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Figure 3.1: Overview of sorghum transformation steps

3.1A: Sterilization step of immature seeds,

3.1B: Inoculation step of immature embryos

3.1C: Somatic embryogeneic tissue

3.1D: partitioning of somatic embryogenic tissue to ensure lineage tracking
3.1E&F: Regeneration steps

3.1G: Acclimation of plants

3.1H: Transgenic sorghum in greenhouse
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Figure 3.2: Southern blot analysis of transgenic sorghum events carrying cyanamide
hydratase (cah) gene

3.2A: Primary transformation events designated 164, 165, 166, and 168 probed with cah
ORF. + lane indicates 50 pg linear binary vector pPTN181. Tx430 lane is 10 pg of wild
type DNA

3.2B: Southern blot analysis of T1 progeny derived from events 164 and 165, highlighting
segregating transgenic alleles in event 165, and linked alleles in 164. WT lane indicates
10 pg genomic DNA from Tx430. + lane is 50 pg of linear binary vector pPTN181.
3.2C: Southern blot analysis of T; progeny derived from events 166 and 168,
highlighting segregating transgenic alleles in event 166, and linked locus in 168. WT lane
indicates 10 pg genomic DNA from Tx430. + lane is 50 pg of linear binary vector
pPTN181
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Figure 3.3: GUS expression profile observed in transgenic sorghum

3A-3F: Transgenic sorghum event carrying the glob-1-GUS cassette showing embryo
specific expression. 3A: stem section, 3B root section, 3C: glume, 3D leaf,

3E root, and 3F seed, endosperm and embryo (blue).

3G-3L: Transgenic sorghum event carrying the ubiquitin-1-GUS cassette showing
constitutive GUS expression. 3A: stem section, 3B root section, 3C: glume, 3D leaf,
3E root, and 3F seed, endosperm and embryo.
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CHAPTER 4

Modulation of kernel storage proteins in grain sorghum (Sorghum
bicolor (L.) Moench)
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Summary

Grain sorghum (Sorghum bicolor (L.) Moench) ranks fifth among the cereals
world-wide with respect to its importance for food and feed applications. The grain is
approximately 13% protein, of which the kafirins comprise over 80% of the protein
component of the grain endosperm. The kafirins are categorized into subgroups a-, -,
and vy. The kafirins are co-translationally translocated to the ER where they are assembled
into discrete protein bodies that tend to be poorly digestible with low functionality in
baking applications. As a means to address these two issues in sorghum we employed a
biotechnology approach that is designed to simultaneously alter the protein body
structure, along with synthesis of a co-protein in the endosperm fraction of the grain. To
this end, we report here on the molecular and phenotypic characterizations of transgenic
sorghum events that are down-regulated in y- and the 24 kDa a-kafirins, and the
expression of a high molecular weight glutenin protein from wheat, and the creation of

various gene stacks with the derived transgenic alleles.
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Introduction

Grain sorghum (Sorghum bicolor (L.) Moench) is a staple food for a large
proportion of world population. Grain harvested from sorghum and the millets provides
an important source for dietary calories and protein for approximately one billion people
in the semi-arid regions of the world (Belton and Taylor, 2004). However, grain
sorghum products are known to have relatively poor digestibility, only approximately
46%, in comparison other grains such as wheat and maize, which tend to have
digestibility percentages over 80 and 70, respectively (MacLean et al., 1981). Protein
with high digestibility is by definition nutritionally superior due to the increased
availability of amino acids. Digestibility can be impacted by both protein-protein and/or
protein-non-protein interactions (Duodu et al., 2003; Taylor et al., 2007). However, with
respect to grain sorghum it is expected that the major factor influencing digestibility is
the protein-protein interactions leading to high protein cross-linking around the protein
body (Duodu et al., 2003).

Protein content of grain sorghum is approximately 13% (Beta et al., 1995), of
which the kafirins comprise over 80% of the protein component of the grain endosperm
(Hamaker et al., 1995). The kafirins are categorized into a-, - and y- groupings, with o
and o, approximately 24 kDa and 26 kDa, respectively, and - and y- having molecular
masses of 18.7 kDa and 20 kDa, respectively (Belton et al., 2006). The kafirins are
assembled into discrete protein bodies (PB) in the ER, whereby the a-kafirins compose
the core and the B- and y- decorate the periphery of the PB. It is thought that the
organizational structure of the PB has a major impact on protein digestibility of sorghum

food and feed products (Hicks et al., 2001). As mentioned above, cooking leads to the
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increased cross-linking of the B- and y-kafirins that blocks the access to the more
digestible a-kafirin core (Hamaker et al., 1994; Oria et al., 1995; Oria et al., 2000). This
model is supported by the observation that the addition of reducing agents during cooking
improves the in vitro digestibility of sorghum (Hamaker et al., 1987; Arbab and El Tinay,
1997). Moreover, studies evaluating highly digestible sorghum mutants further support
the structural role of the PB on this parameter (Weaver et al., 1998). Furthermore in the
sorghum mutant with high digestible high lysine (HDHL) phenotype, the PB are highly
folded, with reduction of the y-kafirin about the periphery (Oria et al., 2000).

In addition to digestibility, the bread making properties of sorghum flour are also
relatively poor. As with digestibility, functionality is also influenced by protein/protein
and protein/non-protein interactions. Therefore, to mirror the viscoelastic properties of
wheat dough, it is necessary to functionalize the kafirins in such a fashion to allow them
to mimic polymeric structures formed during processing between high molecular
glutenins and gliadins. Recently it has been reported that blending of co-proteins, such as
casein, with sorghum flour in a baking process can stabilize the B-sheet over time,
thereby mirroring the functionality of wheat gluten (de Mesa-Stonestreet et al., 2010).

We describe here the generation and characterization of novel sorghum genotypes
in which deliberate perturbation of both y-kafirin, and the 24 kDa o-kafirin have been
achieved, in addition to sorghum grain in which high levels of the wheat high molecular

weight glutenin protein is produced.
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Experimental procedures

Plasmid Constructions

To down-regulate the alpha kafirin, an RNAI approach was used. The alpha kafirin ORF
was isolated from the sorghum genotype Tx-430 by RT-PCR on mRNA from immature
seed using primers, Kaf-5: ATGGCTACCAAGATATTTGTCCTCCTTGCG and Kaf-3:
AATCTAGAAGATGGCACTTCCAACGATGGG, based on the genbank accession
number EU424175. Further a 500bp region from 5 end of this ORF was amplified and
restriction sites were designed at its ends using primers
GTTAACGGGTTGGATGCAAGTAGCTGTTGT to add Hpal at 5’ end and
TCTAGAGCCCTTATGGCTACCAAGATATTTGT to add Xbal at 3’ end. Again the
same region was amplified to add different restriction sites at its end using primers
GAGCTCGGGTTGGATGCAAGTAGCTGTTGT to add sst1 at 5’ end and
CTCGAGGCCCTTATGGCTACCAAGATATTTGT to add Xho1l at 3’ end. These
amplified fragments were cloned in opposite orientation and put under the control of
alpha kafirin promoter. Alpha kafirin promoter was cloned using primers palphaKaf-1:
AGACCTCCCAACCCATGCTCGCCACGTTTG and palphaKaf-2:
TTGGAAGGACGTTGCTAGTTCGTTTCAC to amplify 832bp upstream sequence from
translation start site based on gene bank accession number X16104. The gene expression
cassette was terminated with 35s terminator. The resultant cassettes were cloned into the
binary plasmid pPZP212 (Hajdukiewicz et al., 1994), and designated pPTN1017.

To down-regulate gamma kafirin, a ribozyme mediated RNAI approach was used. To
amplify the gamma kafirin promoter, primers were designed as per sequence from gene

bank accession number X62480. Primers gKaf2-5:
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CCGTGTACAACGAAGTGGTGAGTCATGAG and gKaf2-3:
GGTGTCGAGTTCTTGTCTGCTCTTG were used to amplify the 493bp region
upstream to translation start site of this gene by PCR on sorghum (Genotype Tx430)
genomic DNA. The gamma kafirin ORF was amplified using primers gKaf5:
ATGAAAGGTGTTGCTCGTTGCCCTCGCTC and gKaf3:
TCTTTAATAGTGGACACCACCGGCAAAAGG by RT-PCR on sorghum (Genotype
Tx430) mRNA from immature seed based on gene bank accession number X62480.
Further the gamma kafirin gene was cloned under the control of gamma kafirin promoter
and terminated by ribozyme (Buhr et al., 2002). Ribozyme is a self cleaving RNA
molecule that cleaves itself and leads to the production of aberrant RNA. Further this
RNA along with the targeting endogenous gene are silenced through RNAi mechanism.
(Buhr et al., 2002; Haseloff et al, 1988). The resultant cassettes were cloned into the
binary plasmid pPZP212 (Hajdukiewicz et al., 1994), and designated pPTN915. The
binary vector designated pPTN883 was prepared as described by Blechl et al. (1996). The
final binary vectors were mobilized into A. tumefaciens strain NTL4 carrying the
disarmed Ti plasmid pKPSF2 (Luo et al., 2001) via tri-parental mating. Sorghum
transformations were conducted with genotypes Tx430 as previously described (Howe et
al., 2006).

Molecular characterization of transgenic sorghum

Total genomic DNA was isolated from sorghum leaves following a modification
of the protocol described by Dellaporta et al. (1983). Southern blot analysis of transgenic
events was conducted as previously reported (Howe et al., 2006). Membranes were

hybridized with either dCT*?P labeled HMW-GS ORF or gamma kafirin ORF or the
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spacer fragment separating the two RNAIi arms of the alpha kafirin down-regulation
cassette. For RNA gel blot analysis, total RNA was extracted from ground individual
seeds (20 days after anthesis) in 1 ml of TRIzol® LS reagent (Invitrogen). RNA sample
separation and hybridizations were carried out as previously described (Buhr et al.,
2002). Membranes were hybridized with either dCT??P labeled 2288-bp region of the
HMW-GS ORF or 502-bp fragment from the alpha kafirin ORF or 819-bp fragment from
the gamma kafirin ORF.

Seed protein extracts

Individual seeds were ground in liquid nitrogen. Ground tissue was mixed with
protein extraction buffer composed of 0.1 M Trizma base, 10 mM EDTA, 0.9 M sucrose,
0.4% (v/v) 3-mercaptotehanol, pH 8.0. The mixture was subsequently extracted for 30
min at 4° C, with slight agitation, in equal volume Tris-saturated phenol. Following the
30 min extraction step, the suspension was centrifuged at 4,350 x g in a Beckman JA-20
rotor for 10 min. The upper phenol phase was collected and precipitated overnight at -
20°C, using 5X volume of 0.1M ammonium acetate in 100% methanol. Precipitated
proteins were pelleted at 17,400 x g in a Beckman JA-20 rotor for 10 min. The protein
pellet was subsequently washed with 0.1M ammonium acetate in 100% methanol,
followed by washings in 80% (v/v) acetone, and finally with 70% (v/v) ethanol. The
washed protein pellets were suspended in 8 M urea, 2M thiourea, 2% (w/v) CHAPS, and
2% (v/v) Triton X-100. Protein concentrations were quantified using the Bradford assay.

Two-dimensional gel electrophoresis

A total of 300 ug of protein was loaded onto each 7 cm pH 3.0-10.0 gradient

Ready Strip IPG (Bio-Rad, cat # 163-2000). Following the run in the first dimension, the
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protein was run in the second dimension using 14% SDS-PAGE and the gel was
subsequently stained with Coomaissie G-250. Differential spots observed in transgenic
samples as compared to control samples, were picked and analyzed using tandem mass
spectrometry.
Microscopy

Immature seeds 12 days after anthesis were sliced transversely into 1-2-mm
pieces with a razor blade and fixed in 4% (vol/vol) paraformaldehyde and 1% (vol/vol)
glutaraldehyde in 0.05M potassium phosphate buffer (pH 6.8) at 4°C for 16 h. For
microstructural analysis, the specimens were stained with 2% osmium tetroxide in 0.05
M potassium phosphate buffer (pH 6.8). After washing with the same buffer, the
specimens were dehydrated in a graded ethanol series (15 min each in 10, 30, 50, 70, 90,
and 95% aqueous ethanol, and in 100% ethanol). After gradual dehydration in the ethanol
series, samples were infiltrated for 2 h each in 20, 40, 60, and 80% LR White resin in
ethanol, and then for overnight in 100% LR White resin. The infiltration with 100% LR
White resin continued for 2 more days with several changes of fresh resin. The samples
were placed in plastic molds and polymerized for 2 days in an oven at 55°C. Prepared
specimens were sectioned with a diamond knife on an ultramicrotome (LKB Ultrotome
111, Stockholm, Sweden). Copper grids coated with formvar membrane and carbon were
used. Sections were post stained for 5 min with 2.5% (wt/vol) uranyl acetate and for 3
min with 0.1% (wt/vol) lead citrate and examined with a Hitachi H7500 transmission
electron microscope (Hitachi, Tokyo, Japan) at 80 kV at the University of Nebraska-

Lincoln Microscopy Core Facility.
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Digestibility and amino acid analysis

In vitro pepsin digestibility was carried out on seed derived from a subset of the
transgenic sorghum events expressing the HMW-GS. Seed samples were uniformly
ground using a Udy mill equipped with a 0.5 mm screen. The in vitro digestibility was
ascertained following the procedure described by Mertz et al (Mertz et al, 1984). For

amino acid analysis the seed samples were sent to Eurofins, lowa.
Results
Molecular analysis of transgenics

Binary vector designated pPTNB883 harbors gene expression cassette for the
expression of high molecular weight glutenin subunits (HMW-GS) under the control of
seed specific promoter. Binary vector designated pPTN915 and pPTN1017 contained
gene expression cassettes for the down-regulation of gamma (Fig 4.1a) and alpha kafirin
(Fig 4.1b) genes under the control of gamma and alpha gene promoters respectively.
More than ten independent events were obtained with each binary vector. Southern blot
analyses were conducted on all the transgenic events to check the integration of the
transgene in the host genome (Fig 4.2a, 4.2b, 4.2c). Total genomic DNA was digested
with an enzyme for which there is a single recognition site within the T-DNA element to
produce a single hybridization signal for each transgenic locus. Although multiple copies
per insertion may be present, copy number in each insertion event was not determined.
Genomic DNA hybridization suggested the presence of varying number of inserts in
different events. Northern blot analyses were conducted to evaluate the expression of
these genes at the mRNA level. The Dx5 promoter from wheat resulted in very high

expression of the HMW-GS in the sorghum seed (Fig 4.3a). Furthermore, the expression
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of the genes at the protein level was evaluated by two dimensional SDS-PAGE (Fig 4.4a,
4.4b, 4.4c). Mass spectrometry was used to confirm the expression of HMW-GS or
down-regulation of alpha or gamma Kkafirin proteins. Lead events showing high
expression of HMW-GS and efficient down-regulation of the endogenous alpha or
gamma kafirin genes were selected for further assays. The lead events i.e. 127-1-1-1
(pPTN883) is a single insert event while 128-2-1-1 (pPTN883) has three inserts in it (Fig
4.2a). These showed high expression levels of HMW-GS as indicated by Northern
analysis (Fig 4.3a) and the two dimensional gels (Fig 4.4a). Events 133-3-1-1 9
(pPTN915), 288-1-1-2 (pPTN1017) and 285-1-2-1 (pPTN1017) have single insert in
them (Fig 4.2b, 4.2c) and showed efficient down-regulation of the endogenous genes (Fig
4.3b, 4.3c).
Digestibility assay

Digestibility of the transgenic seeds was evaluated as mentioned in the material
and methods section. For HMW-GS, five independent events were used for the
evaluation of the digestibility assay and all of them showed an improvement of
digestibility of the transgenic flour over the wild type flour (Fig 4.5a). These five
independent events were evaluated further using RP-HPLC to determine the relative
amount of HMW-GS in these events (Fig 4.5b). A novel peak was observed at 3.8 minute
of retention time which is the area where HMW-GS are known to elute using RP-HPLC
separations. This peak appeared in all of the five transgenic events and was absent in the
wild type seed. The area of this peak indicates the relative amount of HMW-GS in the
respective events. A regression analysis showed a strong correlation between the area of

the peak and digestibility (Fig 4.5c). Cooked flour from the events expressing HMW-GS
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and cooked/uncooked flour from events showing down-regulation of gamma kafirin did
not show any improvement in flour digestibility.
Amino acid analysis

Amino acid content of various lead events was evaluated. The down-regulation of
gamma kafirin protein resulted in decreased amounts of proline, glutamate and leucine
(Fig 4.6). The amino acid content of all other amino acids was largely unchanged. Down-
regulation of alpha kafirin protein led to a large increase in the amounts of lysine,
arginine and aspartate. In addition a slight decrease in glutamate and leucine content was
observed. Expression of HMW-GS in the sorghum seed did not lead to any significant
change in the amino acid profile of the transgenic seed.
Microscoscopy assay

Microscopic studies were conducted at the microscopy facility at University of
Nebraska-Lincoln on the developing seed 12 days after anthesis. The protein bodies
present in the selected events expressing HMW-GS and showing down-regulation of
gamma kafirin protein did not show any significant changes as compared to protein
bodies from wild type seed (Fig 4.7a). All the wild type and transgenic seeds showed
protein bodies of varying sizes indicating the presence of protein bodies at different
stages of development or it could be the result of dissection blade cutting through protein
bodies at different positions. Though they were of varying sizes, all of them were
surrounded by a smooth surface and has a clear boundary. The clear appearance of ER
membranes and other organelles e.g. mitochondria indicates that the sample was well
processed. The events showing down-regulation of alpha kafirin showed the presence of

distorted protein bodies that were absent in the wild type seed (Fig 4.7b). These protein
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bodies in the transgenic events were small in size and showed invaginations on the
surface going deep into the protein bodies. This indicates that proper expression of alpha
kafirin protein was required for the formation of wild type protein bodies while exclusive
down-regulation of gamma kafirin was not able to show significant change in the
appearance of protein bodies (Fig 4.7c).
Seed phenotype

Seed from all the genotypes were evaluated for any change in their phenotype.
Transgenic events showing the down-regulation of gamma and alpha kafirins showed an
opaque phenotype (Fig 4.8a, 4.8b). Seeds from the segregating head were easy to
separate on the light box on the basis of opacity. The cut sections of the seed also showed
the change in the opaque region. Cut sections of the vitreous seed showed a small opaque
region present at the center of the seed while this region was extended well towards the
margins of the seed in opaque seeds. While the seed from down-regulation of gamma
kafirin did not show any significant change in seed weight, down-regulation of alpha
kafirin led to a 22% decrease in seed weight. Seed with the expression of HMW-GS did

not show any change in the phenotype.
Discussion

Sorghum is a staple food and is a source of energy and proteins for many people
living in developing countries. Despite this importance, sorghum suffers from limitations
of low digestibility and poor bread making properties. In an attempt to improve the
digestibility, we followed a transgenic approach to down-regulate various endogenous
proteins and to express the high molecular weight glutenin subunits (HMW-GS) in

sorghum seed. The poor digestibility of sorghum flour is attributed to the presence of
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cross-linked proteins in the form of protein bodies that persist through most food
preparations. Cooking sorghum in the presence of water further reduces the digestibility.
It is proposed that cooking may lead to the formation of polymeric structures that are less
susceptible to digestion and also result in reduced accessibility of digestive enzymes to
proteins (Hamaker et al., 1987; Oria et al., 1995). It is known that the beta and gamma
kafirins have extensive cysteine residues which is 5% in B kafirins and 7% in y kafirins
(Hamaker and Bugusu, 2003). These result in formation of strong disulfide bonds upon
cooking and in reduced accessibility of digestive enzymes to centrally located alpha
kafirins. The digestion of protein bodies initiates at the surface where gamma and beta
kafirins are present and then proceeds towards the center (Oria et al., 1995). In order to
improve the digestibility of the sorghum flour we down-regulated the gamma kafirin
protein that is present in abundance on the surface of the protein bodies. This was
expected to improve the accessibility of the digestive enzymes to centrally located alpha
kafirin proteins. In addition, down-regulation of cysteine rich gamma kafirin proteins was
expected to result in reduced polymeric structure formation that is also expected to lead
to improved digestibility. Contrary to what was expected, the elimination of gamma
kafirin did not lead to improved digestibility of sorghum flour. Expression of HMW-GS
in the sorghum seed did result in improvement of digestibility of uncooked sorghum flour
(Fig 4.5a, 4.5c). We speculated that change in the interaction between various
components of the seed could be the reason of this improvement. When the flour
containing the endogenously expressed HMW-GS was cooked, it did not show any
change in digestibility as compared to wild type flour. We speculated that upon cooking,

gelatinization of the starch could have formed a strong network. This could have
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prevented various protein interactions to take place in the flour and prevented any
improvement in the digestibility. Earlier studies conducted by Duodu et al. (2002) have
shown that treatment of cooked sorghum with alpha—amylase leads to improved
digestibility of proteins. This indicates that not only the protein structure, but also the
interactions of protein with sorghum starch could determine the digestibility of sorghum
proteins.

The evaluation of amino acid content of the transgenic seed with down-regulation
of the gamma kafirin gene showed that there was a decrease in the amount of proline,
glutamate and leucine amino acids (Fig 4.6). Gamma kafirin protein has the highest
amount of proline and leucine and hence down-regulation of this protein is expected to
result in the decreased amount of these amino acids. Reduction in the amount of
glutamate could have resulted from the non-specific silencing of some other glutamate
rich protein. Down-regulation of alpha kafirin protein led to large increase in the amount
of lysine, arginine and aspartate (Fig 4.6). Similar observation is known to result in maize
with the down-regulation of zein proteins. 02 is a transcription factor that controls the
expression of zein genes (Schmidt et al., 1992). A mutation in this gene results in the
decreased synthesis of zein proteins. This nearly doubles the lysine content of the corn
seed (Mertz et al., 1964). Reduction in zein synthesis led to increased accumulation of
various other non zein proteins that have higher lysine content (Habben et al., 1993) that
resulted in the improved nutritional quality of the corn. Further Huang et al. (2006)
transgenically silenced the 19- and 22-kD zein proteins using RNAI approach which led
to increased expression of other proteins that maintained the total protein content while

changing the amino acid composition of the seeds. In our down-regulated alpha kafirin
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mutants, although there was an increase in the amount of lysine, arginine and aspartate
amino acids, the seed weight was reduced. Transgenic seeds showed about 22% reduction
in the seed weight. Like other major cereals, sorghum seed contain low amounts of
essential amino acids such as lysine, tryptophan and threonine (Badi et al., 1990). An
increase in the amount of the essential amino acid lysine in the transgenic sorghum would
have a great significance as sorghum is a protein source for a large population worldwide.
Improvement in the nutritional components of the seed would help to meet the nutritional
needs of these people. While down-regulation of endogenous kafirin proteins showed a
change in the amino acid profile of the seed, expression of HMW-GS in the sorghum
seed did not lead to any significant change in the amino acid profile of the transgenic
seed (Fig 4.6).

The seeds showing down-regulation of alpha and gamma kafirin proteins showed
an opaque phenotype. This opaque phenotype is known to be associated with maize
mutants with down-regulated zein proteins (Hunter et al., 2002). Although the exact
mechanism for the opaque phenotype is not known, disturbance of correct arrangement of
proteins and other components of the seed are hypothesized to be the reasons for the
appearance of the opaque phenotype (Wu et al., 2010).

Sorghum proteins are present in the seed in the form of protein bodies that have
very organized structures. The alpha kafirin is present at the center and is surrounded by
beta and gamma kafirin proteins. It is expected that all these proteins are required for the
proper assembly of the protein bodies and elimination of any one fraction of these could
lead to change in the structure of the protein bodies. To evaluate the effect of down-

regulation of specific protein fraction on the formation of protein bodies, microscopy
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studies were conducted. In the mutants showing the down-regulation of gamma kafirin
(Fig 4.7c¢) or expression of high-molecular weight glutenin subunit (Fig 4.7a), no specific
difference was observed in the protein bodies of transgenic and wild type events.
Immunolocalization studies on these mutants are needed to determine any changes in the
distribution of the endogenous proteins. The down-regulated alpha kafirin protein
mutants (Fig 4.7b) showed the presence of distorted protein bodies. These protein bodies
have deep invaginations on the surface and were smaller in size as compared to the wild
type protein bodies. These protein bodies are similar to mutant protein bodies reported
earlier by Oria et al. (2000). They reported that the kafirins were redistributed in the
mutant protein bodies. Gamma kafirins were found to be present on the base of the lobes
and alpha kafirin was more exposed to the outside. We speculated that similar
observation in our studies could be the result of redistribution of various kafirin proteins
in the protein bodies. In other study conducted in maize, Wu et al. (2010) down-regulated
different zein proteins and analyzed the changes in the protein body structure. They found
that when alpha zein is down-regulated, it leads to the formation of small bulges at the
surface of the protein bodies. However in our studies shrinken protein bodies with
invaginations of various degrees were seen as a result of the down-regulation of alpha
kafirin proteins. These observations indicate that although alpha kafirin is present in the
center of the protein bodies, it is very important component of the protein bodies for their
proper assembly.

The down-regulation of alpha kafirin in the sorghum seed, showed a simultaneous
increased expression of various other proteins as shown by the two dimensional SDS-

PAGE gels (Fig 4.4c). In silico analysis of the possible function of these proteins was
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performed. Spot numbers 21 and 22 gave the highest scoring hit for S-like RNAse (Table
1). It has been reported that the increase in the amount of this protein is associated with
leaf senescence (Lers et al.,, 1998), phosphate starvation (Dodds et al., 1996) and
pathogen infection (Wilson, 1975). Hence these S-like RNAse are expected to be
associated with phosphate remobilization, plant defense and mRNA decay (Green, 1994).
RNA is a rich source of organic phosphate. Hence increasing the rate of turnover of this
molecule could increase the availability of P; in the plant (Dodds et al., 1996). In our
study we down-regulated the alpha kafirin in the seed using RNAI technique. As RNAI
leads to breakdown of dsRNA into 21-23 bp fragments, we speculated that the increase in
the amount of S-like RNAse could be the result of accumulation of these small RNA
fragments and is required for their turnover. Hence while these small RNAs would be
eliminated, the remobilized phosphate could be used for other cellular purposes.

The second high-scoring hit for spot number 21 is 2-cys peroxiredoxin. It
catalyzes the conversion of hydroperoxides to their corresponding alcohols (Baier et al.,
1999). Hence it protects DNA and other organelle from oxidative damage (Dietz et al.,
2006). Its increased expression in our study indicates a probable increase in the
production of reactive oxygen species in the seed. Hence its role could be to protect
macromolecules present in seed at various stages of development. Peroxiredoxins are also
known to be activated upon pathogen infection (Dietz et al., 2006). The highest scoring
hit for spot numbers 23 and 24 showed sequence homology to PCC 13-62. This protein is
induced upon dehydration and salt stress in Craterostigma plantagineum (Bernacchia et
al., 1996; Smith-Espinoza et al., 2003). Similarly spot number 25 gave highest scoring hit

for isoflavone reductase like protein. This protein is known to be induced in response to
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UV light, wounding and pathogen infection (Lers et al., 1998). Although in this study, no
stress was applied to the plants, the accumulation of these proteins indicated that plant is
sensing some kind of stress. Spot number 26 gave the highest scoring hit for Glyoxalase
1. This gene is known to be up-regulated by salt stress (Espartero et al., 1995, Veena et
al., 1999). Transgenic tobacco plants with increased expression of this gene led to
improved salt tolerance (Singla-Pareek et al., 2003). As alpha kafirin is a major fraction
of the storage proteins in the sorghum seed, its down-regulation would result in major
change in the metabolism in the seed that could result in stressful conditions and
activation of stress related proteins.

The highest scoring hit for spot numbers 27, 28, 29 and 30 was identified to be
xylanase inhibitor protein (XIP). Fungal and bacterial pathogens produce cell wall
degrading enzymes in order to enter the host cells. The inhibitory activity of XIP against
such enzymes protects the grain from pathogen attack (Bellincampi et al., 2004). Hence
increased expression of this protein indicates its role in defense mechanism. This
hypothesis is further supported by the fact that XIP in wheat does not inhibit endogenous
xylanase activity but inhibits activity of xylanases from fungal sources (Juge et al., 2004).

The events obtained in this study are being crossed in all possible combinations to
obtain double and triple cross events. Seed will be carried to homozygosity and will be
evaluated for baking applications. Improvement in the digestibility and functionally of
the sorghum flour should lead to its improved usages in various food applications. This
will not only have bearing on the nutritional utility of this crop but will also have
significant effect on the economic growth of the countries where sorghum is the primary

grown crop.
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Figure 4.1a: Binary plasmid carrying gene cassette for the down-regulation of gamma
kafirin gene under the control of gamma kafirin promoter and is terminated by ribozyme.
The construct also consists of nptll gene cassette as a selectable marker.
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Figure 4.1b: Binary plasmid carrying gene cassette for the down-regulation of alpha
kafirin gene under the control of alpha kafirin promoter and is terminated by 35S
terminator. The construct also consists of nptll gene cassette as a selectable marker.
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Figure 4.2a: Southern blot analysis of sorghum (Tx-430) events with HMW-GS gene.
Lane 1-2, transgenic events; Lane3, negative control (Tx-430); Lane 4 is a positive
control (pPTN883).
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Figure 4.2b: Southern blot analysis of sorghum (Tx-430) events with gamma kafirin
down-regulation. Lane 1-3, transgenic events; lane 4, negative control (Tx-430); lane 5 is
a positive control (pPTN908).
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Figure 4.2c: Southern blot analysis of sorghum (Tx-430) events with alpha kafirin down-
regulation. Lane 1-3, transgenic events; lane 4, negative control (Tx-430); lane 5 is a

positive control (pPTN-1017).
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Figure 4.3a: Northern blot analysis of sorghum (Tx-430) events with high molecular
weight glutenin subunits. Lane 1-12, transgenic events; lane 13 is a negative control (Tx-

430).
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Figure 4.3b: Northern blot analysis of sorghum (Tx-430) events with gamma kafirin
down-regulation. Lane 2-8, transgenic event; lane 1,9,10 is a negative control (Tx-430).
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Figure 4.3c: Northern blot analysis of sorghum (Tx-430) events with alpha kafirin down-
regulation. Lanes 1-8, 12-19, transgenic events; lanes 9-11 are negative control (Tx-430).
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Figure 4.4a: Two dimensional gel analysis of transgenic event with high molecular
weight glutenin subunits (left panel) and control event Tx-430 (right).
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Figure 4.4b: Two dimensional gel analysis of control event Tx-430 (left panel) and
transgenic event with gamma kafirin down-regulation (right).
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Figure 4.4c: Two dimensional gel analysis of control event Tx-430 (left panel) and
transgenic event with Alpha kafirin down-regulation (right).
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Sorghum transgenic event designations

Figure 4.5a: Pepsin digestibility of transgenic sorghum events expressing a hybrid
HMW-GS

y-kafirin
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Figure 4.5b: RP-HPLC chromatogram of transgenic events (High molecular weight
glutenin subunits) and control (Tx-430). A novel peak at 3.8 min (arrow) determined to
be HMW-GS.
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Figure 4.5c: Regression line between amount of HMW-GS and digestibility
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Figure 4.6: Amino acid profile of different transgenic events and wild type sorghum
seed.
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Top panel

Lower panel

Figure 4.7a: Microscopic pictures at 15X magnification. Top panels are of Tx-430 and
lower panels are of transgenic events expressing HMW-GS
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Figure 4.7b: Microscopic pictures at 30X magnification. Top panels are of Tx-430 and
lower panels are of transgenic events with down-regulation of alpha kafirin gene
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Figure 4.7c: Microscopic pictures at 15X magnification; Top panels are of Tx-430 and
lower panels are of transgenic events with down-regulation of gamma kafirin gene

Figure 4.8a: Opaque phenotype observed in transgenic events with down-regulaiton of
gamma kafirin gene (left) Vs. wild type seed (right). Top panel: Cut sections of the seed;
Lower panel: whole seed.
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Figure 4.8b: Opaque phenotype observed in transgenic events with down-regulaiton of
alpha kafirin gene (left) Vs. wild type seed (right).



Table 4.1: The upregulated proteins as the result of down-regulation

protein (Corresponding Fig-4c)
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of alpha kafirin

Gel-Spot
Number

Protein ID and function

Molecular
Weight

Isoelectric
point

Percentage
Coverage

Score

21

0i242081561
Homologous to S-like
RNAse

25112

5.32

72

722

0i195626524
2-Cysteine peroxiredoxins

28302

5.81

27

394

22

0i242081561
Homologous to S-like
RNAse

25112

5.32

65

762

23

gi242075650
Homologous to dessication
related protein PCC 13-62

34492

5.06

37

619

24

gi242075650
Homologous to dessication
related protein PCC 13-62

34492

5.06

32

535

25

gi242052385
Homologous to Isoflavone
reductase IRL

33034

5.38

66

1197

26

gi1808684
Homologous to Glyoxalase 1

32151

5.73

24

404

27

Qi242047612
Homologous to Xylanase
inhibitor protein

33854

6.59

56

785

28

Qi242047612
Homologous to Xylanase
inhibitor protein

33854

6.59

53

724

29

Qi242047612
Homologous to Xylanase
inhibitor protein

33854

6.59

38

491

30

Qi242047612
Homologous to Xylanase
inhibitor protein

33854

6.59

63

794




