented by the sequence “PWSKTGGLGDVLAALP”, that
between P’3;-P’s; comprised of 20 residues represented by the sequence
“GHRVMTVAPRYDQYKDGWDT”. The third conserved domain comprised of 25
residues between P’¢s to P’gp. This domain was represented by the sequence
“VRFFHCYKRGVDRVFVDHPMFLEKV”. Clustal W muitiple alignment also revealed
a high level of sequence similarity within the first 95 amino acid residues aligned out of
the total 119 deduced amino acid residues. This sequence showed similarity with the
glycoslytransferase enzmyes which catalyze the transfer of a monosaccharide unit from
an activated nucleotide sugar to a glycosyl acceptor molecule forming glycosidic bonds
in carbohydrate residues or other biopolymers (Breton et al., 2006).

Motif search on the deduced amino acid sequence identified a starch synthase
catalytic domain predominantly represented by the amino acid residues “PWSKTGGLG
DVLAALPHLHVLILESPALAARGHRVMTVAPRYDQYKDGWDTNVLVQIQVGE
RVETVRFFHCYKRGVDRVFVDHPMFLEKVTGPLGYLEEHMIKIVIFRRVTTTTFA
SGTQICIVRGGAGRKGVMAY?” between positions 1-136. The software also detected
three protein kinase C phosphorylation sites represented by the sequences Thr-Val-Arg
(P’¢5.67), Thr-Gly-Lys (P’141.143) and Thr-Gly-Arg (P’176.178). When the deduced amino
acid sequence were plotted as a function of hydropathic index, the sequence showed a
predominantly hydrophobic character. Based on the hydropathic index of Kyte and
Doolittle (1982), the major regions of hydrophobic nature detected in the sequence were
between residues 5-28, 50-57, 77-95 and 102-139. Wang et al. (2000), have reported

similar results on the hydrophobicity of Jpomoea batatas GBSS-1. Statistical analysis by
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SAPS (Brendel ef al., 1992) predicted the sequence to have 28.1% nonpolar residues,
18.6% polar uncharged residues and 22.6% polar charged residues.

Phylogenetic analysis of the deduced amino acid sequence reported in the
present study with amino acid sequences of granule bound starch synthases available in
EMBL database revealed a clear diversification into monocotyledonous (GBSS-II) and
dicotyledonous (GBSS-I) groups. According to Pan et al. (2009), the putative protein
could have duplicated and diverged into two different forms viz., GBSS-I or GBSSIa and
GBSS-II or GBSSIb during evolution and the diversification into monocotyledonous
(GBSS-II) and dicotyledonous (GBSS-I) groups might be a consequence of this
diversification process.

The deduced amino acid sequence for the 896 bases of the 0.9 Kb amplicon
comprised of 70 amino acid residues with a predicted isoelectric point (pl) of 6.05 and a
calculated molecular weight of 8.0 kDa. Sequence similarity analysis of the sequence
with BLASTp against non-redundant protein database, identified the deduced sequence
with the GBSS family. Using an alignment that permitted maximum homology, the
deduced amino acid sequence showed a maximum of 96% homology with GBSS-I of
Ipomoea batatas (acc. no. BAI83439), Ipomoea umbraticola (acc. no. ABW83774) and
Solanum nemorense (acc. no. AAY63641) with a query coverage of 100%. The
sequence also showed 95% homology with Nicotiana tabacum (acc. no. AAZ99063),
Hyoscyamus niger (acc. no. AAZ99051), Atropa belladonna (acc. no. AAZ99047),
Jaborosa squarrosa (acc. no. ABMA46904), Jaltomata procumbens (acc. no.

AAY63568), Anisodus luridus (acc. no. AAZ99048) and Solanum johnstonni (acc. no.
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ACV96018) and 93% homology with Przewalskia tangutica (acc. no. AAZ99055)
respectively. BLASTp analysis of the sequence indicated that the entire 70 amino acid
residues belong to the glycosyltransferase superfamily. Motif search on the deduced
amino acid sequence identified, the entire sequence as the catalytic domain of starch
synthase.

A phylogenetic tree, describing the relationship of the deduced amino acid
sequence reported in the present study with amino acid sequences of granule bound
starch synthase proteins from other plants, was constructed by maximum parsimony
method using the alignment matrix. The deduced amino acid sequence of 70 residues
clustered together into one clad with amino acid sequences of [pomoea batatas (acc. no.
BAI183439) and Ipomoea umbraticola (acc. no. ABW83774).

Results obtained in the present study have revealed that the starch grains of
common buckwheat showed a monomodal size distribution with size ranging from 3um
to 12um. The grains can be clearly classified under the small grain size category and can
thus have important applications in industrial processes. SEM of partially digested starch
grains showed a clear pattern of concentric rings thereby revealing the lamellar structure
of starch grains. This alternation of semi crystalline and amorphous zones within the
matrix of starch grains has been correlated with the presence of GBSS-I within the
grains. Irrespective of grain size, the percentage of apparent amylose in buckwheat
starch ranged between 47% to 51.9%. The starches showed a mean pasting temperature
(Ptemp) of 68°C. Our results have revealed that a 59.7 kDa protein was associated with

buckwheat starch grains as a granule bound protein. Based on N-terminal amino acid as
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well as serological analyses, the protein has been identified as GBSS-1. This is the first
report on the identification of GBSS-I in common buckwheat. Investigations carried out
in the present study have led to the amplification and characterization of partial
nucleotide sequences of GBSS-I genes from common buckwheat. The sequences showed

features which were common to GBSS-I genes from dicots as well as monocots.
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