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ABSTRACT
Sorghum (Sorghum bicolor L. Moench) ranks fifth worldwide in production among cereals. It
is a major staple food for millions in Africa and Asia, and a major livestock feed grain in
developed countries. However, the sorghum grain is poor in lysine content, limiting its value
as food and feed. In this study, I hypothesize that reduction of some of the major storage
proteins that are inherently poor in lysine through in vitro manipulation will result in the
enhanced expression of proteins with a better lysine profile and, thus, increased overall grain
lysine content. Sorghum genotypes were screened for in vitro amenability and a sorghum
genotype-tissue culture medium combination that yielded the highest somatic embryo callus
formation and regeneration potential, was identified. This resulted in the establishment of a
sorghum biolistic transformation method with a transformation efficiency of 3.36%, the
highest reported to date. Using genetic engineering tools, the enhancement of the nutritional
quality of grain sorghum was achieved by increasing the seed lysine content. An RNAI co-
suppression strategy was employed and resulted in 45.23 and 77.55% increase in whole seed
and endosperm lysine increase, respectively. The co-suppression RNAi constructs targeted
the endosperm specific suppression of three lysine-poor storage proteins, namely d-kaf-2, y-
kaf-1 and -2, and an enzyme that catalyzes seed lysine degradation, lysine keto-gluterate
reductase (LKR). Seven independent transgenic events displayed successful transgene
integration for both the selectable marker gene and the target constructs. However, the
Southern blot hybridization analysis revealed two transgenic events that displayed transgene
re-arrangement at the 5’promoter end, thus resulting in a lack of suppression of target
proteins. Variations in target proteins co-suppression was observed with Western blot
analysis and RT-PCR for both the target kafirins and LKR suppression, and no lysine
improvement was observed where no kafirin suppression occurred. The transgenic co-

suppression of the target kafirins resulted in the endosperm structural change from a hard,
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corneous endosperm to a soft, floury endosperm, consistent with y-zein suppression in the

Opaque-2 maize mutant.

THESIS COMPOSITION
This thesis comprises of five chapters of a PhD study that aimed at improving the nutritional
value of sorghum grain for food and feed consumption. Chapter 1 is an introduction to the
morphology and physiology of the sorghum plant, its commercial and domestic usage. This
chapter also reviews the nutritional deficiency of sorghum grain due to its inherently low
content of the essential amino acids lysine and methionine. The chapter concludes by
formulating a genetic engineering strategy that aims at improving the seed lysine content. The
first technical effort towards achieving the main aims is covered in Chapter 2. This involves
in vitro screening of five sorghum genotypes in three tissue culture solid media formulations.
This served to identify the most amenable genotype for subsequent transformation efforts.
The second transformation optimization step involved a comparison of two transgenic tissue
selection systems (Chapter 3). Also covered in Chapter 3 was the application of the
optimized transformation conditions to generate stable transgenic sorghum plants expressing
the RNAi construct for targeted endosperm proteins suppression. This is followed by
characterization of the transgenic lines for target protein suppression and amino acid content
analysis to examine seed lysine improvements (Chapter 4). Chapter 5 is a global discussion
on the impact this study exerts in cereal nutrition. At the end of each chapter, the list of
references cited is provided. Finally the Annexure covers recipes of solutions and tissue

culture media contents that were used in this thesis.
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The principle of RNAI silencing. The small RNA molecules, microRNA (miRNA) and small
interfering RNA (siRNA) bind to target RNAs and decrease their activity by preventing a
messenger RNA from producing a protein. This process is instigated by the enzyme Dicer,
which cuts long double-stranded RNA molecules into short fragments of ~20 nucleotides.

This is called RNA-induced silencing complex (RISC).

Figure 2.1 53

In vitro plant regeneration from immature zygotic embryos of sorghum. (A) Non-regenerable,
soft and watery callus produced/formed by some embryos. (B) White, compact embryogenic
type I tissue derived from cultured IZEs of genotype P898012 on tissue culture medium J
within two weeks. (C) Sorghum genotype P898012 plantlets shooting and rooting on regime J
regeneration medium. These plantlets resulted in fertile Fy plants. (D) Mature sorghum head

from tissue culture plants.
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Figure 2.2 55

The effect of culture media on callus induction (A) and plant regeneration (B) of five
sorghum genotypes from immature zygotic embryos. The bars represent the mean of nine
individual experiments with +SE (standard error). The most totipotent calli were produced by
P898012 on J medium which resulted in 6.13 regenerants per explant. Bars with the same
letter are not significantly different (P>0.05).

Figure 3.1 77

Maps of constructs used for transformation of sorghum P898012 IZEs. (A) Whole, circular,
closed plasmid versions with backbone DNA sequences present. (B) The MTCs for the co-
suppression of 3 kafirins (1 98- and 2 y-kafirins) and LKR proteins, and (C) selectable marker
gene, pmi (C).

Figure 3.2 79

Molecular analysis of independent mannose resistant Ty plants. (A) Schematic diagram of
plasmid pAHC25 construct used for sorghum transformation. The pAHC25 (9706 bp)
plasmid contains the bar gene, encoding BASTA" resistance under the control of the maize
Ubil promoter (Ubi-pro), first exon (EX), the first intron and the nopaline synthase terminator
(Nos-ter). (B) PCR analysis of Ty plants. Lanes (P) - positive control (pAHC25 plasmid
DNA), WT represents wild-type sorghum plant DNA, and 1 to 3 — putative transgenic plants.
(C) Southern blot analysis of Ty plants. The blot was hybridized with DIG-labeled PCR bar
DIG-labelled probe. Plasmid DNA representing two copies of the introduced transgene was
mixed with Sacl digested genomic DNA from WT plant (WT), Sacl digested transgenic Ty
plant DNA (5 pg/lane) from 2 of the 3 transgenic plants. Lane P represents positive control

(PAHC25).

viii



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

%
=

ﬂ UNIVERSITEIT VAN PRETORIA

Qo

Figure 3.3 80

To transgenic plant leaves displaying resistance to a 2% BASTA® painting in comparison to a
control plant leaf (C). Susceptibility or resistance was determined five days after painting
with the herbicide BASTA®.

Figure 3.4 81

Molecular analysis of independent mannose resistant T, plants. (A) Schematic diagram of
pNOV3604ubi construct used for sorghum transformation. The pNOV3604ubi (6210 bp)
plasmid contains the manA selectable marker gene under the control of the maize Ubil
promoter (Ubi-pro), first exon (EX) and the first intron and the nopaline synthase terminator
(Nos-ter). (B) PCR analysis of Ty plants. (C) Southern blot analysis of 8 T, plants,
representing 2 transgenic events. The blot was hybridized with DIG-labelled PCR manA
DIG-labelled probe. Plasmid DNA representing two (2-cp) and ten copies (10-cp; arrow) of
the introduced transgene was mixed with HindIIl digested genomic DNA from wild-type
plant (WT), HindIII digested transgenic T, plant DNA (5 pg/lane) from eight pmi expressing
plants (1-8). Lane P represents positive control (pNOV3604) and lane M represents DNA size
marker.

Figure 3.5 85

Tissue culture and regeneration of putative transgenic plants selected on mannose. (A)
Selection of somatic embryos produced by type I callus 28 days after bombardment. (B)
Shoot and root formation of mature transgenic callus on regeneration medium 54 days after
bombardment. (C) Transgenic plantlets with defined roots and shoots 71 days after
bombardment. (D) Fertile T, transgenic plants resembling a wild-type plant in the greenhouse

141 days after bombardment.
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Figure 3.6 87

The PCR results for 14 of the 61 putative transgenic plants produced by co-bombardment of
IZEs with pNov3604 and pABS MTCs. A 1.2% agarose gel electrophoresis was loaded and
labelled as follows: (M) 100bp ladder molecular size marker; (N) negative control without
template DNA added in a reaction mix; (P) corresponds to Ing of pABS target construct
added as the only template DNA used as a positive control; (W) 50ng wild-type P898012
genomic DNA added as template used as a second negative control; (PS) wild-type P898012
genomic DNA spiked with 1ng of target construct used as a spiked positive control. Fourteen
putative transgenic events resulting in 61 plants were produced. Transgene presence was
observed in all samples that were analyzed.

Figure 3.7 88

The Southern blot hybridization analysis of 22 of the 61 T, P898012 plants produced after co-
bombardment with pNOV3604 and pABS constructs. (A) The first 11 putative transgenic samples
(left panel i.e. A, B and C) were probed for the 5’ promoter region, and (B) re-probed for a 3’
transgene confirmation region. (C) The last probe used was specific for pmi. The last 11 samples (C,
D and E — right panel) were analyzed on a second membrane to confirm the complete transgene
integration. The same order of probe binding was employed, i.e. (D) for 5° promoter region, (E) for
the confirmation region and (F) for the pmi gene. A total of 61 plants which resulted in 10 transgenic
events were produced. Sample labelling was as follows: (W) wild-type P898012 genomic DNA
sample representing the negative control; (PA) wild-type genomic DNA spiked with 2 copies of the
pNov3604 and pABS constructs and digested with BamHI used as positive control; (PB) wild-type
genomic DNA spiked with 10 copies of the pNov3604 and pABS constructs and digested with BamHI
used as a second positive control. Events 5 and 7 (lane numbers labelled in blue) were bombarded

with closed, circular plasmid.
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Figure 4.1 101

The criteria used in the classification of seed endosperm phenotype (courtesy of Prof. J
Taylor, University of Pretoria). The corneous seed endosperm is characterized by a dark
brown or black colour caused by both the tight protein body packaging and diffusion of
tannins from the aleurone layer. A floury seed is almost free of any black layer while an
intermediate seed displays some degree of the black layer.

Figure 4.2 108

Bovine serum albumin standard curve where absorbance was measured using a WPA
Lightwave spectrophotometer (Labotec Ltd, South Africa).

Figure 4.3 110-111

SDS-PAGE analysis of transgenic seed total protein (Bio-Rad pre-cast 12% Bis-Tris). Single
seed analysis was performed on 10 T; putative transgenic seeds per event, from six transgenic
events. Sample labelling was as follows: WT corresponds to wild-type P898012 protein
extract for negative control; N represents null segregant seed; M represents prestained protein
marker. The black arrows indicate one visible target protein co-suppression at size 25kDa, the
v-kafirin-1. The target y-kafirin-1 protein co-migrates with other proteins and a reduction in
band intensity was observed in all 5 transgenic events, while the promoter-less event, event 6,
displays a normal protein expression, i.e. similar protein profile with wild type. Other non-
targeted proteins are up-regulated (arrows 1 and 2). A variation in target protein band
suppression was observed, with transgenic events 1 and 4 showing partial suppression.
Figure 4.4 112

Western blot analysis of pABS transformed P898012 sorghum T, seeds to investigate target
v-kaf-1, y-kaf-2 and delta kaf-2 protein suppression. Single seed analysis of T, segregating
seeds for six transgenic events was performed with rabbit-raised antibodies specific for the

following: (A) 27 kDa y-zein-1, (B) 50 kDa y-zein-2 and (C) 18 kDa o-kaf-2. Sample

X1
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labelling was as follows: N = null segregant seed protein extract as negative control. The 6-
kaf-2 antibody cross-reacted with two non-targeted proteins that were resolved at 21 and 27
kDa.

Figure 4.5 113

Western blot analysis of transgenic events 1-6 for a-kafirins Al and Bl types. The non-
targeted a-kaf Al partial suppression was confirmed in events 2, 3 and 5, while transgenic
events 1 and 4 displayed no significant a-kaf Al suppression (A). However, the a-kaf Bl
type proteins were up-regulated (B) in comparison to event 6. M = protein marker.

Figure 4.6 116

Investigation of possible linkage between kafirins suppression and seed endosperm
phenotype. (A) Five randomly chosen seed endosperms from wild-type seeds. (B) Five
randomly chosen endosperms from transgenic events 1. (C) Five randomly chosen
endosperms from transgenic event 3. (D) The Western blot analysis results on the same
segregating T; seeds for events 1 and 3 compared to a wild-type seed. Sample labelling was
as follows: W represents wild-type P898012 protein extract; a, b, ¢, d and e represent seed
numbers 1, 2, 3, 4 and 5. Each transgenic seed (confirmed by Western blot analysis) showed
a floury endosperm phenotype and each null segregant (Transgenic Event 1, seed 1 and
transgenic event 3, seeds 3 and 4) had a wild-type corneous phenotype.

Figure 4.7 117

Correlation chart for suppressed kafirin expression with the floury endosperm phenotype for
transgenic event 1. Eighty transgenic seeds were cross-sectioned and analyzed by SDS-PAGE
and Western blot analysis. A co-efficient of 0.9916 was determined thus suggesting a

significant relation between target kafirins suppression and floury endosperm phenotype.

Xii
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Figure 4.8 118

Stable T, to T, transgenic trait inheritance of transgenic event 3 seeds. (A) SDS-PAGE of
proteins isolated from T; and T, seeds of transgenic event 3. (B) Western blot analysis of y-
kaf-2 expression from proteins isolated from transgenic 3 seeds. M represents the protein size
marker, WT corresponds to the wild-type seed protein, T1 represents a transgenic seed
protein extract from A T; generation, T2 represents a transgenic seed extract from a T,
generation and N corresponds to null segregant seed extract. The arrow at size 25 kDa shows
a y-kaf-1 protein suppression. The arrow at 50 kDa protein size shows a y-kaf-2 protein
suppression.

Figure 4.9 121-122

HPLC results for whole seed (A, C and D) and endosperm (B) lysine and proline contents.
(A) Eight randomly selected seed meals per panicle per event from seven transgenic events
were analyzed, i.e. segregating T; seeds. (B) Transgenic endosperm pooled meals for event 3,
representing the highest lysine increase of 30.3% and event 6, showing no significant lysine
improvement. (C) Whole seed lysine content of Transgenic event 3. (D) Whole seed proline
content of transgenic event 3. Seed endosperm and whole seed lysine contents were increased
by 77.6 and 45.2%, respectively, while an 18.7% decrease in seed proline was observed.
Neither significant improvement of lysine content nor decrease in proline content in event 6
was observed. Each scatter plot represents means and standard deviation values obtained
from two replicates.

Figure 4.10 123

Whole seed and endosperm total protein contents of transgenic event 3 for transgenic T
seeds excluding cysteine. No significant difference of total protein was observed between

transgenic seeds and endosperms of transgenic event 3 and control transgenic event 6.
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Figure 4.11 125

Reverse transcription PCR on developing T, segregating seeds at 15 days after pollination
stage. (A) Integrity of total RNA (left) and cDNA formed after reverse transcription. (B) RT-
PCR for 19GZ promoter product on transgenic events 2 and 3. (C) The RT-PCR of 18S gene
transcript for transgenic events 1, 2, 3 and 6. (D) The y-kaf-2 transcript analysis by RT-PCR
for transgenic events 1-6. (E) The LKR transcript analysis by RT-PCR for transgenic events
1-6. After PCR amplification of 25 cycles, there was significant y-kaf-2 suppression (arrow at
287 bp), while LKR suppression was only significant for transgenic events 2 and 3 (arrow at
220 bp). Sample labelling was as follows: WT corresponds to wild-type P898012, N
represents negative control lacking template DNA, P corresponds to Ing of transgene, i.e.
positive control; M represents the molecular size marker.

Figure 4.12 126

Average seed mass, in grams, for 10 T, transgenic seeds and wild-type P898012 seeds. The
bar graph and its error bars represent mean and standard deviation values of ten seeds per
transgenic event. A general decrease in transgenic seeds was observed, while event 6 seed
weights were similar to wild-type seeds. WT represents the wild-type seeds.

Figure 4.13 127

Seed morphology. The wild-type (left) and transgenic seeds from transgenic event 3 (right)
show normal sorghum morphology.

Figure 4.14 127

Transgenic seed germination potential. (A) A 100% germination rate was observed in all five
transgenic events and wild-type seeds after three days. (B) All seedlings formed normal

coleoptile and root systems. WT corresponds to wild-type P§98012
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statistical significance at 5% level.
Table 3.1 80
Efficiency of biolistic transformation of sorghum using either bialaphos or mannose
selection.
Table 3.2 84
Transformation results displaying successful production of transgenic sorghum plants via
particle bombardment. Transformation by using MTCs was supplemented by using closed,
circular and longer version of the transcription cassettes. Eleven transgenic events were
produced at an average 3.36 % transformation efficiency.
Table 4.1 120

Free amino acid analysis (g/100g) measured (two replicates A and B) via HPLC for total

amino acid content determination of transgenic events 3 and 6.
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